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Abstract

Multiphoton microscopy (MPM) imaging relies on the nonlinear interaction between ultrashort optical pulses and the samples to
achieve image contrast. Featuring larger penetration depth, less phototoxicity, 3-dimensional sectioning capability, no need for
labeling, MPM become a powerful medical imaging technique that can identify structural characteristics of tissues at the cellular
and subcellular levels. In this review paper; we introduce the working principle of MPM imaging, present the current results of
MPM imaging applied to the study of gastric tumors, and discuss the future prospects of this interdisciplinary research field.
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AJCC, the American Joint Committee on Cancer; AUROC, the area under the receiver operating characteristic; Cl, confidence
interval; CG-E, chronic gastritis with erosion; CG-IM, chronic gastritis with intestinal metaplasia; EGC, early gastric cancer; EMR,
endoscopic mucosal resection; ESD, endoscopic submucosal dissection; EUS, endoscopic ultrasonography; FAD, flavin adenine
dinucleotide; H&E, hematoxylin-eosin; IM, intestinal metaplasia; ITA, intestinal-type adenocarcinoma; MPM, multiphoton
microscopy; NADH, reduced form of nicotinamide-adenine dinucleotid; OPFE, |-photon confocal fluorescence endoscopy;
SHG, second-harmonic generation; THG, third-harmonic generation; ThPEF/3PEF, 3-photon excited fluorescence; TNM,
tumor infiltration (T), lymph node metastasis (N) or distant metastasis (M); TPEF/2PEF, 2-photon excited fluorescence;
SLAM, simultaneous label-free autofluorescence-multiharmonic; SPM, self-phase modulation; UICC, the Union for
International Cancer Control.

reported that the 5-year survival rate of patients with early
gastric cancer (EGC) is approaching 95% or higher.”®

Introduction

Cancer is a leading cause of death worldwide and an important
obstacle to prolonged lifespan.! The number of newly diag-

nosed gastric cancer worldwide exceeded 1 million in 2020,
and the estimated death was 769,000 (ie, 1 of every 13 deaths
is due to gastric cancer).” China has the highest incidence of
gastric cancer in the world,® which is second only to lung
cancer, and the mortality rate ranks third* with the
age-standardized 5-year survival rate as low as 27.4%.> The
S-year survival rate for gastric cancer exceeded 90% when diag-
nosed at an early stage, and dropped to only 10% to 20% at an
advanced stage.”>® With the rapid development of surgical tech-
niques, traditional radiotherapy, neoadjuvant therapy, and
endoscopic treatment in recent years, many scholars have
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Figure 1. MPM images and corresponding H&E-stained images of normal gastric tissue.> Row 1: TPEF images (green), row 2: SHG images
(red), row 3: overlaid TPEF/SHG images, row 4: corresponding H&E-stained images (20X magnification). Column 1: normal gastric mucosa. (a)
TPEF image (blue arrows: fluorescent cytoplasm derived from NADH and FAD, pink arrows: nonfluorescent nuclear), (b) SHG image, (c)
overlaid TPEF/SHG image (white curves: basement membrane, positionl: epithelium and glands, position2: lamina propria, position3:
muscularis mucosa), and (d) H&E-stained image. Column 2: normal gastric submucosa. € TPEF image (pink arrows: elastic fibers, white arrows:
collagen bundles), (f) SHG image (blue arrows: collagen fibers, white arrows: collagen bundles), (g) overlaid TPEF/SHG image (triangle: blood
vessels), (h) H&E-stained image. Column 3: normal gastric serosa. (i) TPEF image (white arrows: elastic fibers), (j) SHG image (blue arrows:
collagen fibers), (k) overlaid TPEF/SHG (pink arrows: collagen bundles), (1) H&E-stained image. Scale bar: 100 pm. These images are adapted

from He et al [55]. MPM, multiphoton microscopy; TPEF, 2-photon excited fluorescence; SHG, second-harmonic generation; FAD, flavin
adenine dinucleotide; H&E, hematoxylin-eosin; NADH, reduced form of nicotinamide-adenine dinucleotid

Histopathological diagnosis of gastrointestinal tumors by endo-
scopic biopsy is the gold standard. However, tissue biopsy has
some drawbacks such as bleeding, perforation of digestive tract,
small sampling tissue, inaccurate location, and time-consuming
pathological sectioning process, which limit the timeliness and
accuracy of endoscopic diagnosis of digestive tract tumors.
Ideally, such highly invasive methods should be avoided espe-
cially for EGC diagnosis. Recent years have seen tremendous
progress in development of multiphoton microscopy (MPM)
aiming to conduct optical virtual biopsies. MPM relies on the
nonlinear interactions between ultrashort optical pulses and
the biomedical tissues—eg, second-harmonic generation
(SHG), third-harmonic generation (THG), 2-photon excited
fluorescence (TPEF), and 3-photon excited fluorescence
(ThPEF)’~"*—to provide rich imaging contrast mechanisms.
The generation of harmonic signals is an instantaneous coherent
process'*!> and the most widely used at present is SHG, which
originates from nonlinear interaction between light and noncen-
tral symmetric structures. Consequently, SHG imaging can
directly observe tissue structure with no need for labeling. As a
third-order nonlinear optical process, THG signal arises from
optical heterogeneity and can reveal lipid bodies, membranes,

cell outlines, elastin fibers etc”'®!” Compared with SHG micro-
scope, no specific symmetry is required in the material to gener-
ate THG signal.'® Different from harmonic generation processes
(eg, SHG, THG), multiphoton excited fluorescence involves
absorption of multiple photons simultaneously by the mole-
cules/atoms. Label-free imaging modalities of TPEF and
ThPEF become possible thanks to the autofluorescence from
various endogenous chromophores such as NAD(P)H, flavin
adenine dinucleotide, collagen, elastin, tryptophan, etc These
substances in living biological structures can have 2-photon/
3-photon absorption in a wide wavelength range and emit broad-
band autofluorescence.'® Consequently, 2 different substances
may have a large portion of spectral overlap for both absorption
and emission, and thus careful attention should be paid to select
the proper combination of the excitation and detection wave-
length in order for a convincing differentiation.

MPM constitutes an enabling tool to achieve nondestructive,
label-free imaging of biomedical tissues.'®?%** Despite the
lack of comparative study between MPM and single-photon
imaging technologies for use in gastric cancer research, one
of the main advantages of MPM imaging is its ability to
provide optical sections with subcellular resolution and larger
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Figure 2. MPM images and H&E image of normal gastric muscle tissues.”> (a) TPEF image, (b) SHG image, (c) overlaid TPEF/SHG image.
Position1-3 mark external longitudinal muscle, midterm circular muscle, and internal oblique muscle, respectively. White arrows: septa in the
muscle tissues. (d) H&E-stained image (20x magnification). Scale bar: 100 um.>*> Abbreviations: MPM, multiphoton microscopy; TPEF,
2-photon excited fluorescence; SHG, second-harmonic generation; H&E, hematoxylin-eosin

imaging depth in the scattered biological specimen.?*
Single-photon excited microscopy demands excitation light in
the visible wavelength range, and the excitation pulses for
MPM center at much longer wavelength in the infrared range.
Although different tissues exhibit varied scattering properties,*
longer excitation wavelength in general experiences less scat-
tering loss and hence MPM features much larger imaging
depth into the tissue.'®** Ramos-Gomes applied both single-
photon and 2-photon methods to imaging human micrometa-
static and spreading tumor cells.?® Their results demonstrated
that the TPEF decayed much slower compared with single-
photon confocal microscopy when imaging deeper into the
tissue. Consequently, TPEF has a better signal-to-background
ratio that results in an increased imaging depth.® Another advan-
tage of MPM is that it provides imaging modalities (eg, SHG,
THGQG) that are not available for single-photon-based methods.

MPM imaging offers several advantages over traditional
pathohistology such as the capability of 3-dimensional imaging
thanks to intrinsic optical sectioning, various label-free imaging
contrast mechanisms, large penetration depth, and less phototox-
icity.?”?® MPM has been widely used in the research fields of
neurobiology, embryo development, tumor and so on,?** and
here we review recent progress on applications of MPM
imaging in the study of gastric tumors.

Application of MPM in Study of Gastric
Tumors
Since its invention, MPM has found broad applications in tumor

research such as tumor microenvironment monitoring,>®*~**
tumor metabolism,***>**° and tumor radiofrequency ablation

therapy.>® Much progress has been made to apply MPM to
study gastric cancers. Most of the current gastric cancer
studies utilized the combination of 2-photon excited autofluor-
escence of autologous intrinsic fluorophores and SHG from
collagen to provide detailed, real-time information on tissue
structure and cellular structure morphology. Careful analysis
of observed cell size and arrangement pattern, glandular mor-
phology, collagen fiber alignments, collagen content, and
inflammatory cell infiltration allows establishing MPM fea-
tures associated with gastric tumors. Quantitatively measuring
cell nuclear perimeter, nucleoplasmic ratio, nuclear area, colla-
gen strength, and collagen fiber arrangement direction enables
differentiation of normal tissues, diseased tissues, and tumor
lesions. It is generally accepted that the occurrence and devel-
opment of gastric cancer experience multiple steps: chronic
superficial gastritis, atrophy, intestinal metaplasia (IM), dys-
plasia, and invasive cancer.’’ IM and dysplasia are also
called precancerous lesions of gastric cancer. IM is a patholog-
ical state in which gastric mucosal epithelial cells are replaced
by intestinal epithelial cells. Correa® suggested that IM might
be the earliest indicator of potential malignant progression of
gastric cancer. Early diagnosis and treatment can improve the
prognosis of gastric cancer patients, but the proportion of
EGC is only about 20% in China, and most gastric cancer
cases are already in the advanced stage at diagnosis.*
Therefore, it is extremely important to screen precancerous
lesions and EGC as early as possible. MPM offers real-time,
label-free imaging at cellular and subcellular level, which
makes it suitable for identifying EGC and monitoring tumor
progression. In the following sections, we review the progress
of utilizing MPM to image, identify, and investigate gastric
cancers.
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Figure 3. MPM images (first 3 rows, transverse view) and corresponding histology (last row, longitudinal view) of the normal and diseased
human gastric antrum mucosa, the TPEF signal generated by NADH from the surface epithelium shown as green, and the SHG signal of collagen
from the interstitial tissue of the lamina propria shown in blue. A column: normal, B column: chronic gastritis with erosion, C column: chronic
gastritis with intestinal metaplasia, and D column: intestinal-type adenocarcinoma. The depth is labeled in the bottom left corner of each panel for
TPEF images. Scale bar: 50 pm. This figure is adapted from Figure 4 in Li et al.** Abbreviations: MPM, multiphoton microscopy; TPEF,
2-photon excited fluorescence; SHG, second-harmonic generation; NADH, reduced form of nicotinamide-adenine inucleotide

MPM Imaging of Normal Gastric Tissue

Establishing diagnostic features by comparing lesioned gastric
tissues with normal tissues is critical for early diagnosis of
gastric cancer at the cellular level.>> The mucosal epithelial
cells of normal gastric tissues are uniform in size and morphol-
ogy; their nuclei also have similar size without stacking, and the
size ratio between nucleus and cytoplasm falls in the range of
1:4 to 1:6. In contrast, most malignant tumors appear to have
3 main characteristics: differentiation and anaplasia, local infil-
tration, and metastasis.”® Anaplasia refers to dedifferentiation,
which is a credible indicator of malignancy, and anaplasia
cells often exhibit the following morphological features: (1)
pleomorphism (ie, cells exhibiting different sizes and morphol-
ogies, (2) nuclear abnormalities (deep-stained nuclei, varied
size and shape, enlarged nuclei, and a nucleoplasmic ratio
close to 1:1, (3) formation of tumor giant cells with 1 giant

nucleus or multiple nuclei, (4) untypical mitosis that may
appear as tri- or quadri- polar mitotic images, and (5) loss of
polarity and hence lack of recognizable orientation patterns
among the anaplasia cells.”® As the cancer grows, it is often
accompanied by gradual infiltration, invasion, and destruction
of adjacent tissues. Metastasis to a site which is discontinuous
with the primary tumor is also a sign of malignancy.>® As the
first step, various research groups have adopted MPM to
image normal gastric tissues in order to identify multiphoton
diagnostic features. The stomach wall is divided into 4 layers:
mucosa layer, submucosa layer, muscularis propria layer, and
serosa layer. Current studies have demonstrated that a combina-
tion of TPEF and SHG can display the morphological character-
istics of normal stomach and abnormal tissues. Rogart et al*
found that columnar epithelial cells and gastric glands of
gastric pits can be clearly imaged by MPM imaging of biopsy
specimens of unstained digestive tract tissues. Especially the
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Figure 4. MPM images and H&E images of EGC.>® Column 1: EGC invading the mucosa alone (a: SHG image, b: TPEF image, c: overlaid
TPEF/SHG image, d: H&E-stained image), white arrow: cancerous cells. Column 2: EGC invading into submucosa (e: SHG image, f: TPEF
image, g: overlaid TPEF/SHG image, h: H&E-stained image), Yellow arrow: muscularis mucosae. Column 3: boundary between submucosal and
muscular layers in EGC (i: SHG image, j: TPEF image, k: overlaid TPEF/SHG image, 1: H&E-stained image), Yellow arrow: elastic fiber, white
arrow: malignant tumors, blue arrow: muscularis propria. Scale bar: 100 pm.>® Abbreviations: EGC, early gastric cancer; MPM, multiphoton
microscopy; TPEF, 2-photon excited fluorescence; ThPEF, 3-photon excited fluorescence; SHG, second-harmonic generation; H&E,

hematoxylin-eosin.

connective tissue separating individual glands can be detected
by SHG.?? The study shows that MPM can reveal the details
of cell and subcellular structure in nonfixed and unstained gas-
trointestinal mucosa.”” Yan et al’* also used MPM to image
normal gastric tissue showing uniform epithelial cells,
unchanged polarity with no nuclear overlap, and normal struc-
tures of gastric pits and gastric glands. The cell gap and nucleus
morphology were also clearly visible, and individual glands
were clearly identified.* Another study also confirmed that
MPM imaging of normal gastric mucosa and submucosa
clearly displayed the cell and subcellular structure of mucosa
epithelium, lamina propria, and submucosa.’® In 2018, He
et al>> employed SHG and TPEF to image gastric mucosa,
and submucosa (Figure la to h). The team also utilized these
2 imaging modalities (ie, SHG and TPEF) to show that the
clear intrinsic muscle layer consists of internal oblique
muscle, midterm circular muscle, and external longitudinal
muscle (Figure 2), as well as serosa layer composed of abundant
collagen fibers and elastic fibers (Figure 1i to 1).°> These images
clearly disclosed the delicate tissue architectures and cellular

features in the 4-layer structure, such as epithelial cells,
nuclei, gastric glands, collagen, collagen bundles, elastin, base-
ment membrane, nerves, and blood vessels.” This study reaf-
firmed that combination of SHG and TPEF signals can
accurately identify the histological structures, cellular features,
and their boundaries of the gastric wall, and the MPM images
matched well with the corresponding hematoxylin-eosin
(H&E) images.>’

MPM Imaging of Precancerous Lesions

MPM has been used in imaging gastric cancer precancerous
lesions with a focus on searching for goblet cells whose appear-
ance constitutes a good indicator of IM. Taking mouse intestine
as IM model, Bao et al’® used 1-photon confocal fluorescence
endoscopy (OPFE) and TPFE to perform 3-dimensional
imaging of goblet cells. The results showed that both OPFE
and TPFE reached a penetration depth of 176 pm in 3-dimen-
sional imaging, and both could image the mucosal surface
structure of the mouse intestine, but the slice images of TPFE
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Table 1. MPM Imaging of Gastric Cancer at Different T-Stages.”

T
stage

Characteristic features revealed by MPM imaging

Tis

Tl
Tla

T1b

T2

T3

T4

The epithelial nuclei were abnormally enlarged and the
gastric glands were irregular and varied in shape, the
borders of the tumor layer were clear, the borders of the
lamina propria were well defined, and there were no tumor
lesions. TPEF/SHG signals showed intact mucosal,
muscularis mucosa, and submucosal layers.

Lamina propria was infiltrated by cancer cells with
anomalous nuclear sizes, with part of the collagen fibers
substituted by tumor cells and muscularis mucosa invaded
by tumor cells and lymphoid follicles. The delineation
between muscularis mucosa and submucosa was clearly
discernible, and no tumor was detected in submucosa.

The submucosa was thick and dense. TPEF signal showed
general infiltration of tumor cells, SHG signal showed the
distribution of collagen, and angiogenesis supplying
nutrients around cancerous lesions were observed. The
delineation between submucosa and muscularis propria
was maintained.

The tumor was confined to muscle tissue without serosa
infiltration. TPEF signal showed that obvious cancer
masses occupied part of muscle tissue and blocked
continuous muscle fibers, with most muscle tissues being
decomposed. The border between external longitudinal
muscle and serosa was present.

The external longitudinal muscle was heavily disrupted. The
anomalous gastric gland was composed of cells with
enlarged nuclear penetrated muscle tissue and serosa
connective tissue, but the serosa margin was intact.

The infiltrating tumor cut off serosa and the margin lost
continuity.

Abbreviations: MPM, multiphoton microscopy; TPEF, 2-photon excited
fluorescence; SHG, second-harmonic generation.

with different depths showed higher resolution and contrast.>®
TPEF clearly disclosed the structure of intestinal mucosal fila-
ment and goblet cells at 88-pm depth in submucosa, and
gland structure even at 176-pm depth in submucosa.’® In com-
parison, TPEF has higher optical sectioning ability but less pho-
tobleaching and photodamaging to the intestinal tract of mice.>®
In another study, Wu et al®’ identified goblet cells by imaging
normal and intestinal gastric tissues using TPEF. They sug-
gested that normal gastric tissues and intestinal gastric tissues
can be distinguished by calculating the total number of goblet
cells per unit area, that is, the density of goblet cells.

In 2018, Li et al*’ used spectrum- and time-resolved MPM
for the first time to image normal gastric mucosa, chronic gas-
tritis with erosion (CG-E), chronic gastritis with IM (CG-IM)
and intestinal-type adenocarcinoma (ITA). As Figure 3
showed, in normal tissue (column A), the superficial epithelium
displayed regular cobblestone shape (0-pm depth); both indi-
vidual mucosal epithelial cells (yellow arrows), and the nuclei
(magenta arrows) are clearly visualized.*® Slender interstitial
tissue containing a small amount of collagen and plasma cells
was visible below the surface epithelium and among the
gastric pits (orange arrowheads).*” The gastric pits showed
branching openings in superficial mucosal layer, whereas in
their underlying layer they exhibited evenly distributed oval
shape and uniform size (white arrowheads).*’

Compared with normal tissues, diseased specimens had
several common features (Columns B, C, D).49 For example,
the interstitial tissue was significantly wider (orange arrow-
heads), inflammatory cells increased in number (pink arrows),
and the gastric pits became increasingly blurred with disease
progression (white arrowheads).*” For CG-E specimens
(Column B), the mucosal epithelial cells were irregularly
spread and uneven in size (yellow arrows), and a few

Figure 5. TPEF/SHG/ThPEF/THG images of ex vivo human gastric tissue. (a) TPEF image; (b)SHG image; (c) ThPEF image; (d)THG image;
(e)Merging of TPEF/SHG/ThPEF/THG images. pink arrow: elastic fiber; yellow arrow: collagen; white arrow: adipocyte. Scale bar: 100 pm.”*
Abbreviations: TPEF, 2-photon excited fluorescence; ThPEF, 3-photon excited fluorescence; THG, third-harmonic generation; SHG,

second-harmonic generation.
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Table 2. Main MPM Studies on Normal or Gastric Cancer Tissues.

Imaging Pathology/model
References  modality Sample type type Study Main findings and criticalities
Rogart et al TPEF, Unfixed, Microscopic examination of intact Improved cellular details
(2008) SHG unstained human gastrointestinal mucosa ex relative to confocal imaging.
gastrointestinal Vivo
mucosa
Bao et al TPEF Mouse intestine IM model Imaging of goblet cells as a marker for Higher resolution and contrast
(2009) IM of the stomach demonstrated for TPEF
compared with confocal
endomicroscopy.
Yan et al TPEF, Fresh, unfixed, Gastric cancer Pilot study of using multiphoton Cancerous cellular
(2011) SHG unstained gastric microscopy to diagnose gastric characteristics such as
specimens cancer irregular size and shape,
enlarged nuclei, and
increased
nuclear-to-cytoplasmic ratio.
Chen et al TPEF, Human gastric Gastric cancer Establishing diagnostic features for Mucosal and submucosal
(2011) SHG tissue identifying the mucosa and microstructures of normal
submucosa of normal and cancerous and cancerous gastric tissues,
gastric tissues and the distribution and
content of abnormal cells in
these 2 layers.
Wau et al TPEF Fresh, unfixed, IM gastric tissues  Label-free identification of IM in the  Significant differences in the
(2014) unstained gastric stomach population density of goblet
specimens cells between normal and IM
gastric tissues. Potential
demonstrated for MPM to
distinguish IM from normal
gastric tissue.
Yan et al SHG Fresh, unfixed,  Gastric cancer with Real-time optical diagnosis of gastric ~ Significant differences between
(2016) and unstained /without serosal cancer with serosal invasion gastric cancer without serosal
gastric cancer invasion invasion and gastric cancer
with serosal invasion;
Improved diagnostic
accuracy for T4 gastric
cancer compared with EUS.
He et al TPEF, Fresh, unfixed, Gastric cancer Label-free imaging for T staging of Gastric normal and tumor
(2018) SHG and unstained gastric carcinoma tissues under different T
gastric cancer stages visually presented
with cellular and subcellular
features; subcellular and
molecular changes during
carcinogenesis objectively
and quantitatively indicated
by TPEF and SHG
Li et al TPEF, Human gastric Chronic gastritis ~ Quantitative differentiation of Qualitative and quantitative
(2018) SHG tissue (gastric with erosion or IM, premalignant and malignant gastric indicators with the potential
antrum) intestinal-type mucosa to discriminate the multiple
adenocarcinoma stages of gastric
carcinogenesis
Li et al TPEF, Human gastric Gastric cancer Label-free monitoring of EGC Improved cellular detail and
(2019) SHG tissue stromal changes during the
development of EGC
Chen et al TPEF, Unstained serial Gastric cancer Association of the collagen signature ~ Depth of tumor invasion, tumor
(2019) SHG section human in the tumor microenvironment with differentiation, and the

gastric tissue

lymph node metastasis in EGC

collagen signature were
independent predictors of
LNM. The prediction model
based on this collagen

(continued)
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Table 2. (continued)

Imaging Pathology/model
References  modality Sample type type Study Main findings and criticalities
signature may be useful in
treatment decision making
for patients with EGC.
Zheng et al TPEF, Fresh, unfixed Gastric cancer Margin diagnosis for endoscopic Cytological and morphological
(2020) SHG gastric cancer submucosal dissection of EGC differences accurately
identified in the tissue of
negative and positive
margins of ESD specimens.
Chen et al TPEF, Human gastric Gastric cancer Predicting postoperative peritoneal A competing risk nomogram
(2021) SHG tissue metastasis in gastric cancer with constructed including
serosal invasion using a collagen collagen characteristics,
nomogram tumor size, tumor
differentiation status, and
lymph node metastasis
Wang et al TPEF, Unstained paraffin Simultaneous label-free First demonstration of 4 MPM
(2022) ThPEF, embedding; Fresh autofluorescence-multiharmonic modalities (TPEF, ThPEF,

SHG,
THG

frozen sections

microscopy imaging SHG, and THG) on imaging

gastric tissues

EGC: early gastric cancer; MPM, multiphoton microscopy; TPEF, 2-photon excited fluorescence; ThPEF, 3-photon excited fluorescence; THG, third-harmonic
generation; SHG, second-harmonic generation; EUS, endoscopic ultrasonography; IM, intestinal metaplasia.

mucosal epithelial cells were detached from the epithelium,
leading to partial leakage of interstitial tissue to the mucosal
surface (orange arrowheads).*” In addition, collagen became
significantly increased in the interstitial tissue (orange arrow-
heads).*’ In the CG-IM lesion tissue (Column C), irregularly
located intestinal absorptive cells were visualized in the epithe-
lium (0-pm depth and histological image), goblet cells (red
arrows) were found among the absorptive cells, and much
less collagen was detected (orange arrowheads).*’ In the ITA
specimens (Column D), regularly spread cancer cells had an
absorptive cell-like morphology with a scattering of cancerous
goblet cells (0-pm depth, 25-pm depth, and histological image),
mitochondrial reduced form of nicotinamide-adenine dinucleo-
tid (NADH) of intestinal absorptive cells (white arrows) dis-
played a strong fluorescent signal (0-pm depth), and collagen
was also barely visible (orange arrowheads).*’

The results in Figure 3 suggest that the gastric mucosal sub-
structures involving surface epithelium, collagen fibers, and
inflammatory cells are well characterized in the MPM images
making it possible to differentiate the normal state, different
premalignant lesions, and gastric carcinoma.*’

MPM Imaging of Early and Advanced Cancer

The degree of tumor invasion characterizes the tumor stage,
which in turn determines the treatment options and prognosis
of gastric cancer. Many research teams have attempted to
perform MPM imaging on tumors at different stages in order
to provide a basis for clinical treatment selection and prognostic
judgment. In 2019, Li et al>® examined 12 surgical specimens of
EGC and 12 normal gastric tissues using TPEF and SHG

imaging, and made a comparison with the histopathological

examination performed on routinely stained specimens. As
Figure 4 illustrates, the MPM images clearly display the histolog-
ical structure and cellular and subcellular structures of EGC with
different infiltration depths.”® The results discovered epithelial
glands abnormally disordered in mucosal tissues with different
shapes and disordered extracellular collagen matrix. Elastin
fibers in submucosa almost disappeared, and collagen fibers
were sparse and broken.”® Li et al’® also presented quantitative
analysis based on measuring the circumference of nucleus and
the average intensity of SHG per pixel, which showed that the
epithelial cells of EGC exhibited larger size. For example, the
nuclear circumference was 47.25+6.41 pm for cancer cells
and only 20.32 +2.38 pm for normal cells. Meanwhile, collagen
grew more compact: the average SHG intensity per pixel was
16.76 +1.26 in normal mucosa and 25.59 +4.47 in cancerous
mucosa. Blind method was used in this study to evaluate the
MPM accuracy in detecting EGC. The diagnostic sensitivity,
specificity, positive predictive value, and negative predictive
value were 91.7%,100%, 100%, and 92.3%, respectively.
Multiple studies have shown that alterations in collagen in
the tumor microenvironment are associated with tumor behav-
ior of cancer and affect cancer invasion and metastasis.> "'
In 2019, Chen et al*® carried out a retrospective cohort study
that evaluated the risk of lymph node metastasis in patients
with gastric cancer who underwent radical gastrectomy for
gastric cancer and were confirmed as T1 stage by postoperative
pathology. Collagen features were extracted using TPEF and
SHG. Multivariate analysis suggested that tumor invasion
depth, tumor differentiation degree, and collagen characteristics
were independent predictors of lymph node metastasis.>® A pre-
diction model incorporated these 3 predictive factors showed
great resolution in the primary cohort (area under the receiver
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operating characteristic [AUROC], 0.955; 95% confidence
interval [CI], 0.919-0.991) and validation cohort (AUROC,
0.938; 95% CI, 0.897-0.981). In the total of 375 patients, the
sensitivity, specificity, accuracy, positive predictive value,
and negative predictive value were 87.3%, 92.1%, 91.2%,
72.1%, and 96.9%, respectively.** This study demonstrated
that collagen characteristics in the tumor microenvironment
were independent predictors of lymph node metastasis in
EGC patients. A predictive model based on the collagen
markers may be helpful for treatment decision-making of
whether to perform lymph node dissection in EGC patients.
In 2021, the same team conducted another similar study to
predict the risk of peritoneal metastasis in patients with
gastric cancer and serosal infiltration after radical resection.*’
High-throughput quantitative collagen features were extracted
automatically by MPM imaging, and then 4 potential predictors
were selected from 146 collagen signatures by LASSO regres-
sion. The above collagen features and 3 clinical pathological
features (ie, tumor size > 4 cm, tumor differentiation status,
and lymph node metastasis) were taken into multivariate analy-
sis.*” A competing risk nomogram constructed based on these 4
factors was obviously superior to the clinical pathological pre-
diction model excluding collagen features. The sensitivity, spe-
cificity, and accuracy in the overall cohort were 82.0%, 72.4%,
and 75.8%, respectively, which provided reliable basis for cli-
nicians to choose appropriate intervention populations.*’

The Union for International Cancer Control and the American
Joint Committee on Cancer TNM [ie, tumor infiltration (T),
lymph node metastasis (N) or distant metastasis (M)] staging
system of gastric cancer provides an accurate basis for clinical
treatment strategy selection, treatment efficacy assessment, and
prognosis determination. In 2018, He et al>> utilized MPM to
observe the unstained sections of fresh gastric tissues of 18
patients undergoing radical gastrectomy, and preliminarily
studied the feasibility of T staging of gastric cancer.”® These
gastric specimens were grouped as 3 Tis, 2 Tla, 3 Tlb, 4 T2,
4 T3 and 2 T4. Tumor tissue has obvious structural and cellular
atypia compared with normal gastric tissue. The specific manifes-
tations of MPM imaging of gastric cancer tissues in different
stages are summarized in Table 1. MPM images are highly con-
sistent with pathological results for gastric cancer of different T
stages. Quantitative analysis showed that nuclear areas of
cancer cells were about twice larger than that of normal cells
(58.41 £6.06 pm* vs 32.01+2.89 um?); collagen content (ie,
the ratio of SHG pixels to all pixels in each image) was 0.087
+0.012 and 0.020 +0.007 for normal and cancerous mucosa,
respectively (P<.001).>> The findings of this study indicated
that MPM can clearly display the relationship between tumor
and normal structure; TPEF and SHG can objectively and quan-
titatively reflect the changes in subcellular and molecular in the
process of cancer without staining intervention.

MPM Imaging in Surgical Treatment

Radical surgery has become the main solution to treat gastric
cancer, and different resection methods were developed

depending on the tumor stage. Endoscopic mucosal resection
and endoscopic submucosal dissection (ESD) are recom-
mended as alternatives to surgery for EGC.%% Active adjuvant
and neoadjuvant radiotherapy and chemotherapy have signifi-
cant survival advantages for advanced tumors with local or
distant metastasis.®> Therefore, accurate pretreatment assess-
ment is essential for individualized treatment and prognosis.
An MPM imaging study on ESD surgical specimens con-
firmed®* that MPM could accurately distinguish cytological
and morphological differences between tissues with positive
or negative margin. The sensitivity, specificity, accuracy, nega-
tive predictive value, and positive predictive value of MPM in
diagnosing the margin of ESD specimen were 97.62%, 75.00%,
94.00%, 95.35%, and 85.71%, respectively.

In 2016, Yan et al®> used MPM to image the specimens of 20
patients who underwent radical gastrectomy for gastric cancer,
and compared them with H&E staining and Masson’s trichrome
staining. The results revealed regular collagen structure in
gastric cancer without serosa invasion, while irregular collagen
structure, collagen loss as well as cell and nuclear polymor-
phism were found in gastric cancer with serosa invasion.®’
SHG signal can provide quantitative characteristics and the col-
lagen content of gastric cancer tissues with or without serosa
infiltration is 0.36 +0.18 versus 0.79 + 0.16. In the blind verifi-
cation, the sensitivity, specificity, and accuracy of endoscopic
ultrasonography (EUS) and MPM in the diagnosis of T4
gastric cancer were 70% versus 90%, 66.67% versus 96.67%,
and 68.33% versus 93.33%, respectively. Compared with
EUS, MPM substantially improved the diagnostic accuracy of
T4 gastric cancer.”> Real-time in situ imaging of gastric
cancer with or without serosal invasion is feasible by using mul-
tiphoton laparoscopy, and the implementation of this technique
can avoid unnecessary laparotomy.

Multimodal MPM Imaging of Gastric Tissue

MPM relies on an ultrafast laser to serve as the driving source to
provide ultra-short optical pulses. Mode-locked Ti:sapphire
lasers have become the main workhorse for driving MPM.
The ultra-short pulses generated by a Ti:sapphire laser center
at about 800 nm and are well-suited to excite SHG and TPEF.
This explains why current MPM investigations of gastric
tissues were all carried out using these 2 imaging modalities.
Apparently, adding more modalities such as THG and ThPEF
can provide more information and thus facilitate accurate diag-
nosis of gastric cancers. Implementation of THG and ThPEF
imaging normally demands an ultrafast laser source that emits
femtosecond pulses with the center wavelength longer than
1000 nm. Recent years have seen the intensive development
of ultrafast laser sources working in the wavelength range of
1000 to 1700 nm to drive multimodal MPM.®*7° In 2018,
You et al’' introduced simultaneous  label-free
autofluorescence-multiharmonic (SLAM) microscopy: they
demonstrated that femtosecond pulses centered at 1110-nm
are suitable to simultaneously excite TPEF/ThPEF/SHG/THG
signals of cellular and extracellular components in living
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tissues. In 2020, Sun et al”? conducted ex vivo and in vivo
imaging of fresh human and rat tissues by SLAM and devel-
oped a color transforming algorithm to convert SLAM image
to the virtually H&E-stained histology-like images. In 2020,
Shen et al”* integrated the confocal, SLAM, and fluorescence
lifetime microscopy to explore the metastatic and metabolic
optical signatures of pancreatic cancers. We recently applied
SLAM microscopy to imaging gastric tissues.”* We employed
fiber-optic self-phase modulation (SPM) to broaden an input
narrowband optical spectrum centered at 1030 nm provided
by an ultrafast Yb-fiber laser.”* The broadened spectrum con-
sists of several isolated spectral lobes, and the peak wavelength
of the rightmost spectral lobe can be positioned at 1110 nm by
adjusting the input pulse energy. Selection of this rightmost
spectral lobe generates 48-fs pulses pulse energy with 15-nJ
pulse energy. We used this femtosecond light source to drive
MPM imaging of gastric tissue using 4 modalities: TPEF,
ThPEF, SHG, and THG.”* As Figure 5 shows, imaging of
elastic fiber by TPEF and fiber-shaped collagen by SHG can
highlight the structure of the surrounding extracellular matrix.
Adipocytes can be identified by ThPEF and THG. Such a mul-
timodal MPM driven by 1110-nm pulses based on
SPM-enabled spectral selection constitutes an enabling tool to
delineate both cellular and extracellular components.”* To the
best of our knowledge, this work reported the first results on
SLAM imaging of gastric tissues.

Discussion and Conclusion

With autofluorescence excitation and harmonic signals, MPM
can display tissue structures and characteristic features of the
gastrointestinal tract at cellular and subcellular levels. MPM
can accurately distinguish normal gastric tissues, precancerous
lesions, and tumor tissues, which is of particular importance in
evaluating tumor infiltration in mucosa, submucosa, muscular
layer, and serosa layer, and assessing residual cancer at the sur-
gical margin. Table 2 summarizes current progress related to
gastric cancer research enabled by MPM.

Because it holds promise for many important biomedical
applications, MPM has become one of the most active interdis-
ciplinary research areas. Researchers with various backgrounds
are continuously pushing MPM technology to improve its
imaging capabilities with higher speed, larger penetration
depth, better resolution, more modalities, and wider
field-of-view.®””>~"7 Despite the aforementioned advantages,
applications of MPM imaging in the study of gastric cancer
are still in the early stage compared with other mature
imaging technologies based on single-photon excitation, eg,
confocal microscopy. Although studies have confirmed that
MPM can fit well with the traditional gold standard H&E histo-
pathological diagnosis, more clinical studies are demanded to
validate that the occurrence and development of tumors can
be evaluated only based on MPM imaging. Current reported
results on MPM imaging of gastric tissues were all obtained
ex vivo; that is, the samples were resected tissues removed
from the patients. To make MPM imaging possible for in

vivo medical applications including optical biopsy, diagnosis,
treatment and tumor monitoring, a crucial and urgent challenge
is to develop multiphoton endoscope that is compatible with
current gastric endoscopy technology. Indeed, several groups
have attempted to miniaturize a bulky multiphoton microscope
and implement a multiphoton endoscope, which can enable in
vivo and in situ real-time multimodal imaging.>®’%®3 In addi-
tion to displaying morphological features of normal tissue, pre-
cancerous lesions and EGC in terms of tissue structure and cell
structure at the cellular and subcellular levels, it may provide
information on tissue metabolism and realize functional
imaging of tissues. Another crucial question is about the photo-
toxicity associated with MPM imaging that demands ultrafast
laser driving sources. Long-term and systematic studies need
to be performed to reveal the dependance of phototoxicity on
the imaging parameters (eg, imaging speed, focus, depth etc)
and laser parameters (eg, pulse duration and energy, repetition
rate, wavelength, average power etc). Ultimately MPM diagno-
sis of gastric cancers in clinical use should prevent causing any
undesired side effects associated with phototoxicity. In practice,
introducing MPM to realize “optical biopsy” should minimize
the possible disruption for the diagnosis procedure; training
pathologists to interpret the MPM images or involving addi-
tional imaging specialists working with pathologists are both
cumbersome and impractical. In order to facilitate clinical inter-
pretation of MPM images by pathologists, several groups are
developing virtual-H&E methods for postprocessing MPM
tissue images such that they are color mapped analogously to
H&E histopathology.”>%**> Based on MPM imaging, this
digital staining approach together with machine learning algo-
rithm can generate virtual transillumination H&E images for
pathologists to readily interpret. 558

In conclusion, MPM has the advantages of nondestructive,
larger penetration depth, high resolution, and inherent optical
sectioning ability. It does not need the complicated steps of tra-
ditional histopathological examination, and thus avoids some
drawbacks of biopsy, such as sampling error, cost, risk to
patients, and delay in obtaining results. With the rapid
advance of ultrafast driving lasers, microscope miniaturization,
and machine learning techniques for imaging processing, we
believe that more clinical results will emerge in the coming
years for MPM applied to the study of gastric cancers.
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