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ABSTRACT: Surgeries achieving maximal tumor resection
remain the major effective treatment of pancreatic cancer. Rapid
and precise intraoperative diagnosis of pancreatic tissues is critical
for optimum surgical outcomes but is challenging for the current
staining-based histological methods. We demonstrated that label-
free coherent nonlinear optical microscopy with combined
stimulated Raman scattering (SRS) and second harmonic
generation (SHG) could reveal key diagnostic features of both
normal and cancerous human pancreatic tissues. Adjacent pairs of
tissue sections from resection margins of 37 patients were imaged
by SRS and hematoxylin and eosin staining for direct comparison,
demonstrating high diagnostic concordance (Cohen’s kappa, κ >
0.97) between them. Fresh unprocessed tissues showed well-preserved histoarchitectures including pancreatic ducts, islets, acini, and
nerves. Moreover, the area ratios of collagen fibers were analyzed and found to correlate with the drainage pancreatic amylase level
(odds ratio = 28.0, p = 0.0017). Our results indicated that SRS/SHG histology provides potential for rapid intraoperative diagnosis
of pancreatic cancer as well as a predictive value of postoperative pancreatic fistula.

■ INTRODUCTION

Pancreatic cancer has a high degree of malignancy with poor
prognosis. About 80% of patients are with locally advanced or
metastatic lesions, and the 5-year survival rate is about 10% in
the United States.1 Even patients who undergo surgical
resections have more than 80% recurrence within 3 years.2

However, radical surgery is still the only way for patients with
pancreatic cancer to achieve long-term survival. Complete
removal of tumor tissues (R0 resection) has been shown to
remarkably improve the survival rates and provide more
conservative treatment results.3 In contrast, surgeries that do
not reach R0 resection have the risks of postoperative residual
pancreatic tumor recurrence and peripheral metastasis, which
are the most direct factors affecting prognosis. Therefore, rapid
histological evaluation of surgical margins to ensure R0
resection remains a critical challenge during pancreatic
operation.
In addition, pancreatic surgeons have long been plagued by

pancreatic fistula, which is induced by intraoperative tissue
damage leading to the leakage of pancreatic juice and
enzymatic fluids that in turn invade the surrounding tissues,
resulting in a vicious circle of growing extent of pancreatic
fistular.4 It is reported that the incidence of pancreatic fistula
could reach as high as 3∼45% and is closely related to
prognosis.5 Patients with postoperative pancreatic fistula tend
to have increased pancreatic fat and decreased pancreatic

fibrosis, blood vessel density, and duct size.6 However, no
significant differences are found between methods of
pancreatoenteric anastomosis in terms of the occurrence of
postoperative pancreatic fistula. Therefore, an imaging
technique capable of quantifying tissue textures such as
collagen fibrosis may provide a means to monitor the quality
of anastomosis and decrease the incidence of pancreatic
fistula.7

At present, the most commonly used method for detecting
intraoperative tissue histology is intraoperative frozen hema-
toxylin and eosin (H&E) staining. However, it may suffer from
a few drawbacks: first, tissue preparations including freezing,
sectioning, and staining usually take more than half an hour;
second, large amount of tissue is needed for frozen H&E
staining; and lastly, the invasive processes prevent the tissues
from being reused after histological inspection for additional
evaluations. Therefore, there is an urgent need in the clinic for
imaging techniques that take shorter time, require fewer
tissues, and are noninvasive so that tissues can be repeatedly
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detected and even in vivo detection is possible to guide the R0
resection during surgery.
Advances in optical imaging techniques have revolutionized

our ability to study tissue histopathology. Traditional optical
microscopies such as bright field and fluorescence microscopy
have played large roles in cellular and tissue imaging, but they
usually require the use of exogenous labels that often perturb
the system of interest and involve complex sample prepara-
tions. Autofluorescence offers certain molecular contrast, but
the number of endogenous fluorophores is limited.8 Vibra-
tional spectroscopy-based imaging techniques including infra-
red (IR) absorption and Raman scattering offer superb
intrinsic chemical specificity as molecules contain spectral
fingerprints due to distinct bond vibrations.9 IR microscopy
provides high sensitivity due to the large absorption cross
section of vibrational modes, but it is limited by low spatial
resolution and strong water absorption.10,11 In contrast, Raman
spectroscopy and microscopy have circumvented these
limitations,12,13 offering chemical-specific detection and
quantitative analysis of biological samples,14 and demonstrated

potential in clinical applications.15−17 Raman spectroscopy
combined with endoscopic techniques has made break-
throughs in the diagnosis and treatment of early digestive
tract tumors.18−20 However, the Raman effect is so weak that
data acquisition usually takes too much time for practical
imaging tasks.21

Stimulated Raman scattering (SRS) offers a gain of Raman
scattering efficiency by 3−5 orders of magnitude, enabling
high-speed chemical imaging.22−25 SRS microscopy hence
overcomes the speed limit of Raman imaging while retaining
the spectral identities for molecule-specific detection. More-
over, SRS microscopy could provide tissue histology similar to
traditional H&E staining based on the chemical contrast of
intrinsic biomolecules such as lipids, proteins, and DNA.25−30

Compared with frozen H&E staining, SRS microscopy has the
advantages of imaging fresh, unprocessed tissues to achieve
near real-time tissue histology in the operating room.31−33 In
addition to lipid and protein contents, collagen fibers are
known to correlate with cancer fibrosis and tumor cell
intravasation34,35 and may play a protective role in controlling

Figure 1. Experimental design. (A) Energy diagram of SRS and SHG processes. (B) SRS spectra of lipid droplets and cell nucleus in pancreatic
tissues. (C) Raw SRS images of a normal pancreatic islet taken at 2845 and 2930 cm−1 as well as the SHG image and the composite three-color
image. Green: lipids; blue: protein; and red: collagen fibers. Scale bar: 20 μm.
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pancreatic cancer progression.36 Hence, it is necessary to
include collagen fiber-specific detection with second harmonic
generation (SHG) during SRS imaging.37−40 Up to now, SRS/
SHG microscopy has shown potential in the diagnosis and
evaluation of many types of human tumor tissues, including
laryngeal carcinoma, brain tumor, and breast cancer.26,27,40−42

However, the possibility of use of SRS microscopy for human
pancreatic tumor imaging and intraoperative guidance has
never been investigated.
Here, we report the use of SRS/SHG microscopy to image

pancreatic tissues in a label-free manner, demonstrating that
key histological features could be revealed by SRS to yield
similar diagnostic power as traditional H&E staining.
Furthermore, we showed that pancreatic fistula could be
evaluated by analyzing the content of collagen fibers. Our
results demonstrated the potential of SRS microscopy for rapid
intraoperative diagnosis and evaluation of pancreatic cancer.

■ EXPERIMENTAL SECTION
Sample Preparation. All tissue samples were collected

from patients at the Huashan Hospital and approved by the
Ethics Committee with informed written consent
(KY2019001). Pancreatic tissues from surgical margins and
tumors were resected during pancreatic surgery. To prevent
autolysis, freshly excised tissues were quickly immersed in 5%
formalin solution for slight fixation and stored at −20 °C for
further tests. To correlate SRS with traditional H&E staining,
tissues were sectioned using a fast cryotome (CM1950, Leica)
into pairs of adjacent 10 μm- and 4 μm-thick slices. The 10 μm
slices were used for SRS imaging directly without additional
processing, and the 4 μm slices were sent for frozen H&E
staining following standard procedures. For fresh tissue
imaging, surgical tissues were sealed between two coverslips
and a perforated glass slide (∼0.5 mm thickness) and then
imaged under an SRS microscope without further processing.
Setup of the SRS Microscope. The energy diagrams of

the optical transitions are illustrated in Figure 1A. In
spontaneous Raman scattering, the pump photons of frequency
ωp interact with bond vibrations to generate frequency-red-
shifted Stokes photons of ωs, whereas SRS requires the
simultaneous interaction of both pump and Stokes photons
with the sample. Stimulated amplification occurs when the
difference frequency, Δω = ωp − ωs, matches a particular bond
vibrational frequency Ω. The SHG process requires the
selection of noncentrosymmetric structures, such as collagen
fibers in biological tissues.
The details of the experimental apparatus of the SRS/SHG

microscope are provided in our previous study.40 For SRS
imaging, a dual-output femtosecond optical parametric
oscillator (OPO, InSight DS+, Newport) was used as the
laser source. The Stokes beam was fixed at 1040 nm, and the
pump beam was tunable within 690−1300 nm (802 nm was
used in this study). Both beams were chirped to picoseconds
using SF57 glass rods to work under the “spectral focusing”
mode, where the detection Raman frequencies were selected
by adjusting the time delay between the pump and Stokes
pulses.33 The combined beams were guided into a commercial
laser scanning microscope (FV1200, Olympus) and focused
onto samples through an objective lens (UPLSAPO 60XWIR,
NA1.2 water). The optical power of the pump and Stokes
beams at the sample was kept around 40 and 50 mW,
respectively. The Stokes beam was modulated at 10 MHz, and
the stimulated Raman loss signal of the pump beam was

demodulated using a lock-in amplifier (HF2LI, Zurich
Instruments) to generate SRS images in the transmission
mode. The SHG signal generated by the pump beam was
filtered by a narrow bandpass filter (FF01-405/10-25,
Semrock) and simultaneously collected by a photomultiplier
tube to yield SHG images in the epi mode.

Multichannel Image Processing. We applied the stand-
ard numerical decomposition algorithm to extract the lipid and
protein contents from the raw SRS data containing images
taken at 2845 and 2930 cm−126,40 based on the measured SRS
spectra of each chemical composition. The SHG channel was
used directly to represent the collagen fibers without further
image processing. For large-scale tissue imaging, we used
Olympus software (FluoView) for automated mosaic tiling and
generated full-sized images by stitching each field of view with
a custom-written MATLAB program.

Quantitative Analysis of Pancreatic Fibrosis. Fibrosis
quantification and scoring using SHG imaging have been
demonstrated in lung, kidney, and liver tissues.39,43−45 The
SHG index, calculated from the surface density of binary
distribution of the SHG signal above an optimal threshold,
allows for the discrimination of fibrosis levels.46 In this report,
a correlation analysis between collagen fibrosis and pancreatic
fistula was performed using ImageJ software to measure the
area ratio of collagen fibers in each tissue slice. In particular, we
first set appropriate thresholds of SRS (protein) and SHG
(collagen fiber) channels and converted them to binary maps.
Then, we measured the total pixel numbers of both the
binarized SHG and SRS maps to quantify the areas of the
collagen fiber and the overall tissue size, respectively. As a
result, the area ratio of the collagen fiber within the whole
tissue can be calculated to represent the fibrosis density for
each pancreatic tissue.

Clinical Data Collection and Statistical Analysis.
Patient hospital charts, operative reports, and pathological
diagnosis were reviewed. From these records, age, sex, type of
procedure, and pancreatic amylase (PAMY) level from the
peritoneal drainage on 5 ± 1 days after surgery were identified.
Our main outcome measures about postoperative pancreatic
fistula were the PAMY level. A statistical analysis was
conducted using the Prism 5 GraphPad software program
(GraphPad Software, Inc.) and shown as mean ± standard
error of mean. Data were analyzed using a two-tailed unpaired
Student’s t-test and Fisher’s exact test. The results were
considered significant if p < 0.05.

■ RESULTS AND DISCUSSION
Characterization of the SRS Microscope. We first

measured the SRS spectra of oleic acid and bovine serum
albumin to calibrate our microscope system and used them as
the spectra of standard lipid and protein for a later chemical
decomposition analysis (Figure S1). As can be seen, the lipid
spectrum exhibits strong peaks at both the CH2 (2845 cm−1)
and CH3 (2930 cm−1) vibrations, while the protein shows a
strong CH3 but minimal CH2 signal. SRS spectra of the
biological specimen indicate that the cell nucleus contains
much less lipid and relatively more protein, whereas the
cytoplasm yields more lipid features as seen in the higher CH2
signal (Figure 1B). A typical pancreatic tissue imaging result is
shown in Figure 1C, where the pancreatic islets show overall
lipid-rich structures such as lipid droplets, while the cell
nucleus appears more abundant in proteins. These features
offer chemical contrast of tissue histology by decomposing the
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raw SRS images taken at the two Raman frequencies into the
distributions of lipid and protein. Furthermore, combined with
the collagen fibers imaged with SHG, pancreatic tissues
demonstrated well-resolved compositional profiles of lipid
(green), protein (blue), and collagen fibers (red), forming
three-color images with histological information for tissue
diagnosis (Figure 1C).
Histological Features of Normal Pancreatic Tissues

Revealed by SRS. We first imaged the normal pancreatic
frozen tissue sections to evaluate the capability of SRS
microscopy in revealing pancreatic histoarchitectures. SRS
and H&E images of adjacent thin sections are shown in Figure
2, demonstrating the ability of SRS to image the most relevant
tissue structures of pancreas, including the pancreatic islets,
ducts, and acini. By comparing the two imaging modalities,
label-free SRS could successfully provide almost identical
histological information as H&E staining. The overall tissue
histoarchitectures could be clearly visualized at large scales
(Figure 2A,B), with high-resolution detailed structures shown
in the zoomed-in images. Normal pancreatic islet features a
high lipid content with regularly patterned islet cells (Figure
2C). The normal pancreatic duct characterizes the regularly
shaped single-layer cell pattern with a typical polarized cellular
morphology (Figure 2D). Interestingly, almost every pancre-
atic duct is found to be surrounded by a cluster of collagen
fibers as revealed in the SHG channel. It can also be seen that
most of the normal pancreatic tissues are filled with a large
number of acinar cells, which have less lipids than the islets,
and their nucleus could be well resolved by SRS (Figure
2C,D). Note that SRS may be able to reveal better tissue
morphologies than frozen H&E staining since the latter is
likely to experience morphological shifts during tissue
preparations, such as freezing artifacts and cell shrinkage
after dehydration (H&E in Figure 2C,D).
In addition to the above pancreatic-specific features, SRS is

also capable of imaging other general tissue architectures in
pancreas. For instance, intrapancreatic blood vessels could be
readily seen (Figure 3, asterisks), which are distinctly different
from the pancreatic ducts, lacking the single-layer cellular
structure or the surrounding collagen fibers. Although rich in
proteins, these small blood vessels do not show the SHG signal
(mainly from type I collagen fibers). Moreover, myelinated
nerves with abundant lipids and bundle structures could be

clearly visualized (Figure 3, arrow heads). Regularly packed
acinar cells could also be visualized in Figure 3A. Hence, we
have shown that SRS microscopy could differentiate consistent
histological features of normal pancreatic tissues with conven-
tional H&E staining.

SRS Imaging of Different Types of Pancreatic
Tumors. Next, we performed SRS imaging on pancreatic
tumor tissue sections. The most common and malignant type
of pancreatic tumor is the ductal adenocarcinoma of the
pancreas. A typical tissue section of pancreatic ductal
adenocarcinoma imaged with SRS is shown in Figure 4A,
along with the H&E result on the adjacent section. Critical
diagnostic features of ductal adenocarcinoma could be clearly
visualized. The neoplastic pancreatic ducts show not only
irregular ductal shapes (Figure 4B) but also cellular atypia,
such as the loss of polarity, abnormal nucleus sizes and shapes,
and conspicuous mitotic figures, whereas the pancreatic islet
usually does not provide obvious diagnostic hallmarks in the
ductal adenocarcinoma (Figure 4C). At the early stage of
ductal adenocarcinoma, the pancreatic duct maintains roughly
a regular shape, but the cells developed cellular atypia with
abnormal arrangements (Figure 4D). In sharp contrast, the
later stage of the disease demonstrated an obviously disrupted

Figure 2. Imaging key histological features in normal pancreatic frozen tissue sections. Adjacent sister sections were imaged with SRS and H&E for
comparison. (A) Whole tissue section. (B) Partially enlarged region with normal pancreatic islets and acini. (C) Magnified image of a typical
pancreatic islet. (D) A typical normal pancreatic duct surrounded by dense collagen fibers (red). Scale bars: (A) 200 μm and (B−D) 50 μm.

Figure 3. SRS histology of general features in chronic pancreatitis.
(A) Cross sections of small blood vessels (asterisks), myelinated
nerves (arrow heads), and acini and collagen fibers (red). (B)
Another region. Scale bar: 50 μm.
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ductal morphology (Figure 4B). From the combined SRS/
SHG images, we realized that the abnormally developed
collagen fibers might correlate with cancerous tissues (Figure
4A), in contrast to the normal tissues (Figure 2A). Note that
SHG could provide more sensitive detection of collagen fibers
than conventional H&E staining and will be used in
quantitative analysis later in this study. Moreover, we applied
SRS microscopy in imaging another type of pancreatic tumor:
intraductal papillary mucinous neoplasm (IPMN) of the
pancreas. As shown in Figure 5, IPMN is composed of
mucin-producing columnar cells showing papillary prolifer-
ation and variable degrees of cellular atypia arising from the
main pancreatic duct or its branches. Histological details of
IPMN in the pancreatic duct could be readily seen from the
SRS images, agreeing extremely well with the adjacent H&E
images (Figure 5B,C).
Based on the capability of SRS in revealing key histological

features of pancreatic tissues, we next evaluated the potential of
SRS for intraoperative diagnosis of pancreatic cancer. Tissues
from resection margins of 37 patients were harvested (Table
S1), and each generated a pair of sister sections for SRS and
frozen H&E, some of which are shown in Figure S2. Two
experienced pathologists were given 37 pairs of randomly
ordered SRS and H&E images to rate them based on their
clinical knowledge. Pathologists were briefly trained on the
principle and examples of SRS imaging, and their rating results
were collected as “positive” or “negative” for the classification
of tumor or normal (Table 1). The rating results were further

compared with the pathological results from the hospital. The
statistical analysis of pathologists’ diagnosis on SRS and frozen
H&E images showed significant high concordance (Cohen’s
kappa, κ = 0.973−1), indicating that SRS could provide similar
diagnostic power as frozen H&E staining for pancreatic cancer.

Fresh Tissue Imaging with SRS. To simulate label-free
intraoperative histology, we performed SRS imaging on fresh,
unprocessed pancreatic tissues. Fresh tissue imaging is
advantageous not only for its reduced time and cost but also
for higher image quality of better-preserved tissue architectures
without freezing or sectioning artifacts. As shown in Figure 6A,
typical SRS images of fresh pancreatic tissues reveal all the
important characteristic features as seen in frozen sections,
including normal and cancerous pancreatic ducts (Figure
6B,C), acini (Figure 6D), and nerves (Figure 6E). Based on
the results of both frozen sections and fresh tissues, we could
conclude that SRS microscopy provides a potential rapid
intraoperative tool for accurate evaluation of pancreatic tissue
histology.

Correlation Analysis between Collagen Fibrosis and
Pancreatic Fistula. In addition to the histological informa-
tion, the spatial-chemical profiles in SRS/SHG images provide
adequate data for quantitative analysis of biomolecular

Figure 4. Microphotographs of SRS and H&E staining of key
histological features in pancreatic ductal adenocarcinoma tissue
sections. (A) Low magnification of the tissue section. (B) Moderately
differentiated adenocarcinoma. (C) Enlarged view of the pancreatic
islet. (D) Well-differentiated ductal adenocarcinoma. Scale bars: (A)
200 μm and (B−D) 40 μm.

Figure 5. SRS imaging of IPMN of the pancreas. (A) Whole tissue
section. (B,C) Enlarged view of the dashed boxes. Scale bar: 200 μm.

Table 1. Survey Resultsa

a37 pairs of SRS and H&E images from adjacent frozen tissue
sections from resection margins were evaluated by two pathologists
(P1 and P2) in a random order. Each image was rated as “positive”
(+) or “negative” (−) and compared with the standard histopathol-
ogy.
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species.39,43,47 In particular, pancreatic fistula is related to
reduced fibrosis and is hypothesized to correlate with the
collagen fibers in pancreatic tissues. From our imaging results,
we could indeed see large differences of collagen fibrosis
between cases of pancreatic cancers. For instance, Figure 7A

shows a typical case with abundant collagen fibers and Figure
7B shows a case with far less collagen fibers. We quantified the
area ratio of collagen fibers in the SRS/SHG image for each
case and set 40% as the cutoff ratio and then correlated it with
the PAMY level from the peritoneal drainage on 5 ± 1 days
after surgery. Among the enrolled 30 patients, 15 patients had
a <40% collagen fiber ratio, while 15 patients had a >40% ratio
(Figure 7C). Remarkably, the PAMY level in lower collagen
patients is significantly increased compared to higher collagen
patients (3800 ± 960 vs 700 ± 450 U/L, p = 0.0064, Figure
7D). If we considered a PAMY level more than 1000 U/L as
warning of poor prognosis (rebleeding, septic shock,
reoperation, etc.), 66.7% patients with lower collagen had a
>1000 U/L PAMY level, while 6.67% higher collagen patients
had a >1000 U/L PAMY level (OR = 28.00; CI = 2.819−
278.2; p = 0.0017, Figure 7E). The findings reveal the potential
prediction value of intraoperative marginal collagen ratio
quantified by SRS/SHG, which indicates early and aggressive
intervention regimes for those patients.

■ CONCLUSIONS

The ideal R0 resection of pancreatic tumor surgery is to
remove all local malignant tissues without any residual tumor
cells left behind. In the clinic, evaluation of the resection
margin requires a pathologist to examine the histopathology of
several pieces of tissues harvested at the residual margin.
Depending on the condition of the resected tissues, extended
resection may be demanded to reach the goal of R0 resection
for pancreatic tumor surgery. However, it is difficult to obtain
real-time intraoperative assessment of tumor margins with
traditional histology. Our current study and previous trials on

Figure 6. Imaging fresh pancreatic tissues. (A) Large-scale image. (B)
Normal and (C) cancerous pancreatic ducts. (D) Acini and (E) nerve.
Scale bars: (A) 200 μm and (B−E) 50 μm.

Figure 7. Evaluating pancreatic fistula with collagen fibrosis. Images of pancreatic tissues with (A) high and (B) low contents of collagen fibers.
(C−E) Statistical analysis of the correlation between the PAMY level and the collagen ratio. **p < 0.01, compared to the collagen fiber ratio for the
< 40% group. Scale bar: 500 μm.
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various types of human tumor tissues have demonstrated the
potential of SRS microscopy for rapid intraoperative histology
on fresh tissues with a high diagnostic accuracy. Although the
imaging depth of the current technology is limited (<200 μm),
it is still possible to provide partial 3D histology, combining
the intrinsic optical sectioning of SRS and physical resection
during operations.26,48 Furthermore, taking advantage of the
noninvasiveness of SRS, surgical tissues after imaging are still
intact for further molecular and histological evaluations.
In our current study, most of the resection margins appear

negative (35 among the total 37 cases), which limits the
generalizability of the statistics. Nonetheless, the main
diagnostic features of pancreatic ducts are so clear that the
diagnostic accuracy remains high. With the rapid development
of machine learning and artificial intelligence, image-based
medical diagnosis has experienced vast advances in accuracy
and efficiency.49,50 Deep learning algorithm-integrated SRS
histology has also been developed by several research groups
for the rapid diagnosis of human tumors, including brain tumor
and laryngeal carcinoma.31,32,40 There is also need for deep
learning-assisted SRS histology in diagnosing pancreatic
tissues, but the strategy may be altered. Unlike brain tissues,
pancreatic tissues appear much more heterogeneous, and the
key diagnostic features are much more localizedmostly rely
on the histoarchitecture of pancreatic ducts. Hence, different
machine learning algorithms will be needed to emphasize the
most relevant structures, and image segmentation could play
an important role. In future studies, increased and balanced
sizes of data sets among categories would be needed for
training and testing appropriate neural networks.
Although the correlation study of pancreatic fistula and

collagen fibrosis remains quite preliminary in the current study,
it may potentially serve as a quantification method to evaluate
the risk of pancreatic fistula. It is currently recognized that the
prognostic factors related to pancreatic fistula include soft
texture of the pancreas, small diameter of the pancreatic duct,
high intraoperative blood loss (>400 mL), and high-risk
pathological types. Hence, in addition to collagen fibrosis,
histological measures may also be considered to enhance the
prediction accuracy. For instance, the diameters of pancreatic
ducts may be extracted from SRS images and added to the
variables of evaluation algorithms.
In summary, we have demonstrated that coherent nonlinear

microscopy could perform label-free histology for human
pancreatic tissues. Key histological features could be readily
visualized with SRS/SHG, yielding similar diagnostic results to
traditional H&E staining. Moreover, quantitative analysis of
SRS/SHG images revealed the correlation between collagen
fibrosis and pancreatic fistula. Our study has broadened the
potential applications of SRS microscopy for rapid intra-
operative histology and quantitative fibrosis analysis, and the
method may be extended to other types of solid tumors.
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■ ABBREVIATIONS

SRS stimulated Raman scattering
SHG second harmonic generation
H&E hematoxylin and eosin
PAMY pancreatic amylase
IPMN intraductal papillary mucinous neoplasm
OPO optical parametric oscillator
SEM standard error of mean
PMT photomultiplier
ML machine learning
FOV field of view
OA oleic acid
BSA bovine serum albumin
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