EBioMedicine 70 (2021) 103529

journal homepage: www.elsevier.com/locate/ebiom

Contents lists available at ScienceDirect

EBioMedicine

In situ DESI-MSI lipidomic profiles of mucosal margin of oral squamous N

cell carcinoma

Check for
updates

Xihu Yang, Dr.*™"* Xiaowei Song®', Xiaoxin Zhang®, Vishnu Shankar®, Shuai Wang",
Yan Yang', Sheng Chen', Lei Zhang', Yanhong Ni, Dr., Richard N. Zare, Dr.“¢, Qingang Hu, Dr.”

2 Department of Oral and Maxillofacial Surgery, Affiliated Hospital of Jiangsu University, Zhenjiang, Jiangsu, 210008, China

b Department of Oral and Maxillofacial Surgery, Nanjing Stomatological Hospital, Medical School of Nanjing University, Nanjing, Jiangsu, 210000, China
¢ Department of Chemistry, Fudan University, Shanghai, 200438, China

d Central Laboratory of Stomatology, Nanjing Stomatological Hospital, Medical School of Nanjing University, Nanjing, Jiangsu, 210000, China

€ Department of Chemistry, Stanford University, Stanford, California, 94305, USA

f Department of Oral Pathology, Stomatological hospital, Medical School of Nanjing University, Nanjing, Jiangsu, 210000, China

ARTICLE INFO

ABSTRACT

Article History:

Received 9 January 2021
Revised 15 July 2021
Accepted 28 July 2021
Available online xxx

Keywords:

0scc

DESI-MSI

Lipidomics

Surgical margin

Surgical resection distance

Background: Although there is consensus that the optimal safe margin is > 5mm, obtaining clear margins (>5
mm) intraoperatively seems to be the major challenge. We applied a molecular diagnostic method at the lipi-
domic level to determine the safe surgical resection margin of OSCC by desorption electrospray ionisation
mass spectrometry imaging (DESI-MSI).
Methods: By overlaying mass spectrometry images with hematoxylin-eosin staining (H&E) from 18 recruited
OSCC participants, the mass spectra of all pixels across the diagnosed tumour and continuous mucosal mar-
gin regions were extracted to serve as the training and validation datasets. A Lasso regression model was
used to evaluate the test performance.
Findings: By leave-one-out validation, the Lasso model achieved 88.6% accuracy in distinguishing between
tumour and normal regions. To determine the safe surgical resection distance and margin status of OSCC, a
set of 14 lipid ions that gradually decreased from tumour to normal tissue was assigned higher weight coeffi-
cients in the Lasso model. The safe surgical resection distance of OSCC was measured using the developed 14
lipid ion molecular diagnostic model for clinical reference. The overall accuracy of predicting tumours, posi-
tive margins, and negative margins was 92.6%.
Interpretation: The spatial segmentation results based on our diagnostic model not only clearly delineated the
tumour and normal tissue, but also distinguished the different status of surgical margins. Meanwhile, the safe
surgical resection margin of OSCC on frozen sections can also be accurately measured using the developed
diagnostic model.
Funding: This study was supported by Nanjing Municipal Key Medical Laboratory Constructional Project
Funding (since 2016) and the Centre of Nanjing Clinical Medicine Tumour (since 2014).
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1. Introduction

improved over the past few decades, the survival rate has not
increased significantly because of the high recurrence rate [2].

Oral squamous cell carcinoma (OSCC) is one of the most com-
mon head and neck cancers and causes nearly 177.400 deaths
worldwide annually [1]. Although OSCC treatments have
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Difficulty in obtaining ‘clear’ resection margins, which results in
local recurrence, is the main reason for OSCC surgical treatment
failure. Margins containing tumour cells or dysplastic epithelium,
i.e., positive margins, will lead to higher local recurrence rates of
0OSCC [3-6]. Our team reported that patients with remaining mild
dysplasia margins after excision had a worse prognosis than those
with negative margins [7]. Therefore, it is urgent to know the safe
surgical margin distance intra-operatively to guide surgical deci-
sions. Currently, the adequacy of the surgical margin can only be
determined by the postoperative HE paraffin section, which does
not allow guidance during the operation.
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Research in context

Evidence before this study

Obtaining negative surgical margins and safe excisional margin
distance during surgery has always been the pursuit of onco-
logic surgeons. According to the NCCN guidelines, the safe mar-
gin distance for oral squamous cell carcinoma (OSCC) is
recommended to be >5 mm, but the 5-mm cut-off is obtained
from the postoperative paraffin section, which limits real-time
guidance. Moreover, a rate of positive surgical margin as high
as 12.75% after surgery has been reported by HE paraffin sec-
tion, suggesting that the method of intraoperative margin
determination needs to be improved. In the past few years,
DESI-MSI has showed its emerging potential in clinical applica-
tions such as the accurate assessment of surgical margin status
in gastric and pancreatic cancer during surgery. Therefore, we
aimed to identify the safe surgical resection distance and mar-
gin status of OSCC using desorption electrospray ionisation
mass spectrometry imaging (DESI-MSI).

Added value of this study

We consider our finding to represent some advance in the abil-
ity to determine the safe margin distance of OSCC by oncolipid
signalling. In our study, we were able to detect minimal resid-
ual cancer cells and determine the molecular safe margin dis-
tance of OSCC, all of which were achieved by combining DESI-
MSI with machine learning. We were able to accurately mea-
sure the safe surgical resection margin of OSCC within 30 min
per sample during surgery and make a diagnosis for different
margin status.

Implications of all the available evidence

It is important that the surgeon be informed of the adequacy of
the surgical margin intra-operatively. Currently this is deter-
mined by the postoperative HE paraffin section, which does not
allow guidance during the operation. Evaluation of the safe
margin distance of OSCC at the molecular level during surgery
is a promising new molecular diagnostic method that can effec-
tively supplement the traditional pathological evaluation.

The gold standard for assessing OSCC surgical margins is histo-
pathological evaluation by a pathologist using a microscope, but
patients with histologically negative margins still have the possibility
of recurrence [7]. In addition, a rate of positive surgical margins as
high as 12.75% after surgery has been reported by HE paraffin section
[8], suggesting that the method of intraoperative margin determina-
tion needs to be improved. For example, the number and location of
surgical margins obtained by surgeons intra-operatively are random
and subjective. Moreover, the histopathological assessment of the
frozen section only reflects the morphological changes of the cells
and does not reflect the underlying molecular alterations. Therefore,
the concept of molecular margins has been introduced to supplement
traditional pathological methods [9-14]. However, determining the
safe margin distance during the operation is especially urgent for sur-
geons. Recently, with the advancement of basic and clinical research
on the surgical margin of OSCC, the focus has shifted from margin sta-
tus to margin distance. According to the National Comprehensive
Cancer Network (NCCN) guidelines, the safe margin distance for
0SCC is recommended to be >5 mm, but the 5-mm cut-off is
obtained from the postoperative paraffin section, which prevents
real-time reconstruction. Our previous study also found that molecu-
lar markers were different at different distance of surgical margin of

0SCC, which confirmed that metabolic molecular differences exist at
different surgical margins [15]. However, it is urgent to determine
the safe margin of OSCC using in situ imaging, which can guide accu-
rate resection intra-operatively.

In the last few years, ambient ionisation mass spectrometry
(AIMS) has become a powerful tool for multiplex tissue imaging and
chemical diagnosis [16-19]. Unlike the conventionally used liquid/
gas chromatography-mass spectrometry systems (LC/GC-MS), AIMS
enables direct, multiplex chemical analysis at the tissue level without
any labour-intensive sample pre-treatment steps. Therefore, endoge-
nous lipid molecule information can be intactly preserved with no
spatial information loss. Among the reported AIMS techniques,
desorption electrospray ionisation mass spectrometry imaging (DESI-
MSI) has become one of the most widely used ones because of its
robustness, affordability, low cost, and convenient operation under
atmospheric conditions. Principally, the metabolic and lipidomic pro-
file information in a very tiny tissue region (approximately 50
um x 50 um) can be easily transferred into the mass spectrometer
by the charged solvent microdroplets introduced by a coaxial capil-
lary system aided by the nebulising gas and high voltage [20].

DESI-MSI can not only collect a wide array of detectable chemical
species (amino acids, nucleotides, lipids, carbohydrates, peptides,
and drugs) simultaneously, but can also separately provide each com-
ponent’s spatial information on microregion distribution. Therefore, a
single DESI-MSI experiment on a tissue is equivalent to hundreds of
histological chemistry tests. In the past few years, its emerging
potential in clinical applications such as the accurate assessment of
surgical margin status in gastric and pancreatic cancer during surgery
has already been proven [21,22]. These studies mainly focused on the
identification of margin status, whereas OSCC requires more accurate
identification of the margin distance because of its special anatomic
location (that is, the space and the surgical resection distance is lim-
ited). The authors are unaware of a previous study that determined
the safe margin distance of OSCC during surgery with the aid of DESI-
MSI combined with Lasso regression. Our research provides meta-
bolic molecular support for the determination of safe margin distance
of OSCC.

2. Methods
2.1. Participants and tumour specimens

This study was approved by the Medical Ethics Committee of
Nanjing Stomatology Hospital, Medical School of Nanjing University.
A total of 22 participants were recruited, and all participants signed
informed consent forms (NJSH-2021NL-50). The inclusion criterion
was that the participants with primary OSCC had received radical
surgery at the Nanjing Stomatology Hospital and Affiliated Hospital
of Jiangsu University. We only collected the superficial mucosal mar-
gin for DESI-MSI analysis. Eighteen of the 22 participants had contin-
uous mucosal margins of sufficient length. In the other four
participants, the margins were discontinuous, but the tumour and
normal regions remained. All tissues were frozen in liquid nitrogen
and stored in a —80°C freezer until cryosectioned (10 pwm thick) using
a Leica CM1950 cryostat (Leica Microsystems). The cryosectioned tis-
sue was then thaw-mounted on glass slides and stored in a —80°C
freezer until use. The tissue sections were then dehydrated in a desic-
cator under vacuum for approximately 15 min before DESI-MSI.

2.2. Histopathological examination of tissues

Two parallel cryosectioned tissues (labels #1 and #2) were ana-
lysed by histological evaluation or subjected to DESI-MSI analysis.
After a standard H&E staining protocol, the tissue composition and
continuity of the margins were evaluated under a microscope (Olym-
pus, Tokyo, Japan) by two expert pathologists (Prof. XF. Huang and L.
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Fig. 1. The schematic illustration of the general workflow of this research. a. Sample collection (n=22), frozen section preparation (n=22), DESI-MSI analysis (n=3). b. H&E stain-
ing of the whole tissue (contain tumor and margin) which were divided into five parts: Tumor (T), M1 (positive margin, 0-2 mm), M2 (close margin, 2-10 mm), M3 (negative margin,
10-15 mm), Normal tissues (>15 mm). c. Machine learning model development, statistical analysis, and biological validation.

Zhang According to previous reports and our study (Fig. S4), the
shrinkage rate between fresh frozen tissue and paraffin tissue is
approximately 50% to 60% (Table S6)(23, 24). Therefore, we redefined
different margin status (mucosa margin) in the frozen section: posi-
tive margin (M1 region, 0—2 mm), close margin (M2 region, 2—10
mm), and negative margin (M3 region, > 10 mm), and N (normal tis-
sue > 15 mm) (Fig. 3A). Eighteen of the 22 participants’ tissues which
had tumours and continuous margins (sufficient lengths > 15 mm)
were divided into five parts annotated as follows: T (tumour regions),
M1 (0-2 mm), M2 (2—10 mm,), M3 (>10 mm, negative margin), and
N (normal tissue > 15 mm) (Fig. 1). M1, M2, M3, and N were classi-
fied according to the pathological classification of surgical margins
and tissue shrinkage. Specimens with continuous surgical margins
were used to measure the margin distance and evaluate margin sta-
tus. For the remaining four specimens with discontinuous margins
(Fig. S1), only the T and N regions were selected, together with the
pairs of T and N regions from the other 18 specimens for molecular
model development.

2.3. DESI-MSI analysis

A 2D DESI source (Prosolia, Indianapolis, IN, USA) coupled to an
LTQ Orbitrap Elite mass spectrometer (Thermo Fisher Scientific, San
Jose, CA, USA) was used for tissue molecular imaging (Fig. S2). The
tissue section was scanned by the DESI sprayer which consisted of
two coaxial capillaries for spraying solvent and nebulising gas trans-
port. The outer capillary is made of stainless steel (ID: 150 m). The
inner capillary is made of silicate (OD: 100 pm, ID: 50 xem). A mix of
organic solvents was aspirated using a syringe pump into the inner

capillary channel. Nitrogen gas (99.5%) was introduced into the outer
capillary channel. A high voltage supplied endogenously from the
mass spectrometer was applied to the DESI sprayer. With the aid of
direct current high voltage and nitrogen gas, charged solvent droplets
were formed when the solvent was removed from the sprayer outlet.
These charged droplets impact the tissue and carry the extracted tis-
sue components instantly into the transport tube-linked mass spec-
trometer for complete data recording. DESI-MSI was performed in
negative ion mode within the range of m/z 200—1000. The MS capil-
lary temperature was set at 275°C and the S lens voltage was 55 V.
Dimethyl formamide acetonitrile (1:1, v/v) was formulated as the
spray solvent system at a flow rate of 2.0 uL/min was applied under
-4 kV high voltage and 1.0 MPa nebuliser gas pressure. Whole tissue
cryosections were scanned line-by-line using a DESI sprayer. The lat-
eral scan speed (in the X-axis direction) was set at 300 pum/sec. The
inter-line interval (Y-direction) was set at 300 xm. The DESI geome-
try parameters were as follows: the impact angle and distance
between the sprayer tip and substrate were 55° and 4.5 mm, respec-
tively. The tip-to-collection tube distance was 4.5 mm. The height of
the collection tube to the substrate was 0.5 mm. More details about
the schematic DESI geometry and commercial device can be found in
the supplementary information and previous reports [21].

24. Lipidomics data processing

The commercial format of raw data files obtained by DESI-MSI
was first converted into the commonly accessible date format cdf files
using Xcalibur (Thermo Fisher Scientific, San Jose, CA, US). Massim-
ager (Chemmind Technologies, Beijing, China) was employed for the
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construction of ion images and co-localisation with the optical image
of H&E staining [25,26]. The ion images were plotted and manually
segmented into regions of interest (five regions), as determined by
histopathological evaluation. Under co-localisation of the MS image
with the H&E staining image, each pixel’s accurate assignment was
precisely labelled for model development. Further procedures were
conducted using the MATLAB 2019 platform (Mathworks, Natick,
MA, USA) and Rstudio with self-written processing scripts. A sample
matrix for the statistical test and machine model development was
constructed with each row representing one pixel in a selected region
and each column representing one ion in the mass spectrum. Total
ion current normalisation and natural logarithm transformation
were carried out to remove the inter-mass spectra response fluctua-
tion and convert the data into a multivariate normal distribution. The
entire pre-processed data matrix was then saved into a csv file for
further statistical analysis using the glmnet package (Fig. S3).

2.5. Lasso regression modelling

To realise the automatic and unbiased prediction of the tissue
types at the precision of the pixel basis, a machine learning model
was further developed in this study. Specifically, we initially used all
the peaks acquired by the untargeted DESI-MSI scanning to train the
pixel-based Lasso regression model. The Lasso regression modelling
process (binary logistic regression with L1 penalty) was implemented
using the glmnet package in the CRAN R language library [27]. To dis-
tinguish normal and tumour regions based on the abundance of
molecular species from the DESI-MSI profile, we first pre-processed
the data, converting the raw files into csv files before reading the
pixel-level data to the R language. To account for peak shifting
between specimens, we used the nearest neighbour clustering
method to collect all pixel intensities corresponding to the nearest
mass spectra. The training set consisted of 22,955 metabolite peaks
from 7,243 pixels, which were labelled as T (tumour) or N (normal).
Based on the processed DESI-MSI data, we applied the Lasso method
[28] to find the most informative lipid ions that could accurately pre-
dict the class of a pixel (either normal or tumour) from the relative
abundances of selected molecular species. Leave-one-patient-out
cross-validation was used to assess the accuracy of the model perfor-
mance.

2.6. Immunohistochemistry

Immunohistochemistry (IHC) was used to detect monoclonal
mouse anti-p53 (Abcam, UK) in margin sections from all 18 partici-
pants according to the manufacturer’s protocol, and PBS and normal
margins were used as negative controls. Tissues were formalin-fixed,
paraffin-embedded, cut into 3 xm sections and placed on microscope
slides for IHC. In brief, the sections were successively incubated in
xylene, 100% ethanol, 95% ethanol, blocked with 3% H , 0 , for 10 min
at room temperature, and washed. Then, all slides were incubated
with a P53 primary antibody at 4°C overnight, followed by secondary
antibody, and the Envision Detection System kit was used for the
DAB chromogen, followed by nuclear staining using haematoxylin.
For the specific [HC steps, please refer to our previous report.

2.7. Statistical Analysis

After a Lasso model was developed for automatic margin predic-
tion, the highly contributing lipid ion was selected as the characteris-
tic marker according to its absolute value of the weight coefficient in
the model. The average intensities of each characteristic marker in
the tumour (T) and normal (N) regions were compared using a non-
parametric hypothetical test due to their uncertain data distributions.
The statistical significance of characteristic markers was evaluated
using the Mann—Whitney U test (rank sum test). Initially, there were

36 pairs in total of T and N regions from intact OSCC tissues harvested
from the bedside surgery. Through cryo-sectioning and pathological
examination, 18 tissues with intact margins consisting of of T, M1,
M2, M3, and N regions were included for statistical testing. No ran-
domness or blinding strategy was employed until the marker stage
and model validation. Receiver operating characteristic curve analy-
sis was conducted to evaluate the diagnostic performance of charac-
teristic lipids, with the area under the curve as the metric. All
statistical analyses were conducted using GraphPad Prism 8 (Graph-
Pad Software, San Diego, CA, USA).

2.8. Data Availability

The datasets generated and/or analysed during the current study
are available from the corresponding author upon reasonable
request.

2.9. Role of funding source

The funders were not involved in study design, data collecting,
analysis, interpretation, decision to publish or writing of the manu-
script. The corresponding author Qingang Hu had full access to all the
data in the study and had final responsibility for the decision to sub-
mit the manuscript for publication.

3. Results
3.1. Clinical Characterisation of OSCC tissues and DESI-MSI analysis

The entire flowchart of the study is illustrated schematically in
Fig 1. A total of 22 human OSCC tissue specimens containing tumour
tissue and surgical margin tissue prospectively collected from surger-
ies for this study were scanned by DESI-MSI in the negative ion
mode. The clinical information of the 22 participants is shown in
Table S1. Eighteen of the 22 participants had continuous and suffi-
cient length margins (Fig. 1b), and the margins of another four partic-
ipants were discontinuous but contained tumour and normal tissue
(Fig. S1). Each continuous specimen was divided into five parts (T,
M1, M2, M3, and N) according to the pathological classification of the
surgical margin and tissue shrinkage for DESI-MSI analysis (Fig. 1b).
In the machine learning model development stage and indicative
marker discovery, only pixels in the T and N regions were selected.
Other regions, such as muscle tissues, were not included in our study.
For most of the specimens, evaluation of the 2D DESI-MSI images
revealed molecular heterogeneity within the different regions. As
shown in Fig. 2a, regions of T and M1 displayed higher relative abun-
dances of lipids in the higher mass range (m/z 600—900) than M2,
M3, and N, indicating that there was significant lipidomic variation
among different margin distances.

3.2. Screening discriminating lipid ions for margin evaluation by Lasso
model

A total of 22,955 peaks were discovered as feature candidates col-
lected across 7,243 pixels (Fig. S3). Finally, the optimal Lasso model
selected 179 of these 22,955 peaks as features (Table S2). To go from
the pixel-level to tissue-level classification, a simple majority rule
was used, where if over 50% of pixels in a tissue were predicted to be
cancerous, the entire tissue was predicted to be cancerous. Table S3
summarises the cross-validation performance of Lasso. Notably, the
model achieved an overall accuracy of 88.6% with 81.8% sensitivity
(true positive rate) and 95.5% specificity (true negative rate).
Although Lasso has been successfully used in previous efforts to dis-
tinguish between healthy and cancerous pixels [29], we also tested a
decision tree model, which is known to capture non-linear decision
boundaries between groups. We found that this approach achieved
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Fig. 2. Representative mass spectral profiles and significantly changed ions between tumor, continuous margin and the normal tissue. a. Tumor tissue, positive margin, close
margin, negative margin, and normal tissues mass spectra analysis. b. Heat map analysis of 21 differential ions showed a gradual decrease from tumor to normal tissue (average ion
strength in each group). c. The intensity of 21 different ions in each sample of tumor and normal tissues (heat map analysis) can distinguish tumors from normal tissues (n=22

pairs).

significantly lower cross-validation accuracy (Table S4). Moreover,
the Lasso prediction can accurately identify the tumour, the inade-
quate margin, and the normal region located at different margin dis-
tances (Fig. 3), and the predicted results are highly consistent with
those of pathological diagnosis by H&E staining.

Although a panel of 179 characteristic features was selected with-
out bias by assigning them with higher weight coefficients in the
Lasso model, our ultimate goal was to identify the most important
ions that function as discriminating markers for margin distance and
status assessment. Therefore, we further screened these ions which
tended to gradually increase or decrease along with the increase in
distance from tumour to normal. Among 179 characteristic features,
there were 21 gradually increasing or decreasing lipid ions from the
tumour to normal tissues. Heatmap visualisation showed that the 21
metabolites decreased gradually from tumour to normal tissues of
the 18 participants who had margins that were continuous and of
sufficient length (Fig. 2b). Moreover, these 21 discriminating metab-
olite ions effectively distinguished 22 paired tumours from normal
tissues (Fig. 2c). After further confirmation with the reconstructed
ion image, seven isotope peaks and false positive peaks (background

ions) were excluded. Finally, 14 decreasing ions were ultimately
selected as indicative markers for determining the margin distance.
(Table S5).

3.3. Assessment of tumour and surgical margin status using established
diagnostic model

Clinically, the rapid diagnosis of OSCC surgical margin status is
mainly based on the pathological diagnosis of intraoperative frozen
sections. The practitioner not only needs to quickly discern the
tumour and normal regions but also precisely delineate the positive
and negative margins. Therefore, we continued to test the feasibility
of precise molecular assessment of the margin status using the 14
lipid ions described above. Eighteen frozen sections which preserved
continuous margin regions (M1, M2, and M3) were further investi-
gated. As shown in Fig. 3a-p, there were clear differences in the dis-
tribution and abundance of the 14 ions. The overlay image of the 14
ion images clearly distinguished the tumour from the margin tissues.

According to previous reports and our study (Fig. S4), the shrink-
age rate between fresh frozen tissue and paraffin tissue is
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tion results given by the DESI-MSI for tumor, M1, M2, M3 region (n=18 cases) compared with pathological diagnosis. Circle: the DESI-MSI prediction is consistent with the patholog-
ical results; Triangle: the DESI-MSI prediction is not consistent with the pathological results. Pathological diagnosis include tumor, dysplasia, normal epithelial; DESI-MSI prediction

include positive (red bright spot) and negative (non-red bright spot).

approximately 50% to 60% (Table S6)(23, 24). Therefore, we redefined
margin status (mucosa margin) in the frozen section as: positive mar-
gin (M1 region, 0—2 mm), close margin (M2 region, 2—10 mm), and
negative margin (M3 region, > 10 mm) (Fig. 3a). We used the diag-
nostic model to directly predict tumours and different margin sta-
tuses in the frozen sections, followed by cross-validation by
pathological diagnosis results. The results showed that the prediction
accuracy of the tumour, positive margin (M1 region), and negative
margin (M3 region) reached 100%, 88.89%, and 88.89%, respectively
(Fig. 3q, r, t). For close margins (M2 region), there was only 33.3% (6/
18) accuracy (Fig. 3s, Table S7), and these results showed a wide
range of fluctuation in OSCC safe margin distance; individual meas-
urements are needed.

According to the worst pattern of invasion (WPOI) classification, a
total of five cases were WPOI-5 (Table S1); that is, the small satellite
foci were greater than 10 mm from the tumour nest. Interestingly,
we also observed tiny lesions far from the cancer nests by DESI-MSI
(Fig. S6) in 3 WPOI-5 cases (3/5). We need to recruit more samples
for deep margin studies.

3.4. Individualised assessment of OSCC safe margin distance by
established DESI-MSI diagnostic Model

Different sites and clinical stages of OSCC may have different
safe margin distances. In this study, we used a DESI-MSI-based
diagnostic model to determine the safe margin distance of OSCC

and compared it with the traditional pathological assessment
method. As shown in Fig. 4 a-d, according to the overlay image
composed of 14 separate ion images, the safe surgical resection
distance was determined in the frozen section (Table S6). The
DESI-MSI safe surgical resection distance of most lesions was
located in the close margin region (M2 region), and only two
lesions were located in the negative margin region (M3 region)
(Fig. 4e). Further analysis confirmed that most of the safe surgical
resection margin boundaries delineated by DESI-MSI were patho-
logically negative (17/18, 94.4%, Table S8). Interestingly, our diag-
nostic model accurately delineated a positive surgical margin in
one lesion (Fig. 5), where the positive margin extended from the
tumour boundary to the negative margin (DESI-MSI margin dis-
tance: 7.9 mm). These results showed that the DESI-MSI-based
lipid-molecular margin has a powerful application potential for
the individualised evaluation of OSCC margins. It may detect sus-
picious areas on a lipid-molecular level that cannot be easily rec-
ognised by traditional histological methods.

To verify the accuracy of the safe margin range determined by
DESI-MSI, we further corroborated it at the genetic molecular level.
According to previous studies [30,31], p53 has been determined to be
a molecular marker of the margin of OSCC; therefore, we detected
the expression of p53 in the surgical margin and compared it with
the safe surgical resection range determined by DESI-MSI. As shown
in Fig. 6, the safe margin boundary determined by DESI-MSI and p53
was highly consistent.
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Fig. 4. Safe margin distance of OSCC determined by DESI-MSI/Lasso model (Called “DESI-MSI Margin”). a-d. the mass spectrometry images clearly depicts the safe margin dis-
tances in 4 cases. For each case: Up: H&E staining of safe margin boundary (10 X). Middle: H&E staining of frozen sections. Down: Mass spectrometry images of the same frozen sec-
tion. The region where the image intensity decreases or disappears is defined as the safe margin boundary. e: Distribution of the margin distances in M1, M2, and M3 regions among
the collected eighteen OSCC tissues.
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same frozen section. e, DESI-MSI analysis of the same frozen section.

4. Discussion

The main reason for OSCC treatment failure is local recurrence
caused by the difficulty in obtaining ‘clear’ resection margins based
merely on cell morphological patterns [32,33]. Thus, the concept of
molecular margins was introduced to more accurately characterise
the profile changes along the margin regions. In recent decades,
genomic and proteomic studies have identified the molecular surgi-
cal margins of OSCC [30-33]. The carcinogenic potential of these
upstream molecules has been well elucidated and has been shown to
be associated with prognosis. We previously reported that p53
expression levels in dysplastic surgical margins are correlated with
early OSCC recurrence [34]. However, most studies on molecular
margins have been restricted to a single gene or protein marker, and
this information cannot provide a precise diagnosis of specific margin
status. Margins characterised by multiplex molecular combina-
tions can more effectively predict margin status. Therefore, a
panel of amino acids as a marker group for negative margins and

dysplastic margins was reported in our previous work using GC-
MS and ultra-high performance liquid chromatography-tandem
mass spectrometry [15].

With the advancement of clinical research on the surgical margin
of OSCC, the focus has gradually moved from margin status to margin
distance. In 1998, the Royal College of Pathologists issued guidelines
for dividing margins into involved (< 1 mm), close (1-5 mm), or
clear (> 5 mm) in paraffin sections, and this classification has been
widely adopted [35]. However, the 5-mm cut-off for demarcation
between the involved and close is controversial. The use of other
0SCC margin cut-offs, such as 3 mm or 2.2 mm, has been investi-
gated, showing significant prognostic ability [11-14]. Thus, the safe
margin distance of OSCC needs to be further studied and validated at
the molecular level.

The purpose of the present study was to evaluate the margin dis-
tance of OSCC in fresh frozen sections. DESI-MSI is one of the most
widely used ambient ionisation MS techniques and has been used
to analyse fresh specimens directly on frozen sections. Our team and
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other researchers have used the DESI-MSI technique to accurately
evaluate the margin status of cancers during surgery, such as gastric
cancer, prostate cancer, breast cancer, brain tumours, and pancreatic
cancer [36-41]. Because of the specific anatomic subsites of OSCC, it is
necessary to accurately determine the safe margin distance and sta-
tus during the operation. In the present study, we used DESI-MSI to
examine frozen sections collected from 22 OSCC specimens which
contained tumour tissue and surgical margins. A diagnostic model
consisting of 14 significantly changed ions was selected using the
Lasso model to determine the margin status and margin distance.
The selected lipid ions in the diagnostic model were first tentatively
identified as fatty acids and fatty acid esters of hydroxy fatty acids
(Table S9) through HR-MS searching in the human metabolome data-
base (HMDB, http://www.hmdb.ca/spectra/ms/search) and lipid
maps (https://www.lipidmaps.org/). Then, the CID-MS2 experiment
was performed to further confirm the metabolite species (Table S10).

Accurate intraoperative evaluation of OSCC surgical margin status
is critical for improving overall surgical success and patient survival.
According to the shrinkage rate between fresh tissue and paraffin tis-
sue [23,24], we redefined the different mucosal margin status on
fresh frozen sections. The prediction accuracy of our model for
tumour, mucosa positive margin, and mucosal negative margin
reached 100 %, 88.9 %, and 88.9 %, respectively. The overall prediction
accuracy of the tumour, positive margin, and negative margin was
92.6 %. The exact distance of the close margin in the pathology and
surgery fields is controversial because of its large distance span. Our
prediction model showed that 66.7 % (12/18) of the positive margins
in DESI-MS images were in the close margin group. Moreover, we
also observed tiny lesions far from the cancer nests in the deep mar-
gin by DESI-MSI. These results indicate that our diagnostic model
may individually distinguish different margin statuses, involving
both the mucosa and deep margins.

Accurate measurement of safe margin distance during OSCC sur-
gery has important clinical implications. The gold standard is H&E
staining of formalin-fixed paraffin-embedded tissue sections, which
typically requires a few days to complete. Currently, techniques used
for intraoperative margin assessment of OSCC mainly include Mohs
micrographic surgery, molecular analysis, non-fluorescent dyes, fluo-
rescent dyes, auto-fluorescent imaging, narrow-band imaging, nar-
row-field analysis (elastic scattering spectroscopy and Raman
spectroscopy), optical coherence tomography, etc. However, these
techniques lack in-depth information support at the molecular level.
Such as, Raman spectroscopy distinguishes tumors from normal tis-
sue based on the content of water in the tissue [42]. In contrast, DESI-
MSI can not only differentiates tumors from normal tissue but also
provide more detailed information about which lipid molecule con-
tribute to this difference.

The DESI-MSI-based molecular characterisation method described
here takes approximately an hour to complete. Moreover, it can
directly determine the safe margin distance on fresh frozen sections
to a comparable accuracy. The DESI-MSI safe surgical resection dis-
tance of most lesions was found to be located in the close margin
region (2—10 mm), and only two lesions were located in the negative
margin region (> 10 mm). Moreover, DESI-MSI safe surgical resection
distances were mainly located in the histopathologically negative
margin regions. It has been reported that cancer-related metabolic
changes may occur in a region of histological negative margins. Our
results validated that the DESI-MSI molecular diagnostic model can
individually measure the OSCC safe margin in fresh frozen sections.

To validate the accuracy of the DESI-MSI molecular diagnostic
model, we also detected the expression level of p53 in the surgical
margin and compared it with the safe surgical resection range deter-
mined by DESI-MSI. The results showed that the safe surgical margin
boundary determined by the two methods was highly consistent
(Table S11). We are pleased to report that our diagnostic model also
accurately determined the positive surgical margin distance, which is

highly consistent with the histopathological margin distance. These
results further confirmed the reliability of the DESI-MSI molecular
diagnostic model.

As the DESI-MSI margin analysis was performed in an ambient
environment with minimal requirements for specimen preparation,
margin-specific molecular information can be well preserved. We
believe that this technique has the potential to offer guidance during
surgery. Furthermore, it can be performed much more rapidly than
histopathological evaluation and can serve as a powerful comple-
ment to traditional staining methods. Compared with the traditional
mass spectrometry method (such as GC-MS, UHPLC-MS), DESI-MSI
provide another possible and powerful tool complementary with the
currently available technique in clinical practice. The expense of the
DESI-MSI test on one tissue sample is very affordable. The consump-
tion for each test mainly consisted of organic solvent, nitrogen gas,
glass slide, and ultrapure water. Based on our previous practice expe-
rience, it is estimated that no less than 250 tissue cryosections can be
tested given a bottle of 4L solvent, 4L water, a tank of 56 L nitrogen
gas. Given the quotation price of acetonitrile ($540, 4L), ultrapure
water ($40, 4L), nitrogen gas ($ 268, 56L), and glass slide ($200, 200
sections), the price for each sample can be estimated no more than
$5.00. However, it should be noted that the clinical application of the
DESI-MSI/Lasso diagnostic model still requires more work. For exam-
ple, the DESI-MSI molecular diagnostic model needs to be validated
in more OSCC specimens. Our study mainly focused on the mucosal
margin on the surface and did not thoroughly examine the deep mar-
gin. In the future, it is necessary to collect more samples to further
study the deep margin and evaluate the ability of characteristic lipid
molecules to predict prognosis. Moreover, it also requires the use of
an expensive and often bulky mass spectrometer. Nevertheless, more
sensitive, efficient, and less expensive mass spectrometers are being
developed, and we believe these devices will soon be available for
clinical use [43-48].

In conclusion, we successfully constructed a DESI-MSI molecular
diagnostic model by combining DESI-MSI and Lasso, which can accu-
rately distinguish different margin statuses and make an individual-
ised measurement of the safe margin distance. The model proposes a
new concept of safe margin cut-off in OSCC with every OSCC lesion
having its own safe margin cut-off.
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