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Surgical resection is the main curative option for gastrointestinal
cancers. The extent of cancer resection is commonly assessed
during surgery by pathologic evaluation of (frozen sections of) the
tissue at the resected specimen margin(s) to verify whether cancer
is present. We compare this method to an alternative procedure,
desorption electrospray ionization mass spectrometric imaging
(DESI-MSI), for 62 banked human cancerous and normal gastric-
tissue samples. In DESI-MSI, microdroplets strike the tissue sample,
the resulting splash enters a mass spectrometer, and a statistical
analysis, here, the Lasso method (which stands for least absolute
shrinkage and selection operator and which is a multiclass logistic
regression with L1 penalty), is applied to classify tissues based on
the molecular information obtained directly from DESI-MSI. The
methodology developed with 28 frozen training samples of clear
histopathologic diagnosis showed an overall accuracy value of
98% for the 12,480 pixels evaluated in cross-validation (CV), and
97% when a completely independent set of samples was tested.
By applying an additional spatial smoothing technique, the accu-
racy for both CV and the independent set of samples was 99%
compared with histological diagnoses. To test our method for clin-
ical use, we applied it to a total of 21 tissue-margin samples pro-
spectively obtained from nine gastric-cancer patients. The results
obtained suggest that DESI-MSI/Lasso may be valuable for routine
intraoperative assessment of the specimen margins during gastric-
cancer surgery.

mass spectrometry imaging | biostatistics | surgical margins |
intraoperative diagnosis

G astric cancer is currently the second most common cause of
cancer death worldwide after lung cancer (1). Surgical re-
section of gastrointestinal (GI) cancers remains the main treat-
ment option for these diseases. It is well accepted that complete
resection of the tumor is associated with an improved prognosis
for most types of solid malignancies. Positive margins, defined as
the presence of tumor cells at the resected specimen edge and/or
in the resection bed, have been associated with increased local
recurrence and decreased overall survival in many cancers (2).
Margin-negative surgical resection has the greatest potential to
offer prolonged disease-free and overall-survival benefit across
the entire spectrum of GI cancers (2-5). The evaluation is
commonly performed in a room close to the operating room,
where the proximal and distal margins of the surgical specimen
are frozen, sectioned, stained, and read by pathologists before
completion of the operation. The results of the intraoperative
pathologic evaluation of the margins are communicated to the
surgeon and consequently guide the surgeon’s subsequent
actions. For example, in the case of positive margins, surgical
resection is extended by removing additional tissue around the
tumor, which commonly demands a second round of margin
evaluation by pathology. However, because of freezing artifacts
on tissue morphology, intraoperative frozen-section results are
subjective and can be unreliable in up to 30% of patients un-
dergoing resection of gastrointestinal cancers (6-8). Moreover,

2436-2441 | PNAS | February 18,2014 | vol. 111 | no.7

processing, staining, and evaluation of multiple frozen sections
can take up to 1 h, a time frame that can be detrimental in
surgical practice. We present an alternative procedure, based on
ambient mass spectrometry (MS) (9-13), for developing faster
and more accurate evaluations of tumor margins during surgery.
Our procedure uses desorption electrospray ionization mass
spectrometric imaging (DESI-MSI) (14) in combination with the
least absolute shrinkage and selection operator (Lasso) tech-
nique (15, 16). This work builds on the previous, successful use of
DESI-MSI for brain-tumor diagnosis (17, 18). DESI-MSI allows
2D mapping of the sample in the ambient environment, without
the need of extensive sample preparation, at a rate of about 0.5 s
per pixel. Samples are bombarded with microdroplets that dis-
solve hundreds of lipids and metabolites. The splash forms sec-
ondary microdroplets that enter a mass spectrometer, providing
a detailed chemical map of the distribution of molecules within
the sample surface (19). Because mass spectrometry provides
such a wealth of chemical information, this technique invites
a statistical analysis. We report the use of the Lasso technique
(15, 16) to classify tissue as cancer or normal and also to select
those molecular features most indicative of the disease state.
Many of the selected molecular ions were identified by tandem
and high-resolution mass spectrometry as complex phospholipids
and small metabolites of biological relevance. Note, however,
that this identification is not necessary for using DESI-MSI/Lasso
as a diagnostic tool although it could provide important informa-
tion about gastric-cancer biochemistry. We further tested our
method prospectively on the proximal and distal specimen margins
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of nine gastric-cancer operations in direct comparison with margin
assessment by frozen-section histopathology, and we demonstrate
that this approach could be very valuable for clinical use.

Results

Molecular Imaging of Gastric Tissue. Negative ion mode DESI-MSI
was performed on 62 banked human gastric samples, including
normal and cancerous gastric tissue. For most of the samples
analyzed, evaluation of the 2D DESI-MSI images revealed some
heterogeneity within the sample, with discrete regions within the
samples that presented three main distinct spectral profiles: gas-
tric adenocarcinoma, normal epithelium (mucosa), and normal
stroma (submucosa) tissue, which were later verified by pathologic
evaluation of the same tissue sections using H&E staining (20).

Fig. S1 shows representative negative ion mode DESI mass
spectra for sample GC727, a poorly differentiated gastric ade-
nocarcinoma with areas of cancerous tissue, and an adjacent
normal gastric tissue with regions of both normal epithelial and
adjacent normal stroma tissue. Most of the ions detected in the
mass spectra were identified as small metabolites related to energy
production, free fatty acids, fatty acid dimers, and complex phos-
pholipids. An overall evaluation of the mass-spectral profiles
reveals a higher similarity between the spectra obtained for gastric
cancer and normal epithelial tissue than gastric cancer and stroma
tissue, which is expected given the fact that gastric adenocarcinomas
start from the inner epithelial layer of the stomach. Nevertheless,
strong differences in the relative abundances of various ions were
found within the three distinct regions, which can be clearly seen in
the selected DESI-MS ion images (Fig. 1).

Diagnostic Feature Selection and Identification. The large number of
molecular features obtained from the combination of all pixels
throughout all of the 62 banked samples analyzed makes data in-
terpretation difficult and calls for the use of multivariate statistical
techniques (21-23). Models generated using the Lasso are simpler
and easier to interpret than those from other linear regression
methods, as it yields “sparse” models, that is, models that involve
only a subset of the variables/predictors (24). Using the training set
of samples (28 frozen banked samples from 14 patients), the Lasso
selected a total of 120 m/z values that are important in charac-
terizing all three classes and yielded the lowest cross-validation
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Fig. 1. Selected negative ion mode DESI-MS ion images of sample GC727.
Higher relative abundances of the ions at m/z 775, m/z 773, m/z 303, m/z 747,
m/z 797, and m/z 887 were observed in the region of cancer whereas higher
relative abundances of the ions at m/z 788, m/z 723, m/z 812, and m/z 861 are
observed in the region of normal gastric epithelial tissue, and higher relative
abundances of the ions at m/z 737, m/z 818, m/z 215, and m/z 810 are ob-
served in the regions with normal stromal tissue. Other ions, such as m/z 885,
m/z 836, and m/z 281, show similar relative abundances throughout the
cancerous and normal epithelial regions of the tissue sections. Shown is the
optical image of the same tissue section subjected to H&E stain, with regions
of cancer delineated in red, normal gastric epithelial tissue in green, and
normal gastric stromal tissue in blue, as diagnosed by pathologic analysis.
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Fig. 2. The Lasso method yields a model with parsimonious sets of features
for discriminating between gastric adenocarcinoma, normal epithelial tissue,
and normal gastric stromal tissue. A mathematical weight for each statisti-
cally informative feature is calculated by the Lasso depending on the im-
portance of the height (or ion abundance) of that peak in characterizing
a certain class. Features that do not contribute to characterizing a class re-
ceive a weight of zero and are disregarded. An ion whose peak height, or
abundance, is important for characterizing a certain class is given a positive
weight whereas ions whose low abundances or absence are important re-
ceive a negative weight. The peak weights given by the Lasso to each of the
selected mass-spectral features are shown in the mass spectra for each m/z
value, with weights for each class displayed in its respective color (epithelium
in green, cancer in red, and stroma in blue), as shown in A. The average mass
spectra for each class for all pixels obtained for the training samples are
shown in its respective color in B.

errors (Fig. 2 and Table S1). From those 120 m/z values, 44 dif-
ferent m/z values were selected by the classifier as important fea-
tures to characterize gastric cancer whereas 46 m/z values and
30 m/z values were found as important features to characterize
normal epithelium and normal gastric stroma, respectively.

Many of the ions selected as statistically significant by the
Lasso were tentatively identified as biologically relevant mole-
cules (Table S2) using high mass resolution/high mass accuracy
and tandem mass spectrometry analyses of tissue sections. For
example, the species with m/z 723.3, which received a positive
weight by the Lasso for characterizing normal epithelial tissue,
was a doubly charged ion whose accurate mass and isotopic
distribution matched that of the doubly deprotonated form of
the cardiolipin CL(1’-[18:2/18:2],3'-[18:2/18:2]), with a mass error
of +1.93 ppm. CLs are interesting complex phospholipids
(PLs) found almost exclusively in the inner mitochondrial
membrane of cells and are intimately involved in maintaining
mitochondrial functionality, membrane integrity, and ulti-
mately in energy production and metabolism (25). Remarkably,
major abnormalities in CL content such as deficiency of this
mature CL specie have been reported in cancer (25). Other
important peaks that were given positive weight for the nor-
mal epithelial tissue class were identified as phospholipid
(PL) species such as glycerophosphoethanolamine PE(36:1) at
m/z 742.6, glycerophosphoserine PS(36:1) at m/z 788.5, and PS
(38:1) at m/z 816.5, based on accurate mass measurements (mass
errors of less than +1.60 ppm) and tandem MS experiments in
comparison with literature on the fragmentation patterns of
these lipid species (26-28). Note that isomerism of the double
bonds in the fatty-acid (FA) chains of complex lipids compli-
cates precise structural assignment, which is why FA chains
are solely tentatively assigned. Besides PL species, small mol-
ecules related to energy and metabolism, such as m/z 145.2 and
m/z 146.2, which were respectively tentatively assigned as the
amino acids glutamine and glutamate, were selected by the Lasso
as being statistically significant for the epithelial class with
a negative weight, which indicates that a small relative abun-
dance of these peaks in comparison with that detected in other
classes is important for characterizing normal epithelial tissue.
Interestingly, a peak at m/z 312.2 was selected by the Lasso as
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important for characterizing both gastric cancer and normal
epithelial tissue but with a positive weight for cancer and
negative weight for normal tissue. High mass accuracy experi-
ments revealed that the mass of this ion matched that of the
deprotonated form of palmitoylglycine, an endogenous metabolite
of fatty acids whose function has been related to the production of
anti-inflammatory effects in tissue (29). Furthermore, a few other
peaks that were given a positive weight for characterizing gastric
cancer were identified as polyunsaturated fatty acids, such as
docosatrienoic acid at m/z 333.3, as well as PLs such as PS(38:4) at
m/z 810.5 and PI(38:3) at m/z 887.8. Indeed, many reports have
described abnormal fatty-acid and PL composition in various
types of adenocarcinomas (30, 31). In the case of stromal tissue,
a negative weight was assigned to a peak at m/z 175.1, which was
assigned as ascorbic acid, whereas positive weight was given to an
ion at m/z 737.5, which was assigned as a chlorine adduct of
the sphingolipid sphingomyelin(d16:1/18:0). Note, however, that,
whereas chemical identification of the mass spectra features is not
necessary for tissue diagnosis by DESI-MSI/Lasso, these results
demonstrate that our method can clearly pinpoint important
molecules that could be related to gastric-cancer biochemistry.

Statistical Approaches and Predictions. The Lasso yields a classifier
that predicts whether a pixel belongs to a certain class based on
the probability of it being assigned as cancer, normal epithelium,
or normal stroma. Our training set consisted of 28 banked tissue
samples from 14 different patients, which contained clearly de-
marcated areas of tissue diagnosed by pathologic examination,
with regions delineated as cancer or normal gastric tissue. To test
our model, which was built to classify on a per-pixel basis, we
performed a 14-fold leave-one-patient-out cross-validation and
evaluated the agreement between the prediction obtained by
Lasso and the diagnosis of cancer, normal epithelium, or normal
stroma obtained by histopathologic evaluation of the same fro-
zen tissue section that was imaged by DESI-MSI and then sub-
jected to H&E staining (see SI Text for additional explanation).
When a total of the 12,480 pixels used as testing set were tested
through cross-validation for the three classes, an overall agree-
ment rate of 96.2% was achieved, as shown in Table 1. The
cancer class showed the highest agreement (98.0%) with path-
ologic evaluation, followed by stroma class (96.1%) and epithelial
tissue (93.4%). Because part of the disagreement occurs between
stroma and epithelium classes that are both normal gastric tissue,
we combined these two classes as one normal tissue class versus
gastric-cancer class, which yields an overall agreement rate of
97.8%. In fact, discrimination between normal versus cancerous
gastric tissue is the most important diagnostic information.

The classification results for each pixel are represented in
a 2D space with cancer shown as red pixels, normal stroma as
blue pixels, and normal epithelial tissue as green pixels, allowing
a direct comparison with the optical image of the H&E stained
tissue. For example, Fig. 3 4 and B shows the DESI-MSI ion
image for m/z 788.5, PS(36:1), and the classification results
obtained for samples GC727, GC167, and GC737, respectively.
The optical image of the H&E-stained section with pathologic
diagnosis is shown in Fig. 3C. All of these samples contained
regions of gastric cancer as well as adjacent tissue with regions of
both normal epithelial and normal stroma tissue. In many cases,
the discrepant pixels were spatially located at bordering regions
with histological heterogeneity, which could account for the
discrepancy with the overall diagnosis given by the pathologist.
Note that pathologic assignment of regions within the training
set of samples was performed in areas of clear diagnosis, in which
the majority of the tissue consisted of one tissue class. Never-
theless, microscopic histological heterogeneity could still be
present and be picked up by the Lasso classifier. For example, for
sample GC167, a pixel localized in the edge between the large
cancer region and a neighboring region, where cancer is invading
surrounding stroma, was classified as stroma. In the adjacent
tissue piece, few pixels in the border between epithelial tissue
and stroma tissue were classified as stroma tissue.

2438 | www.pnas.org/cgi/doi/10.1073/pnas.1400274111

Table 1. Prediction results for the 12,480 pixels analyzed in the
training set of samples, in comparison with pathological analysis

Predicted
Pathology* Cancer Epithelium Stroma Agreement, %
Cancer 5,809 114 2 98.0
Epithelium 134 3,566 118 93.4
Stroma 25 82 2,630 96.1
Overall: 96.2
Cancer Normal Agreement, %
Cancer 5,809 116 98.0
Normal 159 6,396 97.6
Overall: 97.8
Presmoothing Predicted
Pathology Cancer Epithelium Stroma Agreement, %
Cancer 5,895 30 0 99.5
Epithelium 85 3,657 76 95.8
Stroma 4 34 2,699 98.6
Overall: 98.2
Cancer Normal Agreement, %
Cancer 5,895 30 99.5
Normal 89 6,466 98.6

Overall: 99.0

*Pathologic analysis was performed on the same frozen tissue section used
for DESI-MSI that was H&E stained after MSI analysis.

An additional approach for classifying 2D images is to apply
a spatial smoothing technique, which considers the statistical
probability of the neighboring pixels to be in a certain class when
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Fig. 3. DESI-MSI and Lasso prediction results obtained for samples GC727,
GC167, and GC737. In A, negative ion mode DESI-MS ion images of m/z 788.6
are shown for each sample. Lasso prediction results are shown in B for each
sample, with pixels predicted as cancer shown in red, as normal epithelium
shown in green, and normal stroma shown in blue. In C, optical images of the
H&E stained tissue sections are shown with the regions diagnosed by pathol-
ogists delineated in dots using the same color representation. Lasso prediction
results with spatial smoothing are shown in D for each sample using the same
color representation. In E, cross-validated class probability estimates (epithelium
in green, cancer in red, and stroma in blue) are shown. Each vertical column
depicts the three class probabilities for each pixel. The three panels (Left,
Center, Right) indicate the true class of each pixel (displayed in arbitrary order).
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classifying a central pixel. Fig. 3D show the results obtained for
samples GC727, GC167, and GC737 after the presmoothing
technique was applied, which shows full agreement with patho-
logic diagnosis. Overall, 99.0% accuracy with histological diagnosis
was obtained for cross-validation when the spatial smoothing
technique was applied (Table 1).

The classification system was built to allow a pixel to be
classified in the one class for which the pixel has the highest
probability of belonging. Fig. 3E shows a graph of the estimated
cross-validation probabilities for each class for all of the 12,480
pixels tested in cross-validation, with the probabilities (0-1) of
a certain pixel being classified as epithelium shown in green,
cancer in red, and stroma in blue. Note that the great majority of
pixels diagnosed as epithelium by pathologic examination have
a probability greater than 0.80 of being classified as epithelium
by the Lasso classifier. A similar trend is observed for pixels
diagnosed by pathology as gastric cancer, with most of the second
highest probabilities as epithelium, as it would be expected, and
very low probabilities of stroma classification. In the case of
pixels diagnosed as stroma, the probabilities are spread among
the three classes, with still highest probably (>0.4) as stroma for
the great majority of the pixels.

An approach to account for possible disagreements from low
classification probabilities would be to establish a probability gap
needed for class assignment; if the pixel does not meet that re-
quirement, it would be placed in an unclassified “don’t-know”
category. This approach could be very important in clinical
practice when one could choose to make a decision depending
on the level of confidence that the classifier has in its prediction.
To test this approach, we established a probability gap of 0.2,
meaning that the pixel would be classified as a certain class only
if the highest probability of belonging in one class would be at
least 0.2 higher than the next highest probability. The results for
this approach are reported in Table S3 for all pixels tested in
cross-validation. As observed, 3.9% of the pixels fall into the
don’t-know category whereas the overall agreement rate increases
to 98.4%. Fig. S2 shows the 2D results obtained for samples
GC167, GC727, and GC737, in which the unclassified, don’t-know
pixels are displayed in gray.

Predictions for Validation Sets. We analyzed two independent sets
of samples to test the performance of our classifier. The first set
of samples consisted of 12 tissue samples with clear regions of
cancer and normal adjacent tissue. Fig. S3 shows the results
obtained for validation set sample GC962, in which clear
agreement between histopathologic evaluation and DESI/Lasso
results was obtained. The classification results obtained for the
test set of the sample are shown in Table S4. Note that the
majority of the discrepancies occurred between normal epithe-
lium and normal stromal pixels, for which a small percentage of
the pixels are misclassified as cancer. Overall, an agreement of
97.3% between pathologic diagnosis and classification results for
cancer versus normal tissue was obtained for the total of 5,839
pixels evaluated in the validation set of samples. When spatial
smoothing was applied, an overall agreement of 98.7% was
achieved. The next test set included samples of difficult patho-
logic diagnosis or of high histological heterogeneity, such as
cancer infiltrating normal stromal or epithelial tissue. For ex-
ample, sample GC259 consisted of a tissue piece in which the top
region had a high concentration of poorly cohesive (signet ring)
carcinoma cells (~80% tumor cells), neighboring or within normal
epithelial tissue. A few cancer cells also infiltrated the stromal
region in the bottom of the tissue section. Fig. 4 shows the results
obtained by DESI-MSI/Lasso for samples GC729 and GC259,
two cases of extensive histological heterogeneity for which a high
correlation was obtained by DESI-MSI/Lasso prediction and
histopathologic diagnosis.

Surgical-Margin Evaluation. To further validate the DESI-MSI/

Lasso classification system for surgical margin assessment, we
analyzed 21 samples obtained from nine gastric-cancer operations
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Fig. 4. DESI-MSI and Lasso prediction results obtained for samples GC719
and GC259. In A, negative ion mode DESI-MS ion images of m/z 788.6 are
shown for each sample. Lasso prediction results are shown in B, with pixels
predicted as cancer shown in red, as normal epithelium shown in green, and
normal stroma shown in blue. In C, optical images of the H&E-stained tissue
sections are shown with the regions diagnosed by pathology delineated
using the same color representation.

that were performed at Stanford University Hospital. During
the course of the operation, the resected tissue was taken from
the operating room to the frozen-section room following stan-
dard clinical workflow for tumor-margin assessment. For most
of the gastric-cancer surgeries, immediately adjacent sections of
the proximal and the distal margins were obtained and analyzed
by DESI-MSI/Lasso and compared with pathologic evaluation.
Spatial smoothing was not applied for the margin samples as
these could contain a fairly low amount of cancer (if present),
which could be undesirably disregarded when considering the
classification results of the normal neighboring pixels. Among
the gastric-cancer surgeries, positive margins were diagnosed by
pathology for the first proximal and/or distal margins in three
surgical cases whereas negative margins were found for the
remaining six cases.

We present the detailed results for two of the nine gastric-
cancer surgeries in comparison with histopathology. Patient B
had a complicated case of widely invasive poorly cohesive (signet
ring) gastric carcinoma that was spreading toward the esophagus
proximally and the duodenum distally. During surgical resection,
both the proximal and distal margins were found to be positive
by pathologic evaluation of frozen sections. The proximal margin
was a small piece of esophageal tissue that contained small
clusters of cancer cells invading the normal epithelial and stro-
mal tissues. The distal margin consisted of duodenal tissue that
also showed scattered cancerous cells invading throughout the
tissue piece. A section of the proximal and distal margins was
obtained for DESI-MSI. As surgery progressed, a second set of
margins was obtained. The repeat distal margin was negative.
The repeat esophageal (proximal) margin continued to be pos-
itive, with foci containing a high accumulation of cancer cells, in
comparison with the first margin obtained. A serial section of the
repeat esophageal margin only was also evaluated by DESI-MSI.
The results obtained are presented in Fig. 5. As observed, the
presence of cancer was detected in both the first distal and first
proximal margins. In the distal margin, cancer was detected in
a larger number of pixels than those diagnosed by histopatho-
logic evaluation. In the case of esophageal margin, only a small
region was detected as cancerous. Note that, for the repeat
proximal margin section, many pixels were detected as cancer by
DESI-MSI/Lasso, which is in agreement with what was observed
by histopathologic evaluation. The surgeon proceeded to resect
a third and final proximal margin, which was negative by frozen
section (not evaluated by DESI-MSI).

Patient C was diagnosed with a poorly cohesive (signet ring)
gastric adenocarcinoma. During surgical resection of the tumor
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Fig. 5. DESI-MSI and Lasso prediction results obtained for gastric-cancer
patient B. In A, negative ion mode DESI-MS ion images of m/z 788.6 are
shown for cancer section, distal margin, and proximal margin. Lasso pre-
diction results are shown in B for each sample, with pixels predicted as
cancer shown in red, as normal epithelium shown in green, and normal
stroma shown in blue. In C, the optical images of the H&E stained tissue
sections diagnosed by pathology are shown.

margins, histological evaluation of both proximal (stomach) and
distal (duodenum) margins was found to be quite challenging by
frozen-section analysis. The first read by one pathologist di-
agnosed the proximal margin as negative for cancer whereas the
distal margin was diagnosed as being positive for cancer. Never-
theless, when a second pathologist was called to read the same
tissue sections, the conclusion was that both were negative for the
presence of cancer. DESI-MSI was performed in adjacent sections
of both the proximal and distal margins. After DESI-MSI, the
same tissue section was stained and evaluated by two other
pathologists. Evaluation of the H&E-stained margin sections by
the first pathologist did not detect presence of cancer in any of the
margin sections whereas evaluation by the second pathologist of
the same tissue section was undefined for the distal margin, with
doubts regarding the possible presence of poorly differentiated
tumor, or a diagnosis of gastritis. The final agreement from de-
tailed pathologic analysis was that both margins were negative for
cancer. For both of the margin samples, classification by Lasso did
not diagnose any of the pixels as being positive for cancer, as the
entirety of both tissue sections was predicted as negative for
cancer, mostly classified as normal epithelium and stroma tissue.
This case is a powerful example of how DESI-MSI could assist as
a complementary tool in surgical practice for margin assessment,
especially in cases when frozen-section analysis is so difficult that
disagreement in pathologic readings may occur.

Overall, close agreement with histopathology was achieved for
all cases investigated. Full agreement was obtained for the 17
samples evaluated for gastric-cancer patients A, B, C, D, E, F, H,
and J. The exceptions were for the distal margin of gastric-cancer
patient F, the proximal margin of gastric-cancer patient G, and
both distal and proximal margins of cancer patient H, for which a
few pixels were detected as positive for cancer that were not
confirmed by histopathology. For patient E, DESI-MSI/Lasso
successfully predicted high-grade dysplasia (32) as positive for
gastric cancer (Fig. S4). For patient A, a case of localized
intestinal-type gastric adenocarcinoma, high agreement was
achieved for proximal, distal, and cancer sections (Fig. S5).
Detailed discussion and results for several of these cases are
presented in SI Text.
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Discussion

We have used the Lasso method to develop an automated system
to classify tissue sections based on the molecular information
obtained from DESI-MSI. Using different sets of training and
validation samples, we showed that our method has high agree-
ment with pathologic analysis on a per pixel basis, for banked
tissue samples that had a definite pathologic diagnosis by frozen-
section analysis. Using a set of validation samples with mixed
features, we showed that, even in samples of complex morphology,
such as regions with cancer infiltrating normal tissue or sparse foci
of high grade dysplasia, the classification results obtained by our
method were in close agreement with pathologic diagnosis. By
developing spatial-smoothing techniques and setting statistical
cutoff values, we provide statistical tools that could be valuable for
clinical use.

Finally, by testing our method on complex margin samples
obtained prospectively from gastrectomy cases, we demonstrated
that DESI-MSI/Lasso could be a valuable combination to com-
plement frozen-section analysis for margin assessment during
surgery, especially in cases where frozen-section analysis is
challenging and there is disagreement between pathologists. For
this proof-of-concept study, we used 2D DESI-MSI for margin
assessment so that a direct comparison could be done with his-
topathology of frozen sections with clear diagnosis. In a few
cases, DESI-MSI/Lasso was able to identify cancerous regions
that were missed on first pathologic examination but later con-
firmed. In practice, we expect DESI-MSI analysis to be per-
formed in selected regions of diagnostic ambiguity, thereby
enhancing intraoperative margin assessment by the pathologist.
As DESI is performed in the ambient environment, no addi-
tional sample preparation is required. An additional benefit of
using the Lasso method to generate the statistical models is that
Lasso also allows for mass spectra feature selection, by which we
were able to identify the molecules that are statistically signifi-
cant for characterizing cancerous and noncancerous (epithelial
or stromal) gastric tissue in conjunction with tandem and high
mass accuracy/resolution mass-spectrometry studies. Ultimately,
these molecules could provide new biological insights in gastric-
cancer biochemistry. The findings described above provide evi-
dence that the molecular information obtained by DESI-MSI/
Lasso from tissue samples has the potential to transform the
evaluation of surgical specimens. We believe the described meth-
odology could be used in other GI cancers for which surgical-
margin assessment is of critical importance.

Materials and Methods

Banked Human Gastric and Normal Gastric Tissues. Sixty-two frozen human
tissue specimens including cancer and normal gastric tissue were obtained
from the Stanford University Tissue Bank under approved Institutional Re-
view Board (IRB) protocol. Samples were stored in a —80 °C freezer until
sectioned. Tissue samples were sectioned at 15-pm-thick sections using
a Leica CM1950 cryostat (Leica Mycrosystems Inc.). When samples of cancer
and adjacent normal tissue were obtained from the same donor, the tissue
sections were mounted onto the same glass slide adjacent to each other for
analysis. After sectioning, the glass slides were stored in a —80 °C freezer.
Before MS imaging, the glass slides were dried in a dessicator for ~15 min.

Prospective Evaluation of Gastrectomy Surgical Margins by DESI-MSI. Nine
gastric-cancer patients scheduled to undergo cancer resection surgery at
Stanford University Hospital were preoperatively consented for our study.
Required IRB regulatory approvals were obtained. During gastric-cancer
resection surgery, the proximal and distal margins of the gastrectomy
specimen were subjected to frozen-section histopathologic evaluation, as
routinely performed independently of our research. In parallel to the process
of frozen section, adjacent 5- and 15-um-thick tissue sections of each margin
were obtained for DESI-MSI. For five of the nine patients, a sample of the
tumor was obtained in addition to the proximal and distal margins. For one
case in which positive margins were diagnosed during surgery, a second
margin sample was also obtained for MS imaging. In total, 21 tissue samples
were evaluated by DESI-MSI.
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DESI-MSI. A laboratory-built DESI-MSI source coupled to an LTQ-Orbitrap XL
mass spectrometer (Thermo Scientific) was used for tissue imaging. DESI-
MSI was performed in the negative ion mode from m/z 90-1,200, using the
linear ion trap as the mass analyzer. The spatial resolution of the imaging
experiments was of 200 um. The histologically compatible solvent system
dimethylformamide:acetonitrile (DMF:ACN) 1:1 (vol/vol) was used for
analysis (20), at a flow rate of 0.8 pL/min. The N, pressure was set to 175
psi. For ion identification, the Orbitrap analyzer was used for high mass
resolution/accuracy measurements using the same tissue sections analyzed
with the ion trap analyzer. Tandem MS analyses were performed using
both the Orbitrap and the linear ion trap for mass analysis.

Histopathology. The same tissue sections of the banked tissue samples ana-
lyzed by DESI-MSI were subjected afterward to a standard H&E staining
protocol. All of the samples used were frozen before sectioning, sectioned,
and imaged by DESI-MSI, and then the same tissue section was fixed in
methanol before staining with H&E (see S/ Text for additional explanation).
The tissue sections obtained from the 10 gastric-cancer surgeries, however,
were serial to, but not the same sections used during surgery for surgical-
margins assessment. Pathologic evaluation was performed by G.J.B., TA.L,,
and D.B.B. using light microscopy. Regions of clear diagnosis of cancer,
normal gastric epithelial tissue, and normal gastric stromal tissue were de-
lineated in the glass slides when possible.

Statistical Analysis-Lasso Method. The Xcalibur raw data were converted to
txt files for statistical analysis. The 2D raw data obtained by DESI-MSI were
converted to text files and imported to R language for statistical analysis. The
images were plotted in R, and a tool was developed to manually segment the
regions of interest into different regions of clear pathologic diagnosis. In-
tensities of a total of 13,320 m/z values were recorded in each spectrum. To
reduce complexity and account for small differences in registration between
spectra, these values were averaged in nonoverlapping bins of six m/z values
to yield a total of 2,220 features per spectrum. We randomly divided the
patients into a training set (28 samples from 14 patients) and two test sets of
samples (12 samples from 6 patients, and 22 samples from 11 patients).
Within the training set, we applied the Lasso method (multiclass-logistic
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regression with L1 penalty) using the gimnet package in the CRAN R lan-
guage library (33).

Models generated using the Lasso are simpler and easier to interpret than
those from other linear-regression methods, as it yields sparse models, that is,
models that involve only a subset of the variables/predictors (24). In our
application, the Lasso method yields a model with parsimonious sets of
features for discriminating between gastric adenocarcinoma, normal epi-
thelial tissue, and normal gastric stromal tissue. A mathematical weight for
each statistically informative feature is calculated by the Lasso depending on
the importance that the mass-spectral feature has in characterizing a certain
class. Because the features selected by the Lasso can occur at a valley or
a shoulder of an actual mass-spectra peak, identification of the selected
features was performed by characterizing the nearest mass-spectra peak to
the statistically selected feature. Classification was done on a pixel-by-pixel
basis into one of three classes: epithelium, cancer, or stromal. We used 14-
fold cross-validation, leaving out one patient at a time, to select the Lasso
tuning parameter and to assess the predictive accuracy within the training
set. Then, the chosen model was applied to the test set of six patients and
further samples. We also tried nearest-neighbor spatial smoothing of the
predicted class probabilities, before the prediction of pixels in cross-valida-
tion and the test set. We also tried combining the epithelial and stroma
classes into one normal class, and then training on just two classes— normal
versus cancer. This approach produced similar results to the three-class
training approach above, collapsing the predictions post hoc. Other pre-
diction methods such as support vector machine and glmnet on principal
component analysis were tested for classification. However, the Lasso method
yielded better results than any other methods tested.
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