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BACKGROUND: Accurate tissue diagnosis during ovarian
cancer surgery is critical to maximize cancer excision and
define treatment options. Yet, current methods for intra-
operative tissue evaluation can be time intensive and sub-
jective. We have developed a handheld and biocompat-
ible device coupled to a mass spectrometer, the MasSpec
Pen, which uses a discrete water droplet for molecular
extraction and rapid tissue diagnosis. Here we evaluated
the performance of this technology for ovarian cancer
diagnosis across different sample sets, tissue types, and
mass spectrometry systems.

METHODS: MasSpec Pen analyses were performed on 192
ovarian, fallopian tube, and peritoneum tissue samples.
Samples were evaluated by expert pathologists to confirm
diagnosis. Performance using an Orbitrap and a linear
ion trap mass spectrometer was tested. Statistical models
were generated using machine learning and evaluated us-
ing validation and test sets.

RESULTS: High performance for high-grade serous carci-
noma (n � 131; clinical sensitivity, 96.7%; specificity,
95.7%) and overall cancer (n � 138; clinical sensitivity,
94.0%; specificity, 94.4%) diagnoses was achieved using
Orbitrap data. Variations in the mass spectra from nor-
mal tissue, low-grade, and high-grade serous ovarian can-
cers were observed. Discrimination between cancer and
fallopian tube or peritoneum tissues was also achieved
with accuracies of 92.6% and 87.9%, respectively, and
100% clinical specificity for both. Using ion trap data,
excellent results for high-grade serous cancer vs normal
ovarian differentiation (n � 40; clinical sensitivity,
100%; specificity, 100%) were obtained.

CONCLUSIONS: The MasSpec Pen, together with machine
learning, provides robust molecular models for ovarian

serous cancer prediction and thus has potential for clini-
cal use for rapid and accurate ovarian cancer diagnosis.
© 2019 American Association for Clinical Chemistry

Ovarian cancer is a highly lethal disease and the fifth
leading cause of all cancer-related deaths in women
(1, 2 ). Accurate diagnosis and stratification of ovarian
cancer is important to develop personalized treatment
approaches (3 ). High-grade serous carcinomas (HGSC)6

and low-grade serous carcinomas (LGSC) are common
subtypes of ovarian cancers, with the latter accounting for
just a small proportion of cases. HGSCs show aggressive
features including rapid growth and invasive behavior,
whereas LGSCs follow a more indolent course (4 ). Cy-
toreductive surgery in combination with chemotherapy
is the primary course of treatment for HGSC and essen-
tial to maximize patient survival. However, the timing of
cytoreductive surgery is of debate (5, 6 ). Patients likely to
undergo complete resection commonly undergo surgery
followed by chemotherapy, whereas patients likely to un-
dergo incomplete resection are directed to neoadjuvant
chemotherapy before surgery. In both scenarios, differ-
entiation of tumor from normal tissue is critical to
maximize cancer excision, although intraoperative iden-
tification through gross inspection can be difficult. For
example, differentiation of tumor from scarring or fi-
brotic tissues resulting from neoadjuvant chemotherapy
is challenging from metastatic sites, often requiring un-
necessary resection of healthy tissue (7 ). Histopathologic
analysis of tissue sections is commonly employed to diag-
nose surgical specimens, either intraoperatively through fro-
zen section analysis, or postoperatively through permanent
tissue sections. Despite its relatively rapid turnaround (ap-
proximately 30 min), intraoperative frozen section eval-
uation results can be limited owing to freezing artifacts
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affecting tissue histology. Further, frozen section evalua-
tion of multiple tissue specimens can be impractical,
because numerous areas of concern are often identified
during surgery. Postoperative tissue analysis is time-
consuming (approximately 1 week) and places the pa-
tient at additional health risks, discomfort, and anxiety
(8 ). Thus, new technologies that allow rapid and accu-
rate intraoperative tissue evaluation could improve diag-
nosis during cytoreductive surgery and the overall man-
agement of ovarian cancer patients (9, 10 ).

Mass spectrometry (MS) technologies have shown
potential for clinical use and cancer diagnosis (11–23).
Ambient ionization MS techniques are suitable for rapid
and in situ analysis of biological tissues because of their
operational simplicity at atmospheric pressure and min-
imal sample preparation requirements (24 ). Several am-
bient ionization techniques have been suggested and
tested for intraoperative cancer diagnosis and surgical
margin evaluation either through ex vivo tissue sections
and tissue smears analyses (12–18), or in vivo (19–23).
Desorption electrospray ionization-MS imaging, for ex-
ample, has been applied for ex vivo analysis of metabolic
profiles of borderline ovarian tumor, HGSC, and normal
ovarian tissue sections, allowing cancer diagnosis and
subtyping (25, 26 ). The rapid evaporative ionization MS
technique was recently used for in vivo ovarian cancer
analysis (27 ). Our team has previously described the de-
velopment of a handheld device, named the MasSpec
Pen, for ex vivo and in vivo nondestructive molecular
analysis and diagnosis of tissues (21 ). We tested the
MasSpec Pen for molecular evaluation and diagnosis of
253 human tissue samples (normal and cancer ovarian,
lung, thyroid, and breast). For ovarian cancer (n � 29
normal and n � 28 HGSC), a clinical sensitivity of
100%, specificity of 89.7%, and overall accuracy of
94.7% were achieved using leave-one-out cross-validation
analysis.

Biocompatibility and the nondestructive nature of
the MasSpec Pen analyses are clinically attractive and
could facilitate translation into clinical use. Nevertheless,
testing of the statistical classifiers using different sample
cohorts is critical to evaluate model overfitting and
validate its performance. Analysis of other histological
subtypes, such as LGSC, is also desirable to evaluate po-
tential for ovarian cancer diagnosis. Moreover, distin-
guishing ovarian cancer from surrounding healthy peri-
toneum tissue where ovarian cancer often spreads could
improve surgical resection (28 ). Because fallopian tubes
(FTs) have been proposed as the most likely site of
HGSC origin, evaluation of FT tissue is also relevant
(5, 29 ). Finally, performance assessment using different
mass spectrometers would demonstrate broad applicabil-
ity of the technology. In particular, smaller, lower-cost,
and lower-performance mass spectrometers, such as a lin-
ear ion trap (LIT), could ease technology translation into

the clinical space (30–33). Yet, LIT exhibits lower mass
resolving powers than Orbitrap systems, which could
potentially prevent accurate tissue diagnosis. To ad-
dress these questions, here we evaluated the MasSpec
Pen for ovarian cancer diagnosis across different sam-
ple sets, tissue types, and MS systems. Training, vali-
dation, and test sample sets were used to evaluate the
predictive performance and molecular information
obtained. LGSC, FT, and peritoneum samples were
analyzed to explore the MasSpec Pen capabilities for
cancer subtyping and differentiation from other
healthy tissues in the abdominal cavity. Lastly, perfor-
mance using a LIT mass analyzer was investigated to
test method versatility across systems.

Materials and Methods

HUMAN TISSUE SAMPLES

In total, 160 deidentified ovarian frozen tissue samples
were obtained from the Cooperative Human Tissue Net-
work (CHTN; Table 1). Samples were requested by the
research team and collected from different tissue banks
within the CHTN network in 3 different batches, the
first in the fall of 2015, the second in the fall of 2017, and
the third in the spring of 2018. Samples were selected
following criteria based on tissue diagnosis (HGSC or
LGSC) by gross anatomy and pathological evaluation,
and specimen size (�200 mg). FT and peritoneum tis-
sues (32 samples, 29 patients) were received as deidenti-
fied frozen specimens from the MD Anderson and
CHTN Tissue Banks, or prospectively collected as fresh
specimens during endometriosis surgery performed by
MB (under approved IRB protocol#: 2017–08-0087) at
the Seton Medical Center (Austin, TX; see Table S1 in
the Data Supplement that accompanies the online ver-
sion of this article at http://www.clinchem.org/content/
vol65/issue5). Patients undergoing endometriosis sur-
gery were consented. Information on disease severity
(other than grade for ovarian cancer) and alternative di-
agnoses were not considered in our study. Samples were
analyzed at room temperature in random order. The an-
alyzed area of the tissue was demarcated and registered
through optical images. The same demarcated tissue or a
parallel piece was frozen and sectioned at 10–16 �m
using a CryoStar NX50 cryostat (Thermo Fisher Scien-
tific), stained by standard hematoxylin and eosin pro-
cedure, and evaluated by expert pathologists (not
blinded from previous clinical information) to con-
firm diagnosis of the analyzed area (authors J.L. and
S.L.). Of note, the final diagnoses were performed
after MasSpec Pen analyses (Fig. 1). Only samples
with clear diagnosis (n � 164) were used for statistical
analysis (see Fig. S1 in the online Data Supplement).
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MASSPEC PEN ANALYSIS

The MasSpec Pen with a 2.7-mm pen tip diameter was used
for analysis, using the same procedures and system previ-
ously described (see Methods in the online Data Supple-
ment) (21). The MasSpec Pen uses a water droplet to extract
molecules from tissues upon contact, which are then ana-
lyzed by an Orbitrap mass spectrometer and statistical clas-
sifiers, resulting in a total analysis time of approximately
10 s. A new MasSpec Pen device was used for each of the
tissue analyses described in this study to prevent any poten-
tial carryover between samples. Experiments were per-
formed on a Q Exactive Orbitrap and an LTQ mass spec-
trometer (Thermo Fisher Scientific). Orbitrap analyses were
performed from m/z 120–1800 at a resolving power of
140000 at m/z 200. Ion trap analyses were performed from
m/z 120–1000. Tandem MS of selected ions was performed
during MasSpec Pen analyses using high-energy collisional
dissociation in the Q Exactive. Of note, the MasSpec Pen
Orbitrap analysis of sample set 1 (n � 57) and the resulting
data were previously described (21), whereas all the remain-
ing samples and analyses were new to this study.

STATISTICAL ANALYSIS

Orbitrap and ion trap data were binned, normalized, and
filtered before being subjected to lasso (34 ) (see Methods
in the online Data Supplement). Data from sample sets 1
and 2 were randomly split between training and valida-

tion sets. Classification performance was measured by
sensitivity, specificity, and accuracy. The “pROC” R
package was used to select an optimal threshold from the
receiver operating characteristic curve (35 ). Cosine sim-
ilarity analysis was performed in the CRAN R language
using average mass spectra for each tissue type analyzed in
each sample set.

Results

MASSPEC PEN ANALYSIS OF OVARIAN TISSUE SAMPLES

USING AN ORBITRAP MASS ANALYZER

In our previous study, we analyzed a sample set including
normal ovarian and HGSC tissue using the MasSpec Pen
coupled to an Orbitrap mass spectrometer (21 ). Here, 2
additional sample sets were obtained and analyzed using
the same approach (Table 1). Fig. 2 shows representative
MasSpec Pen mass spectra from the 3 different tissue
types from the second sample set. A variety of small
metabolites, such as glutamate (m/z 146.045), ascorbate
(m/z 175.025), and glutathione (m/z 306.077), as well as
complex glyocerophospholipid (GP) species, such as
glycerophosphoethanolamine (PE) P-18:0_20:4 (m/z
750.546), glycerophosphoserine (PS) 18:0_18:1 (m/z
788.546), and glycerophosphoinositol (PI) 18:0_20:4
(m/z 885.551), were detected. Identification and corre-
sponding mass errors are provided in Table S2 in the

Table 1. Patient demographic information.a

Parameters Normal HGSC LGSC

Sample set 1

Number of patients, n 29 28 −

Median age, y 50 62 −

Age Range, y (31, 80) (30, 83) −

Number of patients by race
(white, black, Asian, Hispanic, unknown)

(22, 7, 0, 0, 0) (25, 2, 0, 0, 1) −

Sample set 2

Number of patients, n 14 11 14

Median age, y 57 61 57.5

Age range, y (34, 82) (47, 76) (18, 82)

Number of patients by race
(white, black, Asian, Hispanic, unknown)

(10, 3, 1, 0, 0) (6, 1, 0, 0, 4) (14, 0, 0, 0, 0)

Sample set 3

Number of patients, n 35 29 −

Median age, y 53 65 −

Age range, y (23, 86) (44, 85) −

Number of patients by race
(white, black, Asian, Hispanic, unknown)

(22, 11, 0, 1, 1) (24, 2, 1, 0, 2) −

a Ovarian tissue samples were obtained from the CHTN Tissue Bank under approved institutional review board protocol. Samples were acquired as 3 different sample sets [set 1
(n = 57), set 2 (n = 39), set 3 (n = 64)].
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online Data Supplement for species tentatively assigned
using high mass accuracy and tandem MS/MS measure-
ments. Representative MasSpec Pen MS/MS spectra of
ovarian tissue samples are shown in Fig. S2 in the online
Data Supplement. The molecular profiles obtained from
normal and HGSC from the second and the third sample
sets presented similar trends to those previously observed
from tissues analyzed in the first sample set (see Fig. S3 in
the online Data Supplement). In particular, mass spectra
from normal ovarian tissue were characterized by high
relative abundance of ascorbate and other small metabo-
lites, whereas GP species appeared at higher relative
abundances in the mass spectra from HGSC tissues (Fig.
2). The mass spectra obtained from LGSC also presented
a rich variety of GP species at higher relative abundances
than in the mass spectra from normal tissues. Further,
when comparing LGSC to HGSC, qualitative changes in
the relative abundances were observed between the mass
spectra of the 2 cancer subtypes (Fig. 2). For example,
higher relative abundances of plasmalogen PE species,
such as m/z 722.514 and m/z 750.546, were observed in
the mass spectra from LGSC, whereas glutamate and
glycerophosphatidic acid (PA) 18:0 18:1 (m/z 701.514)
were at higher relative abundances in HGSC tissue. Cosine
analysis was performed to evaluate the similarity in the mass
spectra between the 3 sample sets for the same tissue class.
Note that cosine analysis provided similarity values ranging
from 0 (dissimilar) to 1 (identical). Similarity values of
0.76 � 0.06 and 0.80 � 0.06 were achieved from HGSC
and normal data, respectively, showing data comparability
between the 3 sample sets for the same tissue type.

STATISTICAL PREDICTION OF OVARIAN CANCER USING

TRAINING, VALIDATION, AND TEST SAMPLE SETS

Next, we evaluated if the molecular information obtained
from MasSpec Pen analysis using the Orbitrap mass spec-
trometer was predictive of normal, LGSC, and HGSC
across different sample sets. In our previous study (21 ), a
classifier for HGSC diagnosis was built from a sample set
1, a single sample batch, and evaluated using leave-one-
out cross-validation only (21 ). Here, the histologically
validated mass spectra obtained from the second set of
samples were combined with the first sample set data to
improve and validate the statistical classifiers (n � 43
normal, n � 36 HGSC). First, the combined data set was
randomly split into a training set (n � 32 normal, n � 28
HGSC) to build the statistical model, and a validation set
(n � 11 normal, n � 8 HGSC) to evaluate performance
and test for possible overfitting. Using the training set,
100% clinical sensitivity, 96.8% clinical specificity,
and 98.3% accuracy was achieved, which are an im-
provement over previously published results of 100%
clinical sensitivity, 89.7% specificity, and 94.7% over-
all accuracy. In the validation set, 100% clinical sen-
sitivity, specificity, and accuracy were obtained (Fig.
3). Using our previous model (built on sample set 1
alone) to predict on sample set 2, we achieved 100%
clinical sensitivity, 75.0% specificity, and 90.9% over-
all accuracy (see Table S3 in the online Data Supple-
ment), which was an overall lower performance than
what we achieved by including samples from different
batches in the training sample set. Note that tissue
samples were grouped based on tissue type and, as

Fig. 1. Tissue sample analysis with the MasSpec Pen using a discrete water droplet (A).
For pathological evaluation, tissue samples were stamped post-analysis, frozen, sectioned, and stained. Mass spectra were obtained using (B)
an Orbitrap and (C) a LIT mass analyzer and used to build molecular models for ovarian cancer classification (orange star = train, test, and
validation; purple star = train and validation; no star = train). H&E, hematoxylin and eosin.
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such, the effect of sample source (or tissue bank) on
method performance was not evaluated.

Next, a statistical classifier to discriminate between
normal and serous cancer (SC) samples was also built by
combining the HGSC and LGSC samples into a single
class (n � 43 normal, n � 43 cancer). Similarly, the
model exhibited high performance in both training
(93.9% clinical sensitivity, 96.9% specificity, and
95.4% accuracy) and validation sample sets (100%
clinical sensitivity, 90% specificity, and 95.0% accu-
racy). To further test the performance of the statistical
models (HGSC vs normal and SC vs normal), predic-
tion was performed on the third sample set (Fig. 3).
Results are reported for samples of clear diagnosis by
pathology (n � 28 normal, n � 24 HGSC), corre-
sponding to 91.7% clinical sensitivity, 92.9% specific-
ity, and 92.3% overall accuracy, with 4 out of 52 sam-
ples misclassified.

A 3-class statistical model was also created to dif-
ferentiate between normal ovarian, HGSC, and LGSC
tissues. Because of the limited LGSC sample size (n �
7), the model was built using cross-validation on the
entire data set. Despite the introduction of the new
LGSC subtype, all HGSC and normal ovarian samples

were correctly classified (n � 79, 100% accuracy). For
LGSC classification, an accuracy of 71.4% was
achieved, with 2 out of the 7 samples misclassified as
HGSC. Collectively, the 3-class model showed strong
overall performance for cancer diagnosis, resulting in
an overall accuracy of 97.7%. A summary of all results,
including confusion matrices, classification perfor-
mance, and number of metabolic species included in
the models is provided in Table S4 in the online Data
Supplement.

Among the species selected to generate the statistical
models, ascorbate (m/z 175.024) and taurine (m/z 124.006)
were selected as important for the discrimination of normal
tissue, and lactate (m/z 201.038), glutathione (m/z
306.077), and the PI 18:0_20:4 (m/z 885.551) were char-
acteristic of HGSC and the combined cancer class. For the
3-class model, PE P-18:0_20:4 at m/z 750.546 was given a
positive weight for the characterization of LGSC, in agree-
ment with the trends in relative abundances observed in the
representative mass spectra shown in Fig. 2. Gluconate (m/z
195.051) and glutamate (m/z 146.046) were also se-
lected as important for discrimination of LGSC and
HGSC samples.

Fig. 2. Representative MasSpec Pen mass spectra of high-grade serous carcinoma (top), low-grade serous carcinoma (middle,
background subtracted), and normal ovarian tissue (bottom) obtained with an Orbitrap mass analyzer.
Optical image of the stained parallel tissue section analyzed is provided. Tentative identifications are shown for selected ions. X:Y represents
number of carbon atoms double bonds in the FA chains.
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DISTINGUISHING OVARIAN CANCER FROM HEALTHY FT AND

PERITONEUM TISSUE

FT (n � 15) and peritoneum (n � 17) tissue samples
were also analyzed with the MasSpec Pen and compared
to ovarian cancer tissues. Mass spectra obtained from
peritoneum tissue were commonly characterized by fatty
acid (FA) species, detected both as monomers, such as FA
18:1 (m/z 281.247), and dimers, such as FA 18:0–16:0
(m/z 537.487). Chlorinated triacylglyceride (TG) species
were also detected at higher mass range, such as TG 52:3
(m/z 891.720), reflecting on the fat content characteristic
of peritoneal and omental tissues. High abundance of
complex lipids, such as PI, PE, and PS species, were ob-
served from the lipid and metabolite profiles obtained
from FT samples (Fig. 4A). A list of tentatively identified
species with mass errors is provided in Table S5 in the
online Data Supplement.

Molecular models to discriminate peritoneum and
FT tissue from ovarian cancer samples from batch 1 and
2 were built by leave-one-out cross-validation analysis

(Fig. 4B). A detailed summary of all classification results,
including the number of metabolic species included in
the models, is provided in Table S6 in the online Data
Supplement. All peritoneum (n � 15) and FT (n � 11)
samples were correctly classified when compared to
HGSC and ovarian SC samples (100% clinical specific-
ity). Clinical sensitivity values of 88.9% and 90.7% were
achieved for HGSC (n � 36) and SC overall (n � 43) vs
FT samples, respectively. When compared to perito-
neum samples, lower clinical sensitivities were achieved
for HG (80.6%) and SC (83.7%). Interestingly, many of
the features selected by the models to characterize HGSC
and ovarian SC tissue from FT and peritoneum tissue
were similar to those used for discrimination against nor-
mal ovarian tissue, such as lactate, glutamate, or PI 38:4.
Yet, ascorbate was given a positive weight for ovarian
cancer classification. Hexose (m/z 215.031) was selected
as predictive of both FT and peritoneum samples,
whereas a species at m/z 267.073, tentatively identified as
inosine, a purine nucleoside, was only associated to FT
tissue.

VALIDATION OF THE MASPEC PEN USING AN ION TRAP MASS

ANALYZER

The MasSpec Pen was coupled to a LIT and used to
evaluate a subset of HGSC and normal ovarian samples
(n � 20 normal, 20 HGSC). Note that the LIT provides
lower performance for mass analysis with limited resolv-
ing power (1600 at m/z 885.7) and mass accuracy when
compared to the resolving power (72 000 at m/z
885.547) and mass accuracy (�5 ppm) achieved with
Orbitrap mass analyzers. Fig. 5A shows that the mass
spectra obtained for the same HGSC sample analyzed
by both systems are highly comparable, although a
higher number of resolved lipid species were detected
by Orbitrap analysis, as anticipated. Distinctive met-
abolic profiles for HGSC and normal ovarian samples
were obtained by MasSpec Pen and LIT analysis (see
Fig. S4 in the online Data Supplement). Similar to the
Orbitrap data, HGSC mass spectra were characterized
by the high relative abundance of GP species, whereas
normal samples displayed considerably lower lipid
abundance and higher relative abundances of small
metabolites.

Statistical classifiers were built to evaluate the pre-
dictive performance for HGSC diagnosis based on LIT
data. The data was randomly split into a training (n �
30) and validation sets (n � 10), yielding excellent clas-
sification performance, with 100% clinical sensitivity,
specificity, and accuracy in both sets (Fig. 5B). For ade-
quate comparison, a new model was built using Orbitrap
data from the same set of samples analyzed using the LIT
(n � 40). High specificity was achieved in both the train-
ing (93.3%) and validation sets (100%) by the new Or-
bitrap model, whereas lower clinical sensitivity was ob-

Fig. 3. Lasso classification performance for ovarian cancer
prediction based on MasSpec Pen data for the training, vali-
dation, and test sets.
Results are shown in terms of sensitivity, specificity, and overall
accuracy. Confusion matrices with per patient prediction are
shown in Table 1 in the online Data Supplement. HG, high-grade
serous carcinoma, NL, normal, N, sample number.
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served for the training (86.7%) and validation (80.0%)
sets, respectively, with 3 HGSC samples misclassified as
normal. Note that these 3 samples had been correctly
classified by the model built using Orbitrap data acquired

from the larger training set (n � 60). A detailed compar-
ison of the results obtained for the Orbitrap and ion trap
models is provided in Table S7 in the online Data
Supplement.

Fig. 4. Differentiating ovarian cancer tissue from healthy peritoneum and FT tissue samples.
Representative mass spectra profiles obtained from MasSpec Pen analysis of peritoneum (top) and FT (bottom) tissue (A). Tentative identifi-
cations are shown for selective ions. Lasso results for peritoneum (top) and FT (bottom) vs HG and cancer tissue differentiation (B).

Fig. 5. Representative mass spectra profile obtained from the same HGSC sample by ion trap (top, profile mode) and Orbitrap
(bottom, centroid mode) analysis (A).
Tentative identifications are shown for selected ions. Lasso results for HGSC prediction comparing performance between the models built from
Orbitrap and ion trap data acquired from the same sample set (n = 40) (B). RP, mass resolving power; N, sample number.
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Discussion

Validation of the diagnostic capabilities of the MasSpec
Pen is paramount for potential clinical translation. Uti-
lizing a cohort of 138 histologically validated ovarian
cancer and normal tissue samples, we demonstrate here
the predictive power of the statistical models built from
MasSpec Pen analyses. Machine learning and classifica-
tion algorithms are not parametrically constrained and
thus are more susceptible to overfitting than other more
traditional methods (36 ). Overfitting occurs when a
model uses spurious correlations within a single data set
rather than relationships within the population. Here,
statistical validation and evaluation of model overfitting
were performed using training (to fit the model), valida-
tion (to provide an unbiased evaluation while tuning pa-
rameters such as data normalization methods), and test
(to provide an unbiased evaluation of a final model) sets
of samples. Improved performance was achieved for
HGSC diagnosis using a new training set that combines
samples from different batches, compared to what we
have previously reported using a single sample batch
(21 ). These results show that including samples from
different batches in the training set helps improve the
predictive power of the classifiers. High prediction accu-
racies were also observed in both the validation and test
sets, indicating that the model was not overfitting to the
training set. Similar results were obtained for the normal
vs SC classifier, demonstrating that the MasSpec Pen and
machine learning provide robust predictive models for
ovarian cancer diagnosis.

Discrimination between LGSC and HGSC tissue
was also explored. Owing to the lower clinical occurrence
of LGSC, sample availability was limited. Nevertheless,
trends in lipid and metabolite composition between the 2
cancer types were and reflected by the moderate classifi-
cation accuracy achieved. Collection of additional LGSC
tissues is ongoing to continue MasSpec Pen validation for
ovarian cancer subtyping. Four molecular models were
also built to discriminate HGSC and SC from healthy FT
and peritoneum samples, yielding 100% clinical specific-
ity and sensitivity from 80.6% to 90.7% for cancer diag-
nosis. Assessment of the mass spectra from the cancer
samples misclassified as FT revealed unusually high
abundance of m/z 215.031, weighted toward FT classifi-
cation, and an overall low lipid abundance in samples
misclassified as peritoneum. Interestingly, 3 out of the 7
cancer tissues misclassified as peritoneum were obtained
from ovarian cancer metastasis to the omentum. Segre-
gation of primary or metastatic samples will be evaluated
to investigate differences in molecular information that
may be correlated to misclassification, as well as refine-
ment of the statistical models. Nonetheless, the overall
accuracies (�86%) achieved demonstrate the MasSpec

Pen potential to differentiate SC from surrounding nor-
mal ovarian and abdominal healthy tissues.

The features chosen by the lasso models as predictive
for ovarian cancer diagnosis and subtyping were identi-
fied as biologically relevant species. For example, ascorbic
acid, which has an important role in normal ovarian
functions (37 ), was selected as important for normal
ovarian tissue characterization, whereas GP lipids, such
as PI 18:0_20:4, were at high relative abundance in
cancer tissue and selected as predictive markers. Glu-
conate and glutamate were selected as important for the
discrimination of LGSC and HGSC samples. Similar
trends and species have also been reported using desorption
electrospray ionization MS (26). Moreover, increased abun-
dance of glutamate has been reported previously in invasive
ovarian carcinomas compared to borderline tumors by gas
chromatography and MS analyses (38). Another interesting
feature selected was inosine at m/z 267.073, which was as-
sociated with FT tissue. Inosine is rapidly metabolized from
adenosine, a nucleoside known to modulate neurotransmis-
sion and contractile responses in the FTs (39), and has been
previously detected in oviduct cells (40).

Smaller and lower-cost equipment could facilitate
translation of MS technologies to the clinic (30 ). LIT
mass spectrometers are attractive for clinical use due to
their scalability, tolerance for higher operating pressure,
and lower cost (31 ). However, LIT analyzers provide
limited mass resolution, which could potentially com-
promise performance. To demonstrate that the MasSpec
Pen can be compatible with a mass spectrometer plat-
form other than an Orbitrap, and to further investigate
how classification performance is affected by collecting
data with lower performance mass analyzers, we coupled the
MasSpec Pen to a LIT system. Using a smaller sample set
than what collectively explored for Orbitrap analysis, we
achieved 100% accuracy for HGSC classification in training
and validation. The higher performance achieved compared
to the Orbitrap data could be related to the absence of batch
effects in the LIT data and will be further investigated. Over-
all, similarities between the detected metabolic profiles and
statistical models observed between Orbitrap and LIT data
support the validity and robustness of the predictive molec-
ular species and further support that the MasSpec Pen pro-
vides consistent molecular analysis across MS systems. More
testing of the LIT and other mass spectrometers is needed
across multiple sample sets and cancer subtypes.

In conclusion, our study demonstrates high perfor-
mance and versatility of the MasSpec Pen technology and
statistical models across different sample sets and MS
platforms, as well as feasibility for cancer subtyping. The
MasSpec Pen leverages on its nondestructive nature for
direct and gentle analysis of tissues and the sensitivity,
specificity, and speed provided by MS for untargeted and
accurate molecular diagnosis. Further, its simple design,
ease of operation, and biocompatibility are attractive for
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clinical use. Thus, we envision the MasSpec Pen to be
employed in the operating room (OR) for in vivo and/or
ex vivo use in conjunction with standard surgical tools.
Yet, this study represents a first step toward validating the
performance of the MasSpec Pen for ovarian cancer di-
agnosis. Several challenges still need to be addressed and
further validation pursued to demonstrate the usefulness
of the MasSpec Pen in its envisioned application in the
OR. Although our experiments performed on ex vivo
tissues obtained from tissue banks yield diagnostic mo-
lecular results, in vivo and freshly excised tissues in the
OR may present slightly different molecular profiles.
Moreover, extensive analyses of benign ovarian disease
and tissues with varied histologic composition are needed
to further demonstrate its value in more complex surgical
pathology cases. As such, in vivo OR experiments utiliz-
ing the MasSpec Pen for ovarian cancer diagnosis are
currently planned to further evaluate its diagnostic capa-
bilities. Performance evaluation across different institu-
tions, instrumentation, and users are also envisioned to
further validate our results and evaluate its usefulness in
patient care.
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