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Detection of microscopic skin lesions presents a considerable chal-
lenge in diagnosing early-stage malignancies as well as in residual
tumor interrogation after surgical intervention. In this study, we
established the capability of desorption electrospray ionization mass
spectrometry imaging (DESI-MSI) to distinguish between micrometer-
sized tumor aggregates of basal cell carcinoma (BCC), a common skin
cancer, and normal human skin. We analyzed 86 human specimens
collected during Mohs micrographic surgery for BCC to cross-examine
spatial distributions of numerous lipids and metabolites in BCC
aggregates versus adjacent skin. Statistical analysis using the least
absolute shrinkage and selection operation (Lasso) was employed to
categorize each 200-μm-diameter picture element (pixel) of investi-
gated skin tissue map as BCC or normal. Lasso identified 24 molecular
ion signals, which are significant for pixel classification. These ion
signals included lipids observed at m/z 200–1,200 and Krebs cycle
metabolites observed at m/z < 200. Based on these features, Lasso
yielded an overall 94.1% diagnostic accuracy pixel by pixel of the skin
map compared with histopathological evaluation. We suggest that
DESI-MSI/Lasso analysis can be employed as a complementary tech-
nique for delineation of microscopic skin tumors.

basal cell carcinoma | Mohs surgery | mass spectrometry imaging |
desorption electrospray ionization | microscopic tumors

One of the main goals in cancer diagnostics is the detection of
microscopic tumors (<1–2 mm in diameter) in early stages,

when the tumor is still confined to the site of its origin and is easy
to eradicate with a localized treatment (1). Basal cell carcinoma
(BCC) is a common skin cancer that, depending on the growth
pattern, can be dispersed in numerous and sometimes non-
contiguous micrometer-sized aggregates within the affected skin.
In this study, we used human BCC specimens collected from
routine Mohs surgeries to assess the capability of an ambient
mass spectrometry imaging technique, desorption electrospray
ionization mass spectrometry imaging (DESI-MSI), to detect the
presence of microscopic tumor.
BCC is the most common form of skin cancer, with an esti-

mated incidence of 4 million new cases diagnosed annually in the
United States (2). While rarely lethal, BCC can be highly dis-
figuring if not diagnosed and treated promptly, because it can be
locally destructive. It usually occurs on sun-exposed areas of the
body, such as the face and neck. Surgical excision of BCC can
also lead to functional and cosmetic deformity if a significant
amount of normal skin is removed, especially when tumors in-
volve vital structures, for example, eyelids, nose, lips, or ears. A
tissue-sparing treatment modality that significantly reduces sur-
gical morbidity with skin cancer extirpation is Mohs micro-
graphic surgery (3). In Mohs surgery, the surgeon removes a
small disk of tissue using a beveled surgical margin to obtain thin
tissue sections, which are subsequently histologically stained for
360° intraoperative tumor margin assessment (Fig. 1A). This
meticulous process is repeated until there is no residual tumor
identified microscopically (Fig. 1B). The technique is extremely
effective for BCC treatment, but the histopathologic processing

is time-consuming and highly dependent on the skills and ex-
perience of the evaluating Mohs surgeon. Several normal struc-
tures and processes within the skin tissue create visual artifacts
that can hamper a correct identification of tumor loci in stained
sections, for example, hair follicles, inflammation, and nerve
proximity (4). In these situations, an objective adjunctive tech-
nique can significantly aid in delineation of microscopic tumors
without reliance on visual histopathologic evaluation.
DESI-MSI is a nondestructive imaging method that can map

spatial distributions of molecules within a tissue section to dis-
criminate between regions of varying pathology. Briefly, a beam
of charged solvent droplets is directed onto the tissue surface to
desorb and ionize molecules, while the splash of these droplets
carries the resultant ions into a mass spectrometer for analysis
(Fig. 1C). A 2D imaging stage moves the tissue at a controlled
speed to record the mass spectra from different spatial coordi-
nates, while the signal is subsequently converted into 2D images
of molecular ion distributions (Fig. 1C). Recent studies by our
group and others have demonstrated DESI-MSI’s capability to
discriminate between tumor and normal tissue for various malig-
nancies, including brain, gastric, breast, thyroid, prostate, ovarian,
kidney, and pancreatic cancers (5–14). These studies typically re-
lied on collecting series of DESI-MS images of continuously

Significance

Timely detection of microscopic tumors is of utmost importance
in cancer diagnostics. We show that desorption electrospray
ionization mass spectrometry imaging (DESI-MSI) can success-
fully locate microscopic aggregates of a common skin cancer,
basal cell carcinoma (BCC), and distinguish them from adjacent
normal skin. DESI-MSI unveils an altered chemical profile in BCC
region, including lipids and metabolites, and does not rely on
visual identification of histopathologic features. We processed
specimens from 86 Mohs micrographic surgeries, with nearly
60% of tumors sized less than 1 mm in diameter. By applying the
statistical method of least absolute shrinkage and selection op-
erator (Lasso) on collected DESI-MSI data, we were able to
achieve up to 94.1% diagnostic accuracy compared with patho-
logical evaluation of BCC.

Author contributions: J.Y.T. and R.N.Z. designed research; K.M., A.S.C., S.Z.A., and R.J.T.
performed research; S.Z.A. performed histopathological evaluation of specimens; K.M.,
A.S.C., S.Z.A., R.J.T., J.Y.T., and R.N.Z. analyzed data; R.J.T. designed and guided statistical
analysis; and K.M., A.S.C., and R.N.Z. wrote the paper.

Reviewers: R.G.C., Purdue University; and D.C.C.M., North Carolina State University.

The authors declare no conflict of interest.

Published under the PNAS license.

Data deposition: The raw data reported in this paper have been deposited in Figshare
(https://figshare.com/articles/training_txt/6332012).
1To whom correspondence should be addressed. Email: zare@stanford.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1803733115/-/DCSupplemental.

Published online June 4, 2018.

www.pnas.org/cgi/doi/10.1073/pnas.1803733115 PNAS | June 19, 2018 | vol. 115 | no. 25 | 6347–6352

CH
EM

IS
TR

Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
27

, 2
02

1 

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1803733115&domain=pdf
http://www.pnas.org/site/aboutpnas/licenses.xhtml
https://figshare.com/articles/training_txt/6332012
mailto:zare@stanford.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803733115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803733115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1803733115


www.manaraa.com

normal or malignant specimens followed by building a statistical
classifier that can discern between two types of tissue based on
molecular signature obtained from the mass spectra. Note that after
the classifier is built, biopsy processing does not necessarily rely on
imaging and many times can be achieved with a simple DESI-MS
analysis provided that the cancerous area is sufficiently large.
However, imaging mode can be imperative for tumor de-

tection in tissues of mixed pathology. Although a typical analyte
desorbing spot size in DESI-MSI is around 200 μm, DESI-MSI in
certain conditions, for example, small x–y stage step size, dimin-
ished spray capillary diameter, narrow m/z scan range, and short
scan time, was reported to resolve features as small as 35 μm (15).
In this study, we applied DESI-MSI to delineate multiple aggre-
gates of BCC present within normal skin in human specimens
collected during routine Mohs surgeries (Fig. 1). Nearly 60% of
the detected lesions were smaller than 1 mm in diameter; ∼35%
were sized less than 200 μm at least in one dimension. This study
shows that DESI-MSI can serve as an auxiliary diagnostic tool in
Mohs micrographic surgery for skin cancers and has the ability to
detect miniscule individual tumor aggregates characteristic of very
early-stage malignancies.

Results
Specimen Collection and Imaging Specifications. Specimen collec-
tion occurred between August 2016 and October 2016 at the
Stanford University Medical Center Mohs Surgery Clinic. This
study was approved by the IRB at Stanford. Deidentified intra-
operative specimens from 86 Mohs micrographic surgeries for
BCC of different body sites were prospectively collected and
analyzed during our study. Specimens were processed in the
typical manner for Mohs surgery with no special processing or
pretreatment required. After thin sections were obtained from
each surgical specimen for routine Mohs histopathologic analy-
sis, additional research sections were formed from deeper into
the surgical blocks for DESI-MSI. To facilitate the practical
translation of the developed diagnostic tool into a surgery set-
ting, we employed a relatively low-cost mass spectrometer, linear
trap quadrupole, LTQ XL, for imaging and analysis of the
specimens. Using this mass spectrometer allowed us to achieve
rapid imaging, on the order of 5–15 min per skin specimen, at a
mass resolving power of ∼1,000. This rapid analysis identified a
metabolic pattern that could be used to discern tumor aggregates
from normal skin at high imaging speed. Five-micrometer-thick
skin sections obtained from Mohs surgeries were imaged in
negative-ion mode by DESI-MSI. These sections contained

numerous minute aggregates of BCC sparingly dispersed within
normal skin. Nearly 60% of them were smaller than 1 mm in
diameter; ∼35% were sized less than 200 μm at least in one di-
mension (Fig. 2). These aggregates were of various histologic
types of BCC, including nodular (48%), superficial (17%), and
aggressive (20%), which included both infiltrative and micro-
nodular types. A significant portion of specimens contained
multiple types (15%). Some nests contained mostly connective
tissue (stroma) interspersed with tumor cells. These factors
resulted in high metabolic heterogeneity within the tumors. Our
goal was to detect all tumor-involved areas and distinguish them
from normal skin. We made no distinction between normal skin
and various benign heterogeneous processes contained within it,
such as inflammation, hair follicles, nerve proximity, connective
tissue, vasculature, or structures of the pilosebaceous unit, and as
such designated all skin free of BCC as “normal” as it would be
ideally diagnosed in a Mohs surgery setting.
Multiple parameters, such as nebulizing gas flow rate, DESI-

MSI spray geometry, ion injection time, and more were experi-
mentally optimized to achieve a maximal spatial precision of
imaging without compromising tissue-analyte extraction and
signal intensity (Materials and Methods).

Molecular Imaging and Analysis. For the construction of 2D im-
aging maps, we first acquired the spectra in negative-ion mode in
the mass to charge ratio (m/z) range of 150–1,200. This range
allowed the detection of free fatty acids (FAs) (m/z 200–400), FA
dimeric clusters (m/z 500–600), and complex glycerophospholipids
(m/z 700–1,000). The specimens were histologically stained af-
ter imaging using hematoxylin and eosin (H&E) procedure for
unfixed tissue (16).
Histopathologic assessment of various tissue regions was then

performed and compared with the constructed 2D images and
the mass spectra average from each region. The spectra dem-
onstrated characteristic differences in molecular ion distribution
patterns in BCC tumor aggregates versus normal skin (SI Ap-
pendix, Fig. S1). Some of the molecular ion signals were sub-
sequently identified using tandem MS, high mass accuracy, and
isotopic distribution (SI Appendix, Table S1). It should be noted
that tandem-MS experiments were necessary to determine the
exact length of acyl groups in glycerophospholipids, whereas the
position and stereochemistry of the double bonds in FAs and
glycerophospholipids could not be accurately assigned even fol-
lowing tandem-MS experiments.
In particular, BCC nests were distinctively rich in arachidonic

acid, FA (20:4) (m/z 303.3), and glycerophosphoglycerol 34:1,
PG (18:1/16:0) (m/z 747.6), and they demonstrated high relative
and total abundances of oleic acid, FA (18:1) (m/z 281.3); glyc-
erophosphoserine 36:1, PS (18:1/18:0) (m/z 788.5); palmitic acid,
FA (16:0) (m/z 255.3); and glycerophosphoinositol 38:4, PI (18:0/20:4)

Fig. 1. General workflow of this study. (A) During Mohs surgery, a surgeon
removes a lesion suspected as basal cell carcinoma (BCC). A 2D map of the
lesion is created. (B) Using tissue-sparing technique, the visible tumor and a
conservative margin of normal skin are removed and subsequently stained
for histopathological evaluation. The process continues until the stained
sections are clear of microscopic tumor aggregates. (C) Excised skin sections
are imaged by desorption electrospray ionization mass spectrometry (DESI-
MS) imaging, which can accurately delineate microscopic tumor aggregates
without histological staining and evaluation.

Fig. 2. Histologically stained skin sections containing miniscule basal cell
carcinoma (BCC) aggregates. BCC regions are marked in red.
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(m/z 885.6) (SI Appendix, Fig. S2 A–F). Among other molecular
ions abundant in BCC regions, we could identify FA dimers at m/z
537.4 (oleic acid + palmitic acid),m/z 563.5 (oleic acid + oleic acid),
and m/z 585.5 (oleic acid + arachidonic acid), as well as phospho-
lipids, glycerophosphoglycerol 36:2, PG (18:1/18:1) at m/z 773.6 (SI
Appendix, Fig. S2G); glycerophosphoserine 38:4, PS (20:4/18:0) at
m/z 810.6 (SI Appendix, Fig. S2H); glycerophosphoinositol
34:1, PI (16:1/18:0) at m/z 835.6; and glycerophosphoinositol
36:2, PI (18:2/18:0) at m/z 861.6 (SI Appendix, Fig. S3 A and
B, respectively).
In the adjacent normal skin, a very prominent peak was de-

tected at m/z 465.4 and was unambiguously identified by high-
accuracy MS and sulfur isotopic distribution as cholesterol sul-
fate. Cholesterol sulfate demonstrated markedly higher relative
and absolute abundances in normal skin regions than in BCC le-
sions. However, its signal intensity distribution in the normal skin
showed both significant interspecimen and intraspecimen varia-
tion, which prevented it from acting as a reliable biomarker of
cutaneous pathology. Cholesterol sulfate is an important metab-
olite produced by sun-exposed skin that has been shown to have a
variety of physiological functions (17, 18) and was also linked to
skin carcinogenesis inhibition (19). However, its distribution is
highly nonhomogeneous throughout the skin (20, 21), which can
account for its uneven signal detected with the DESI-MSI.
Compared with BCC aggregates, normal skin regions exhibited

lower relative and absolute abundances of arachidonic acid, FA
(20:4) (m/z 303.3), and glycerophosphoglycerol 34:1, PG (18:1/
16:0) (m/z 747.6), and showed a presence of chloride adducts of
glycerophosphocholines (PCs), including glycerophosphocholine
PC 34:1, PC (18:0/16:1) at m/z 794.4, and glycerophosphocholine
34:2, PC (18:1/16:1) at m/z 792.4 (SI Appendix, Fig. S3 C and D,
respectively). A greater ratio of saturated stearic acid FA (18:0)
(m/z 283.3) (SI Appendix, Fig. S3E) to monounsaturated oleic acid
FA (18:1) (m/z 281.3) ion signals was also observed in many re-
gions of normal skin. FA dimers had particularly strong ion signals
at m/z 537.4 (oleic acid + palmitic acid) and at m/z 563.5 (oleic
acid + oleic acid), but not at m/z 585.5 (oleic acid + arachidonic
acid) in normal skin. Other molecular ions identified in normal
skin regions included palmitic (FA 16:0) and palmitoleic (FA
16:1) acids at m/z 255.3 and 253.2 (SI Appendix, Fig. S3F), re-
spectively; glycerophosphoinositols 38:4, PI (18:0/20:4), 36:2, PI
(18:2/18:0), and 34:1, PI (16:1/18:0) at m/z 885.6, 861.6, and 835.6,
respectively; and glycerophosphoserine 36:1, PS (18:1/18:0) at m/z
788.5 (SI Appendix, Fig. S1). Fig. 3 shows selected 2D DESI-MSI
maps of molecular ion distribution for specimens #15-1441, #15-
1372, and #16-042 with normalization to a total ion current
(Lower panels) to account for any variations in imaging conditions
between different experiments. Visual examination of the chem-
ical maps constructed by DESI-MSI allowed us to delineate BCC
aggregates in some cases. However, a reliable classification of each
pixel as normal or cancer could only be achieved by applying a
multivariate statistical approach.

Statistical Analysis. We used the Lasso method (22) to select sta-
tistically important ion signal peaks in the mass spectra and build a
classifier that estimates the probability that each individual pixel in
the DESI-MS image is BCC aggregate versus normal skin. Lasso
has an exceptional ability to minimize the amount of statistically
significant data, which was particularly important in this case
where the spectrum of each pixel produced a large number of ion
signal features. To build our Lasso classifier, a set of 17,053 pixels
imaged in the range of m/z 50–1,200 (see below) was employed
and 17-fold cross-validation was applied. Because of the dispersed
nature of individual tumor islands within normal skin in the vast
majority of obtained clinical samples, no group of 100% tumor
specimens could be identified, and therefore the Lasso classifier
was generated by delineating regions of interest diagnosed as
BCC aggregates versus adjacent normal skin in randomly chosen

specimens. Lasso was able to effectively shrink the amount of
diagnostically significant MS data (Fig. 4) by selecting a total of
24 ion signal peaks (Table 1) that could reliably predict the his-
topathological diagnosis of each 200-μm-diameter pixel of in-
vestigated skin tissue map. These selected mass-spectral features
are quantitative weighting factors that are predictive of BCC. Peaks
abundant within a cancerous area were given a positive weight,
whereas peaks with low abundance or absent in BCC received a
negative weight. It is noteworthy that some of the selected peaks
originate from a pair of monoisotopic and 13C1 isotopic forms of the
same molecular ion, which might increase a relative weight of the ion
in distinguishing between normal and diseased states. In cases when
the imaging is performed with high mass resolution, the ratio of the
peaks may predict the molecular composition of the ion (23).
An independent test set composed of 40,001 pixels imaged in

the range of m/z 150–1,200 served as one of the two test sets
in our Lasso analysis and yielded the overall accuracy of 88.3%
of correct diagnosis compared with histopathology per each
200-μm-diameter pixel (Table 2).
To further improve the diagnostic accuracy, we expanded the

imaging range of DESI-MS to m/z 50–1,200. This enabled the
detection of deprotonated Krebs cycle intermediates (Fig. 5),
which mediate cellular energy metabolism and supply building
blocks for intracellular lipid formation. Including these species in
the Lasso analysis was recently proven to increase the accuracy
of Lasso predictions (6). We used a set of 7,963 pixels imaged in
the range of m/z 50–1,200 as the second independent test set.
This test set yielded an overall accuracy of 94.1% for the correct
diagnosis compared with histopathology per each 200-μm-diameter
pixel (Table 2). This reduced sensitivity (77.2%) might have

Fig. 3. Selected 2D desorption electrospray ionization mass spectrometry
(DESI-MS) images of molecular ion distribution for specimens #15-1441, #15-
1372, and #16-042. Molecular ion distribution (Upper panel of each sample) is
shown with normalization to a total ion current (Lower panel of each sample)
to account for experimental variation between different measurements.
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originated from the highly dispersed nature of submicron aggre-
gates of BCC, and from the difficulty of categorizing the pixels at
the BCC margin against histopathological assignment owing to
their mixed pathology. Lasso identified one molecular ion signal,
at m/z 115.0, in the expanded m/z range that significantly con-
tributes to diagnostic prediction, being relatively more prevalent in
the normal skin versus BCC nests.
The species detected atm/z 115.0 was identified by the tandemMS

as singly charged fumarate (Fig. 5 and SI Appendix, Fig. S3G), a
Krebs cycle intermediate naturally produced in sun-exposed skin (24).
Because fumarate is one of the key intermediates in the Krebs

cycle, its levels may be disrupted by aberrant metabolism of tumors
that drive toward cataplerotic production of lipids and metabolites
required for cell proliferation (Fig. 5). Previously, fumarate has been
shown to inhibit chemical carcinogenesis in mouse skin (25).
In this study, the Lasso was trained to differentiate BCC aggre-

gates from normal skin, a clinically relevant aspect of Mohs surgery.
It is also important to note that our specimens included various
histologic types of BCC, with some specimens containing a high
content of stroma. These factors led to a high metabolic heteroge-
neity of the tumors, which further challenged this analysis. However,
high-accuracy prediction for each individual 200-μm-diameter pixel
of skin map was possible using only 24 ion signal features.

Discussion
DESI-MS analysis of tissues is an increasingly employed diag-
nostic and prognostic tool that can rapidly map and interrogate
numerous molecules and metabolites in fresh tissues without
molecular labeling or compromising tissue homeostasis. Already
some workers have been able to examine fresh tissue samples
taken during surgery in a time of less than an hour (7) or in just a
few minutes (26). DESI-MSI combined with statistical analyses
has emerged as a powerful technique for evaluating intraoperative
surgical margins in several cancers owing to its reasonably good
resolution. In this work, we established the diagnostic capability of
DESI-MS in miniscule tumors by demonstrating that it can ac-
curately differentiate between micrometer-sized lesions of the
most common skin cancer, BCC, and highly heterogeneous adja-
cent skin structures, such as connective tissue, vasculature, and
structures of the pilosebaceous unit. Using 86 human skin speci-
mens obtained from Mohs surgery of BCC, we showed that DESI-
MSI coupled with Lasso effectively discriminates aggregates of
BCC less than 200 μm in size at least in one dimension from
normal skin structures at an accuracy of 94% of correct diagnosis
compared with histopathology per each 200-μm-diameter pixel of
skin map. These minuscule dimensions of delineated tumor is-
lands suggest that DESI-MSI scan system can resolve structures
smaller than the typical solvent spot size, and that it can be
employed to detect very early-stage malignancy of various organs,

where the tumors emerge as individual microscopic cell aggre-
gates. This higher resolution is the result of overlapping desorp-
tion spots in a continuous spraying mode of operation. In addition,
because DESI-MSI fundamentally relies upon the deranged
metabolic activity of malignant tumors to differentiate them
from normal tissue structures, the high accuracy achieved in a
biologically indolent BCC suggests that more aggressive tu-
mors may be even easier to recognize by DESI-MSI.
By interrogating tumor metabolic reprogramming in BCC by

DESI-MSI, we identified a marked increase in relative and absolute
abundances of FAs, especially arachidonic acid FA (20:4), and cer-
tain complex glycerophospholipids, such as glycerophosphoglycerol
34:1 and glycerophosphoserine 36:1. FA synthesis is the initial step
in de novo lipid biosynthesis required for cancer cell proliferation
and survival (27). FAs participate in a variety of metabolic path-
ways promoting and maintaining cellular growth (28). In particu-
lar, FA (20:4), or arachidonic acid, is a precursor of prostaglandins
that were shown to be elevated in BCC compared with normal
skin, and are predictive of tumor aggressiveness (29, 30). FAs are
then incorporated into complex glycerophospholipids, which fur-
ther promote biomass growth by providing building blocks and
suitable physical properties to dividing cell membranes, acting as
signaling mediators and regulating energy metabolism in cells (31).
However, not all glycerophospholipids and their precursors are
elevated in BCC, and the tumors present rather differential regu-
lation of metabolites. Thus, glycerophosphocholine PC 34:1 and

Fig. 4. The least absolute shrinkage and selection operation (Lasso) method yields a model with sets of mass-spectral features for distinguishing between
basal cell carcinoma (BCC) and normal skin. The average mass spectra calculated from raw peak abundances in all pixels of the training dataset are shown in
red for BCC and green for normal.

Table 1. Lasso-identified important mass-spectral features,
which can predict the pathology of each 200-μm-diameter pixel
with high accuracy

m/z Lasso weight m/z Lasso weight

115.0 −0.143 311.7 −0.005
150.9 −0.027 325.3 −0.009
151.3 −0.001 325.8 −0.026
253.3 +0.002 465.5 −0.005
255.5 +0.004 466.4 −0.004
279.3 +0.015 556.9 +0.002
281.3 +0.008 747.7 +0.042
282.0 +0.002 786.6 +0.001
283.5 +0.004 788.4 +0.018
303.3 +0.139 794.5 −0.040
304.1 +0.016 885.6 −0.007
311.3 −0.007 886.6 −0.003

List of 24 mass-spectral features required for prediction of pathology.
Note that the analysis was performed on integrated low-resolution MS data,
and therefore the m/z of some selected features deviate slightly from the
actual masses of the peaks.
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glycerophosphoinositol 38:4 show lower abundances in tumor re-
gion. In addition, the Krebs cycle intermediate fumarate demon-
strates markedly depleted levels in BCC aggregates probably owing
to the increased rate of cataplerosis in tumor (32). We have pre-
viously documented the depletion of other Krebs cycle intermediates
in prostate cancer (6). Hence, employing Lasso or a comparable
statistical method is imperative for interrogating this differential
metabolic profile of BCC. Lasso was able to discern BCC aggre-
gates from adjacent normal skin based on only 24 mass-spectral
features detected by inexpensive benchtop mass spectrometer.
This opens an avenue for a rapid, intraoperative specimen analysis
during Mohs surgeries that could be complementary to histo-
pathological stained-section evaluation and could help establish
fast and unambiguous diagnosis by eliminating interference of vi-
sual morphological artifacts.

Materials and Methods
Specimen Collection and Preparation. Skin specimens were prospectively col-
lected during Mohs surgeries from August 2016 to October 2016 at the De-
partment of Dermatology, Stanford University Medical School. This study was
approved by the Stanford IRB (Protocol #24,307). The treating physician
reviewed the patient information sheet with the patient in a private room,
and verbal informed consent was obtained using standard consenting tech-
nique after all of the patient’s questions were addressed. Patients were in-
formed that they could withdraw from the trial at any time and their care
could fully continue at Stanford without prejudice. A copy of the tissue do-
nation information sheet was given to the patients. The specimens were
processed similarly to skin sections sent to histopathological evaluation.
Briefly, Mohs excisions were sectioned using a Leica CM1850 cryostat (Leica
Biosystems). Five-micrometer sections of each tissue were mounted on a glass
slide and sent for both pathological evaluation within the Department of
Dermatology and DESI-MS analysis in the Department of Chemistry. When not
analyzed immediately, these fresh specimens were stored at −80 °C and briefly
dried in vacuum desiccator before DESI-MS analysis.

DESI-MS Analysis. A 2D DESI-MSI source (Prosolia) was coupled to an LTQ
XLTM mass spectrometer (Thermo Scientific) for skin imaging. DESI-MSI was
performed in the negative-ion mode at m/z ranges of 150–1,200 and 50–
1,200. To desorb and ionize metabolites from skin, we used a histologically
compatible solvent system, dimethylformamide:acetonitrile 1:1 (vol/vol)
(HPLC-grade solvents from Sigma-Aldrich), at a flow rate of 0.7 μL/min. The
nebulizing gas pressure was set to 190 psi, and the spray voltage to −5 mV.
The spray tip-to-surface distance was 2 mm, spray incident angle was 56°,
and the spray-to-inlet distance was 6.5 mm. The step size in the moving
stage was set to 0.2 mm, capillary voltage to −65 V, tube lens voltage to
−120 V, and four microscans and 80-ms maximum ion injection time were
applied with a scanning speed in x direction of 285–294 μm/s with the au-
tomatic gain control of the mass spectrometer switched off. These param-
eters were empirically found to yield the optimal MS signal from skin tissues
without compromising spatial resolution of the imaging. All experiments
were carried out under identical experimental conditions to allow compar-
ison between measurements. The software ImageCreator (version 3.0) was
used to convert the Xcalibur 2.2 mass spectra files (Thermo Fisher Scientific)
into a format compatible with BioMap (freeware, version 3.8.0.4, www.ms-
imaging.org) to construct spatially accurate 2D ion images. Rainbow color
palette was used in the BioMap for signal intensity visualization.

After DESI-MSI, the same skin section was subjected to H&E staining for
unfixed tissue (16) and histopathologic evaluation by our Mohs surgeon

(S.Z.A.), who reviewed and annotated normal and cancerous regions. These
annotations were transferred into DESI-MS images. Another software,
MSIReader (version 0.09) (33), was employed to normalize the images by the
total ion current and to extract regions of interest for statistical analysis. To
use the MSIReader, an additional freeware tool, MSConvert (tool of Proteo-
Wizard software, version 2.1x) (34), was employed to convert the Xcalibur
2.2 mass spectra files (.raw files) into .mzML format files; then imzMLConverter
(version 1.3.0) (35) was used to combine .mzML files into .imzML format file,
readable by the MSIReader. Jet color palette and the fifth-order linear in-
terpolation were used in the MSIReader for signal intensity visualization. We
exported MS signal for statistical analysis as regions of BCC and normal skin
without discriminating between highly heterogeneous morphological and
pathological structures within normal skin, such as inflammation, necrosis, hair
follicles, nerve proximity, connective tissue, vasculature, the structures of the
pilosebaceous unit, and more.

For exact lipid and metabolite identification, tandem-MS and high-mass
resolution analyses were performed using the LTQ-Orbitrap XL (Thermo
Scientific). For lipid identification in a normal skin, a tumor-free (by histo-
pathology) skin section was used (specimen #16-1767), whereas for lipid
identification in cancer, a skin section with multiple BCC aggregates overall
occupying ∼70% of the skin section area (specimen #16-1799) was used. The
tissue sections were carefully removed from glass slides, and the lipids were
extracted in 500 μL of methanol:water 70:30 solution. The undissolved tissue
was separated from the extract by centrifugation at 4,000 × g for 5 min.
Supernatant was collected and introduced into mass spectrometer for tan-
dem-MS and high-mass resolution analyses via electrospray at the solvent
flow rate of 5 μL/min. Nebulizing gas pressure was set to 120 psi, spray
voltage was −5 mV, capillary voltage was −65 V, tube lens voltage was −120 V,
ion injection time was 100 ms, and one microscan was performed, with a
mass resolution of 60,000 at m/z 400. For the MS/MS studies, a normalized
collision energy of 20–40% was applied, the isolation window width was set
to 1.0 m/z, an activation Q value was 0.2–0.25, ion injection time was
1,000 ms, and one microscan was performed. The lipid compositions were
assigned based on high-mass resolution analysis, isotope distribution, and
tandem-MS fragmentation pattern (SI Appendix, Table S1). In the case when
several detectable fragmentation patterns were generated by isomeric
parent ions, the most intense fragmentation peaks were used to assign lipid
identity listed in SI Appendix, Table S1. The LipidMaps (www.lipidmaps.org/),

Fig. 5. Fumarate is a Krebs cycle intermediate important for Lasso analysis.
It was unambiguously identified by high-resolution MS.

Table 2. Prediction of pathology for each 200-μm-diameter image pixel by Lasso

Set (m/z)
Diagnosis (for each 200-μm-

diameter pixel) Normal BCC Correct, %

Test set (m/z 150–1,200) Normal 28,624 2,051 93.3
BCC 2,618 6,708 71.9

Overall agreement: 88.3
Test set (m/z 50–1,200) Normal 6,435 155 97.6

BCC 313 1,060 77.2
Overall agreement: 94.1

Two test sets are shown.
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MassBank (www.massbank.jp), and Metlin (https://metlin.scripps.edu/) da-
tabases were employed to assist with lipid identification.

Statistical Analysis. The 2D mass spectra files obtained by DESI-MSI were con-
verted to delimited text files (.csv format) and exported for statistical analysis
according to regions of interest of varying pathology using the MSIReader
(see above).

We randomly divided the specimens into training set imaged at m/z 50–
1,200 and two sets of test specimens, one set imaged at m/z 150–1,200, and
the second one imaged at m/z 50–1,200. Regions of interest were delineated
within the specimens to categorize each 200-μm-diameter pixel of investigated
skin map as BCC or normal skin. Lasso method (multiclass-logistic regression
with L1 penalty) was applied within the training set using the glmnet 2.0-
2 package in the CRAN R language library (36). Seventeen-fold cross-validation
was employed, leaving out one specimen at a time, to choose the Lasso tuning
parameter and to evaluate its predictive accuracy within the training set.

Lasso yields a “sparse” model containing the most informative features
for the prediction task (37). In this application, the Lasso method yielded a
model with parsimonious sets of mass-spectral features for discriminating

between BCC and normal skin. No discrimination was made between highly
heterogeneous morphological and pathological structures within normal
skin, such as inflammation, necrosis, hair follicles, nerve proximity, connec-
tive tissue, vasculature, and the structures of the pilosebaceous unit, and all
noncancerous skin was annotated as “normal.” Also, no discrimination was
made between various types of BCC as well as between stroma-rich and
stroma-poor tumors. A mathematical weight for each statistically in-
formative mass-spectral feature was calculated by Lasso depending on its
importance in classifying the skin as BCC. Molecular ion signals, whose in-
creased relative intensity was important for characterizing tumor regions,
were given a positive weight, whereas molecular ion signals that had de-
creased intensity or were absent in BCC received a negative weight.
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