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Spectrum- and time-resolved endogenous
multiphoton signals reveal quantitative
differentiation of premalignant and malignant
gastric mucosa
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Abstract: Early identification of premalignant and malignant gastric mucosa is crucial to
decrease the incidence and mortality of stomach cancer. Spectrum- and time-resolved
multiphoton microscopy are capable of providing not only structural but also biochemical
information at the subcellular level. Based on this multidimensional imaging technique, we
performed a systematic investigation on fresh human tissue specimens at the typical stages of
gastric carcinogenesis, including normal, chronic gastritis with erosion, chronic gastritis with
intestinal metaplasia, and intestinal-type adenocarcinoma. The results demonstrate that this
technique is available to characterize the three-dimensional subcellular morphological and
biochemical properties of gastric mucosa and further provide quantitative indicators of
different gastric disorders, by using endogenous contrast. With advances in multiphoton
endoscopy, it has the potential to allow noninvasive, label-free, real-time histological and
functional diagnosis of premalignant and malignant lesions of stomach in the future.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

OCIS codes: (180.4315) Nonlinear microscopy; (300.6500) Spectroscopy, time-resolved; (170.2680)
Gastrointestinal; (170.3880) Medical and biological imaging.
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1. Introduction

Stomach cancer is the fifth most commonly diagnosed cancer and the third leading cause of
cancer death worldwide [1, 2]. 90% of the stomach cancers are gastric adenocarcinomas [2,
3]. Gastric carcinogenesis is a long-term and multistep process, which generally involves a
progression from normal mucosa through chronic gastritis, atrophic gastritis, and intestinal
metaplasia, to dysplasia and carcinoma [4]. Chronic gastritis caused by Helicobacter pylori
infection is the primary instigator of intestinal metaplasia and subsequent adenocarcinoma
formation [2]. Intestinal metaplasia would be the earliest indicator of potential malignant
progression to gastric carcinoma [4—6]. Identification and treatment of these premalignant and
malignant lesions of gastric mucosa at the early stage is crucial to decrease the incidence and
mortality of stomach cancer.

Gastroscopy for primary detection and biopsy specimen collection, followed by the gold
standard histopathological examination for final confirmation, is the routine method used in
clinic for gastric disease diagnosis. However, this method is invasive and extremely time-
consuming (3—5 days) [7, 8]. It is highly desirable to develop a technology for performing
real-time histological diagnosis during routine endoscopy. To meet this demand, a variety of
gastroscopic imaging techniques have been developed for better visualization of cellular and
subcellular details with enhanced contrast and resolution. Typical examples include
chromoendoscopy [9], narrow-band imaging [10], autofluorescence endoscopy [11],
magnifying endoscopy [12], and different combinations of these techniques [13-15].
Compared with conventional gastroscopy, these techniques have improved the detection rate
of premalignant gastric lesions and early gastric cancers. But, due to the limited resolution (>
5 um) [12], they are still far less accurate than histopathological examination. In recent years,
confocal laser endomicroscopy with subcellular resolution (down to 0.7 um) has emerged as a
noninvasive on-site imaging modality of gastric mucosa, potentially bringing a revolutionary
leap toward the in vivo diagnosis of gastric diseases [16, 17]. This technique has been proven
to be able to provide histology-like images of tissues, while avoiding the risks and costs of
conventional biopsies [16]. However, exogenous fluorescence agents, such as fluorescein or
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acriflavine hydrochloride, have to be applied to provide sufficient contrast by highlighting the
structure and physiology of nucleus, cytoplasm, or vasculature. These agents are not FDA-
approved for this kind of clinical application [16]. As a more powerful imaging tool,
multiphoton microscopy (MPM) based on two-photon excited fluorescence (TPEF) and
second harmonic generation (SHG) has attracted lots of attention since it was developed [18,
19]. This imaging modality is not only capable of producing images with similar details of
standard histology by detecting intrinsic fluorescence chromophores, but also possesses
superior tissue penetration depth, reduced photobleaching and photodamage, and intrinsic
three-dimensional (3D) sectioning ability [18-20]. Due to these attractive advantages over
confocal laser microscopy, MPM has been widely applied in the investigation of normal and
diseased gastrointestinal tissues [6, 8, 21-23].

Nonetheless, all of the above techniques are confined to qualitative morphological
characterizations. Pathological change is associated with not only structural but also
biochemical variations of fluorescent biomolecular complexes in cells and tissues [24]. A
combined detection of biological properties on both aspects may provide more powerful
diagnostic capabilities. The recently emerged spectrum- and time-resolved techniques open
up new ingenious approaches for accessing quantitative biochemical information of living
tissues [25]. Specifically, fluorescence spectra can be regarded as the characteristic
“fingerprints” of each fluorophore and provide unique identification and separation in
complex biological systems [25]; fluorescence lifetime properties provide an additional
approach for fluorophore separation even when the fluorophores have overlapping spectra
[24, 25]. Moreover, fluorescence lifetime is sensitive to various parameters of the biological
microenvironment, such as pH, temperature, oxygen saturation, ionic concentration,
enzymatic activity, etc., as well as bonds or molecular associations [24, 25]. Therefore, it can
be used to characterize variations of the local molecular environment and interactions
between proteins [24, 26]. More importantly, the property that fluorescence lifetime is
independent of fluorophore concentration and quantum yield, enables more precise
biophysical measurements of cells and tissues [24, 26]. Based on these advantages,
fluorescence spectrum and lifetime detection has received considerable attention and been
widely used in biophysics and medical diagnostic researches [27-30]. The further
combination of MPM with these technologies empowers detailed morphological and
biochemical characterization of tissues, by comprehensively detecting 3D fluorescence
intensity, spectrum, and lifetime distribution with subcellular resolution [25, 29]. Despite the
recognized inherent advantages, the full potential of spectrum- and time-resolved MPM has
not been extensively evaluated in clinical settings.

In this study, we report for the first time (to the best of our knowledge), the systematic
investigation on human gastric carcinogenesis by spectrum- and time-resolved MPM imaging
of its multiple typical stages, including normal, chronic gastritis with erosion (CG-E), chronic
gastritis with intestinal metaplasia (CG-IM), and intestinal-type adenocarcinoma (ITA). Since
the ultimate value of the technique would be nondestructive in vivo “optical biopsy” by
endoscope, all the imaging experiments were performed from the prospective of gastroscope.
By comparatively analyzing the spectrum- and time-resolved endogenous multiphoton
signals, qualitative and quantitative structural and biochemical features of gastric mucosa at
typical stages of gastric carcinogenesis were derived. The results not only demonstrate the
value of the technique for imaging gastric mucosa but also affirm its significant potential for
discriminating different gastric disorders using only endogenous contrast. This study fills the
knowledge gap of human gastric diseases under spectrum- and time-resolved MPM imaging
and may shed new light on the early diagnosis of premalignant and malignant lesions of the
stomach. We note that there are increasing interests in developing multiphoton endoscopes
for clinical use [7, 31, 32], and these advances make it promising to miniaturize the spectrum-
and time-resolved MPM for noninvasive, label-free, real-time histological and functional
diagnosis of gastric diseases in the future.
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2. Materials and methods

2.1 Human gastric mucosa specimens

As gastric antrum is the most common site of gastric carcinoma [2], normal and diseased
human gastric antrum mucosa specimens from 12 patients of Peking University Shenzhen
Hospital (Shenzhen, China) were collected by gastroscopy or surgical resection for the study.
These samples include 3 normal specimens beside pathological tissues, 4 specimens with CG-
E, 2 specimens with CG-IM, and 3 ITA specimens. In all cases, the clinical diagnosis was
confirmed by standard histopathological examination. This was performed by using half of
each specimen to prepare routine hematoxylin and eosin (H&E) stained sections and then
diagnosed by professional pathologists. The remaining half of the specimen was immediately
imaged by MPM within 2 hours. The tissue was firstly placed in a custom-designed groove
filled with phosphate buffered saline, and then covered with a microscope coverslip. The
surface of the gastric mucosa was kept against the coverslip. To avoid overcrowding of the
sample, the groove’s height was designed to be similar to the thickness of the tissue. To get a
representation of the normal and diseased human gastric mucosa, 3—5 sites from each
specimen were randomly chosen and imaged. All the patients who participated in the study
provided their written informed consent and the experimental procedures were performed
under the supervision and approval of the Ethics Committee for Human Research, Peking
University Shenzhen Hospital (Ethics Approval No. 1427611284372).
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Fig. 1. Schematic diagram of the spectrum- and time-resolved MPM imaging system.
2.2 Imaging instrumentation

To obtain the spectrum- and time-resolved multiphoton signals of human gastric mucosa, a
home-built MPM imaging system [28] was used. Figure 1 shows the schematic diagram of
the system. Briefly, a femtosecond Ti:Sapphire laser (Chameleon Ultra, Coherent) tuned to
750 nm was utilized as the excitation source. The expanded laser beam was raster scanned by
a pair of galvanometer mirrors (TSH8310, Sunny Technology) to create images of the sample
with a size of 256 um X 256 pm or 360 pm x 360 um and a pixel dimension of 128 x 128.
After the scanners, the beam passed through a scan lens, a tube lens, a dichroic mirror
(FF685-Di02, Semrock), and then was focused on the specimen by a 20 x , 1.0 NA water-
immersion objective (XLUMPLFLN, Olympus) to excite multiphoton signals including SHG
and TPEF. The backscattered signals were collected by the same objective and split from the
excitation laser by the above dichroic mirror. A 680 nm short-pass filter (FF01-680/SP-25,
Semrock) was further used to remove the residual excitation light. Then, the signals were
collected using a fiber bundle and conducted to a spectrograph. A linear-array photomultiplier
tube (PMT, PML-16-C, Becker & Hickl GmbH) was used to record the signals output from
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the spectrograph into 16 consecutive spectral bands with central wavelengths ranging from
354.5 nm to 542 nm at an interval of 12.5 nm. A time-correlated single photon counting
module (TCSPC, SPC-150, Becker & Hickl GmbH) was further connected to the detector for
recording the fluorescence decay curve of each spectral band into 256 time channels. The
instrument response function of the imaging system, measured by the reflection of the
femtosecond laser light, is approximately 220 ps at full width half maximum. For 3D
imaging, the objective was axially translated by an actuator at a depth of 5 um.

2.3 Segmentation of the structural components of gastric mucosa

The gastric mucosa contains many gastric pits. Each gastric pit is surrounded by a peripheral
wall formed by a layer of surface epithelium and interstitial tissue fills the space between the
gastric pits (refer to section 3.1 for details) [33]. To investigate the optical characteristics of
the gastric mucosa in detail, we defined three structural components: mucosal surface (MS),
peripheral wall of gastric pits (PWGP), and interstitial tissue between gastric pits (ITGP).
Briefly, the tissue from surface to a depth of ~15 pm was defined as MS, whereas the
peripheral wall and interstitial tissue at a depth ranging from ~50 pm to ~80 um were defined
as PWGP and ITGP, respectively.

h3 + Ch14 (mainly ITGP sign;

A Input images: B
c al

0

PWGP signal >3
ITGP signal? No
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ITGP signal?
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Fig. 2. Image segmentation algorithm for separating PWGP and ITGP. (A) Algorithm flow
chart. (B) The final segmentation results of exemplar images (left column) and the pseudo-
color merged images of raw Ch3, Ch8, and Chl4 images as well as the ITGP edges (right
column). The blue, green, and red border images are processed through the blue, green, and red
paths in the flowchart, respectively.

In practice, it was straightforward to identify MS from the image stacks, while an image
segmentation algorithm was used to separate PWGP and ITGP (Fig. 2). Specifically, since
spectral channel 8 (Ch8, 442 + 6.25 nm) mainly contains the signal of PWGP, while signals
in spectral channels 3 and 14 (Ch3, 379.5 + 6.25 nm; Chl14, 517 + 6.25 nm) mainly come
from ITGP, we first estimated the initial image of one of the two components by image
arithmetic of the three spectral channels as follows: for imaging area with strong PWGP but
weak ITGP signals, the PWGP initial image was obtained as Ch8 — Ch3 — Chl4; in the
opposite case, the ITGP initial image was obtained as Ch3 + Ch14 — ChS8; in other cases, we
manually circled out the area of PWGP from the Ch8 image to obtain its initial image.
Second, a binary mask of the initial image was created using a threshold of 0. Third, holes
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less than 2000 pm? in the resulting binary image were filled, and small objects, defined as
occupying an area of less than 400 um?, were removed from the mask [34]. Notably, PWGP
mask was inverted to become an ITGP mask before filling holes, since the filling-hole
operation could fill the hole in the center of the donut-shaped PWGP and thus produce an
incorrect PWGP mask. Finally, the ITGP was simply separated from PWGP by multiplying
the final mask with the original image. The first step was performed by Imagel software
(National Institutes of Health) and the other steps were carried out using a custom MATLAB
(MathWorks) program.

2.4 Fluorescence spectrum and lifetime measurements

To reveal the general spectral characteristics of the gastric mucosa, spectrum-coded images
were created according to the following strategy. First, a specific RGB color was assigned to
a given spectral channel. Second, the color-weighted intensity image of the channel was
calculated by multiplying the intensity of each pixel with the RGB color. Third, the 16 color-
weighted intensity images added up to a spectrum-coded image. To do structural component-
resolved spectral analysis, the signals of MS, PWGP and ITGP from each spectral channel in
one z-section were separately integrated to produce their respective spectral curves. From the
spectral curve, fluorescence spectral parameters, including SHG/TPEF (the ratio of signals
from the channel with maximum SHG (Ch3, 379.5 + 6.25 nm) over those from the channel
with maximum TPEF (Ch8, 442 + 6.25 nm or spectral channel 9 (Ch9, 454.5 + 6.25 nm)))
and TPEF spectral ratio (the ratio of TPEF signals with long wavelength (Ch14, 517 £ 6.25
nm) over those with short wavelength (spectral channel 6 (Ch6, 417 + 6.25 nm))), were
calculated. The above spectral analyses were performed using custom MATLAB programs.
To compute fluorescence lifetime parameters, the fluorescence decay curve was
deconvolved with the instrument response function of the imaging system and subsequently

fitted with a dual exponential function model— a,e™"™ +a,e™’™ , where 7, and 7, are the

time-decay constants while a; and o, are the amplitudes of the two decay terms, respectively
[28, 30, 35]. Based on TPEF decay curves (the integration of spectral channels 5 to 16 (Ch5-
Ch16, 398.25-548.25 nm)), the mean fluorescence lifetime—zcan = (o171 + 012)/(a0) + ) for
each pixel was calculated and then color coded to generate fluorescence lifetime images. To
reveal more detailed TPEF lifetime characteristics, 71, 72, 01/0, and Tpean of Ch8 (442 £ 6.25
nm) signals which covers the intensity peak of TPEF, were particularly calculated for the
multiple structural components—MS, PWGP and ITGP. Here, the signals within a given
structural component in one z-section were integrated to improve the signal-to-noise ratio of a
decay curve and each decay curve represents a single data point. In some cases, the sum of
ITGP signals from a single z-section was still so weak that several successive z-sections had
to be integrated to create a Ch8 (442 + 6.25 nm) decay curve with a peak > 1000 photons for
calculation. The fluorescence lifetime-coded images were produced by SPCImage software
(Becker & Hickl GmbH) and the other calculations were performed with custom MATLAB
programs.

Table 1. Sample summary

. Total imaging Data point®
Patient site MS- PWGP- ITGP- ITGP-
Spectra/Lifetime”  Spectra/Lifetime Spectra Lifetime
Normal 3 12 48 94 94 23
CG-E 4 13 52 97 97 71
CG-IM 2 10 40 70 70 48
ITA 3 13 60 94 94 60

“Data point: one z-section of each imaging site corresponds to one data point. In some cases of ITGP-Lifetime,
several successive z-sections were integrated to create a decay curve with a peak > 1000 photons for analysis.
’Lifetime: fluorescence lifetime analysis of signals from Ch8 (442 £ 6.25 nm).
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2.5 Statistical analyses

The data size of this study is summarized in Table 1. Statistical analyses were performed with
GraphPad Prism software (GraphPad Software). For the comparison of three groups or more,
the one-way ANOVA followed by the Tukey’s multiple comparison test was used. In our
statistical analyses, successive z-sections from one imaging site were treated as being
independent even though this assumption is not valid.

2.6 Abbreviations
Abbreviations used in this study are summarized in Table 2.

Table 2. Abbreviations used in this study

MPM Multiphoton microscopy

TPEF Two-photon excited fluorescence
SHG Second harmonic generation
3D Three-dimensional

CG-E Chronic gastritis with erosion
CG-IM Chronic gastritis with intestinal metaplasia
ITA Intestinal-type adenocarcinoma
H&E Hematoxylin and eosin
EOM Electro-optical modulator
PMT Photomultiplier tube
TCSPC Time-correlated single photon counting module

MS Mucosal surface
PWGP Peripheral wall of gastric pits
ITGP Interstitial tissue between gastric pits
NADH Reduced nicotinamide adenine dinucleotide
FAD Flavin adenine dinucleotide

3. Results and discussions
3.1 Structure and intrinsic-contrast origin of gastric mucosa

The mucosa is the innermost layer of the stomach wall and where gastric diseases always
originate. The mucosa contains a surface epithelium, lamina propria, and muscularis mucosae
[33]. In our experiment of MPM imaging, we can access a depth range from the surface
epithelium to the upper portion of the lamina propria (Fig. 3). The surface epithelium,
covering the entire luminal surface and lining the gastric pits, are composed of well-polarized
mucous epithelial cells of simple columnar type. The apical cytoplasm of the cell is filled
with plentiful mucous secretory granules, which secrete neutral glycoprotein mucus. The
mucus forms a film to protect the mucosa from the high concentration of hydrochloric acid
and pepsin in the stomach. Mitochondria in the cell are scattered in the middle and lower
cytoplasm, and the nucleus has an ovoid shape and is located in the basal region (Fig. 3). The
lamina propria is a fine connective tissue, housing gastric glands that open into the bottom of
the gastric pit. In the upper portion of the lamina propria, connective tissue, which is also
called interstitial tissue, fills the spaces between gastric pits. The interstitial tissue consists of
a delicate meshwork of collagen fibers with a few fibroblasts, some plasma cells, a small
amount of smooth muscle fibers, and a few sparsely distributed capillaries (Fig. 3) [33].

The MPM imaging in this study was performed at an excitation wavelength of 750 nm for
inducing intrinic TPEF signals that mainly originate from reduced nicotinamide adenine
dinucleotide (NADH) and genereting SHG signals that primarily come from collagen [19,
36]. NADH is predominantly located within the mitochondria in the cytoplasm and shows an
emission spectrum with a peak at ~445 nm (covered by Ch8 (442 = 6.25 nm)) [30]. In
particular, the ratio of free to protein-bound NADH, which reflects the balance between
oxidative phosphorylation and glycolysis, has long served as an indicator of cellular
metabolic state [37-39]. Collagen is distributed in the extracellular matrix and has been
reported to be the major contributor to the SHG signals in the biological tissues due to its
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non-centrosymmetrical structure [19, 36, 40]. The SHG signal peaks at 375 nm (covered by
Ch3 (379.5 £ 6.25 nm)) in our experiment.
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Fig. 3. Schematic diagram of the gastric mucosa with epithelium, upper portion of lamina
propria, and gastric pits (longitudinal view, not true to scale).

3.2 Spectrum-coded 3D structure of gastric mucosa

In order to validate the ability of fluorescence spectra to reveal the structures of the gastric
mucosa and further characterize the pathological status of the stomach, the spectrum-coded
MPM images of fresh human gastric antrum mucosa of normal, CG-E, CG-IM, and ITA were
created and compared with corresponding H&E stained histology images (Fig. 4). In the
spectrum-coded images (the first five rows in Fig. 4), the surface epithelium delineated by the
NADH TPEF signal appears as green; the collagen visualized by SHG signals appears as blue
in the interstitial tissue of lamina propria; the inflammatory cells presenting in lamina propria
appear as yellow, mainly consisting of plasma cells and lymphocytes, and possibly revealed
by the TPEF signal of NADH as well as phospholipids. Here, the types and fluorescence
origins of the inflammatory cells (pink arrows in Fig. 4) are deduced from previous studies.
Some plasma cells are scattered in the lamina propria in normal tissue (Fig. 3) [33], while
chronic gastritis or gastric cancer will increase the infiltration of inflammatory cells, which
mainly consists of lymphocytes [41]. Lymphocytes within gastric lamina propria and
pancreas with chronic inflammation have been identified by their oval shape and higher
fluorescence intensity at the wavelength range of 510-550 nm [22, 23, 42], consistent with
the features of the yellow inflammatory cells that we observed (pink arrows in Fig. 4). The
fluorescence was possibly originated from phospholipids, a significant component of
lymphocytes [23, 43]. Since plasma cells are differentiated from B lymphocytes [44], they
show similar morphology and endogenous fluorescence as lymphocytes.

Based on the identified sub-structures above, the spectrum-coded MPM images of normal
and diseased gastric antrum mucosa (the first five rows in Fig. 4) not only show 3D structures
consistent with corresponding H&E stained histology images (the last row in Fig. 4), but also
provide a more specific indication of collagen fibers via their SHG signals. In normal tissues,
the superficial sections show a regular cobblestone appearance of the epithelium (0-pm depth
in Fig. 4(A)). Individual mucous epithelial cell can be identified in the epithelium surface
(yellow arrows in Fig. 4(A)). Their nuclei can also be delineated in the basal part of
epithelium (magenta arrows in Fig. 4(A)). Narrow interstitial tissue with little collagen and
plasma cells is observed beneath the surface epithelium and between gastric pits (orange
arrowheads in Fig. 4(A)). The gastric pits have a branched opening in superficial layers, while
appear as uniformly distributed ovals with even size in their bottom layers (white arrowheads
in Fig. 4(A)).
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Fig. 4. Spectrum-coded 3D structures and corresponding histology of the normal and diseased
human gastric antrum mucosa: (A) normal; (B) chronic gastritis with erosion; (C) chronic
gastritis with intestinal metaplasia; (D) intestinal-type adenocarcinoma. The spectrum-coded
images with different depths (transverse view) and corresponding 3D images are shown in the
first four rows and the fifth row, respectively. The depth is labeled in the bottom left corner of
each panel. The H&E stained histology images (longitudinal view) are displayed in the last
row. Scale bars are 50 pm.
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For the diseased specimens, we find something in common, when compared with the
normal tissue. First, the interstitial tissue is obviously broadened (orange arrowheads in Fig.
4(B)-4(D)) and filled with remarkably increased inflammatory cells (pink arrows in Fig.
4(B)-4(D)). Second, the gastric pits tend to become more and more blurry as disease
progresses (white arrowheads in Fig. 4(B)-4(D)).

In spite of these common features, the specimens with different diseases show some
distinctive structural characteristics. For the specimen with CG-E, irregularly distributed
mucous epithelial cells with uneven size are observed in the surface epithelium (yellow
arrows in 0-um depth and histology image in Fig. 4(B)). Notably, some mucous epithelial
cells shed from the epithelium, resulting in the leaking out of partial interstitial tissue to the
mucosa surface (orange arrowhead in the top right corner of the 0-pm depth image and orange
arrowhead in the bottom right corner of the histology image in Fig. 4(B)). Besides, the
collagen within the interstitial tissue obviously increases (orange arrowheads in Fig. 4(B)).

Intestinal metaplasia is the transformation of gastric epithelium into a type of epithelium
resembling that found in the intestine [6]. In terms of CG-IM, irregularly distributed cells,
which might be intestinal absorptive cells, are found in the epithelium (0-um depth and
histology image in Fig. 4(C)). Meanwhile, goblet cells (red arrows in Fig. 4(C)) are observed
scattering among the absorptive cells, which is a histopathological criterion of intestinal
metaplasia [4, 6]. Goblet cells have a slender base that contains a nucleus and an expanding
apex with mucous secretory granules [33]. These granules appear dark in the MPM images
due to the absence of fluorescence signal (red arrows in Fig. 4(C)) [45], facilitating the
identification of the goblet cells. In addition, little collagen is found in the interstitial tissue of
CG-IM (orange arrowheads in Fig. 4(C)).

As for ITA specimens (Fig. 4(D)), the epithelium show almost identical histological
pattern to that found in the intestine [33, 46], consisting of regularly distributed cancer cells in
the morphology of absorptive cells with scattered cancerous goblet cells (0-um depth, 25-pm
depth, and histology image in Fig. 4(D)). This is consistent with ITA’s histology described by
the classical Laurén classification for gastric carcinomas [47]. Unlike gastric mucous
epithelial cells (yellow arrows in Fig. 4(A) and 4(B)), the apical cytoplasm of intestinal
absorptive cells (white arrows in Fig. 4(D)) exhibits a strong fluorescence signal, which
originates from the mitochondrial NADH, while cellular interfaces appear as relatively darker
lines between the absorptive cells in superficial sections (0-um depth in Fig. 4(D)) [45].
Similar to CG-IM, little collagen is observed in the interstitial tissue of ITA (orange
arrowheads in Fig. 4(D)).

Overall, the above results demonstrate that, the sub-structures of gastric mucosa including
surface epithelium, fibrillar collagen, and inflammatory cells can be clearly identified in the
spectrum-coded MPM images. The interstitial tissue of lamina propria is distinctively
delineated by the collagen and inflammatory cells. Based on the features of these sub-
structures in 3D space, normal status, different premalignant lesions, and carcinoma of the
stomach can be distinguished.

3.3 Quantitative spectral characterization of the multiple components of gastric
mucosa

To investigate the fluorescence spectral characteristics of the gastric mucosa in detail, we
defined three structural components: MS, PWGP, and ITGP (refer to section 2.3). Based on
the definition, multiple spectral parameters, including SHG/TPEF, the spectra of TPEF, and
TPEF spectral ratio (refer to section 2.4), were further involved to quantitatively analyze the
multiple structural components of normal and diseased gastric mucosa.

In general, how the spectral characteristics change from MS to ITGP show similar
tendency for normal, benign, and malignant gastric mucosa (Fig. 5). In terms of SHG/TPEF,
MS and PWGP show close proximity of values due to the same composition—epithelium;
whereas ITGP shows obviously increased values due to more collagen fibers in the lamina
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propria (Fig. 5(A)). The TPEF spectra of MS and PWGP are almost the same and consistent
with the typical NADH spectrum [30]; whereas that of ITGP shows a red shift and higher
intensity at about 500-550 nm (Fig. 5(B)). The difference is probably attributed to the
fluorescence from inflammatory cells. These cells are found to have a vice fluorescence peak
at ~517 nm (black circles in Fig. 5(B)), consistent with the feature of lymphocytes reported in
previous studies [22, 23, 42]. Notably, the difference becomes more and more obvious from
normal, to benign, to malignant specimens (Fig. 5(B)), indicating an gradual increase in
inflammatory-cell invasion. Thus, this difference can be considered as a potential indicator
for the discrimination of normal gastric tissue, benign gastric disease, and malignant gastric
disease. Furthermore, the spectral shift and intensity variation were quantified by TPEF
spectral ratio, as shown in Fig. 5(C).
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Fig. 5. Spectral characteristics of the multiple components of the normal and diseased human
gastric antrum mucosa: comparison of different structural components including mucosal
surface (MS), peripheral wall of gastric pits (PWGP), and interstitial tissue between gastric pits
(ITGP). (A) The ratio of SHG signal to TPEF. (B) The spectra of TPEF. The error bars denote
the SEM. The black circle marks out the vice fluorescence peak. (C) The ratio of TPEF with
long wavelength (517 £ 6.25 nm) to that with short wavelength (417 £ 6.25 nm). The black
solid lines in (A) and (C) indicate the mean values. ns: no significant difference; ***: P <
0.001, one-way ANOVA and Tukey’s multiple comparison test.

Note that for the specimens with CG-E, the presence of collagen fibers and inflammatory
cells in MS, caused by the local shedding of mucous epithelial cells, doesn’t result in
substantial discrepancy in the spectral characteristics of MS from those of PWGP (CG-E in
Fig. 5). Another exception is CG-IM. As shown in CG-IM in Fig. 3(B) and 3(C), there is an
obvious red shift of TPEF spectra and significant increase in TPEF spectral ratio for PWGP
relative to MS. CG-IM is featured with intestinal metaplasia. Since lymphocytes are found
~17 pm beneath the surface of intestinal epithelium [45] while MS only contains mucosa
tissues at a depth of 0—15 pm, more lymphocytic signals can be captured in PWGP than MS
by 3D imaging, and thus leading to the above spectral variation.

Based on the above analysis, we directly compared the spectral characteristics of the same
structural component of gastric mucosa for normal and diseased specimens (Fig. 6). In terms
of the MS, CG-E is featured with the presence of collagen fibers and inflammatory cells due
to the local shedding of mucous epithelial cells. As a result, CG-E shows the highest
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SHG/TPEF value and TPEF spectral ratio compared with other specimens (MS in Fig. 6).
Moreover, the TPEF spectra of CG-IM and ITA show a slight red shift relative to the normal
tissue and the TPEF spectral ratio, which quantifies the red shift, is found to gradually
increase from normal, to CG-IM, to ITA (MS in Fig. 6(B) and 6(C)). The statistically
significiant red shifts suggest a difference in the composition of endogenous chromophores of
mucous epithelial cells, absorptive cells, and cancerous absorptive cells.
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Fig. 6. Spectral characteristics of the multiple components of the normal and diseased human
gastric antrum mucosa: comparison of normal tissue and diseased tissues of chronic gastritis
with erosion (CG-E), chronic gastritis with intestinal metaplasia (CG-IM), and intestinal-type
adenocarcinoma (ITA). (A) The ratio of SHG signal to TPEF. (B) The spectra of TPEF. The
error bars denote the SEM. (C) The ratio of TPEF with long wavelength (517 + 6.25 nm) to
that with short wavelength (417 + 6.25 nm). The black solid lines in (A) and (C) indicate the
mean values. ns: no significant difference; *: 0.01 <P < 0.05; **: 0.001 <P < 0.01; ***: P <
0.001, one-way ANOVA and Tukey’s multiple comparison test.

For the PWGP, the SHG/TPEF value mainly characterizes the signal ratio of extracellular
matrix over cytoplasm of epithelial cells. Since there are few collagen fibers in PWGP, the
SHG/TPEF values for different specimens are all very low with mean values ranging from
0.19 to 0.50 (PWGP in Fig. 6(A)). As has been found in MS, a red shift in TPEF spectra and
an obvious increase in TPEF spectral ratio are also observed between normal and diseased
PWGP (PWGP in Fig. 6(B) and 6(C)). For CG-E, the TPEF spectral peak has a tendency to
shift from channel 442 £+ 6.25 nm to 455 + 6.25 nm compared with the normal tissue. The
TPEF signal in PWGP is dominantly from NADH which can be categorized into free and
protein-bound groups. The free NADH and protein-bound NADH are known to have spectral
peaks at ~452 nm and ~439 nm, respectively [30]. Therefore, the red shift might come from
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the change of partial NADH from protein-bound state to free ones, indicating an enhancement
of mucous epithelial cells’ anaerobic metabolism capability during the occurrence and
development of gastritis. For CG-IM and ITA, the red shifts of the TPEF spectra relative to
the normal tissue may be caused by the different endogenous chromophores of absorptive
cells, cancerous absorptive cells, and mucous epithelial cells, as has been found in MS. But,
contrary to MS (MS in Fig. 6(C)), no significient differece of PWGP spectral ratio is
observed between CG-IM and ITA (PWGP in Fig. 6(C)). This might be a result of the extra
red shift of PWGP specrum relative to MS spectrum which is induced by lymphocytes
presenting in the PWGP in CG-IM specimens.

As for the ITGP, the density of collagen fibers and the amount of infiltrating
inflammatory cells within the connective tissue are directly reflected in the SHG/TPEF values
and the TPEF spectra, respectively. The normal tissue and CG-IM show similar SHG/TPEF
values, while CG-E and ITA have remarkably higher and lower values, respectively (ITGP in
Fig. 6(A)), suggesting that the benign disease and malignant disease might cause opposite
alteration in the colagen density of connective tissues of gastric mocusa. TPEF spectra of
diseased specimens show a considerably red shift and higher intensity at about 500-550 nm,
when comparing with those of the normal specimen (ITGP in Fig. 6(B)). Meanwhile, the
TPEF spectral ratios show consistent tendency (ITGP in Fig. 6(C)), indicating an infiltration
of inflammatory cells as diseases occur and progress.

Moreover, we find that the difference of TPEF spectral parameter between the ITGP and
PWGP can provide greater statistically significant difference among different pathological
status of the stomach than directly comparing a single structural component. As shown in Fig.
7, the TPEF spectral difference at 404.5-454.5 nm gradually decreases, meanwhile the rest
spectral band (454.5-542 nm) and the difference of TPEF spectral ratio gradually increase,
from normal, to benign, to malignant specimens.

A 0.2 B r A *% 1
— 1 0_ ek
w & 015 L _ T S
[0
o= E % 0.8 44
o 01 [ AA
-3 5 Z 06 RS
N O 9 ahaa
] 0.05 Q| A
s O & 2n 0.4 24,  Hogao
E= ofs w O ﬁ
S 5 . i £ 0.2
Z 8-0.05 =
—==0. 0.0+ {s]
400 450 500 550 Normal CG-E CG-IM ITA

Wavelength (nm)

Fig. 7. The differences of TPEF spectral parameters between interstitial tissue between gastric
pits (ITGP) and peripheral wall of gastric pits (PWGP). (A) The TPEF spectral difference. The
error bars denote the SEM. (B) The difference of TPEF spectral ratio. The TPEF spectral ratio
was computed by dividing TPEF with long wavelength (517 + 6.25 nm) by that with short
wavelength (417 + 6.25 nm)). The black solid lines indicate the mean values. *: 0.01 <P <
0.05; **: 0.001 <P < 0.01; ***: P < 0.001, one-way ANOVA and Tukey’s multiple
comparison test.

In summary, these results suggest that the spectral characteristics correlate well to the
tissue biochemical components. As a result, the sub-structures of gastric mucosa, such as
epithelium and interstitial tissue of lamina propria, can be clearly discriminated. Furthermore,
a single spectral parameter of a specific structural component (such as TPEF spectral ratio of
MS) or an integration of spectral parameters of different structural components (such as the
TPEF spectral difference and the difference of TPEF spectral ratio between the ITGP and
PWGP) can provide statistically significant differences for identifying the normal, benign,
and malignant gastric specimens tested in this study.
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3.4 Fluorescence lifetime-coded 3D structure of gastric mucosa

In order to evaluate the ability of fluorescence lifetime to distinguish the multiple structual
components of gastric mucosa and further reveal the pathological status of the stomach, the
fluorescence lifetime-coded 3D images of the normal and diseased gastric mucosa were
reconstructed based on TPEF signals accroding to section 2.4. As the excited TPEF mainly
originates from NADH, the fluorescence lifetime-coded 3D images principally reflect the
states of mitochondrial NADH and thus the metabolic activity [37] of different cells.
However, other endogenous chromophores, such as flavin adenine dinucleotide (FAD) within
the lysosomal membranes [48] and phospholipids from inflammatory cells, may also be
excited at the same excitation wavelength (750 nm) and responsible for the fluorescence
lifetime.

w0

SU Z°7

Fig. 8. Fluorescence lifetime-coded 3D structures of the normal and diseased human gastric
antrum mucosa: (A) normal; (B) chronic gastritis with erosion; (C) chronic gastritis with
intestinal metaplasia; (D) intestinal-type adenocarcinoma. The depth is labeled in the bottom
left corner of each panel. The scale bar is 50 pm.

As shown in Fig. 8, the epithelium generaly exhibits a fluorescence lifetime ranging from
yellow to green (about 0.8—1.6 ns), which are attributed to the mitochondrial NADH and a
small amount of lysosomal FAD [46]. The fluorescence lifetime of MS becomes longer from
normal to cancer (0-um depth in Fig. 8), suggesting a metabolic variation of the epithlium
during gastric carcinogenesis. Unlike epithelial cells, some inflammatory cells within the
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interstitial tissue appear as orange (last two rows in Fig. 8(B)-8(D)), indicating a shorter
fluorescence lifetime. This shorter lifetime may be primarily attributed to the increased ratio
of free to bound NADH relative to epithelial cells and partly attributed to phospholipids.
Overall, the fluorecence lifetime-coded images reveal subcellular-resolved metabolic
differences of the multiple specimens and the various cell types that is imperceptible in the
spectrum-coded 3D structures. Thus, fluorescence lifetime might be capable of providing
complementary information to the spectral characteristics for the differentiation of normal
and diseased gastric samples.

3.5 Quantitative NADH fluorescence lifetime of the multiple components of gastric
mucosa

To reveal more specific TPEF lifetime characteristics, NADH signals were unmixed by
focusing only on the fluorescence collected by Ch8 (442 + 6.25 nm, covering the peak of
NADH emission spectrum at ~445 nm [30]). The corresponding lifetime parameters,
including 7, 75, ay/0;,, and Ty, Were particularly calculated (refer to section 2.4). Here, 7, and
7, mainly reflect the fluorescence lifetimes of free and protein-bound NADH, respectively,
while aj/a, and Ty, probably indicate the contribution ratio and average fluorescence
lifetime of free and protein-bound NADH [35]. According to previous report, a;/a, could be
used to reveal the balance between oxidative phosphorylation and glycolysis, which are the
primary ways for aerobic and anaerobic metabolisms, respectively [37]. Therefore, in this
study, the fluorescence lifetime parameters were investigated in detail to distinguish different
structural components as well as various pathological status of gastric mucosa.
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Fig. 9. NADH fluorescence lifetime characteristics of the multiple components of the normal
and diseased human gastric antrum mucosa: comparison of different structural components
including mucosal surface (MS), peripheral wall of gastric pits (PWGP), and interstitial tissue
between gastric pits (ITGP). (A) The fluorescence lifetime of free NADH: 7. (B) The
fluorescence lifetime of protein-bound NADH: 7,. (C) The ratio of the amplitude coefficient of
free NADH to that of protein-bound NADH: a;/a,. (D) The mean fluorescence lifetime: zpean-
The error bars denote the SEM. ns: no significant difference; *: 0.01 <P < 0.05; **: 0.001 <P <
0.01; ***: P <0.001, one-way ANOVA and Tukey’s multiple comparison test.
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On average, 7; and 7, are 0.44 ns and 3.85 ns, respectively, approximating the fluorescence
lifetimes of free and protein-bound NADH described in previous studies [37]. As for each
structural component, we find that, ITGP has a remarkable longer 7; than MS and PWGP in
normal specimen. However, for diseased gastric mucosa, there is no significant difference
among 7; of the multiple structure components (Fig. 9(A)). In terms of 7, no uniform
characteristic can be derived from different specimens (Fig. 9(B)). ITGP was found to have a
higher a/a;, than MS and PWGP (Fig. 9(C)), suggesting that inflammatory cells execute a
lower aerobic metabolism and higher anaerobic metabolism than epithelial cells. As for zycan,
the multiple structure components show similar values in normal and CG-E specimens, while
ITGP has a considerable shorter 7,e,, than MS and PWGP in CG-IM and ITA specimens (Fig.
9(D)). Particularly for CG-IM, the presence of lymphocytes in the basal part of epithelium
results in a higher a;/a, and shorter 7., in PWGP than MS.

Furthermore, we directly compared the fluorescence lifetime characteristics of the same
structural component of normal and diseased specimens. For 7; and 7, of the MS, there is no
clear distinction among the multiple diseased specimens, while the normal specimen is found
to have considerable lower values than all of them (MS in Fig. 10(A) and 10(B)). The a,/a,
values of the MS can classify the four specimens into two groups. The first group with a
relatively higher value consists of Normal and CG-E, while the other one with a relatively
lower value includes CG-IM and ITA (MS in Fig. 10(C)). This indicates that, gastric mucous
epithelial cells may execute a lower aerobic metabolism and higher anaerobic metabolism
than intestinal absorptive cells. Meanwhile, the result demonstrates that, the presence of
lymphocytes in CG-E MS, due to the partial shedding of epithelium, has no substantial
influence on the overall metabolic activity of MS. Notably, e of the MS gradually
increases as the disease progresses from normal, to CG-E, to CG-IM, while from CG-IM to
ITA, the MS 7y, doesn’t significantly change (MS in Fig. 10(D)).

As for the PWGP, 7, of the normal specimen is lower than that of CG-E and ITA, while 7,
increases from normal, to benign, to malignant specimens (PWGP in Fig. 10(A) and 10(B)).
CG-E shows a significantly higher a,/a, value than normal tissue (PWGP in Fig. 10(C)),
indicating that the concentration ratio of free NADH over protein-bound NADH increases and
the anaerobic metabolism capability of mucous epithelial cells enhances during the
occurrence and development of gastritis. This variation echoes the red shift of CG-E TPEF
spectra relative to the normal tissue, as shown in Fig. 6(B) and 6(C). In addition, PWGP may
contain much more NADH than MS since the mitochondria in mucous epithelial cells are
scattered in the middle and lower cytoplasm. Thus, the variation of the metabolic activity of
mucous epithelial cells is clearly reflected on a/a; of PWGP rather than MS. CG-IM and ITA
show remarkably lower a,/a, values than normal and CG-E (PWGP in Fig. 10(C)), which is
associated with the distinct metabolic activities of intestinal absorptive cells and gastric
mucous epithelial cells. The significant earlier increase and later decrease trend of a,/a, from
normal, to CG-E, to CG-IM and ITA suggests that, the NADH stated metabolic activity can
sensitively reflect the progression of gastric diseases. The increased 7., from normal and
CG-E to CG-IM and ITA (PWGP in Fig. 10(D)) suggests that, it can be used to divide the
pathologic process into two stages: before and after intestinal metaplasia.

In terms of the ITGP, 7; of different specimens doesn’t show clear discrepancy, while 7, is
found to be longer for CG-E than other specimens (ITGP in Fig. 10(A) and 10(B)). In
addition, significant lower aj/a, and longer e, of CG-E than specimens with intestinal
metaplasia (CG-IM and ITA) are observed, whereas the normal tissue shows values in
between (ITGP in Fig. 10(C) and 10(D)). This result suggests two points. First, inflammatory
cells within tissues of intestinal metaplasia execute a dcreased aerobic metabolism and
increased anaerobic metabolism, comparing compared with those within the erosion tissue.
Second, erosion and intestinal metaplasia would lead to opposite variation of inflammatory
cells” metabolic activity relative to the normal tissue.
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Fig. 10. NADH fluorescence lifetime characteristics of the multiple components of the normal
and diseased human gastric antrum mucosa: comparison of normal tissue and diseased tissues
of chronic gastritis with erosion (CG-E), chronic gastritis with intestinal metaplasia (CG-IM),
and intestinal-type adenocarcinoma (ITA). (A) The fluorescence lifetime of free NADH: ;.
(B) The fluorescence lifetime of protein-bound NADH: 7,. (C) The ratio of the amplitude
coefficient of free NADH to that of protein-bound NADH: a,/a,. (D) The mean fluorescence
lifetime: Tyean. The error bars denote the SEM. ns: no significant difference; *: 0.01 <P < 0.05;
**:0.001 <P <0.01; ***: P<0.001, one-way ANOVA and Tukey’s multiple comparison test.

In summary, the fluorescence lifetime characteristics of NADH, mainly reflecting the
cellular metabolic status, appear as useful supplements to the spectral information for the
comprehensive characterization of the gastric mucosa. First, fluorescence lifetime parameters
can be used to discriminate sub-structures of gastric mucosa. For instance, aj/a, can
differentiate epithelium and interstitial tissue of lamina propria. Second, some fluorescence
lifetime parameters of specific structural components can provide statistically significant
differences for identifying normal and diseased gastric samples. For example, 7; and 7, of MS
can differentiate normal and disease, a;/a; of MS and tycan 0f PWGP can determine whether
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the intestinal metaplasia occur, 7, of PWGP can differentiate normal, premalignant lesions,
and carcinoma, Tpe,, of MS and a;/a; of PWGP can identify normal and different
premalignant lesions. Overall, a combination of several parameters, such as e, of MS
combining with 7, and a;/a, of PWGP, enables complete differentiation of normal, different
premalignant lesions, as well as carcinoma, and thus is promising to serve as quantitative
indicater for gastric disorders.

4. Conclusion

We demonstrate a multidimensional multiphoton imaging technique to comprehensively
characterize the 3D structures of gastric mucosa at the typical stages of human gastric
carcinogenesis, including normal, CG-E, CG-IM, and ITA. Through the measurments and
analysis of intrinsic fluorescence spectral and lifetime characteristics of the tissue, we can
potentially access the tissue biochemical components and cellular metabolic status at different
stages of diseases. By extracting multiple spectral and lifetime parameters, the sub-structures
of gastric mucosa, such as surface epithelium, interstitial tissue of lamina propria, and gastric
pit, can be clearly identified. Furthermore, the spectrum- and time-resolved multiphoton
signals of gastric mucosa originating from endogenous optical biomarkers can be used to
generate qualitative and quantitative indicators which have the potential to discriminate the
multiple stages of gastric carcinogenesis. With the development of multiphoton endoscopes
and related technologies, this intravital imaging technique shows significant potential for
noninvasive, label-free, real-time histological and functional diagnosis of premalignant and
malignant gastric disorders. It should be noted that the sample size in this study is limited (3
normal, 4 CG-E, 2 CG-IM, and 3 ITA specimens) and successive z-sections from one
imaging site were treated as independent data in our statistical analyses. Further studies based
on more samples will be required to assess the clinical utility.
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