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ABSTRACT

Objective: Human papillomavirus subtypes are predictive indicators of cervical
intraepithelial neoplasia (CIN) progression. While colposcopy is also an essential part of
cervical cancer prevention, its accuracy and reproducibility are limited because of subjective
evaluation. This study aimed to develop an artificial intelligence (AI) algorithm that can
accurately detect the optimal lesion associated with prognosis using colposcopic images of
CIN2 patients by utilizing objective Al diagnosis.

Methods: We identified colposcopic findings associated with the prognosis of patients with
CIN2. We developed a convolutional neural network that can automatically detect the rate of
high-grade lesions in the uterovaginal area in 12 segments. We finally evaluated the detection
accuracy of our Al algorithm compared with the scores by multiple gynecologic oncologists.
Results: High-grade lesion occupancy in the uterovaginal area detected by senior
colposcopists was significantly correlated with the prognosis of patients with CIN2. The
detection rate for high-grade lesions in 12 segments of the uterovaginal area by the Al
system was 62.1% for recall, and the overall correct response rate was 89.7%. Moreover, the
percentage of high-grade lesions detected by the Al system was significantly correlated with
the rate detected by multiple gynecologic senior oncologists (r=0.61).

Conclusion: Our novel Al algorithm can accurately determine high-grade lesions associated
with prognosis on colposcopic images, and these results provide an insight into the
additional utility of colposcopy for the management of patients with CIN2.
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Synopsis

High-grade lesion occupancy in the uterovaginal area was significantly correlated with
CIN2 patients’ prognosis. The number of high-grade lesions in 12 segments detected
by an artificial intelligence (AI)-based system was comparable to that detected by senior
colposcopists. The overall correct response rate of the Al algorithm for detecting high-
grade lesions was 89.7%.

INTRODUCTION

Cervical cancer progresses from precursor lesions called cervical intraepithelial neoplasia
(CIN), develops through persistent infection with high-risk human papillomavirus (HR-HPV),
and is a leading cause of death among women worldwide [1-3]. The histological classification
of cervical dysplasia is currently divided into the low-grade squamous intraepithelial lesion
(LSIL) and high-grade squamous intraepithelial lesion (HSIL) [4,5]. In Japan, the histological
classification is based on the American Society for Colposcopy and Cervical Pathology (ASCCP)
[6]. However, disease classification, namely, grades CIN1, CIN2, and CIN3, is often used in
clinical practice [4,5]. This disease grading serves as the basis for the follow-up treatment

and management of patients, and LSIL and HSIL include CIN1 and CIN2 or CIN3 subsets,
respectively [4,5]. CIN3 has a high risk of progression to cervical cancer [7], and CIN2 is

known to sometimes regress, to generally have slow progression, and to occasionally progress
to cancer [8,9]. Therefore, to avoid excessive treatment for the prevention of progression

to cervical cancer, it is critical to carefully manage CIN2 patients with HSIL for appropriate
therapeutic intervention based on the patient’s progression because of heterogeneity [10].
When CIN2 is diagnosed, patients are followed up every 3-6 months with cytology and
colposcopy and, in some cases, HR-HPV testing to consider further management strategy and
possible therapeutic intervention [11]. However, the follow-up might be prolonged, increasing
the burden on the patient, and the technique of the colposcopist varies based on the institution.

Colposcopy is an important imaging modality for the diagnosis and classification of cervical
lesions [12,13]; therefore, it also plays a central role in cervical cancer prevention. During
biopsy, the gynecologist would use a colposcope to manually examine the uterine cervix to
determine the site for procuring the tissue samples for a complete microscopic evaluation
[14,15]. However, determining the lesion of the cervical tissue that should be obtained relies
on subjective assessment and requires substantial practical expertise of the gynecologist,
thereby limiting the accuracy and reproductivity of colposcopy [16,17].

With the rapid advancement of artificial intelligence (AI) technology based on deep learning
in recent years, it has been widely used in machine learning for medical imaging and applied
to various automated processes, such as detection of lung nodules in computed tomography
and classification of pathological images [18-20]. Significant progress has been made in

the development of Al-based digital colposcopy to improve the efficiency and accuracy of
the clinical diagnosis, and several pilot studies of computer algorithms applied to cervical
images have been conducted [21-26]. Previous studies have shown excellent pathological
differentiation accuracy and have focused on Al-based diagnostics for clustering between
LSIL (CIN1) or HSIL (CIN2/3) [27-31]. To the best of our knowledge, no study has evaluated
colposcopic imaging alone in patients with CIN2 to predict regression and progression. We
hypothesized that the Al system would be able to analyze the colposcopic images objectively
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and accurately, and as a result, it would be possible to extract specific findings associated
with the prognosis of patients with CIN2 from the colposcopic images.

In this study, we aimed (1) to validate the utility of colposcopic findings as a prognostic
factor in patients with CIN2, (2) to develop an Al algorithm that can evaluate the percentage
of high-grade lesion occupancy in the uterovaginal area on colposcopy, (3) to confirm its
diagnostic accuracy by comparing with the results obtained by multiple gynecologic senior
oncologists, and (4) to evaluate the association with prognosis.

MATERIALS AND METHODS

1. Targets for analysis

We first investigated the prognostic indicators of CIN2 on 167 colposcopic images of 126
patients with CIN2 who were diagnosed and followed up by a gynecological oncologist at
Keio University Hospital between 2016 and 2018. For the validation analysis of the Al system,
we used 593 images from 179 patients who visited our clinic between 2012 and 2020 and
were diagnosed with CIN2. Results of the cytology, colposcopy, targeted histology, and HPV
examination were obtained from the medical record. We performed colposcopy based on the
ASCCP Colposcopy Standards [6] and stratified 593 images as shown in Table S1.

The procedures of colposcopy and diagnosis are as follows. The application of 3% acetic
acid was used to identify potential lesions; visual changes include response to acetic acid
(acetowhitening), characteristics of lesion borders, surface contours, lesion size, and vascular
patterns [6]. Changes were visually assessed colposcopically to direct biopsy placement. At
least 2 or 3 lesions from the highest visible lesion were biopsied under colposcopic guidance
in accordance with the ASCCP guidelines [6] and determined by senior gynecologists who
are the supervising physicians of the Japanese Society of Gynecologic Oncology. It was
decided to use the Bethesda System [32] and CIN [33] terminology in combination for the
histological diagnosis, which was performed in accordance with standard World Health
Organization procedures [34]. Several senior gynecologists annotated the study data to
ensure objectivity. All patients with CIN2 in our study were diagnosed based on pathological
findings. Only cytology and colposcopy data were included for patients who were referred
from other hospitals and who were negative for intraepithelial lesion or malignancy (NILM),
those who had atypical squamous cells of undetermined significance, and those with mild
dysplasia or more. None of the patients with NILM were included. We performed cytology,
colposcopy, and targeted histology in patients with CIN1, 2, and 3 via standard procedures as
previously reported [35]. The notation of the transformation zone (TZ) includes TZ1 to TZ3
[36]. All cases were well observed in TZ1, and histology was performed for the TZ sample
appropriately. Using 593 colposcopic images of CIN2 (90% training data and 10% test data;
cross-validation method) from 179 cases, we constructed an Al algorithm and evaluated its
prognostic performance. The data were collected mainly from patients who had undergone
conization between 2012 and 2020. Of these, 80 colposcopic images that were inappropriate
as training data (excessive bleeding or the entire vagina not included in the colposcopic
images) were excluded and 593 were finally enrolled.

2. Convolutional neural network-based learning of colposcopic image findings

At our hospital, colposcopy was performed using a colposcope OCS500° (Olympus Corp.,
Tokyo, Japan). For colposcopic observation, a cotton ball fully soaked in 3% acetic acid
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was lightly pressed against the vaginal area of the uterus, and the observation focused on
detecting the abnormal findings while processing the acetic acid. The colposcopic images
and their areas were color-coded into low- and high-grade lesions in the uterovaginal area
based on the diagnoses of several gynecologic oncologists in the electronic medical record.
The images were prepared as training data (Fig. S1).

3. Analysis for the evaluation of colposcopy results as prognostic indicators
To validate colposcopy as a prognostic indicator for patients with CIN2, survival analysis was
performed using the Cox proportional hazards model, one of the most common survival
models [37]. The baseline time point was defined as the time at diagnosis of CIN2. The event
was defined as the pathological diagnosis of CIN3. The diagnosis of CIN2 and CIN3 is not

an irreversible event; therefore, only the first diagnosis of CIN2 and CIN3 was considered.
Consequently, we considered 2 prognostic indicators: (1) the proportion of low- and high-
grade lesions occupying the surface area of the portio vaginalis including the vaginal lesion
and (2) proportion of high-grade lesions occupying the surface area of the portio vaginalis
including the vaginal lesion. Both prognostic factors were measured at baseline and treated
as numeric variables in each univariate survival analysis. The proportion of lesions was
normalized to be an integer from O to 12, which originates from a conventional analogy of a
clock face in clinical practice to identify which directions the lesions are located on the face
of the cervix during colposcopy. This analogy was utilized for the proposed Al algorithm, in
which colposcopic images were segmented into 12 sections to calculate the proportion of
lesions as the prognostic indicators. The details are presented in the following sections.

4. Construction of an Al algorithm that can calculate the lesion occupancy
rate of high-level findings on colposcopy
We constructed the Al algorithm in 3 steps, as shown in Fig. 1. The database was trained
using Intel® X® CPU E5-1680 v3 @ 3.20 CPU and GeForce GTX 1080, and the total memory
was trained on Ubuntu 18.04.3 LTS. The codes were programmed in the TensorFlow 2.4.2
framework with Python 3.7.3. In step 1, we mixed 2 samples (randomly adjusted to the
strongest lesion sites) to create a new sample, Mix Match [38], to expand the data. In step 2,
we performed predictive classification using U-Net [39], which is often applied to a variety of
medical image segmentation problems. U-Net is an algorithm that can classify vaginal and
high-grade lesions in a pixel-by-pixel manner. A total of 593 acetate-processed images were
provided as input to the model, and because U-Net learns in a pixel-by-pixel manner after
annotation, the segmentation model outputs a final prediction region consisting of pixels
with the possibility of lesions with low- or high-level findings and a specific vaginal area. As
a cross-validation method, pixel-wise annotation classification was performed on the images
extracted from 593 colposcopic images. Moreover, we added a dropout layer before the last
layer with a dropout rate of 0.6 to avoid overfitting due to the small amount of data.

In step 3, we calculated the high-grade lesion detection rate and overall area under the curve
of the average correct response rate using the Al algorithm. The parameters had a learning
rate of 0.001, 50 learning cycles, and a batch size of 16.

5. Verification of the correlation between the number of recognized lesions
occupying the sites of advanced findings and percentage of advanced
lesions recognized by gynecologic oncologists

We constructed an Al algorithm that can be a prognostic predictor of CIN2 and verified this

system.
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Original image Map image

Fig. 2. Step 1: The vaginal and non-vaginal areas were distinguished, and a map image was produced. Step 2: The
center of gravity of the uterine vaginal cervix was calculated. Step 3: Twelve sections of the uterine vaginal cervix are
shown. Step 4: The artificial intelligence algorithm calculates the number of divisions occupied by high-grade lesions.

The workflow of the Al algorithm’s recognition of high-grade lesions was performed in the
following steps (Fig. 2):
Step 1: Determine whether the lesion is vaginal or non-vaginal.
Step 2: Calculate the center of gravity of the cervix.
Step 3: Divide the cervix into 12 equal parts with the center of gravity as the center and
display the 12 parts with the constructed Al algorithm.
Step 4: Detect and count the altitude findings.

Final evaluation: Calculation of the lesion detection rate using an Al algorithm and
verification of its capability as a prognostic predictor of CIN2.

First, we created a tool that automatically displays the percentage of high-grade lesions in
the 12 segments, and then this was applied to the constructed Al algorithm to analyze the
correlation between the results obtained and percentage of high-grade lesions recognized by
multiple gynecologic oncologists. For the final evaluation, we tested prognostic relevance to
determine whether the number of high-grade lesions using the AI algorithm was equivalent
to the prognostic predictors of CIN2 identified by senior colposcopists. The number of high-
grade lesions in the Al algorithm was evaluated as a prognostic factor for CIN2 using Cox
regression analysis.

6. Ethics approval

This study was approved by the Clinical Research Ethics Review Committee of Keio
University Hospital guidelines for clinical research (approval number: 20190165, approval
date: September 30, 2019) and was conducted according to the principles of the Declaration
of Helsinki. In this retrospective observational study, we adopted an opt-out approach.
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Table 1. Hazardousness for Cox proportional hazards models

Characteristic Rho y> value p-value
Regions occupied by high-grade lesions on colposcopy 0.0329 0.0333 0.855

7. Statistical analyses

The statistical software used was R 3.6.0 software (R Foundation, Vienna, Austria) and
Pearson’s correlation function was used to evaluate the correlation coefficient, with a p-value
<0.05 being considered a statistically significant difference.

RESULTS

1. Utility of colposcopic findings as prognostic factors for patients with CIN2
We first identified the prognostic factors of patients with CIN2 by analyzing colposcopic
images by using the Cox proportional hazards model. We first tested the proportionality of
the hazards using Schoenfeld residuals, which resulted in no impropriety for the assumption
that the hazard ratio does not depend on time (p=0.855) (Table 1). Further, there was no
significant pattern of change with time based on a plot of the Schoenfeld residuals shown in
Fig. S2; therefore, the validity of our use of the Cox proportional hazards model was verified.

Based on colposcopic images, there was no association with prognosis when low- and
high-grade lesions were considered as lesion sites (p=0.30, data not shown), although

there was a significant association with prognosis (p<0.01) when only high-grade lesions
were considered as lesion sites (Table $2). We also divided the entire uterine vagina into 12
sections and analyzed the relationship between the proportion of high-grade lesions and
prognosis. The results showed that the hazard increased 1.299-fold (95% confidence interval
[CI]=1.064-1.5806) when high-grade lesions increased in one of the 12 segments of the uterine
vagina (p<0.05) (Fig. 3).

Survival curve (Kaplan-Meier)
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Fig. 3. Progression time from CIN2 to CIN3 based on findings by senior colposcopists. The Kaplan-Meier curve
shows the survival time from baseline (time of CIN2 diagnosis) to the time of CIN3 diagnosis. Baseline: time point
of diagnosis of CIN2; Event: first time point to CIN3 diagnosis; Survival time: time from baseline to event (n=126).
Cl, confidence interval; CIN, cervical intraepithelial neoplasia.
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Table 2. Detection rate of advanced findings by artificial intelligence algorithm”

Fold Detection rates for Detection rates for Detection rates for Total accuracy
high-grade lesions (%) the vaginal cervix (%) other parts (%) (%)
1 60.4 90.8 83.1 92.6
2 60.6 96.7 76.2 91.8
3 60.9 EnL.7/ 76.4 85.5
4 54.8 95.6 68.9 91.2
5 66.6 90.9 83.6 89.7
6 65.2 92.7 87.4 92.7
7 75.0 84.9 82.4 85.2
8 62.2 93.3 83.9 93.3
9 54.4 97.2 75.8 86.7
10 60.6 91.7 81.3 88.2
Average 62.1 92.5 79.9 89.7

“Mean detection rate for dense acetowhite epithelium by artificial intelligence using a 10-fold segment cross-
validation method.

The results suggest that the diagnosis of high-grade lesions contributes to the prediction of
the risk of CIN2 developing into CIN3 after colposcopy. This supports the importance of the
proposed Al algorithm for detecting high-grade lesions for predicting CIN2 prognosis, and
thus, we then evaluated the performance of our novel Al algorithm.

2. Performance of our Al algorithm in detecting high-grade lesion

The detection rate of high-grade lesions by Al was 62.1% for recall, and the overall correct
response rate was 89.7% (Table 2). In addition, the percentage of high-grade lesions
occupying the 12 segments that were recognized by the Al algorithm showed a significant
correlation with that recognized by multiple gynecologic oncologists (r=0.606, 95%
CI=0.554-0.658, p<0.001) (Fig. $3). This suggests that the diagnosis based on our AI
algorithm is consistent with that detected by skilled senior colposcopists.

3. our Al algorithm could reflect the disease status of CIN2 and predict the
prognosis
As a final evaluation of the Al algorithm, we examined whether the time from CIN2 to CIN3,
predicted by the percentage of high-grade lesions and recognized by the Al algorithm,
correlates with the prognosis predicted by the actual data of diagnoses from senior
colposcopists. Results show that when the number of high-grade lesions recognized by the Al
algorithm increased by one segment in the uterovaginal area, the hazard ratio of going from
CIN2 to CIN3 increased 1.125 times (95% CI=1.015-1.248, p=0.025), which is considered a
good result for a prognostic prediction system for CIN2 (Fig. 4).

DISCUSSION

In this study, we first verified whether colposcopy can be used to predict the prognosis of
patients with CIN2 in addition to its typical function of diagnosis. In addition, we have
created a system that can objectively and accurately evaluate colposcopy imaging findings
related to CIN2 prognosis by utilizing deep learning.

Since appropriate management of CIN can help prevent the progression to invasive cancer,
it is important to carefully assess the disease status of patients with CIN2. Therefore,

the establishment of further indicators apart from the HPV subtype of predictive disease
progression for CIN2 will highly contribute to early therapeutic intervention.
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Fig. 4. Progression time from CIN2 to CIN3 based on findings by senior colposcopists. The Kaplan-Meier curve
shows the survival time from baseline (time of CIN2 diagnosis) to the time of CIN3 diagnosis. Baseline: time of

CIN2 diagnosis; Event: time of the first CIN3 diagnosis; Survival time: time from baseline to event (n=179).
Cl, confidence interval; CIN, cervical intraepithelial neoplasia.

Colposcopy is widely used to detect cervical precancer and invasive cancer, although some
clinical settings lack experienced colposcopists who are capable of making an accurate
diagnosis. The experience of the colposcopist significantly affects the accuracy of colposcopy
in evaluating cervical lesions and identifying the lesion sites [17]. Junior colposcopists

have difficulties in identifying the site with the most lesions and fail to classify the lesion
in approximately half of the cases [17]. Therefore, the development of a robust evaluation
system is needed. Our proposed Al algorithm can address this problem and estimate

with high sensitivity the proportion of the cervix with high-grade lesions. It also showed

a relationship between the proportion and risk of CIN2 progression. We believe that our
novel algorithm can be applied during colposcopy imaging, especially by inexperienced
colposcopists and practitioners. This could help physicians initiate early treatment of
patients with CIN2, despite not being experts in colposcopy. In addition, the output of

the proportion of high-grade lesions on a 1/12-unit image is based on human observation;
therefore, the interpretation is direct and easy for colposcopists who are accustomed to the
original procedure. To the best of our knowledge, this study is the first successful case of
applying Al technology in clinical practice as a system for predicting the prognosis of CIN2.
Our system outperformed the conventional colposcopy method in terms of accuracy and
robustness and may be used by junior and senior colposcopists. Furthermore, it may help
suspected patients with a progressive disease receive appropriate medical care.

In this study, we found that the percentage of high-grade lesions was significantly correlated
with the progression of CIN2. The detection rate of high-grade lesions in our Al algorithm
was 61.5%, with an overall mean correct rate of 89.7%. In addition, the percentage of high-
grade lesions recognized by the Al algorithm was significantly correlated with that recognized
by the physician. The percentage of high-grade lesions on colposcopy recognized by the Al
significantly increased the hazard by 1.125 times when the lesion occupied one segment of
the vaginal area. These findings demonstrate that the use of AI, which can objectively and
accurately determine the occupancy rate, can be an effective tool in predicting the prognosis
of CIN2 on the spot based on the change in color tone, which is difficult with conventional
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colposcopy. In the evaluation of colposcopy, it is necessary to evaluate not only white lesions,
but also borders, surface contours, and vascular patterns; however, in this study, the training
numbers are small and we mainly evaluated the white lesions. We can obtain good results

by training data for the white lesions and by adding borders, surface contours, and vascular
patterns in further studies.

There are 4 limitations to this study that should be addressed in future research. First, the
colposcopic images included in this study were not originally taken as training data for
machine learning. For example, the orientation of the cervix in the colposcopic images
varied depending on the colposcopist who recorded the images. Therefore, the detection
rate was reduced during the development of the Al algorithm. To obtain a better quality of
training data, it would be effective to align the orientation of the vaginal cervix when taking
colposcopic images and to eliminate blood adhesions and vaginal secretions. Second, this
study only collected data from a single center, which might have introduced unexpected
biases in our dataset. Therefore, to improve the accuracy of prognosis, a more extensive
dataset is warranted, and we hope that clinical trials, such as a prospective interventional
study, will be conducted in multiple centers to apply the proposed Al prognostic system

in clinical practice. Colposcope images can vary in diagnostic accuracy due to differences
in magnification and resolution. Therefore, differences in colposcopy conditions among
facilities may affect the performance of Al-based diagnosis. As a result, we believe it is
necessary to increase the number of low-resolution studies and to improve compatibility
and feasibility in the future. If this type of deep learning is achieved, the algorithm could
be applied in colposcopy using smartphones [40], which has been reported in recent years.
Third, we considered only one prognostic factor in the pre-analysis. As mentioned, testing
HPV subtypes is useful for predicting the prognosis of CIN2. Therefore, future studies
should consider evaluating the combination of HPV subtypes and other prognostic factors.
We would also like to consider exploring other prognostic factors. Fourth, if the lesion
persists, evisceration was performed if the patient desires, and follow-up for prognosis has
been censored; therefore, this study may be associated with competing risks. Nevertheless,
these limitations should not hinder present and future efforts to further improve and to
develop Al systems.

In conclusion, our novel Al algorithm can accurately determine high-grade lesions associated

with prognosis on colposcopic images, and these results provide an insight into the
additional utility of colposcopy for the management of patients with CIN2.

SUPPLEMENTARY MATERIALS

Table S1
The classification of 593 images for target analysis of artificial intelligence algorithm

Click here to view
Table S2
Estimation results when only the strongest findings of lesion occupation on colposcopy are

included in the explanatory variables

Click here to view
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Fig. S1

Colposcopic findings. (A) Normal colposcopic findings. (B) Abnormal colposcopic findings.
The red and blue outlines indicate the low-grade lesion and high-grade lesion, respectively.
The image areas were recorded from the electronic medical records of patients, as assessed
by senior colposcopists.

Click here to view

Fig. S2

Confirmation of proportional hazards (plot of Schoenfeld residuals). The vertical axis shows
the value of the residuals substituted by the degree of high-grade lesion occupancy on
colposcopy as a parameter, whereas the horizontal axis shows the number of days. The plot of
Schoenfeld residuals shows that there is no significant pattern of change over time.

Click here to view

Fig. S3

Relationship of the percentage of high-grade lesion occupancy identified by Al and senior
colposcopists. The proportion of high-grade lesion occupying the 12 segments that was recognized
by the Al algorithm showed a significant correlation with that recognized by multiple gynecologic
oncologists (correlation coefficient=0.606, 95% confidence interval=0.554-0.658, p<0.001).

Click here to view
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