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Microendoscopy in vivo for the pathological ==
diagnosis of cervical precancerous lesions
and early cervical cancer
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Abstract

Background Cervical cancer is an important public health problem. Conventional colposcopy is inefficient in the
diagnosis of cervical lesions and massive biopsies result in trauma. There is an urgent need for a new clinical strategy
to triage women with abnormal cervical screening results immediately and effectively. In this study, the high-
resolution microendoscopy combined with methylene blue cell staining technology was used to perform real-time in
vivo imaging of the cervix for the first time.

Methods A total of 41 patients were enrolled in the study. All patients underwent routine colposcopy and
cervical biopsy, and high-resolution images of methylene blue-stained cervical lesions were obtained in vivo using
microendoscopy. The cell morphological features of benign and neoplastic cervical lesions stained with methylene
blue under microendoscopy were analyzed and summarized. The microendoscopy and histopathology findings of
the high-grade squamous intraepithelial lesion (HSIL) and more severe lesions were compared.

Results The overall consistency of microendoscopy diagnosis with pathological diagnosis was 95.12% (39/41).
Diagnostic cell morphological features of cervicitis, low-grade squamous intraepithelial lesion (LSIL), HSIL,
adenocarcinoma in situ, and invasive cancer were clearly demonstrated in methylene blue stained microendoscopic
images. In HSIL and more severe lesions, microendoscopic methylene blue cell staining technology can show the
microscopic diagnostic features consistent with histopathology.

Conclusions This study was an initial exercise in the application of the microendoscopy imaging system combined
with methylene blue cell staining technology to cervical precancerous lesions and cervical cancer screening. The
results provided the basis for a novel clinical strategy for triage of women with abnormal cervical screening results
using in vivo non-invasive optical diagnosis technology.
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Introduction

Cervical cancer is the fourth leading cause of cancer
deaths in women, with the majority of cases occurring
in developing countries and regions [1]. In China, with
109,741 new cases and 59,060 deaths in 2020, cervical
cancer has become an important public health problem
[1]. Cervical precancerous lesions and early-stage cervi-
cal cancer can be cured by surgery, while the prognosis of
advanced cervical cancer is poor. The 5-year progression-
free survival rates of stage II, III, and IV cervical cancer
are only 71%, 55%, and 16%, respectively [2, 3]. There-
fore, strengthening the accurate identification of cervical
intraepithelial neoplasia (CIN)/early-stage cervical can-
cer has critical clinical significance for eliminating cervi-
cal cancer.

Currently, cytology and human papillomavirus (HPV)
testing are the main screening methods for cervical can-
cer. Women with abnormal screening results need to
undergo colposcopy and biopsy. Pathological biopsy
under colposcopy is the gold standard for CIN/cervical
cancer diagnosis, but this diagnostic method has limita-
tions in clinical application. The conventional colposcopy
diagnosis is subjective, inaccurate, and has a high rate
of missed diagnosis [4—6]. However, a tissue biopsy has
trauma to the cervix, which can lead to complications
such as bleeding and infection. Moreover, the return
time of biopsy pathological reports is long, resulting in a
large number of patients being lost to follow-up [7, 8]. In
addition, it is worth noting that high-risk HPV infection
in the cervix is very common and most infections can
be cleared by the autoimmune system within 1-2 years.
Only long-term persistent high-risk HPV infection can
cause CIN2 and more severe lesions, which, coupled with
the high sensitivity of HPV testing, leads to the signifi-
cant phenomenon of excessive biopsy in clinical practice
[9-12]. In view of the above limitations of colposcopy
and histopathological examinations, there is an urgent
need for an immediately effective clinical strategy for
the triage of women with abnormal cervical screening
results.

The development of optical imaging technology allows
us to assess human diseases at the microscopic level in
real time [13]. High-resolution microendoscopy, as a rep-
resentative new imaging method, can perform real-time,
in vivo imaging of epithelial tissues at the microvascular
and subcellular levels, and can be used in conjunction
with standard endoscopy to reduce costs. This new tool
for non-invasive immediate “optical biopsy” of precan-
cerous lesions/cancers has shown good prospects in the
screening and triage of cervical cancer, head and neck
cancer, and gastrointestinal cancer [14-16]. However,
there are still some problems with these microendoscopy
techniques, including limited imaging penetration depth,
lack of deep tissue resolution, insufficient visual field,
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etc., which require further research and improvement [7,
14]. We have developed a high-resolution microendos-
copy imaging system that allows real-time in vivo diagno-
sis of cervical epithelium based on pathological vascular
features without staining, and previous clinical study has
shown its great value for the diagnosis of cervical lesions
[17].

In pathology, nuclear morphological changes are used
as the diagnostic “gold standard” to distinguish benign
and malignant cells. Nuclear morphological changes are
mainly manifested as increased nuclear size, increased
nuclear-to-cytoplasmic ratio, irregular nuclear mem-
brane, and abnormal chromatin distribution et al. [18,
19]. Changes in nuclear morphology are widely related
to the dynamics and function of cancer cells, and cervi-
cal precancerous lesions and carcinoma frequently lead
to specific changes in nuclear morphology [19]. There-
fore, the combination of optical imaging technology
and nuclear morphology detection is a new direction to
achieve non-invasive in vivo real-time “optical diagnosis”
of cervical lesions by microendoscopy.

In this study, we combined the microendoscopic imag-
ing system with methylene blue cell staining technique to
perform in vivo cervical imaging of patients. For the first
time, we reported microendoscopy images of methylene
blue-stained cervical lesions at cellular resolution, ana-
lyzed the cell morphological features for cervical precan-
cerous lesions and cervical cancer, and further compared
these features with histopathology. These results verified
the feasibility of the microendoscopic methylene blue cell
staining technique in the diagnosis of cervical precancer-
ous lesions/cervical cancer and established the diagnostic
criteria for microendoscopy images of CIN2 and more
serious lesions. This study will lay the foundation for
future clinical applications of non-invasive optical diag-
nosis in the future.

Materials and methods

Eligible patients

The study has gained the approval of the Institutional
Ethics Committee of Shanghai East Hospital, School
of Medicine, Tongji University (No0:2021—-194). A total
of 41 women with abnormal cervical screening results
who visited the Department of Obstetrics and Gynecol-
ogy, Shanghai East Hospital, School of Medicine, Tongji
University, were included in this study from June 2021 to
December 2021. All subjects were older than 18 years old,
voluntarily underwent microendoscopy, and signed writ-
ten informed consent. According to the 2017 American
Society for Colposcopy and Cervical Pathology (ASCCP)
colposcopy standard and clinical research requirements,
the following inclusion criteria were set: positive for
HPV16/18, persistent positive results for other types
of high-risk HPV for more than one-year, abnormal
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cytology results. Exclusion criteria: known pregnancy,
HIV infection or AIDS, previous hysterectomy, receiving
(or having previously received) radiation therapy or che-
motherapy for cervical cancer (or other cancer), severe
heart, lung, liver, kidney dysfunction, and failure to fol-
low up on time.

Microendoscopy

The microendoscopy system (Opto-Medic, Guangdong,
China) used in this study is an optical microscope that
enables real-time cellular-resolution imaging of cervical
epithelial tissue in vivo. This system has been described
in detail previously [17]. In this study, the microendos-
copy system can obtain images through direct contact
between the rigid probe (Opto-Medic, Guangdong,
China) and the cervix. The diameters of the circular fields
of view are 250, 500, and 750 pm, corresponding to reso-
lutions of 1, 2, and 4 um, respectively, with a frame rate of
about 30 fps.

In order to observe the morphology of cervical epi-
thelial cells, we applied 1% methylene blue solution to
stain the cervix. Methylene blue is an important biologi-
cal stain, which can enhance the detection of lesions by
increasing the contrast between normal and diseased tis-
sues at the mucosal level without damaging tissue func-
tion, has been widely used in the endoscopic diagnosis of
gastrointestinal tumors [20]. In addition, methylene blue
can also be used as a tracer in surgery, a contrast agent
for sentinel lymph nodes in radical tumor resection, and
a photosensitizer for photodynamic therapy et al. [21].
Methylene blue has a long history of clinically safe use,
and numerous clinical trials have verified its safety as a
transient dye in vivo [20, 22, 23].

Study protocol

The research protocol of this study was formulated
according to previous research [17]. According to the
inclusion and exclusion criteria, women with abnormal
cervical screening results were formally enrolled in the
study after signing the informed consent. Both conven-
tional colposcopy and microendoscopy were performed
by senior gynecologists.

During the in vivo imaging process, routine colpos-
copy was first performed according to the 2017 ASCCP
colposcopy standard procedure [24]. After fully exposing
the cervix, the colposcopic image characteristics of cervi-
cal tissue were observed under white light, dilute acetic
acid staining, and 5% Lugol’s iodine solution staining to
obtain the colposcopy impression. The colposcopy diag-
nosis was made according to the characteristics of col-
poscopy images.

Subsequently, high-resolution microendoscopic imag-
ing was performed in the absence of staining. First, put
the microendoscope probe gently close to the cervix,
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then moved the probe to observe the condition of various
parts of the cervix, and finally put the probe deep into
the cervical canal for observation. After imaging without
staining, 1% methylene blue was applied to the cervix,
stained for 1 min, and the above microendoscopic imag-
ing process was performed again. The staining situation
of the cervix and cervical canal was observed by moving
the probe, focusing on the morphological characteris-
tics of cells in abnormal parts. For the obtained micro-
endoscopic images, the clock position of the lesion site
and the microendoscopic diagnosis were recorded. Both
conventional colposcopy diagnosis and microendoscopy
diagnoses were recorded using the 2017 ASCCP col-
poscopy standard terminology for colposcopic practice,
which was categorized as normal/benign, low grade, high
grade, and cancer [24].

Finally, multi-point biopsies of abnormal cervical sites
and cervical canal curettage were performed according
to the 2017 ASCCP colposcopy guidelines [25]. In order
to make the microendoscopy findings comparable with
pathological biopsy specimens, we defined the dorsal side
of the inserted microendoscope as the 6 oclock orienta-
tion and the ventral side as the 12 o'clock orientation in
the lithotomy position. The pathological diagnosis was
made by experienced pathologists. All pathologists were
blind to conventional colposcopy and microendoscopy
images and the diagnosis of other pathologists.

Results

Patient characteristics

A total of 41 patients underwent routine colposcopy and
microendoscopy during the study period. All patients
obtained clear microendoscopic images and underwent
cervical biopsy for the final pathological diagnosis. We
used the histopathological diagnosis as the gold stan-
dard for evaluating the diagnostic features and accuracy
of microendoscopy images. The clinical characteristics
of the patients were shown in Table 1. The median age
of enrolled patients was 43 years (range: 23 to 76 years),
including 1 case of cervicitis, 5 cases of low-grade squa-
mous intraepithelial lesion (LSIL), 31 cases of high-grade
squamous intraepithelial lesion (HSIL), 1 case of adeno-
carcinoma in situ (AIS), 2 cases of squamous cell carci-
noma (SCC), and 1 case of adenocarcinoma. No clinical
adverse events occurred during the study.

Diagnosis of cervical lesions under microendoscopy

We compared the consistency of microendoscopy diag-
nosis, conventional colposcopy diagnosis with patho-
logical diagnosis separately. The data showed that the
overall consistency of microendoscopy diagnosis with
pathological diagnosis was 95.12% (39/41) and the over-
all consistency of conventional colposcopy diagnosis with
pathological diagnosis was 65.85% (27/41). Furthermore,
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Table 1 Patient characteristics
Patient characteristics

N=41

Age (years)

18-39 19

40-59 15

60 and older 7

median (range) 43 (23-76)
HPV

High risk-HPV negative 1

HPV16 positive 22

HPV18 positive 3

Other high risk-HPV positive 15
Cytology

Normal 9
ASC-US 1
ASC-H 4
LSIL 7
HSIL 8
SCC 2
Adenocarcinoma 1
Pathological diagnosis

cervicitis 1
LSIL 5
HSIL 31
AlS 1
ScC 2
Adenocarcinoma 1

Abbreviations:

HPV: Human Papillomavirus, ASC-US: Atypical Squamous Cells-Undetermined
Significance, ASC-H: Atypical Squamous Cells-cannot exclude High-grade
squamous intraepithelial lesion, LSIL: Low-grade Squamous Intraepithelial
Lesion, HSIL: High-grade Squamous Intraepithelial Lesion, SCC: Squamous Cell
Carcinoma, AlS: Adenocarcinoma in Situ

the contingency tables were used to show the specific
diagnosis of different degree cervical lesions under
microendoscopy and conventional colposcopy, which
indicated that microendoscopy had advantages in the
diagnosis of HSIL and more severe lesions (Supplemen-
tary Table S1-3).

Cell morphological features
Microendoscopy can be close to the cervical surface for
real-time imaging with cell resolution. Methylene blue
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staining can make the lesion area more obvious. Based
on these technologies, we can intuitively observe the cell
morphological features of different cervical lesions.

The morphological abnormality of nuclei is the basic
diagnostic feature to distinguish benign and malignant
cells. We found that with the increase in the severity of
cervical lesions, morphological abnormalities of the
cervical nuclei became more and more obvious. In the
normal cervix and cervicitis, methylene blue staining
showed regularly arranged, round-like cervical epithe-
lial cells with light blue cytoplasm and dark blue nuclei
that appear as small, uniform circles (Fig. 1a). In LSIL
patients, in addition to uniformly distributed round
nuclei, a few enlarged or irregular nuclei were observed
at the lesion site (Fig. 1b).

HSIL cells were often aggregated, with less and incon-
spicuous cytoplasm staining, and mainly characterized
by nuclear pleomorphism. Specifically, most cells had
enlarged nuclei, increased nuclear-to-cytoplasmic ratio,
darkly stained nuclei, and irregular nuclear outlines
(Fig. 2a-d). However, viewed as a whole, the HSIL nuclei
were arranged in relatively regular directions. Compared
with HSIL, AIS is not common. A representative micro-
endoscopic image of AIS was shown in Fig. 2e. Crowded
glandular epithelial cells can be seen, in which the cyto-
plasm was lightly stained and lace-like [26], and the
enlarged nuclei were deeply stained with different shapes.
In SCC patients, disordered cervical epithelial cells were
observed, with a large number of necrotic cell debris in
the background. The nuclei of cancer cells were signifi-
cantly enlarged, the nuclear contour was highly irregular
with folds and dents, and the intensity of nuclear staining
was uneven, with a characteristic nuclear overlap phe-
nomenon (Fig. 2f-1).

LSIL is generally used as a diagnostic category to
describe cervical changes associated with transient HPV
infection, while HSIL often represents a true precan-
cerous lesion [27]. Some studies have pointed out that
30% of HSIL may progress to invasive cancer within 30
years [28]. Therefore, timely and accurate identification
of HSIL and more serious lesions in the screening pro-
cess is particularly important. However, biopsy under

Fig. 1 Representative methylene blue-stained microendoscopic images of Cervicitis (a) and LSIL (b)
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Fig. 2 Representative methylene blue-stained microendoscopic images of HSIL, AlS, and SCC. (a-d) The abnormal cervical epithelial cells in HSIL were
aggregated arranged with enlarged nuclei, irregular nuclear contours, and dark staining. (e) In AlS, crowded glandular epithelial cells with lightly stained
lace-like cytoplasm and hyperchromatic enlarged pleomorphic nuclei were observed. (f-1) In SCC, cervical epithelial cells were disorganized, enlarged
overlapping nuclei were irregular, with folds and dents, and abundant necrotic cell debris in the background

conventional colposcopy is invasive and can only be per-
formed in superficial parts, which increases the chance
of missed diagnosis [7]. In contrast, the probe of the
microendoscope can be attached to the surface of the
cervix and extended into the cervical canal for imaging,
which makes up for the shortcomings of conventional
colposcopy.

On this basis, we further analyzed the image features
of HSIL and more severe lesions under microendoscopy.
In HSIL patients, the columnar epithelial cells on the sur-
face of the cervical canal were distributed in feathery or
papillary aggregates, with indistinct cytoplasm and pre-
dominance of enlarged, elongated, strongly stained nuclei
(Fig. 3a). While in the AIS patient, we observed a disor-
dered arrangement of columnar cells in the endocervical
canal, with crowded, enlarged heteromorphic nuclei, and
the structure of the cervical glands was obscure (Fig. 3b).
When the lesion progressed to invasive carcinoma, the
normal structure of the cervical glands was lost, the
cancer cells were scattered irregularly, and the enlarged
cancer cell nuclei with different staining degrees had dif-
ferent morphology (Fig. 3¢).

Malignant development of benign tumors is often asso-
ciated with an angiogenic transition: the transition from
a quiescent vasculature to a proliferative vasculature, so
vascular heterogeneity is a hallmark of tumors [29]. In
the previous study, we directly observed the character-
istic pathological blood vessels in cervical precancerous
lesions and cervical cancer through microendoscopy

and used microvascular features as the bases for micro-
endoscopic diagnosis [17]. In HSIL and more severe
cervical lesions, morphologically abnormal cervical epi-
thelial cells were frequently accompanied by pathologi-
cal blood vessels. Enlarged and irregular hyperchromatic
nuclei were seen on the surface of inverse mosaic vessels
(Fig. 3d), cotton-like punctate blood vessels (Fig. 3e), and
spiral-shaped atypical vessels (Fig. 3f).

In addition, we also observed many lymphocytes
around the lesion site in HSIL and SCC (Fig. 3 g-h) and
found possible lymph node structures around cancer
cells (Fig. 3i). Such types of tumor-infiltrating lympho-
cytes accumulate in the tumor microenvironment and
play an important role in the occurrence and develop-
ment of cancer [30, 31].

Table 2 summarized the cell morphological features of
different cervical lesions after methylene blue staining
under microendoscopy.

Microendoscope identifies cellular features displayed in
histological sections

Figure 4 showed microendoscopic images and cor-
responding H&E histopathological section images of
patients with cervical tumors, which include HSIL, AIS,
and SCC. In HSIL, the secretory cells on the surface of
the cervical glands are functionally active and can secrete
a large amount of mucus, which is one of the reasons
why patients diagnosed with HSIL often have symp-
toms of increased vaginal secretions. In this case, a large
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Fig. 3 Characteristics of HSIL and more severe lesions after methylene blue staining under microendoscopy. (a) The columnar epithelial cells of the
cervical canal were distributed as feathery or papillary aggregates in HSIL patients. (b) The columnar cells in the cervical canal were disordered, and the
structure of cervical glands was obscure in the AlS patient. (c) The columnar epithelial cells were replaced by neoplastic squamous epithelial cells and the
normal structure of cervical glands disappeared in SCC patients. (d-f) Enlarged and irregular hyperchromatic nuclei were seen on the surface of inverse
mosaic vessels (d), cotton-like punctate blood vessels (e), and spiral-shaped atypical vessels (f) in HSIL, AlS, and SCC patients separately. (g-h) There was
a large number of lymphocytes around the lesions of HSIL (g) and SCC (h). (i) Possible lymph node structures around cancer cells were observed in SCC

patients

number of relatively regularly arranged secretory cells
with transparent cytoplasm and hyperchromatic nuclei
can be observed under the microendoscopy (Fig. 4a). At
the same time, a massive accumulation phenomenon of
secretory cells was also observed in tissue sections from
the same patient (Fig. 4b). The neoplastic columnar epi-
thelial cells of glands within the cervical canal were
observed in microendoscopic images of an AIS patient,
with enlarged nuclei and strongly staining, and the
glandular structure remained relatively intact (Fig. 4c).
These microendoscopic appearances matched the cor-
responding H&E histopathological images (Fig. 4d). In
SCC patients, microendoscopy can identify clusters of
strongly stained cancer cells that infiltrate into surround-
ing areas and exhibit a heterogeneous feature (Fig. 4e).
This microscopic feature was consistent with histopa-
thology (Fig. 4f).

Discussion
The anatomical location of the cervix is easier to expose
than other organs. Therefore, the application of micro-
endoscopy technology is more convenient, easier to be
accepted by patients, and easier to promote, which meets
the needs of large-scale cervical screening and diagnosis.

In this study, we applied the methylene blue cell stain-
ing technique in a microendoscopy system to achieve
in vivo real-time imaging of cervical lesions for the first
time, which is a great improvement over previous stud-
ies. We analyzed and summarized the cell morphological
characteristics of methylene blue-stained cervical benign
and neoplastic lesions in a cohort of 41 patients who
underwent both conventional colposcopy and microen-
doscopy. In addition, we verified that microendoscopic
images of HSIL and more severe cervical lesions could
identify diagnostic features shown in the corresponding
pathological sections.

The development of microendoscopy technology has
opened up a new way for the early diagnosis of tumors.
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Table 2 Cell morphological features of different cervical lesions
after methylene blue staining under microendoscopy

Category
cervicitis

Cell morphological features

No abnormal features were found. Regularly ar-
ranged round-like cervical epithelial cells with light
blue cytoplasm and dark blue nuclei that appear
as uniform, small round.

LSIL A few enlarged or irregular nuclei were present
against a background of uniformly distributed
round nuclei.

HSIL Most cells had enlarged nuclei, increased nuclear-
cytoplasmic ratio, darkly stained nuclei, and
irregular nuclear contours, with relatively reqular
arrangement. Cervical canal columnar epithelial
cells were distributed in feathery or papillary ag-
gregates. Morphologically abnormal epithelial cells
were often accompanied by pathological blood
vessels. There were lymphocytes infiltration around
the lesion.

AlS Crowded glandular epithelial cells with lightly
stained lacy-like cytoplasm and darkly stained en-
larged nuclei. Disordered cervical canal columnar
epithelial cells with crowded, enlarged hetero-
morphic nuclei, and the structure of the cervical
glands was obscure. Morphologically abnormal
epithelial cells were often accompanied by patho-
logical blood vessels.

SCC Disorganized cervical epithelial cells with numer-
ous necrotic cell debris. Significantly enlarged nu-
clei, highly irregular nuclear contour with folds and
dents, uneven intensity staining nuclei, and char-
acteristic nuclear overlap. The normal structure of
the cervical glands was lost, and cancer columnar
epithelial cells were scattered irregularly with
enlarged heteromorphic nuclei. Morphologically
abnormal epithelial cells were often accompanied
by pathological blood vessels. Possible lymph
node structures surrounding the cancer cells.

Abbreviations:

LSIL: Low-grade Squamous Intraepithelial Lesion, HSIL: High-grade Squamous
Intraepithelial Lesion, AlS: Adenocarcinoma in Situ, SCC: Squamous Cell
Carcinoma

Some studies on the application of high-resolution
microendoscopy in cervical cancer screening have been
reported in the past. Chao Zhou et al. preliminarily
investigated the image characteristics of different cervi-
cal lesions by three dimensional imaging of ex vivo cervi-
cal samples using ultrahigh-resolution optical coherence
microscopy, but the in vivo application of this technol-
ogy has not yet been achieved [7]. Rebecca R. Richards-
Kortum et al. developed a high-resolution fluorescence
microendoscope system, which has a fiber-optic probe
that images cervical epithelial cell nuclei, providing mor-
phological information associated with high-grade dys-
plasia [16, 32, 33]. This system requires the application
of proflavine to fluorescently stain cervical epithelial
cell nuclei. However, proflavine, which can induce DNA
mutations by inserting between nucleic acid base pairs, is
a highly hazardous and mutagenic dye [34]. In the United
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States, the use of proflavine on humans is strictly limited
[35]. This has limited the widespread clinical application
of the fluorescence endoscopic microscope system.

Different from previous studies, the microendoscope
we developed was an optical microscope, which relied on
the high-intensity white light source and the high-resolu-
tion camera on the probe to image after being processed
by the optical system, so it did not rely on proflavine as a
local contrast agent for fluorescence staining of cervical
epithelial cell nuclei. In this study, methylene blue solu-
tion was used to stain cervical epithelial cells for the first
time. Methylene blue, a phenothiazine derivative dye, has
a small molecular weight, can diffuse quickly into tissues,
and has the ability to bind DNA and RNA, and is widely
used as a nucleic acid dye [36]. Previous in vivo studies
in animal models and clinical experiments have not only
demonstrated the non-toxicity of methylene blue, but
also demonstrated that methylene blue can improve tis-
sue status in addition to its use as a dye [23, 37]. Methy-
lene blue has been approved by the US Food and Drug
Administration for clinical treatment, including the
treatments of methemoglobinemia, an antiseptic in clini-
cal therapy and the dye as a tissue tracer for surgery and
endoscopy, etc. [38]. In addition, some clinical studies
in recent years have also reported the effectiveness of
methylene blue staining in the detection of precancerous
lesions and cancers in the oral cavity and digestive tract
[39, 40]. Therefore, the safety and feasibility of in vivo
transient application of a low-dose methylene blue solu-
tion as a cell staining dye for microendoscopy of the cer-
vix in this study were guaranteed.

In conventional colposcopy, abnormal colposcopic
findings such as acetowhite, vascular patterns, margins
or border, Lugol staining, etc. which often appear in the
cervical transformation zone, are mainly used to diag-
nose high-grade lesions and invasive carcinomas [24].
However, our previous clinical practice found that there
were some cases that did not respond significantly to
acetic acid or Lugol’s iodine staining during colposcopy,
and it was difficult to recognize these diagnostic features
in patients where the squamocolumnar junction was
not fully visible [17]. In this study, we demonstrated the
feasibility of using methylene blue staining under micro-
endoscopy to triage HSIL and more severe lesions. In cer-
vical benign lesions and LSIL, abnormal cells were rare
under microendoscopy. When the lesion progressed to
HSIL, we observed characteristic changes in microendo-
scopic images of the cervix: Neoplastic cervical epithelial
cells with enlarged, pleomorphic, hyperchromatic nuclei
gradually infiltrated the surrounding area tissues with the
increase in the severity of the lesion; columnar epithelial
cells on the surface of cervical glands in the cervical canal
exhibited characteristic feathery or papillary arrange-
ment, accompanied by elongated and hyperchromatic
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Fig. 4 Microendoscopic pictures and H&E stained sections of HSIL and early cervical cancer patients were compared. Microendoscopy can reveal cel-
lular features displayed in histological sections. (a-b) Abundant supramucoid cells were observed. The cytoplasm was full of mucus, and the nuclei were
deeply stained, which were biased to the inner side of the cytoplasm under the microendoscopy (a) and tissue section (b) in the cervical canal of HSIL
patients. (c-d) Abnormal columnar epithelial cells in a patient with adenocarcinoma in situ were observed in the cervical canal, with enlarged nuclei, in-
tense staining, and neatly arranged feathers under microendoscopy (c) and H&E stained tissue pathological sections (d). (e-f) Squamous cell carcinoma of
early cervical cancer patients showed heterogeneous features such as nuclear enlargement, hyperchromasia, and mitotic figures under microendoscopy
(e) and H&E stained tissue pathological sections (f). All histopathology images were taken at the same magnification of x 400

nuclei; Columnar epithelial cells were replaced by neo-
plastic squamous epithelial cells and the normal struc-
ture of cervical glands disappeared, when the lesions
involved the glands; tumor cells clustered around patho-
logical blood vessels under microendoscope, suggesting
the characteristic vascular heterogeneity of the tumor;
moreover, there was lymphocyte infiltration around cer-
vical neoplastic cells. The host immune response plays
a key role in determining whether HPV exposure leads
to infection, persistence, progression, and eventual car-
cinogenesis, and this characteristic accumulation of
tumor-infiltrating lymphocytes within the cervical tumor
microenvironment suggests that aggressive cancers are
highly immunogenic. Infiltrating CD3+and CD4+ T-cells
have a positive effect on cervical cancer prognosis,
whereas regulatory T-cells infiltration increases with
cervical lesion progression [41]. In addition, for the
squamocolumnar junction, which was not fully visible
in conventional colposcopy, the probe of the microendo-
scope could enter the cervical canal for imaging, which
effectively avoided missed diagnosis.

However, this study still has some limitations, which
need to be further explored. Firstly, as a preliminary
exploratory report, the sample size included in this study
was relatively small. Although we have described the cell
morphological features of cervicitis, LSIL, HSIL, AIS,
and SCC after methylene blue staining under microen-
doscope, respectively, the number of each lesion cases

was relatively small, especially AIS and SCC, so further
clinical trials with a large number of samples are needed
to establish, improve, and evaluate the diagnostic crite-
ria for cervical lesions by methylene blue cell staining
under microendoscope. Secondly, the current microen-
doscopy system solved the problem of missed diagnosis
and excessive biopsy of conventional colposcopy, but it
still required professional gynecologists to make a visual
diagnosis based on image features. In the follow-up
study, we will attempt to integrate artificial intelligence
technology with the current microendoscopy system to
expand the functions and applications of microendos-
copy and develop machine learning algorithms to real-
ize the intelligent analysis of microendoscopic images to
assist clinical decision-making. Finally, in future research,
the real-time quantitative analysis of the lesion-related
features in microendoscopic cervical cell images, such as
nuclear-cytoplasmic ratio, abnormal nuclear density (i.e.,
number of abnormal nuclei/mm?2), and other param-
eters, can be performed by combining fully automatic
image processing algorithms [42, 43]. This approach will
improve the accuracy and reproducibility of diagnosis
and provide an objective and quantitative standard for
clinicians to diagnose cervical lesions using the microen-
doscopy system.

In conclusion, we reported the first study of in vivo
real-time imaging of cervical lesions using a combina-
tion of a high-resolution microendoscopy system and
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methylene blue cell staining technique. By analyzing the
methylene blue-stained microendoscopic images from
41 patients, we determined the diagnostic cell morpho-
logical features of different cervical lesions, including
cervicitis, LSIL, HSIL, AIS, and SCC. Our study dem-
onstrated that the microendoscopic methylene blue cell
staining technique could visualize microscopic cellu-
lar diagnostic features consistent with histopathology
in HSIL and more severe lesions. The microendoscopic
methylene blue cell staining technique deserves future
large-scale clinical studies to validate diagnostic perfor-
mance. This study preliminarily practiced the applica-
tion of the microendoscopy imaging system combined
with the methylene blue cell staining technology in cer-
vical precancerous lesions and cervical cancer screening
and provided the basis for a novel clinical strategy of in
vivo non-invasive optical diagnosis technology to triage
women with abnormal cervical screening results.
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