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Intraoperative delineation of tumor margins is critical for effective
pancreatic cancer surgery. Yet, intraoperative frozen section analysis
of tumor margins is a time-consuming and often challenging proce-
dure that can yield confounding results due to histologic heteroge-
neity and tissue-processing artifacts. We have previously described
the development of theMasSpec Pen technology as a handheld mass
spectrometry–based device for nondestructive tissue analysis. Here,
we evaluated the usefulness of the MasSpec Pen for intraoperative
diagnosis of pancreatic ductal adenocarcinoma based on alterations
in the metabolite and lipid profiles in in vivo and ex vivo tissues. We
used the MasSpec Pen to analyze 157 banked human tissues, in-
cluding pancreatic ductal adenocarcinoma, pancreatic, and bile
duct tissues. Classification models generated from the molecular
data yielded an overall agreement with pathology of 91.5%, sensi-
tivity of 95.5%, and specificity of 89.7% for discriminating normal
pancreas from cancer. We built a second classifier to distinguish bile
duct from pancreatic cancer, achieving an overall accuracy of 95%,
sensitivity of 92%, and specificity of 100%. We then translated the
MasSpec Pen to the operative room and predicted on in vivo and
ex vivo data acquired during 18 pancreatic surgeries, achieving 93.8%
overall agreement with final postoperative pathology reports. Nota-
bly, when integrating banked tissue data with intraoperative data,
an improved agreement of 100% was achieved. The result obtained
demonstrate that the MasSpec Pen provides high predictive per-
formance for tissue diagnosis and compatibility for intraoperative
use, suggesting that the technology may be useful to guide surgi-
cal decision-making during pancreatic cancer surgeries.

pancreatic cancer | MasSpec Pen | surgical margin evaluation |
mass spectrometry

Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal
cancer, with a 5-y survival rate of 9% for all stages (1). Among

patients with resectable tumors, surgical resection with microscop-
ically negative margins is required for prolonged disease-free survival
(2). Thus, differentiating normal tissue from tumor is the cornerstone
of effective pancreatic oncologic surgery (3, 4). In practice, delinea-
tion of pancreatic resection margins is difficult and variable. Tumor
margin status is commonly assessed intraoperatively by microscopic
histopathological evaluation of frozen sections prepared from excised
pancreatic neck and common bile duct margins prior to comple-
tion of the operation (5, 6). However, artifacts on tissue histology
from frozen section preparation complicates histopathologic eval-
uation, further accentuated by the complex pathology of PDAC,
with high desmoplastic stromal content and chronic pancreatitis
(CP) at the pancreatic resection margins as well as inflammation
induced by surgical manipulation of bile duct tissue–mimicking
tumor (7, 8). Moreover, the reported accuracy of frozen section
analysis is variable center-to-center and depends on the method-
ology, skillset, and subspecialty of the pathologist on call (9–12).

Several optical and molecular technologies are being developed
with the expectation of improving pancreatic cancer detection
during surgery (SI Appendix, Text) (13–15). In particular, mass spec-
trometry (MS) technologies are powerful for investigating molecular
differences between normal and cancerous tissues with high sen-
sitivity, chemical specificity, and speed and have also been explored
for surgical use and margin evaluation (16). Desorption electrospray
ionization (DESI) MS, for example, has been used to investigate
molecular differences between normal and cancerous tissues ex vivo
cancerous and normal tissue sections (17–19). In particular, Zare
and coworkers applied DESI-MS imaging to analyze the metabolic
and lipid profiles of adjacent histologic tissue sections of margin
regions collected from pancreatic surgery (20). Other techniques
(i.e., rapid evaporative ionization MS and laser-based MS devices)
have been developed for in vivo cancer detection (21–24). However,
these techniques have not yet been demonstrated for pancreatic
cancer tissue detection.

Significance

Surgical removal of pancreatic cancer remains the only option
for a cure. To verify the extent of tumor removal, surgeons rely
on pathologic evaluation of frozen sections of surgical margins.
However, this process can be challenging, time consuming, and
subjective. Here, we used the MasSpec Pen to rapidly distin-
guish pancreatic cancer from healthy pancreatic and bile duct
tissues by generating classification models based on the molec-
ular signatures acquired from tissue. We evaluated this technol-
ogy in an operating room during pancreatic surgeries and used
these classification models to predict on data obtained in vivo
and ex vivo with high performance. Our results suggest that the
MasSpec Pen platform has the potential to improve and expedite
margin evaluation during pancreatic cancer surgery.
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We developed the MasSpec Pen system as a biocompatible
handheld device coupled to a mass spectrometer for rapid (∼15 s)
and nondestructive tissue analysis (25). Upon contact with a
tissue and activation by a foot pedal, a discrete water droplet is
formed and contained at the MasSpec Pen tip reservoir, allowing
metabolites and lipids to be gently extracted into the water droplet,
which is then transported to the mass spectrometer for analysis. To
date, we have applied the MasSpec Pen in conjunction with least
absolute shrinkage and selector operator (Lasso) penalized logistic
regression to classify several tumor types ex vivo, achieving 96%
overall accuracy in cross-validation (CV) (25–27). More recently,
we translated the MasSpec Pen technology to an operating room
(OR) to evaluate technical feasibility in open human surgeries and
as a laparoscopic device in a robotic surgical procedure (28, 29).
Here, we describe the application and first use of the MasSpec

Pen for the acquisition and statistical prediction of molecular data
acquired from pancreatic and biliary tissues, including in vivo data
of surgical margins collected in an OR from patients undergoing
pancreatic surgery. Collectively, our results indicate that theMasSpec
Pen technology may be useful to enhance surgical margin evaluation
in pancreatic cancer procedures by providing near–real-time diag-
nostic feedback to surgeons and physicians.

Results
Molecular Analysis and Classification of Pancreatic Tissues. We first
used the MasSpec Pen to analyze 131 PDAC and normal banked
human tissue samples to evaluate its potential for PDAC diagnosis
and surgical margin evaluation within the primary organ. All pa-
tient demographic information obtained from the tissue banks is
provided in Table 1. Rich molecular profiles including diverse
metabolites, fatty acids (FA), and glycerophospholipid (GP) spe-
cies such as phosphatidylethanolamines (PE), phosphatidylserines
(PS), and phosphatidylinositols (PI) were detected in both tissue
types (Fig. 1A and SI Appendix, Text). Following MasSpec Pen
analyses, the tissue samples were stamped with surgical ink to
precisely demarcate the region of analysis. The tissues were then
flash frozen, sectioned, and hematoxylin and eosin (H&E) stained.
Pathologic evaluation of the H&E-stained tissue sections was per-
formed within the stamped tissue region, allowing identification of
histologic features present within the tissue area analyzed. Normal
pancreatic tissues were typically composed of lobular ducts, mini-
mal stroma, and acinar cells. In contrast, PDAC tissues often pre-
sented regions of tumor cells in irregular ductal formation mingled
with CP, desmoplastic stroma, and fibrosis.
We employed the Lasso method to build classification models

for discriminating normal and PDAC based on a sparse set of m/z
features characteristic of disease state (30). To maximize robust-
ness of the Lasso model in detecting PDAC or normal pancreas,
we used a training set of 78 tissue analyses with clear histologic
regions of normal and tumor cells (>70%) within the area sampled.
Using leave-one-out CV, Lasso enabled classification of normal
pancreas from PDAC with a prediction accuracy of 98.7%, sensi-
tivity of 100.0%, and specificity of 98.4% (Fig. 1B). Detailed pre-
diction results are provided in SI Appendix, Table S1. Lasso selected
11 features as predictive of PDAC or normal pancreas (Fig. 1C),
which agreed with mass spectral trends (Fig. 1A). Features with
proposed ion identifications are listed in SI Appendix, Table S2.
We next evaluated the predictive performance of the model

using a validation set of 33 mass spectra obtained from 30 tissues
with complex tissue histology within the tissue region analyzed,
including low epithelial tumor cell concentration, mixed cellular
composition, or atypical molecular profiles. Within these complex
samples, a total of 26 analyses were classified in agreement with
postanalysis pathologic diagnosis (Fig. 1B and SI Appendix, Table
S3). Of 13 mass spectra obtained from PDAC tissue analyses, 11
were classified correctly by our method including four tissues with
tumor cell concentration ranging from 5 to 25%. Seven analyses
were classified in disagreement with postpathologic evaluation in

the validation set. Of these, three tissues presented extensive CP
and fibrosis within the region of MasSpec Pen analysis, histologic
features that are difficult to segregate from intermixed PDAC
and normal cells. Although we did not include CP and fibrosis in
our training set and thus their mass spectra were atypical, we chose
to test our classifiers on these samples to explore the performance
of our method. Another tissue, cancer sample P128T, presented
a cluster of 10% tumor cells at the edge of the MasSpec Pen
sampling area and was misclassified as normal. Although max-
imal experimental effort was put into precisely demarcating the
tissue region analyzed by the MasSpec Pen, slight inaccuracies in
the stamping system could have contributed to under sampling of
tissue regions at the edge of the analyzed area and thus misclassi-
fication. Collectively, an accuracy of 78.8%, sensitivity of 84.6%,
and specificity of 75.0% was achieved.
To further test the statistical classifier, we then used the model

to predict on an independent test set of 14 normal pancreas and
16 PDAC tissues with clear histologic composition. Note that these
data were collected on a different orbitrap mass spectrometer than
the one used to collect training and validation set data. Overall, 26
tissues were classified in agreement with pathology, resulting in
86.7% accuracy, 100.0% sensitivity, and 71.4% specificity (Fig. 1B).

Detection and Diagnosis of PDAC in the Common Bile Duct Margins.
Intraoperative frozen section examination of the common bile
duct margin is regularly performed in pancreatic cancer surgery
to assess possible tumor involvement in addition to the transection
margin of the pancreatic neck. As such, evaluation of the ability
of the MasSpec Pen to identify PDAC within common bile duct
tissue is essential for clinical use. To assess performance for detec-
tion of PDAC within the bile duct margin, we first analyzed 26
banked bile duct tissues with the MasSpec Pen. Five of the samples
were analyzed in two distinct tissue regions, resulting in 31 total
analyses. Normal bile duct tissue samples were composed of uni-
form epithelial cells embedded into surrounding pancreas tissue or
alongside fibro-adipose tissue. Bile duct tissue samples with inva-
sive PDAC presented with either normal histologic features with
PDAC encroaching into the sampling area or as entirely infiltrated
by PDAC. As shown in Fig. 2A, normal bile duct mass spectra
presented high relative abundances of metabolites and bile acids
(SI Appendix, Fig. S1), observed in the m/z range 400 to 550, such
as deprotonated deoxyglycocholic (m/z 448.306) and glycocholic
(m/z 464.301) acid. The molecular profile of bile duct tissue with
invading PDAC presented higher relative abundances of metabo-
lites, FAs, as well as many GP species similar to what was observed
in primary PDAC tissues (Fig. 1A).
The mass spectra obtained from 16 normal bile duct and 27

PDAC tissues were then used as a training set to build a classi-
fication model of normal bile duct versus PDAC. Lasso selected
12 m/z features as important predictors for disease classification
(Fig. 2B), allowing discrimination of bile duct from PDAC with a
leave-one-out CV prediction accuracy of 98% (Fig. 2C). Detailed
prediction results are shown in SI Appendix, Table S4. Proposed ion
identifications of Lasso features are listed in SI Appendix, Table S5.
We then evaluated the predictive performance of the Lasso model on
a validation set comprised of data acquired from normal bile duct (n=
7), bile duct with invading PDAC (n= 8), and primary PDAC tissues
(n = 17). Comparisons of Lasso prediction results to postanalysis
pathological diagnosis are provided in SI Appendix, Table S6.
Overall, a prediction accuracy of 91%, sensitivity of 88%, and
specificity of 100% was achieved in the validation set (Fig. 2C).

In Vivo and Ex Vivo Analysis of Human Tissue during Pancreatic Surgeries.
As a critical step toward testing and validating the MasSpec Pen for
intraoperative tissue analysis and diagnosis, we translated the system
to the OR for direct tissue analysis during surgical procedures. The
MasSpec Pen was used by the surgeons and clinical staff for analysis
of in vivo tissues and freshly excised specimens in 18 pancreatic
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surgeries, including distal pancreatectomy, pancreaticoduodenectomy
(Whipple), and hepaticojejunostomy procedures (Fig. 3A and SI
Appendix, Fig. S2). Patient demographic information for OR
cases is included in Table 1. A total of 110 intraoperative analyses
from healthy pancreas, bile duct, lymph node, liver, and pancreatic
neck and bile duct margins were performed with the MasSpec
Pen, including 61 in vivo and 49 on freshly excised tissues. The in vivo
analyses were performed at the surgeon’s discretion within tissue
regions of interest such as neck and bile duct margins and benign
tissue regions. The ex vivo analyses of similar regions were per-
formed by clinical research assistants also within surgical margins
and normal tissue uninvolved by tumor. Note that no observable
tissue damage occurred due to MasSpec Pen use as reported by the
pathologic department, allowing for subsequent intra- and post-
operative histopathologic evaluation of the tissues.
Molecular profiles acquired intraoperatively from pancreas

and bile duct tissues (Fig. 4 A and B) appeared qualitatively similar
to those acquired from banked tissues in the laboratory (Figs. 1A
and 2A). Fig. 4A shows the average mass spectra for all the 29
in vivo and 27 ex vivo pancreatic tissue analyses performed in the
OR. Lipid profiles of intraoperative pancreatic data were generally

comparable to banked normal pancreas, with several GP spe-
cies detected in high relative abundance. In addition, hexose
(m/z 215.032), FA 16:0 (m/z 255.232), FA 18:1 (m/z 281.249),
and FA dimers, such as oleic and arachidonic acid (m/z 585.488),
were also detected intraoperatively at similar relative abundances
to banked pancreatic samples. We noted higher relative abundances
of chlorinated triacylglycerol (TG) species such as TG 52:2
(m/z 893.741) in intraoperative data collected from multiple tissue
sites. Similarly, the average mass spectra (Fig. 4B) from four in vivo
and four ex vivo bile duct tissue analyses obtained intraoperatively
presented similar molecular profiles to laboratory data, including
high relative abundances of bile acids and GP species (Fig. 2A).
Generally, a relative increase in spectral noise and in relative abun-
dances of ions from blood molecules and anesthetic agents were
observed in all the intraoperative data when compared to data
acquired in the laboratory using banked tissues. Within these, a
prominent peak at m/z 615.171 was identified as deprotonated
heme, which was likely detected due to residual blood on the tissue
surface. In addition, we observed an increase in the ion abundance of
the deprotonated metabolite (m/z 246.950) of a general anesthetic,
sevoflurane, which we have previously characterized throughMS/MS

Table 1. Patient demographics for human pancreas and bile duct tissue samples and fresh
tissue analyzed intraoperatively

Variable

Banked data

OR dataNontumor pancreas PDAC Bile duct

Total, no.
Patients(s) 53 58 23 18
Samples 54 77 26 —

Analyses 54 87 31 64
No. of regions analyzed, no. of samples

1 54 68 21
2 0 8 5
3 0 1 0

Age of patients, median, y 64 68.5 66 63.5
Sex, no. of patients

Male 19 33 13 10
Female 34 25 10 8

Race, no. of patients
White 43 47 18 15
Black 10 10 3 2
Asian 0 0 2 0
Other 0 1 0 1

Tissue origin, no. of patients
CHTN 45 46 3 0
BCM 8 12 20 0
OR at BCM (clinical study) 0 0 0 18

Reason for surgery, no. of patients
PDAC 0 58 12 7
Benign tumors 20 0 3 2
Cysts and lesions (e.g., IPMN, N, PanIN, MCN, etc.) 22 0 2 3
Neuroendocrine tumor 0 0 1 3
Pancreatitis 7 0 0 0
Autopsy 1 0 0 0
Other 2 0 4 3
Unavailable 1 0 1 0

In the columns labeled “Banked data,” normal, uninvolved pancreas tissues obtained from a patient under-
going surgery for PDAC resection are grouped under “PDAC,” while bile duct tissues, diagnosed postanalysis by
pathology as normal or cancerous, are grouped under “Bile duct.” Note that samples of both uninvolved tissue
and cancerous tissue were obtained from 24 patients. There is one patient from which both a sample of can-
cerous and bile duct tissue were obtained, thus demographic information is noted under “PDAC,” and sample-
specific information is under “PDAC” or “Bile Duct.” Under “Reason for surgery,” the “Other” subcategory
includes uninvolved tissues resected from patients with end-stage renal disease, trauma, pseudopapillary neo-
plasm, hepatocellular carcinoma, ampullary cancer, cholangiocarcinoma, cystic duct adenocarcinoma, and two
patients whose data were unavailable.
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experiments (30). This peak was also observed in banked tissues,
particularly in banked bile duct mass spectra (Fig. 2A).

Statistical Prediction on Intraoperative Human Data. Of the 110
analyses obtained intraoperatively, we evaluated the predictive
performance of the classification models on 64 analyses from 16
cases as an independent test set. From the 46 analyses not classi-
fied, 32 were from data acquired on liver and lymph node tissues,
which were not included in our models. In addition, there were 14
analyses of pancreatic or bile duct tissues that did not yield ion
signal above suitable signal-to-noise ratios and were thus excluded,
resulting in a final sample set of 64 in vivo and ex vivo analyses
from pancreatic and bile duct tissues. Using the normal pancreas
versus PDAC model, we predicted on 29 in vivo and 27 ex vivo
mass spectra from normal tissue. To compare statistical perfor-
mance of our classification models on intraoperative data collected
in the OR to banked data acquired in the laboratory, we plotted
the estimated Lasso probability values of each individual analysis
from samples analyzed with the MasSpec Pen (Fig. 4 C and D).
These estimated probabilities enable binary classification based
on an optimized probability threshold, where samples with asso-
ciated probabilities below the threshold are negative (i.e., normal),
and samples with probabilities above the threshold are positive,
(i.e., PDAC). The Lasso probabilities generated from statistical
analysis of data from normal and cancerous pancreatic tissues
analyzed in the laboratory as well as the OR are plotted in Fig. 4C.

Similarly, for all banked and intraoperative bile duct analyses pre-
dicted on using the bile duct versus PDAC classifier, the resulting
Lasso probabilities are plotted in Fig. 4D. For predicting on the
intraoperative pancreatic data, 96.4% accuracy was achieved, with
54 of 56 predictions classified in agreement with final postoperative
histopathology reports (Fig. 4E and Table 2). Note that when the
MasSpec Pen was used to analyze suspected tumor regions as
determined by surgical gross evaluation, the tumor tissue was pre-
sumably physically beneath benign tissue. Thus, final histopathology
reports were used to assess agreement with Lasso prediction results
for margins, and gross assessment of tissue was used to assess agree-
ment with Lasso results for normal tissue analyses. Using the bile duct
versus PDAC model to predict on three in vivo and five ex vivo
normal bile duct analyses, 75.0% accuracy was achieved, as six of
eight predictions agreed with postoperative histopathology reports
(Fig. 4E and Table 2). Considering all 64 analyses, 93.8% overall
agreement was achieved. Interestingly, incorporating intraoperative
data acquired from in vivo and ex vivo normal pancreas (n = 9) and
bile duct (n = 4) tissues into each respective training set with
banked data improved prediction agreement on the remaining
intraoperative pancreas (n = 47) and bile duct (n = 4) data to
100% for both models (SI Appendix, Table S7).

Discussion
Precise pancreatic tumor resection achieving microscopically negative
margins in the pancreatic neck and bile duct margins is significantly
correlated with longer disease-free survival, but the complexities

A

B

C

Fig. 1. MasSpec Pen analyses of banked pancreas tissues and Lasso classi-
fication model. (A) Representative mass spectra generated from averaging
all normal pancreas mass spectra (n = 63) and PDAC mass spectra (n = 15)
included in the training set. (B) Overall accuracy, sensitivity, and specificity
for the Lasso prediction results for training, validation, and independent test
sets. (C) Features (m/z) selected by Lasso as characteristic of normal pancreas
(negatively weighted values) and PDAC (positively weighted values). Ten-
tative ion identifications be found in SI Appendix, Table S2.

A

B

C

Fig. 2. MasSpec Pen analyses of banked bile duct tissues and Lasso statis-
tical classifier. (A) All bile duct (n = 16) in the training set and bile duct in-
vaded by PDAC (n = 8) in the validation set were averaged to produce
representative mass spectra. The relative abundance of the lipid mass range
(m/z 700 to 900) was amplified by a factor of 2 in both mass spectra. (B) Plot
of Lasso features (m/z) and corresponding weights. (C) Accuracy, sensitivity,
and specificity results for training and validation sets. Abbreviations: GC
(glycocholic acid), GCD (glycodeoxycholic acid), and TC (taurocholic acid).
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of PDAC tissue histology and pathologic assessment render this
a challenging and time-consuming task via frozen sections (5, 6, 8,
31). We evaluated the usefulness of the MasSpec Pen technology
in enabling accurate tissue identification and in assisting surgical
decision-making by generating classification models for PDAC
diagnosis and testing their performance on intraoperative data
collected in vivo and on freshly excised tissues.
We used banked samples with clear histologic diagnoses to

train a Lasso model to classify tissues as normal pancreas or PDAC,
yielding a CV prediction accuracy of 98.7%, which is comparable
to previously reported results for DESI-MS (98%) (20). We eval-
uated this model on a validation set comprised of tissues with low
tumor cell concentration (5 to 25%) and complex pathologic di-
agnosis more closely representing pancreatic tissues routinely
evaluated in clinical pathology (32). This method correctly classi-
fied four of six validation set samples presenting low tumor cell
concentration along with stroma, CP, and fibrosis in the analyzed
region, including two samples with 5% tumor cells and 10 to 20%
tumor cells, respectively. A total of 10 samples contained CP, a
histologic feature widely regarded as difficult to discriminate from
PDAC via pathologic assessment (7). Although CP samples were
not included in our training set, eight of the 10 samples that pre-
sented CP were correctly classified as normal pancreas by our
method. Despite highly complex histologic composition (SI Ap-
pendix, Table S3), 78.8% agreement was attained based on strict
normal or PDAC assignment by pathology, similar to the 81% validation
accuracy achieved in the DESI-MS study (20), which excluded tissues
containing CP and fibrosis altogether. In an independent test set

of samples (n = 30), a classification agreement of 86.9% was
achieved, with every PDAC sample (n = 16) classified correctly,
highlighting the robustness of our method for tissue diagnosis
even when data are collected with a different MS instrument. To
enable bile duct margin assessment, we built a Lasso classifier
using data obtained from normal bile duct tissues and primary
PDAC tissues and validated the model on heterogeneous bile duct
and PDAC samples as well as bile duct tissues presenting invading
PDAC. For training and validation sets, 98 and 91% accuracies
were achieved for discriminating bile duct from PDAC, respec-
tively. In an effort to generate a robust Lasso model, we trained
this classifier on primary PDAC tissue data given the higher con-
centration of cancer cells present in these tissues compared to the
more heterogenous bile duct tissues comprised of bile duct epi-
thelium mingled with PDAC cells, as well as the larger sample
size available for PDAC tissues. Of the eight bile duct tissues
with PDAC, seven were correctly predicted as PDAC. We expect
to refine these statistical classifiers by incorporating bile duct tissues
with invasive PDAC into the training set and testing performance
with additional sample sets.
Notably, our classification models (Figs. 1C and 2B) consisted

of metabolites and lipid species that play key biological roles related
to cancer metabolism and biochemistry. For example, the chlori-
nated adduct of the hexose isomer (m/z 215.032) was selected as a
feature indicative of normal tissue in both models. Although tandem
MS does not allow identification of the structural isomer, we spec-
ulate that this biomolecule is glucose, as one of the main functions of
the pancreas is maintaining glucose homeostasis (33). Other ions

B

A

Fig. 3. Clinical testing of the MasSpec Pen during pancreatic surgery. (A) Schematic of MasSpec Pen platform in an OR for surgical use and clinical testing.
(B) Mass spectra obtained in vivo from the pancreatic neck margin and bile duct body from Patient 15 undergoing a Whipple procedure. Corresponding
Lasso prediction results (performed after surgery) and final pathology notes are shown.
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identified as deprotonated taurine (m/z 124.006) and chlorinated
adduct of lactate (m/z 146.982) were selected as predictive of PDAC
in both models. Lower levels of glucose but elevated levels of
taurine and lactate in tissue have been associated with pancreatic
cancer, implying a shift to aerobic glycolysis as per the Warburg
effect, corroborating our results (34, 35). In the bile duct model, a
molecule tentatively identified as glycerol-3-phosphate (m/z 171.006),
an intermediate of glycolysis, was selected for bile duct character-
ization. Interestingly, a study by Kamphorst et al. reported depletion
of glycerol-3-phosphate levels in PDAC compared to benign adjacent
tissues (35). Several GPs such as PIs and PEs were weighted toward

normal pancreatic and bile duct tissues, including PE P-16:0_20:4
(m/z 722.514), PE NMe2 18:2_16:0 (m/z 742.542), and PI 18:0_18:2
(m/z 861.550), while PI 18:0_20:4 (m/z 885.550) was weighted to-
ward PDAC in both of our models. GPs are major constituents of
cellular membranes and play diverse roles in signaling and metabolism
(36, 37), many of which have been previously reported as potential
biomarkers of PDAC using DESI-MS and metabolomics assays
(SI Appendix, Text) (20, 38, 39).
To evaluate clinical utility, we then integrated the MasSpec

Pen system into the pancreatic surgical workflow and showed com-
patibility for in vivo and ex vivo tissue analyses. No adverse effects,

A C

D

E

B

Fig. 4. Intraoperative molecular analysis and statistical prediction results of human pancreatic and bile duct tissues. (A) Representative mass spectra of
pancreatic tissues collected intraoperatively using the MasSpec Pen. All data were averaged from all in vivo (n = 29) and ex vivo (n = 27) measurements to
produce representative mass spectra. The relative abundance of the lipid mass range (m/z 700 to 900) in both spectra was amplified by a factor of 10 to
facilitate data visualization. (B) Mass spectra averaged from all bile duct data acquired in vivo (n = 4) and ex vivo (n = 4). The relative abundance of the lipid
mass range was amplified by a factor of 2.5 in both spectra. (C) Estimated Lasso probability and pathologic diagnosis associated with each individual pan-
creatic tissue analysis from banked samples analyzed in laboratory and OR data following statistical prediction with the normal pancreas versus PDAC
classification model. The optimal probability threshold was determined to be 0.225, where a sample is classified as normal pancreas if its estimated probability
is below this threshold, and a sample is classified as PDAC if its probability is above this threshold. (D) Estimated Lasso probability and pathologic diagnosis
associated with each bile duct tissue analysis from banked samples and OR data following statistical prediction using the normal bile duct versus PDAC model.
The Lasso threshold was found to be 0.839, and similarly, a sample is classified as normal bile duct if its estimated probability is below this threshold or PDAC if
its probability is above this threshold. (E) Summary of statistical prediction results on intraoperative data compared with postoperative histopathology.
Abbreviations: GC (glycocholic acid), GCD (glycodeoxycholic acid), TC (taurocholic acid), and TDC (taurodeoxycholic acid).
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Table 2. Comparison of preoperative diagnosis, surgical gross assessment, postoperative histopathologic report, and Lasso prediction
for intraoperative MasSpec Pen analyses

Case Preoperative diagnosis

MSP
analysis

Gross assessment by
surgeon Final histopathology report

Lasso
resultsNo. Type

1 Adenocarcinoma involving the uncinate process
of the pancreas

1 IV Suspected tumor Pancreas needle biopsy: (−) for carcinoma Normal ¥
2 EV Suspected tumor Normal ¥
3 EV Suspected tumor Normal ¥

2 PDAC involving HOP 1 IV Suspected tumor Pancreas needle biopsy: (−) for carcinoma Normal ¥
3 Pancreatic cyst 1 EV Normal pancreas Pancreatic margin: (−) for cystic lesion Normal ¥
4 Bile duct cancer 1 IV Bile duct margin Only uncinate/SMA margin: (+) carcinoma Bile duct §
5 PDAC involving HOP 1 IV Suspected tumor Only uncinate margin: (+) for carcinoma;

mild/moderate CP
Normal ¥

2 EV Normal pancreas Normal ¥
6 Pancreatic mass 1 IV Normal pancreas All margins: (−) for carcinoma Normal ¥

2 IV Normal pancreas Normal ¥
3 EV Pancreatic surgical margin Normal ¥
4 EV Pancreatic surgical margin Normal ¥

7 Malignant pancreatic neoplasm 1 IV Suspected tumor All margins: (−) for carcinoma Normal ¥
2 IV Suspected tumor Normal ¥
3 IV Transected pancreatic neck Normal ¥

8 Adenoma of ampulla of Vater 1 IV Pancreatic neck margin (−) for high-grade dysplasia or invasive
carcinoma

Normal ¥
2 EV Pancreatic neck margin Normal ¥
3 EV Pancreatic neck margin Normal ¥
4 EV Pancreatic neck margin Normal ¥

9 Mucinous cystic lesion on HOP 1 IV Pancreatic body All margins: not involved by lesion Normal ¥
2 IV Pancreatic neck Normal ¥
3 EV Normal pancreas Normal ¥
4 EV Normal pancreas Normal ¥
5 EV Normal pancreas Normal ¥

11 Mass of pancreas 1 IV Normal pancreas All margins: (−) for cyst and carcinoma Normal ¥
2 IV Normal pancreas Normal ¥
3 EV Normal pancreas Normal ¥
4 EV Normal pancreas Normal ¥
5 EV Normal pancreas Normal ¥

12 Mass of pancreas 1 IV Normal pancreas All margins: (−) for carcinoma Normal ¥
13 Malignant neoplasm of pancreas, unspecified

location of malignancy
1 IV Normal pancreas All margins: (−) for carcinoma Normal ¥
2 IV Normal pancreas Normal ¥
3 EV Pancreatic tumor margin Normal ¥
4 EV Pancreatic tumor margin Normal ¥
5 EV Posterior side of suspected

mass
PDAC ¥

6 EV Posterior side of suspected
mass

PDAC ¥

14 PNET, recurrent, HOP 1 IV Normal pancreas Pancreatic head biopsy: (−) for carcinoma Normal ¥
15 Ampulla of Vater mass, mass of pancreas 1 IV Pancreatic body All margins: (−) for carcinoma Normal ¥

2 IV Pancreatic neck margin Normal ¥
3 IV Pancreatic neck margin Normal ¥
4 IV Normal bile duct Bile duct §
5 EV Pancreatic neck margin Normal ¥

16 PNET, HOP 1 IV Suspected tumor All margins: (−) for carcinoma Normal ¥
2 IV Suspected tumor Normal ¥
3 IV Normal pancreas Normal ¥
4 IV Normal pancreas Normal ¥
5 EV Pancreatic neck margin Normal ¥
6 EV Pancreatic neck margin Normal ¥
7 EV Bile duct margin Bile duct §
8 EV Bile duct margin PDAC §
9 EV Normal pancreas Normal ¥

17 IPMN 1 IV Normal pancreas All margins: (−) for carcinoma Normal ¥
2 IV Normal pancreas Normal ¥
3 IV Normal bile duct Bile duct §
4 IV Normal bile duct Bile duct §
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complications, or limitations to histologic tissue processing or
diagnosis were identified due to MasSpec Pen analyses. Impor-
tantly, although an increase in the abundances of noise and
peaks related to biological fluids and anesthetics was observed in
the intraoperative data, the molecular species identified in banked
tissues (Figs. 1A and 2A) were consistently detected in vivo and
from freshly excised tissues (Fig. 4 A and B). Most notably, the
statistical classifiers generated from banked tissue data were used
to predict on data from 64 analyses performed with the MasSpec
Pen intraoperatively as an independent test set, resulting in 93.8%
agreement with final pathological reports (Fig. 4E). In particular,
out of 24 analyses from surgical margins diagnosed as negative
via final pathologic diagnosis, 22 were predicted as normal by our
classifier, resulting in 91.7% agreement with pathology. Though
only eight analyses were collected from bile duct intraoperatively,
six analyses were predicted as normal, in congruence with final
pathologic diagnosis. Yet, incorporating intraoperative data into
the training sets further improved prediction performance to 100%
agreement on withheld intraoperative data from both pancreatic
and bile duct tissue, thus meriting further investigation as a statis-
tical model development approach with additional data collection
(SI Appendix, Table S7). These results are particularly encouraging
considering that the MasSpec Pen analyses obtained in the OR
were performed by the surgical staff without comparable technical
experience as the research staff, who acquired data from banked
tissues within the tightly controlled laboratory environment, thus
underscoring the user friendliness of the device.
The intraoperative results achieved highlight the potential

impact the MasSpec Pen could have in advancing surgical care for
patients. For Patient 15, for example, MasSpec Pen analyses of the
pancreatic neck margin and bile duct body were performed in vivo
(three analyses of neck margin, one of bile duct) and ex vivo (one
analysis of the neck margin) during the Whipple procedure (Fig. 3B).
All five analyses from both regions were predicted by Lasso as nor-
mal tissues, which agreed with intraoperative frozen section and the
final pathologic results (both margins were negative for carcinoma)
(Table 2). For Patient 6, four mass spectra corresponding to two
in vivo normal pancreas analyses and two ex vivo surgical margin
analyses were predicted on using our classification model. Of these,
all benign pancreas and margin analyses were classified as normal
by Lasso, with margins confirmed as negative for carcinoma via
histopathological diagnosis. We also tested consecutive analyses
of the same tissue region to explore predictive power of our models
on analytical replicates. For example, three repeat ex vivo analyses
of the pancreatic neck margin were performed for Patient 20 un-
dergoing a Whipple procedure for PDAC resection, with all three
analyses predicted as normal, in agreement with final pathology

reports (Table 2). For Patient 16, two repeat ex vivo analyses of the
common bile duct margin, a region ultimately determined as neg-
ative for malignancy, were performed. The first analysis was
classified as normal, in agreement with pathology, while the sec-
ond analysis of the same region was classified as PDAC, which
disagreed with final pathology. While further data collection and
refinements to the technology are expected to improve model
performance, our results suggest that the models built with banked
data and the resulting molecular predictors can be used to predict
on independent data acquired from in vivo and ex vivo tissues and
ultimately may improve the efficacy of surgical intervention for
patients with pancreatic cancer.
Note that there are limitations to the clinical findings in this

study. First, our statistical classifiers should be expanded to include
other surgical margins, such duodenal, retroperitoneal, and unci-
nate, and cancers that are surgically treated with a Whipple pro-
cedure, such as neuroendocrine tumors and cholangiocarcinoma.
Clinically relevant histological features including CP and precursor
lesions and the effect of neoadjuvant treatment such as chemo-
therapy or chemoradiation on molecular profiles should also be
evaluated. Given the rich molecular profiles obtained from pre-
liminary intraoperative analyses of benign regional lymph nodes
(SI Appendix, Fig. S3), we will further explore the potential of the
MasSpec Pen to diagnose lymph node metastases through in-
creased data collection and subsequent model generation. Im-
portantly, tumor tissue was not physically exposed in the cancer
surgeries evaluated in this study (n = 13), and all transection
margins analyzed were negative by final postoperative pathology.
Thus, while 91.7% agreement was achieved for all the negative
margins, the lack of intraoperative data from positive margins
inhibited performance evaluation for positive margin assessment.
Larger cohorts of patients and multicenter studies are warranted
for rigorous validation of the method and statistical models.
Our study provides evidence that the MasSpec Pen technology

can be implemented in the OR for use by surgical teams, allowing
effective molecular analysis of pancreatic tissues in vivo and ex vivo.
Nevertheless, several technical challenges should be addressed to
further refine the technology for intraoperative use (SI Appendix,
Text). We observed that poor-quality mass spectra with biological
peaks below detection limits were acquired for 14 tissue analyses,
which were consequently excluded from statistical analysis. We
speculate that the decrease in spectral quality may be due to
variabilities in the tissue sampling and extraction process and are
currently testing various approaches to improve robustness and
signal reproducibility for intraoperative tissue analysis in the OR.
Note that in this pilot clinical study, only a few tissue regions were
rapidly analyzed in vivo and on freshly excised tissues to evaluate

Table 2. Cont.

Case Preoperative diagnosis

MSP
analysis

Gross assessment by
surgeon Final histopathology report

Lasso
resultsNo. Type

18 Ampullary carcinoma 1 IV Normal pancreas All margins: (−) for carcinoma Normal ¥
2 IV Normal pancreas Normal ¥
3 EV Pancreatic neck margin Normal ¥
4 EV Pancreatic neck margin Normal ¥
5 EV Bile duct margin PDAC §

20 PDAC; jejunal diverticulum; fatty liver versus
cirrhosis

1 EV Pancreatic neck margin All margins: (−) for carcinoma Normal ¥
2 EV Pancreatic neck margin Normal ¥
3 EV Pancreatic neck margin Normal ¥
4 EV Bile duct margin Bile duct §

Classification using the normal pancreas versus PDAC Lasso model is indicated with ¥, while statistical classification using the normal bile duct versus PDAC
Lasso model is indicated with § in “Lasso predictions” column. AC, adenocarcinoma; HOP, head of pancreas; IPMN, intraductal papillary mucinous neoplasm;
PAN-IN, pancreatic intraepithelial neoplasia; PNET, pancreatic neuroendocrine tumor.
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feasibility and diagnostic performance. Yet, as the surface area of the
pancreatic neck margin and the common bile duct margin is ∼225 to
600 mm2 and ∼25 to 400 mm2, respectively, consecutive analyses
(sampling area 5.73 mm2, ∼15 s each) may be necessary (40, 41).
Even so, MasSpec Pen analyses of larger tissue areas are still con-
ceivably faster than the typical time needed for frozen section
analysis of the excised specimen with expert pathology staffing, with
the benefit of potentially providing real-time diagnostic feedback
and preventing unnecessary excision of healthy tissues in vivo. We
plan to conduct additional investigations on optimizing pen tip di-
ameters greater than 4 mm to further accelerate margin evaluation,
as well as! determining the depth of molecular extraction in
tissue to more strictly assess the capabilities of the technology for
surgical margin evaluation.
Our results provide compelling evidence that the MasSpec

Pen and statistical classifiers may be valuable for assisting sur-
geons in making efficient, informed clinical decisions on margin
status during pancreatic cancer surgery in vivo and in freshly excised
tissues. We foresee that the MasSpec Pen may offer particular di-
agnostic utility at institutions with limited access to subspecialized
pathologists with expertise in pancreatic cancer (9, 42). Follow-
ing rigorous validation in further studies, this technology holds
immense potential for more rapid and precise intraoperative margin
assessment, which could ultimately lead to reduced re-excision
rates, patient distress, and healthcare costs.

Materials and Methods
Banked Tissue Samples. Our study adhered to the Standards for Reporting of
Diagnostic Accuracy guidelines (43) for diagnostic studies (SI Appendix, Fig.
S4). We obtained 157 deidentified, frozen tissue samples, including PDAC,
normal pancreas, and normal bile duct from Cooperative Human Tissue
Network (CHTN) and Baylor College of Medicine (BCM) under approved In-
stitutional Review Board (IRB) protocol (No. 2018-06-0094). Tissue samples
were stored at −80 °C prior to analysis.

MasSpec Pen Method Development for Pancreatic Cancer Detection. The MasS-
pec Pen coupled to a Q Exactive Orbitrapmass spectrometer (Thermo Scientific)
was used to perform analyses of the first four batches of samples, while a Q
ExactiveHFOrbitrapmass spectrometer (Thermo Scientific)was used to analyze
the last batch. Experiments in the laboratory with banked tissues were per-
formed using a MasSpec Pen with a pen tip reservoir diameter of 2.7 mm and
tubing length of 3 m. Samples were thawed and analyzed in ambient condi-
tions. Datawere acquired in the negative ionmode fromm/z 120 to 1,800 using
water as the solvent. Given the heterogeneity of pancreatic tumors and low
density of tumor cells, tumor samples with larger surface areas (6 to 10 mm,
diameter) were analyzed in two to three distinct regions, resulting in 172
analyses from 157 tissues. Following MS analysis, an ink stamp was applied to
the tissue sample to demarcate region of analysis for correlation to mass
spectra. Samples were then immediately flash frozen in liquid nitrogen and
sectioned at 5- to 10-μm thickness with a CryoStar NX50 (Thermo Scientific).
Tentative ion identifications were based on high mass accuracy measurements
and tandem MS analyses (SI Appendix, Fig. S5).

Intraoperative Clinical Testing during Pancreatic Surgeries. The pilot clinical
tests were conducted at a hospital affiliate of Baylor St. Luke’s Hospital under
approved IRB protocol (No. 2018-06-0094) from BCM and The University of
Texas (UT) at Austin. Development and optimization of the MasSpec Pen
system and materials for clinical use has recently been described (28). A Q
Exactive Orbitrap mass spectrometer (Thermo Scientific) equipped with a
home-built MasSpec Pen interface was installed in an OR. Prior to each sur-
gery, surgical staff placed up to three autoclaved MasSpec Pen devices on the
surgical field. Tubing length was adjusted to 4.5 m to fit the OR environment.

One MasSpec Pen was reserved for ex vivo analyses and placed outside of the
surgical field for handling by research personnel. UT research personnel con-
nected the ends of each tubing to a MasSpec Pen control box interfacing the
mass spectrometer. In vivo MasSpec Pen analyses were conducted by the at-
tending surgeon G.V.B. or W.E.F. Ex vivo analyses were conducted by C.P. or
K.B. immediately following excision of tissue. Data were not communicated to
surgical staff, and no statistical classification was performed during surgery.

Patients were deemed eligible for study participation on the basis of being
scheduled to undergo pancreatic surgery, independently of our study, con-
ducted by surgeons G.V.B. or W.E.F. Prior to surgery, eligible patients were
identified and notified of the study by research personnel C.P. or K.B. Patients
who agreed to participate in the study gave written consent prior to surgery
(n = 20). While 20 patients provided consent, the MasSpec Pen was used in
cases from 19 patients, with noMasSpec Pen analyses able to be performed for
Case 19. Of the 19 cases where MasSpec Pen analyses were performed, note
that data were not acquired for one surgery (Case 10) as the system was found
to be below operational conditions. A total of 46 intraoperative analyses
collected from in vivo and ex vivo tissues were excluded due to poor-quality
mass spectra (i.e., low signal [signal-to-noise ratio for biological species below
3] and excess interfering peaks [n = 14]) or due to tissue type not being rep-
resented by statistical models (e.g., lymph node or liver analyses [n = 32]).

Statistical Analysis. Statistical analysis was first performed by J.Q.L. and in-
dependently repeated and verified by statistician S.W. Mass spectra corre-
sponding to each sample analysis were averaged and imported to RStudio for
statistical analysis. Background peaks were subtracted. Bile acids were de-
tected in high relative abundance in banked bile duct tissue, which could
potentially compromise statistical classification as surgical incisions may result
in bile leakage onto other tissue types. We thus removed prominent bile acid
species in a preprocessing step prior to Lasso analysis to increase the ro-
bustness of the model. The resulting m/z values were then binned to the
0.01 m/z, then the data were normalized either by the nonzero median or
total ion count. Logistic regression was performed via Lasso penalized re-
gression (27) using the “glmnet” package in the CRAN R library.

Classification models were built using MasSpec Pen data obtained from
histologically validated tissue sections, which were evaluated blindly by ex-
pert, board-certified pathologists S.D. and W.Y. Tissues with clear pathologic
diagnoses of normal or concentrated tumor cells were used to train statis-
tical classifiers, from which Lasso selected a subset of features, or m/z values,
to discriminate normal from cancerous tissue. Leave-one-out CV was used to
assess model performance, providing diagnostic metrics including accuracy,
sensitivity, and specificity. The normal pancreas versus PDAC model was used
to predict on data in a validation set using pancreatic tissues with mixed,
complex histopathology and/or lower quality or atypical mass spectra and an
independent test. The normal bile duct versus PDAC model was used to
predict on data in a validation set comprised of more heterogeneous bile
duct and primary PDAC tissues and bile duct tissues invaded by PDAC. Accu-
racy, sensitivity, specificity, and 95% Wilson CIs (44) were calculated based on
agreement of Lasso prediction results with postanalysis pathological evaluation.

For predicting disease status on in vivo and fresh ex vivo data obtained in
the OR, we compared Lasso prediction results of regions of normal tissue that
were uninvolved by lesion with gross surgical assessment. Lasso predictions
on resected tissue specimens including margin regions and suspected tumor
were compared with final postoperative pathology reports.

Data and Materials Availability. The anonymized mass spectra data for this
study have been deposited in Dataverse (DOI: 10.7910/DVN/P4CY2Z).
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