
Received May 5, 2020, accepted May 30, 2020, date of publication June 5, 2020, date of current version June 17, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3000289

Label-Free Identification of Early Gastrointestinal
Neuroendocrine Tumors via Biomedical
Multiphoton Microscopy and
Automatic Image Analysis
LIANHUANG LI 1, SHENGHUI HUANG2, LIDA QIU1,3, WEIZHONG JIANG2, ZHIFEN CHEN2,
DEYONG KANG4, HAOHUA TU5, JIANXIN CHEN 1, AND YONGJIAN ZHOU6
1Key Laboratory of Optoelectronic Science and Technology for Medicine of Ministry of Education, Fujian Provincial Key Laboratory of Photonics Technology,
Fujian Normal University, Fuzhou 350007, China
2Department of Colorectal Surgery, Fujian Medical University Union Hospital, Fuzhou 350001, China
3College of Physics and Electronic Information Engineering, Minjiang University, Fuzhou 350108, China
4Department of Pathology, Fujian Medical University Union Hospital, Fuzhou 350001, China
5Beckman Institute for Advanced Science and Technology, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA
6Department of Gastric Surgery, Fujian Medical University Union Hospital, Fuzhou 350001, China

Corresponding authors: Lianhuang Li (lhli@fjnu.edu.cn) and Yongjian Zhou (zhouyjbju@163.com)

This work was supported in part by the National Natural Science Foundation of China under Grant 81671730, Grant 61972187, and
Grant 81602798, in part by the Natural Science Foundation of Fujian Province under Grant 2019J01269, Grant 2019J01761,
Grant 2018J01301, and Grant 2018J01183, in part by the Joint Funds for the Innovation of Science and Technology of Fujian Province
under Grant 2017Y9038, in part by the Program for Changjiang Scholars and Innovative Research Team in University under
Grant IRT_15R10, and in part by the National Institutes of Health under Grant R01 CA241618.

ABSTRACT At present, early diagnosis and treatment is the most effective way to treat early gastrointestinal
neuroendocrine tumors. Therefore, we attempted to carry out multiphoton imaging of early neuroendocrine
tumors because of its ability to label-free image tissue microstructure at the cellular level. Imaging results
show that this imaging technique can quickly identify the histopathological changes in mucosa and submu-
cosa caused by tumor invasion. Furthermore, we performed automatic image analysis on SHG images and
extracted two optical diagnostic features—collagen density and average intensity, and also found obvious
differences in the density as well as average intensity of collagen fibers in tumor microenvironment using
a series of quantitative analysis. These findings may further facilitate the development of multiphoton
microscopic imaging technique for clinical use.

INDEX TERMS Multiphoton imaging, image analysis, gastrointestinal neuroendocrine tumors.

I. INTRODUCTION
In recent several years, gastrointestinal neuroendocrine neo-
plasms get more and more attention because they are
on the rise likely as a result of more endoscopy being
done [1]–[3]. They are often indolent and generally slow
growing tumors, but can also be very aggressive and metas-
tasize widely [4], [5]. These tumors may be diagnosed acci-
dentally, or as part of the work-up for upper gastrointestinal
bleeding, anemia, or non-specific abdominal pain [6], and
thus their diagnosis is often delayed. Early neuroendocrine
tumors which do not invade into muscularis propria were
reported to have a good prognosis because they generally
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have a low risk of distant metastasis and spread [7]. Previ-
ous study showed that tumor invasion depth was one of the
most powerful prognostic factors affecting clinical outcome
in patients [8], [9]. For patients with gastrointestinal neu-
roendocrine tumors, the overall five-year survival rate has
gone up by nearly 20% in the past 35 years largely due to
early detection [10], [11]. At present, endoscopic screening is
an effective means in the early diagnosis of neuroendocrine
tumors; however, its diagnostic accuracy still needs to be
improved. As a consequence, it is necessary and meaningful
to develop an effective tool for accurately identifying early
neuroendocrine neoplasms.

Multiphoton microscopy (MPM) is an emerging nonlinear
optical imaging technology which can generate cellular res-
olution images from unprocessed or unstained tissues [12].
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According to previous publications, there were many com-
ponents in biological tissues that would produce endoge-
nous optical signals, for example, nicotinamide adenine din-
ucleotide (NAD) and flavin adenine dinucleotide (FAD)
in cells can emit two-photon autofluorescence (TPAF)
signal and extracellular collagen matrix can generate
second-harmonic generation (SHG) signal [13], [14]. There-
fore, MPMwhich is mainly grounded on the TPAF as well as
SHG imaging has been shown to be able to afford histology-
like images of biological tissues, and has been widely used in
imaging research of various tissues: Mehidine et al used mul-
timodal multiphoton imaging to study human normal brain
tissues as well as brain tumor tissues [15], Li et al revealed
quantitative difference in the premalignant and malignant
stomach mucosa by endogenous multiphoton signals [16],
and Sun et al used second-harmonic generation microscopy
to image and quantify liver fibrosis ex vivo [17], and so on.
In the present study, we introduced this novel optical diagnos-
tic tool—MPM (including TPAF and SHG imaging) to detect
early neuroendocrine neoplasms in gastrointestinal tract and
thereby evaluated the feasibility of using this technique to
diagnose these tumors.

II. MATERIALS AND METHODS
A. SAMPLE PREPARATION
This research work was performed after the approval of the
institutional review board at the Fujian Medical University
Union Hospital, and before study, every patient signed an
informed consent. Five fresh samples from 5 patients were
collected, and normal tissues were also collected for com-
parative analysis. Once tissues were surgically removed, they
were taken to the pathology department immediately for
frozen sections. A slice (10 µm thickness) was used for
label-free optical imaging, and for confirmation, a neighbor
slide was stained with the hematoxylin and eosin (H&E).
A digital image of each H&E-stained section firstly checked
by pathologist was taken via an optical microscope (Eclipse
Ci-L, Nikon Instruments Inc., Japan) with a CCD (DS-Fi2,
Nikon). In our experiment, we first dripped small amounts of
phosphate-buffered saline (PBS) on the fresh tissue slice for
the purpose of preventing dehydration or shrinkage, and then
a cover slip was put on the section for multiphoton imaging.

B. BIOMEDICAL MULTIPHOTON MICROSCOPY
This imaging equipment has been explained in detail in our
previous work [18]. All the multiphoton images were cap-
tured via an microscope (LSM 510, Zeiss, Germany) which
was inverted and equipped with a femtosecond Ti:sapphire
laser (Mira 900-F, Coherent, Inc., USA). A Zeiss Plan Apoc-
hromat oil-immersion objective lens (63×, NA=1.4) was
applied to acquire high-resolution images, and the laser
power at the focal plane of the objective is about 10mW.
In this study, TPAF signal (a wavelength range of 430-
716 nm) and SHG signal (a wavelength range from 389 to
419 nm) were collected respectively by a META detector

FIGURE 1. Row 1: a flowchart of automatic image processing strategy for
quantifying collagen density and average intensity from the SHG images;
Row 2: a schematic of quantitative analysis: (A) Original SHG image
(512 × 512 pixels); (B) Grayscale image; (C) Binary image using threshold
based on the Otsu’s method. Scale bar: 20µm.

using 810 nmwavelength laser. For this imaging system, a lat-
eral resolution of 0.3µm could be achieved, and it takes 1.8µs
for collecting each pixel and therefore the scanning speed
is 2 frames per second (512 × 512 pixels/135µm×135µm).
We can acquire large-areaMPM image through automatically
assembling an array of images with 512×512 pixels via ZEN
imaging software.

C. QUANTITATIVE ANYLYSIS
To obtain some quantitative optical diagnostic features,
we used automated image processing strategy to analysis
the SHG images of each slide, and two parameters—SHG
average intensity and collagen density—were extracted. For
each SHG image, the average intensity is computed through
dividing the total of SHG intensities by all SHG pixels, and
collagen density is defined as a ratio of SHG pixels to all
image pixels. A flowchart of image processing was shown
in Figure 1: every SHG image (IS) was first converted to a
grayscale image (IG), and then a binary image (IB) derived
from the associated grayscale image was created with a
threshold generated by the Otsu’s method [19], in which the
pixel was replaced with a value 1 (white) if its luminance
was greater than the threshold and meanwhile another pixels
were replaced with a value 0 (black), here these pixels with
value 1 indicated the collagen distribution region; finally,
the grayscale images and binary images were used together
to compute the collagen density and average intensity.

For a given SHG image with N × M pixels, the collagen
density and average intensity can be obtained based on the
following formulas:

Collagen density =
1
NM

N∑
n=1

M∑
m=1

IB (n,m) (1)

Average intensity =
1
NM

N∑
n=1

M∑
m=1

IG (n,m) (2)

where IB (n, m) denotes the binary value at the pixel location
(n, m) of binary image, and IG (n, m) indicates the intensity
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FIGURE 2. Row1: MPM images of normal mucosa and a corresponding H&E-stained image, (A) TPAF image, (B) SHG image, (C) Composite image,
(D) H&E-stained image (40×); Row2: MPM images of normal submucosa and a corresponding H&E-stained image, (E) TPAF image, (F) SHG image,
(G) Composite image, (H) H&E-stained image (40×). Pseudo-color presentation in the MPM image: red—TPAF; green—SHG. Cyan arrow: normal gastric
glands; white arrow: basement membrane; blue arrow: blood vessel. Scale bar: 100µm.

at the pixel location (n, m) of grayscale image. Moreover,
for the mucosal and submucosal layers on every slide, five
randomly different images (512×512 pixels) from each layer
were selected for the automated image analysis.

D. STATISTICAL ANALYSIS
The MATLAB 2018b was used for performing automatic
image analysis, and R version 3.6.1 was used for all the sta-
tistical analyses. The student’s t-test was chosen to evaluate
statistical difference. Statistical results were displayed by an
average value following a standard deviation (SD), and were
thought to be difference if P≤0.05.

III. RESULTS
A. HISTOPATHOLOGIC FEATURES OF EARLY
GASTROINTESTINAL NEUROENDOCRINE NEOPLASMS
Gastrointestinal neuroendocrine neoplasms demonstrate a
low frequency of distant and lymph node metastasis when
these primary tumors are confined within the mucosal or
submucosal layer [20], and as a result are suitable for less
invasive therapies. Endoscopic therapies, for instance, endo-
scopic mucosa resection (EMR) or endoscopic submucosal
dissection (ESD), are increasingly likely to serve as the
first-line treatment for these early diseases [21], [22], because
they are less invasive than surgical resection and can provide
improved quality of life for patients. Hence, we must pre-
cisely assess tumor invasion which has important influence
on survival evaluation as well as clinical intervention. In view
of this situation, we conducted a study on the identification of
various pathological changes caused by early gastrointestinal
neuroendocrine neoplasms based on multiphoton imaging
technique.

Firstly, we used MPM to image the normal mucosal
and submucosal layers of stomach for comparative analysis.
As shown in Figure 2, many normal gastric glands (cyan
arrow in Figure 2A) are clearly displayed via TPAF imaging,
and using SHG imaging, it is easy to identify the basement
membranes (white arrow in Figure 2B) which are primarily
used to prop up these glands. MPM imaging also demon-
strates that normal submucosa contains a large number of
collagen fibers, and surprisingly, a blood vessel is detected
too (blue arrow in Figure 2G). Therefore, without the need
of fluorescent labeling, MPM is capable to uncover the cel-
lular structure and morphology, and tissue microenvironment
based on the endogenous TPAF and SHG signals. All these
imaging results are confirmed by the digital images taken
from the corresponding H&E-stained sections (Figures 2D
and 2H).

Secondly, our target is the abnormal mucosa, and MPM
images indicate: some glands (white arrow in Figure 3A)
are still found and mucous cells with mucocyst (blue arrow
in Figure 3A) could be recognized. We also find some elastic
fibers (cyan arrow in Figure 3A) that are clumped together,
and interestingly, these fibers only produce TPAF signal.
On the other hand, SHG imaging could offer complementary
information about the distinctive microstructure of biological
tissues as displayed in Figure 3B, revealing different patterns
of collagen distributions, for example, some collagen fibers
surround the glands, while others form a network to support
various cells.

Above all, some nests of neuroendocrine tumor cells (cyan
dashed square in Figure 3C) are detected in lamina pro-
pria. In the zoom-in image (Figure 3E), we can see that
tumor cells have formed many cancerous nests (yellow arrow
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FIGURE 3. MPM images of neuroendocrine tumors invading into mucosa and a corresponding
H&E-stained image: (A) TPAF image; (B) SHG image; (C) Composite image; (D) H&E-stained image (40×);
and (E-F) Magnified MPM and SHG images of the region of interest (cyan dashed square) respectively.
Pseudo-color presentation in the MPM image: red—TPAF; green—SHG. White arrow: gastric glands; blue
arrow: mucous cells; cyan arrow: elastic fibers; yellow arrow: nests of neuroendocrine tumor cells. Scale
bar: 50µm.

in Figure 3E), and the individual nucleus has a uniform and
well-rounded shape. It is interesting to note that these tumor
cells are also surrounded by collagen fibers as shown in
Figure 3F, and this suggests that tumor invasion has caused
a desmoplastic response. It is apparent that SHG imaging is
prominent to look into collagen fiber network distributing in
the extracellular matrices, which cannot be obtained directly

from conventional optical microscopy of H&E-stained sec-
tions. As a consequence, TPAF imaging combined with SHG
imaging is very helpful in understanding the spatial distribu-
tion of various tissue components, and may also contribute to
our understanding of their interactions.

As we all know, depth of tumor invasion is one of the
significant predictors of survival, and treatment is usually
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FIGURE 4. MPM images of neuroendocrine tumors invading into submucosa and a corresponding
H&E-stained image: (A) TPAF image; (B) SHG image; (C) Composite image; (D) H&E-stained image (40×);
and (E-F) Magnified MPM and SHG images of the region of interest (yellow dashed square) respectively.
Pseudo-color presentation in the MPM image: red—TPAF; green—SHG. Cyan arrow: neuroendocrine
tumor cells. Scale bar: 100µm.

based on the invasion depth. Therefore, for the early gas-
trointestinal neuroendocrine neoplasms, we further studied
the histopathological changes in the submucosal layer caused
by tumor invasion according to multiphoton imaging. As dis-
played in Figure 4, MPM clearly demonstrates the pathologic
features of the submucosa following tumor invasion. Normal
submucosa is mainly composed of a great many of collagen
fibers, blood vessels, lymphatics and so on; however, multi-
photon imaging reveals that the normal submucosal structure
is seriously damaged with the invasion of neuroendocrine
tumors: firstly, a large number of tumor cells (cyan arrow
in Figure 4C) can be seen through TPAF signal; secondly,
many collagen fibers have been degraded and the remaining
fibers become disorganized and fragmented by SHG signal.
The region of interest (yellow dashed square in Figure 4C) is
magnified in Figure 4E, more clearly showing the spatial dis-
tribution between tumor cells (cyan arrow in Figure 4E) and
collagen fibers. These results suggest that MPM is capable of
imaging tissue microstructure at a cellular level.

B. AUTOMATED IMAGE ANALYSIS ON SHG IMAGES
In order to quantify the difference between normal and
abnormal tissues, we performed automatic image analysis

on SHG images and two quantitative characteristics were
achieved. To be specific, we quantified collagen changes in
the mucosa and submucosa by the SHG average intensity
and collagen density as shown in Figure 5. On one hand,
in our research we do not find significant difference in the
SHG average intensity between the normal and abnormal
mucosa (54.05 ± 8.47 versus 48.37 ± 20.77), but the SHG
average intensity in abnormal submucosa (78.80 ± 16.55)
is visibly decreased by comparing with that in the healthy
submucosa (117.81 ± 6.51), and it must be said that the
standard deviations of the average intensity are especially
large in the abnormal mucosa and submucosa, reflecting the
large difference in tumor microenvironment between differ-
ent patients. On the other hand, quantitative data reveal that
collagen density in the abnormal mucosa (0.11 ± 0.03) is
larger than that in normal mucosa (0.08± 0.02), directly ver-
ifying the desmoplastic reaction induced by tumor invasion,
and quantitative results also uncover that collagen density in
the healthy submucosa is 0.36 ± 0.08, while in abnormal
submucosa it decreases to 0.17 ± 0.05, ulteriorly confirm-
ing that collagen degradation happens with neuroendocrine
tumors invading into submucosa. These results suggest that
MPM is capable of qualitatively as well as quantitatively
monitoring the changes in mucosa and submucosa during
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FIGURE 5. (A) Two quantified collagen features for differentiating the normal from abnormal
tissues; (B) A box-plot showing the data distribution from normal and cancerous tissues. NM:
normal mucosa; AM: abnormal mucosa; NS: normal submucosa; AS: abnormal submucosa. ∗∗

denotes P < 0.01, ∗∗∗∗ denotes P < 0.0001, and ns denotes no significant difference.

mammary carcinogenesis without a need for exogenous con-
trast agent.

IV. DISCUSSION
Although neuroendocrine tumors are rare neoplasms, they
have a malignant potential, and most of them occur in the
gastrointestinal tract [23], [24]. Even today, these tumors
remain a clinical challenge because of their heterogeneity in
biological behavior, diagnosis as well as treatment options.
Gastric neuroendocrine tumors are rarely malignant, but the
incidence has been rising recently maybe due to advances in
diagnostic technology or increasing public awareness about
these diseases [25]. There is still a possibility of recurrence

and metastasis of gastrointestinal neuroendocrine tumors,
although their prognosis is often better by comparing with
other gastrointestinal cancers [26], [27]. For all neuroen-
docrine tumors, the prognosis has much improved with the
decline in the diagnosis of advanced tumors [28], [29], sug-
gesting that early diagnosis plays an important role in improv-
ing prognosis and survival rate. However, many patients are
still diagnosed with advanced disease [30], [31], because
these tumors are often asymptomatic at an early stage.
Endoscopic screening is the only reliable way to find these
tumors at present, but its accuracy remains to be improved
in identifying small tumors and assessing the depth of tumor
invasion [32].
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For early gastrointestinal neuroendocrine neoplasms, main
research should focus on the detection of small tumors and
the histopathological changes in the mucosa and submu-
cosa caused by tumor invasion. Tumor size was reported to
be one of the most relevant factors affecting patient man-
agement [33], [34]. However, small neuroendocrine tumors
are hard to spot since they rarely cause specific symptoms.
In most instances, these tumors are discovered by accident
during an endoscopic examination which is performed for
another purpose. An important factor in the detection of sin-
gle cell or small tumor nest is the exploitation of a new kind of
optical diagnostic technique which has the ability to visualize
biological organization at subcellular resolution. Fortunately,
a novel optical imaging technique—MPM has been devel-
oped. The development of MPM has circumvented many
limitations such as poor penetration depth, photo-bleaching
and photo-damage of biological tissues during imaging. This
microscope has also made significant advances in the bio-
logical visualization of cellular and subcellular events, and
consequently is regarded as a potentially reliable tool for
presurgical assessment of various diseases [35], [36].

In this work, TPAF image can potentially provide the
morphological and structural information in a similar way
to standard histology and therefore can offer an approach
to identify small neuroendocrine tumors, small tumor nests
and even single tumor cell, while SHG image can accu-
rately monitor changes in the extracellular matrix such as
desmoplasia induced by tumor invasion and as a result is
helpful to accurately locate the spatial distribution of tumor
cells. Moreover, accurate diagnosis of the depth of tumor
infiltration plays a critical role in formulating follow-up
treatment strategies and evaluating prognosis of patients.
Endoscopic resection followed by periodic endoscopic mon-
itoring is the preferred treatment towards the early neu-
roendocrine tumors of gastrointestinal tract [37]. Several
conventional examination techniques including Computed
Tomography (CT), Magnetic Resonance Imaging (MRI),
Endoscopic Ultrasonography (EUS), Positron Emission
Tomography (PET)/CT, and so on, have been used for eval-
uating tumor invasion depth [38], [39], but these techniques
can only provide rough diagnostic information and are diffi-
cult to accurately diagnose tumor performance due to techni-
cal limitations such as low resolution, et al [40]. Our imaging
results reveal that MPM can well identify the histopatho-
logical features of tumors at different invasion depths and
therefore may help determine the depth of tumor infiltration.

Furthermore, we used automatic image analysis to ana-
lyze the SHG images and extracted two optical diagnostic
parameters, namely the SHG average intensity and collagen
density, to quantify the changes in tumor microenvironment.
The analysis results manifest that there is no difference in
the average intensity between normal and abnormal mucosa
(P>0.05), but has a significant difference between the two
groups in the collagen content (P<0.01). Quantitative analysis
also reveals obvious differences in the average intensity and
collagen content between normal and abnormal submucosa

(P< 0.0001). It must be pointed out that more samples are
needed to verify the validity of these two optical characteristic
parameters.

In summary, early gastrointestinal neuroendocrine tumors
which are generally defined as the tumor confined to the
mucosa or submucosa have the characteristics of low risk
and a better cancer-related survival. Early detection and treat-
ment of these precancerous or malignant lesions remains the
most important to reduce mortality. This study highlights
the unique advantage of multiphoton imaging in identifying
early gastrointestinal neuroendocrine neoplasms at a subcel-
lular resolution without the need for exogenous fluorescent
dyes. In view of the limitations of current clinical exam-
ination techniques, it is necessary to develop a real-time,
unlabeled technique with comparable histological diagno-
sis during routine endoscopy, and thus many researchers
have been working on multiphoton endoscope [41]–[44].
It was reported that a miniaturized multiphoton probe
has been developed and could serve as a flexible test
bench for exploring a clinical multiphoton endoscope [45].
Moreover, MPM is capable of deep tissue imaging up to
∼1000 microns at present [46], [47], and has the ability to
perform three-dimensional imaging (optical section imag-
ing) [48], [49]. Hence there is reason to believe that MPM,
once it can be clinical use as a screening tool in the near
future, will greatly improve the early diagnosis of gastroin-
testinal neuroendocrine tumors.
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