
Artificial intelligence deep learning
model assessment of leukocyte
counts and proliferation in
endometrium from women with and
without polycystic ovary syndrome

Marika H. Kangasniemi, M.D.,a Elina K. Komsi, M.Sc.,a Henna-Riikka Rossi, M.D., Ph.D.,a

Annikki Liakka,M.D., Ph.D.,bMasumaKhatun, Ph.D.,a Joseph C. Chen, Ph.D.,cMariana Paulson,M.D., Ph.D.,d,e

Angelica L. Hirschberg, M.D., Ph.D.,d,e Riikka K. Arffman, Ph.D.,a and Terhi T. Piltonen, M.D., Ph.D.a

a Department of Obstetrics and Gynecology, PEDEGO Research Unit, Medical Research Center, Oulu University Hospital,
University of Oulu, Oulu, Finland; b Department of Pathology, Medical Research Center, Oulu University Hospital,
University of Oulu, Oulu, Finland; c Department of Obstetrics, Gynecology and Reproductive Sciences, University of
California, San Francisco, California; d Department of Women’s and Children’s Health, Karolinska Institutet, Stockholm,
Sweden; and e Department of Gynecology and ReproductiveMedicine, Karolinska University Hospital, Stockholm, Sweden.
Objective: To study whether artificial intelligence (AI) technology can be used to discern quantitative differences in endometrial im-
mune cells between cycle phases and between samples from women with polycystic ovary syndrome (PCOS) and non-PCOS controls.
Only a few studies have analyzed endometrial histology using AI technology, and especially, studies of the PCOS endometrium are
lacking, partly because of the technically challenging analysis and unavailability of well-phenotyped samples. Novel AI
technologies can overcome this problem.
Design: Case-control study.
Setting: University hospital-based research laboratory.
Patient(s): Forty-eight women with PCOS and 43 controls. Proliferative phase samples (26 control and 23 PCOS) and luteinizing hor-
mone (LH) surge timed LHþ 7–9 (10 control and 16 PCOS) and LHþ 10–12 (7 control and 9 PCOS) secretory endometrial samples were
collected during 2014–2019.
Intervention(s): None.
Main Outcome Measure(s): Endometrial samples were stained with antibodies for CD8þ T cells, CD56þ uterine natural killer cells,
CD68þmacrophages, and proliferation marker Ki67. Scanned whole slide images were analyzed with an AI deep learning model. Cycle
phase differences in leukocyte counts, proliferation rate, and endometrial thickness were measured within the study populations and
between the PCOS and control samples. A subanalysis of anovulatory PCOS samples (n ¼ 11) vs. proliferative phase controls (n ¼ 18)
was also performed.
Result(s): Automated cell counting with a deep learningmodel performs well for the human endometrium. The leukocyte numbers and
proliferation in the endometrium fluctuate with the menstrual cycle. Differences in leukocyte counts were not observed between the
whole PCOS population and controls. However, anovulatory women with PCOS presented with a higher number of CD68þ cells in
the epithelium (controls vs. PCOS, median [interquartile range], 0.92 [0.75–1.51] vs. 1.97 [1.12–2.68]) and fewer leukocytes in the
stroma (CD8%, 3.72 [2.18–4.20] vs. 1.44 [0.77–3.03]; CD56%, 6.36 [4.43–7.43] vs. 2.07 [0.65–4.99]; CD68%, 4.57 [3.92–5.70] vs.
3.07 [1.73–4.59], respectively) compared with the controls. The endometrial thickness and proliferation rate were comparable between
the PCOS and control groups in all cycle phases.
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Conclusion(s): Artificial intelligence technology provides a powerful tool for endometrial research because it is objective and can effi-
ciently analyze endometrial compartments separately. Ovulatory endometrium from women with PCOS did not differ remarkably from
the controls, which may indicate that gaining ovulatory cycles normalizes the PCOS endometrium and enables normalization of leuko-
cyte environment before implantation. Deviant endometrial leukocyte populations observed in anovulatory women with PCOS could be
interrelated with the altered endometrial function observed in these women. (Fertil Steril Sci� 2022;3:174–86.�2022 by American So-
ciety for Reproductive Medicine.)
Key Words: Endometrium, leukocyte, proliferation, PCOS, artificial intelligence

Discuss: You can discuss this article with its authors and other readers at https://www.fertstertdialog.com/posts/xfss-d-21-00092
T he endometrium is a constantly changing tissue, mak-
ing it an interesting, yet highly challenging tissue to
study. It undergoes monthly cycles of growth, differen-

tiation, and shedding in response to fluctuating estrogen and
progesterone levels. The main purpose of the endometrial lin-
ing is to enable embryo implantation through the modifica-
tion of the histoarchitecture in preparation for nidation
events. Aberrant molecular/hormonal events due to disease
or environmental stress can negatively affect endometrial
health.

Endometrial leukocytes comprise a significant portion of
the endometrial cell population, and they have an important
dual role: they allow the implantation of the semiallogenic
embryo while providing protection from pathogens (1, 2).
Conversely, proinflammatory cytokines derived from leuko-
cytes can activate inflammatory signaling, leading to the sup-
pression of apoptosis and promotion of cell cycle progression
during carcinogenesis (3). Indeed, an inflammatory milieu is
also involved in cancer development, and the quantitative
distribution of leukocytes varies between the normal endome-
trium and those with uterine tumors (4). CD56þ uterine nat-
ural killer (uNK) cells are the most studied endometrial
leukocytes, and their endometrial migration peak occurs
with decidualization, a progesterone-driven differentiation
process imperative for embryo implantation (1, 5). CD68þ
macrophages are the second-largest population of decidual
leukocytes after uNK cells and have been reported to play a
crucial role in regulating implantation, endometrial remodel-
ing during early pregnancy, and defense against infections
(6). CD8þ cytotoxic T lymphocytes are present during the
whole menstrual cycle; however, in the secretory phase, their
cytotoxicity is reduced to prevent the rejection of the
conceptus (2, 4).

Polycystic ovary syndrome (PCOS) is a common
endocrine disorder and the primary cause of anovulatory
infertility (7). Still, some women with PCOS may have occa-
sional ovulations, and often, their menstrual cycles become
more regular with aging (8). Studies have reported several
endometrial abnormalities in PCOS, leading to adverse preg-
nancy outcomes and endometrial cancer risk in the affected
women (9–11). Prolonged, unopposed estrogen action is one
of the most well-established alterations in the PCOS endome-
trium, accompanied by altered steroid hormone receptor and
coreceptor activity (12) and progesterone resistance (13), also
linking to increased endometrial cancer risk in the affected
women (9, 14). Hormonal balance is also associated with
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leukocyte migration, because their numbers fluctuate with
the menstrual cycle (15, 16). A controlled inflammatory
milieu is crucial in pregnancy establishment but also in can-
cer development (2, 4, 6, 17, 18). This milieu and the leukocyte
populations that modulate the immune environment have
been suggested to be altered in the PCOS endometrium.
Indeed, previous studies have reported the PCOS endome-
trium to present with altered cytokine expression and immune
cell attraction profile and a decreased density of uNK cells
(19, 20).

Because of the dynamic nature of the endometrium, as-
sessing endometrial function requires exact dating and char-
acterization of the sample. Commonly used histologic
analysis is challenging because of the variability in cell pro-
portions in different compartments, such as the stroma and
epithelium, in different cycle phases and significant interhu-
man heterogeneity. Traditionally, the separation of the endo-
metrial compartments and cell counting have been performed
manually, which is very time-consuming. With novel slide-
scanning technologies, it is possible to analyze whole slide
images (WSIs) with excellent quality. However, the massive
amount of data produced by scanners makes manual analysis
almost impossible, requiring a more advanced and automated
analysis approach.

The objective of the current study was to use an artificial
intelligence (AI) deep learning model for the autonomous sep-
aration of the endometrial epithelium and stroma, and the
subsequent quantification of endometrial leukocytes and pro-
liferation from stained endometrial tissue sections, in an
objective and comparable manner. To date, only a few studies
have evaluated the performance of AI technology in endome-
trial analysis although with encouraging results (21, 22).
From the AI analysis results, the differences in leukocyte
counts and proliferation in different cycle phases were evalu-
ated in PCOS and control samples. Both ovulatory and anovu-
latory PCOS samples were examined.
MATERIALS AND METHODS
Tissue Collection

Endometrial biopsies were collected from nonsmoking, vol-
unteering non-PCOS control women and from women with
PCOS. All controls reported regular menstrual cycles and
had no indication of having PCOS, whereas all women with
PCOS had been diagnosed by a physician in Oulu University
Hospital or Karolinska University Hospital, and they all had
175

https://www.fertstertdialog.com/posts/xfss-d-21-00092


TABLE 1

Background information of the study subjects in different analyses.

Comparison
Cycle phases

Control PCOS

P valueaN Mean ± SD N Mean ± SD

Cycle phase group Proliferative Age 26 35 � 6 23 31 � 5 .045
BMI 26 27.23 � 5.71 23 27.22 � 5.68 .996
Menarche 17 13 � 1 17 13 � 2 .446
Pregnancies 18 2 � 2 17 2 � 2 .863
Deliveries 18 2 � 1 17 2 � 1 .679

LHþ(7–9) Age 10 34 � 5 16 34 � 4 .973
BMI 10 25.40 � 3.96 16 25.26 � 4.38 .936
Menarche 10 14 � 1 16 13 � 1 .180
Pregnancies 10 2 � 3 16 2 � 1 .713
Deliveries 10 2 � 2 16 1 � 1 .289

LHþ(10–12) Age 7 32 � 5 9 34 � 5 .567
BMI 7 25.90 � 4.36 9 26.47 � 4.02 .791
Menarche 7 13 � 1 9 13 � 1 1,000
Pregnancies 7 1 � 1 9 2 � 2 .064
Deliveries 7 1 � 1 9 2 � 1 .025

BMI division N Mean ± SD N Mean ± SD

Normal Weight PE Age 11 31 � 5 10 34 � 3 .145
BMI 11 22.29 � 2.23 10 21.47 � 1.89 .377
Menarche 5 12 � 1 8 13 � 1 .274
Pregnancies 6 2 � 3 8 3 � 1 .690
Deliveries 6 2 � 2 8 2 � 1 .919

SE Age 7 31 � 5 13 33 � 4 .510
BMI 7 21.89 � 1.07 13 22.48 � 1.12 .260
Menarche 7 14 � 1 13 13 � 1 .065
Pregnancies 7 3 � 3 13 2 � 2 .816
Deliveries 7 2 � 3 13 1 � 1 .422

Overweight PE Age 15 37 � 5 13 29 � 5 .000
BMI 15 30.85 � 4.62 13 31.64 � 2.77 .594
Menarche 12 13 � 1 9 13 � 2 .645
Pregnancies 12 2 � 1 9 2 � 2 .426
Deliveries 12 2 � 1 9 1 � 1 .298

SE Age 10 35 � 5 12 35 � 4 .808
BMI 10 28.21 � 3.07 12 29.18 � 3.45 .501
Menarche 10 13 � 1 12 13 � 1 .744
Pregnancies 10 1 � 1 12 2 � 1 .083
Deliveries 10 1 � 1 12 2 � 1 .070

Anovulatory subgroups N Mean ± SD N Mean ± SD

Age 18 36 � 5 11 31 � 6 .032
BMI 18 27.37 � 4.84 11 28.01 � 5.50 .744
Menarche 17 13 � 1 11 13 � 2 .379
Pregnancies 18 2 � 2 11 2 � 2 .794
Deliveries 18 2 � 1 11 2 � 1 .639

a Value between the control and PCOS groups.
Note: Background information of the study subjects in different comparisons. SPSS version 28 was used for statistical analysis. P-values< .05 are bolded. BMI¼ body mass index; PCOS¼ polycystic
ovary syndrome; PE ¼ proliferative phase; SE ¼ secretory phase.
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fulfilled the Rotterdam criteria (Table 1). None of the study
subjects had been using hormonal medications for at least 2
months before study participation, had no diseases or took
no drugs that would affect the menstrual cycle, and had not
been pregnant or breastfeeding within the last 3 months.
The endometrial biopsies were collected from the volunteers
using a plastic suction curette (Pipelle). A total of 91 samples
were included for the analysis: proliferative phase (PE) (n ¼
49) or secretory phase (n ¼ 42). Only benign samples without
hyperplasia or signs of any malignancy were included in the
study. All secretory samples were timed with a luteinizing
hormone (LH) surge measured from the urine (Clearblue
176
Digital; Swiss Precision Diagnostics GmbH, Geneva,
Switzerland): midsecretory samples, LHþ 7–9 days (LH7–9,
n ¼ 26), or late-secretory samples, LHþ 10–12 days (LH10–
12, n¼ 16). The presence of the corpus luteum was confirmed
by ultrasound. Some women volunteered to revisit in
different cycle phases, and therefore, 5 women donated 2
samples, and 1 woman donated 3 samples, whereas all other
women gave 1 sample each. From all samples, 77 endometrial
samples were collected in Oulu University Hospital, Finland,
and the 14 additional proliferative phase samples were ob-
tained from Karolinska University Hospital, Sweden. The
endometrial thickness was measured with ultrasonography.
VOL. 3 NO. 2 / MAY 2022



TABLE 2

Antibodies used in immunohistochemistry.

Antibody Provider City, country Clone Code Dilution

Ki67 Novocastra Newcastle, UK MM1 NCL-Ki67-MM1 1:100
CD8 Novocastra Newcastle, UK 4B11 NCL-CD8-4B11 1:200
CD56 Novocastra Newcastle, UK 1B6 NCL-CD56-1B6 1:200
CD68 Dako Glostrup, DK KP-1 M0814 1:10000
Note: Antibodies used in immunohistochemistry. Antibodies were diluted with Dako antibody diluent (S2022).

Kangasniemi. AI-model in endometrial histology. Fertil Steril Sci 2022.
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All study subjects provided written consent. The study
was approved by the regional ethics committee of the North-
ern Ostrobothnia Hospital District (EETTMK: 22/2013) and the
local ethics committee in Karolinska Institutet.
Tissue Processing and Histopathological Analysis

Endometrial biopsies were fixed in 10% Formalin and
embedded in paraffin (Formalin-fixed, paraffin-embedded
[FFPE]). Five-micrometer sections of the FFPE samples were
cut and stained with hematoxylin and eosin. A pathologist
specialized in gynecological histology examined the samples
for cycle phase and endometrial pathologies.
Immunohistochemistry

The antibodies and dilutions used in this study are shown in
Table 2. The staining protocol was the same for all antibodies
and samples. The FFPE samples were deparaffinized in xylene,
FIGURE 1

Training of the deep learning algorithm AINO. First, the regions of interest a
a solid outer line. Inside these regions, the AINO is taught by manually ann
nuclei (D and E). Everything not annotatedwithin the training region is learn
training region.
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rehydrated through graded alcohols, and washed with
phosphate-buffered saline with 0.05% TWEEN. The antigen
retrieval was conducted with Tris-ethylenediaminetetraacetic
acid buffer at pH 9.0 in a microwave oven at 800 W for 2 mi-
nutes and 150 W for 15 minutes. Endogenous peroxidase was
neutralized by a blocking solution (Dako S2023; Agilent, Santa
Clara, CA) for 5 minutes at room temperature (RT). Slides were
incubated in primary antibodies for 30minutes at RT. The Dako
EnVision system (Dako K5007) was used for visualization as
follows: the slides were incubated in Envision polymer for 30
minutes at RT, followed by a 3,30-diaminobenzidine working
solution for 5 minutes. Mayer’s hematoxylin was used for
counterstaining.
Image Analysis

Scanning and software. Stained slides were scanned (Aperio
AT2; Leica Biosystems, Buffalo Grove, IL), and the WSIs were
re drawn on the slides (A). Second, the training regions are markedwith
otating the stroma and epithelium (B and C) and positive and negative
ed as background by the AINO. (F) The learning result of the AINO in the
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FIGURE 2

Image analysis with the deep learning algorithmAINO. The AINO effectively separates the epithelium and stroma in the scannedwhole slide images
(1A, original image; 1B and C, epithelium and stroma layers separated and shown with different colors). Images 2A, 3A, 4A, and 5A represent the
original hematoxylin-3,30-diaminobenzidine staining. Images 2B, 3B, 4B, and 5B are close-ups from those slides, where the AINO has marked
negative stromal cells with blue and positive ones with turquoise. In 2C, 3C, 4C, and 5C, the AINO has marked negative epithelial cells with
green and positive ones with orange. (2A to C) Ki67, (3A to C) CD8, (4A to C) CD56, and (5A to C) CD68.
Kangasniemi. AI-model in endometrial histology. Fertil Steril Sci 2022.

ORIGINAL ARTICLE: REPRODUCTIVE DISEASE
uploaded on the cloud-based AI deep learning platform (Aifo-
ria Create; Aiforia Technologies Oy, Helsinki, Finland). The
resolution of the images was 0.2515 mm/pixel.

AI model (AINO) training. Supervised training of a convolu-
tional neural network was performed to create an endometrial
AI model (AINO). The first layer of the AINO was trained with
semantic segmentation to detect and classify the endome-
trium into the epithelium and stroma, and the second layer
was trained with an object detector to detect and classify pos-
itive and negative nuclei within the epithelium and stroma.
178
This process is illustrated in Figure 1. For the first layer, areas
with blood and artifacts were marked as background. The
training data were augmented for �15% size scaling, 15%
aspect ratio change, 15% shear distortion, �20% brightness,
and �20% contrast change. The field of view was 40 mm.
Rotation and flip were performed automatically by Aiforia.
For the object layer, an object detector size of 8 mm was
used for nuclei detection training, and only properly stained
nuclei were marked as positive. Object layer augmentations
were �20% size scaling, 10% aspect ratio change, 10% shear
VOL. 3 NO. 2 / MAY 2022



FIGURE 3
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distortion,�20% brightness, and�20% contrast change. The
field of view was 80 mm. Again, rotation and flip were per-
formed automatically by Aiforia.

In total, small regions from 76 WSIs were used for AINO
training, including a total of 10.2-mm2 annotated tissue re-
gions and 8,012 positively and negatively stained nuclei
(4,596 in the stroma and 3,416 in the epithelium). Training er-
rors with 29,228 iterations were 1.5% in the tissue layer,
7.44% in epithelial cells, and 4.68% in stromal cells. Two ob-
servers evaluated the performance of the AINO. Before anal-
ysis, the largest possible regions of interest (ROIs) were drawn
on slides to diminish background area and artifacts, still
including most good-quality tissue areas. Finally, the AINO
was used to analyze 1,081 ROIs, and data were produced as
positive cell percentages in the epithelium and stroma. The
AINO was not trained to identify tissue by cycle phase or
study group. Before statistical analysis, all slides and AINO
VOL. 3 NO. 2 / MAY 2022
analyses were evaluated blinded for the study group, and
incoherent ROIs were discarded. The examples of the image
analysis results of the AINO are presented in Figure 2.
Statistical Analyses

Missing data occurred because of the blinded evaluation of
the AINO analysis mentioned in earlier sections or random
data collection errors (i.e., the endometrial thickness was un-
available for some study subjects). Statistical analysis was
conducted using IBM SPSS Statistics versions 26 and 28 for
Mac. The distribution of cell percentages was skewed; there-
fore, the Kruskal-Wallis test was used for multiple compari-
sons, and the Mann-Whitney U test was used for paired
tests. Student’s t test was used for background information.
Comparisons were made primarily for different cycle phases
within control samples and secondarily between PCOS and
179



TABLE 3

Staining data of the study subjects in different cycle phases.

Control PCOS

N Median (IQR) N Median (IQR) P valuea

Proliferation
Endometrium (mm) 20 6.05 (4.2–7.4) 23 5.20 (4.4–7.8) NS
Epithelium

Ki67% 25 50.14 (36.03–58.41) 23 46.56 (29.38–66.08) NS
CD8% 21 0.91 (0.46–1.31) 22 0.99 (0.45–1.38) NS
CD56% 26 1.90 (0.87–3.92) 23 1.49 (0.64–3.03) NS
CD68% 24 1.07 (0.72–1.61) 23 1.47 (0.85–2.68) NS

Stroma
Ki67% 26 5.82 (2.21–14.27) 23 6.37 (3.89–11.58) NS
CD8% 23 3.03 (0.97–4.13) 22 2.16 (1.36–3.80) NS
CD56% 26 6.35 (3.92–7.63) 23 4.48 (1.19–6.12) NS
CD68% 25 4.46 (3.78–5.52) 23 4.03 (2.11–4.59) NS

LHD(7–9)
Endometrium (mm) 10 8.95 (8.1–13.4) 16 9.55 (7.4–11.1) NS
Epithelium

Ki67% 9 5.96 (437–6.97) 15 5.41 (2.45–7.93) NS
CD8% 10 0.32 (0.17–0.44) 16 0.21 (0.08–0.32) NS
CD56% 10 0.77 (0.70–2.03) 15 0.99 (0.60–1.69) NS
CD68% 10 0.40 (0.30–0.44) 16 0.38 (0.21–0.56) NS

Stroma
Ki67% 10 7.98 (5.31–9.69) 16 8.69 (7.01–13.43) NS
CD8% 10 1.06 (0.60–1.83) 16 0.40 (0.15–1.39) NS
CD56% 10 3.63 (3.17–4.96) 15 4,17 (1.91–6.82) NS
CD68% 10 2.45 (1.90–3.17) 16 1.80 (1.37–2.64) NS

LHD(10–12)
Endometrium (mm) 7 9.70 (6.2–14.7) 9 10.30 (9.2–12) NS
Epithelium

Ki67% 7 6.96 (4.46–13.68) 8 9.00 (6.85–16.52) NS
CD8% 7 0.41 (0.20–0.68) 9 0.25 (0.16–0.35) NS
CD56% 7 2.00 (1.33–2.68) 9 2.51 (2.35–4.09) NS
CD68% 7 2.93 (2.38–4.99) 9 1.84 (1.35–3.72) NS

Stroma
Ki67% 7 21.86 (15.23–28.04) 9 23.80 (18.18–28.43) NS
CD8% 7 1.87 (0.90–2.49) 9 1.57 (0.58–2.95) NS
CD56% 7 11.34 (7.80–21.19) 9 12.22 (10.17–16.90) NS
CD68% 7 4.47 (3.82–5.65) 9 3.92 (3.05–5.68) NS

a Value between the control and PCOS groups.
Note: Percentages of stained nuclei in different tissue compartments as median (IQR). Data were produced with Aiforia AI algorithm, and SPSS version 26 was used for statistical analysis. IQR ¼
interquartile range; LH ¼ luteinizing hormone; NS ¼ non-significant; PCOS ¼ polycystic ovary syndrome.
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control samples in the different cycle phase groups. Next, all
samples were divided by body mass index (BMI) (<25 kg/m2,
normal weight; >25 kg/m2, overweight), and proliferative
and secretory PCOS and control samples were compared.
For the women who had given more than 1 secretory phase
sample, the mean percentages were counted and used in the
analysis. Finally, subgroup analysis was performed for sam-
ples from the women with PCOS with cycle irregularities
compared with the controls. To minimize the variation related
to sample collection in small subgroups, only proliferative
phase samples collected in Oulu were used for the subanalysis.
RESULTS
Performance of the Deep Learning Algorithm in
the Endometrium

Deep learning algorithm AINO performed well in the analysis
of human endometrium, allowing the automated analysis of
the hundreds of WSIs. The AINO managed first to divide the
180
epithelium and stroma, a task that would manually take an
unreasonable amount of time, and then further calculate the
numbers of stained immune cells. With the AINO, it was
possible to analyze the WSI, not only a little part of it.
Leukocyte Count and Proliferation in the Normal,
Healthy Endometrium

We first quantified the proliferation rate (Ki67) and leukocyte
counts in different cycle phases in the control samples (Fig. 3,
PE n¼ 26, LH7–9 n¼ 10, and LH10–12 n¼ 7). In these sam-
ples, the percentage of the Ki67 positive cells significantly
decreased from the proliferative phase toward the midsecre-
tory phase (PE to LH7–9) and remained low in the epithelium
for the whole secretory phase. In the stromal compartment,
the Ki67þ percentage significantly increased at LH10–12.
In the epithelial cell compartment, the CD8þ cell proportion
slightly decreased from the proliferative phase samples to-
ward the secretory phase (PE to LH7–9), but we detected no
VOL. 3 NO. 2 / MAY 2022
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differences in the stroma. The epithelial CD56þ percentage
remained stable over the menstrual cycle; however, in the
stroma, it markedly increased in the late-secretory phase
(LH10–12) compared with that in the earlier cycle phases.
The epithelial CD68þ percentage decreased from the prolifer-
ative phase toward the midsecretory phase (PE to LH7–9) but
increased at its highest level at LH10–12. The stromal CD68þ
cell percentage dropped at LH7–9; however, there were no dif-
ferences between PE and LH10–12. To underline the differ-
ences in endometrial compartments, we also performed
statistical analyses to compare the epithelium and stroma.
Statistical differences were observed in almost every staining
and cycle phase, indicating differences in cell migration be-
tween the 2 cell compartments (marked with an asterisk in
Fig. 3).
Polycystic Ovary Syndrome vs. Control Analysis

When comparing the whole study populations, no significant
differences in proliferation or leukocyte percentages were
noted between PCOS and controls in any of the 3 different cy-
cle phases (the numbers of PCOS samples were as follows: PE,
23; LH7–9, 16; and LH10–12, 9; Table 3). No difference was
found when dividing the study groups into normal and over-
weight; however, the percentage of CD68þ cells was slightly
lower in the stroma in samples obtained from the overweight
PCOS than that in those from the overweight controls (Fig. 4).
However, we observed several differences between the study
groups in the subgroup analysis comparing PE samples
from the anovulatory women with PCOS (n ¼ 11) with
BMI-matched controls (n ¼ 18) (Fig. 5). In the epithelium,
there were more CD68þ cells in the PCOS samples than in
the controls. On the other hand, there were fewer stromal
CD8þ, CD56þ, and CD68þ cells in PCOS samples than in
the controls. No difference was observed for Ki67. Perhaps
unexpectedly, the endometrial thicknesses were also compa-
rable in both the primary and subgroup analyses.

DISCUSSION
In this study, we showed that AI technology is a convenient
and objective tool for endometrial analysis. Because epithelial
and stromal compartments are divergent and their propor-
tions vary highly between samples, they should be analyzed
separately to obtain comparable results. Supporting earlier
studies, our results concerning the healthy endometrium
showed that the number of leukocytes and their proliferation
vary in different phases of the menstrual cycle. This fluctua-
tion seems to be similar in ovulatory women with PCOS and
BMI-matched controls. However, women with PCOS and pro-
longed anovulatory cycles appear to present with an altered
endometrial leukocyte profile. These differences observed be-
tween cycle phases and phenotypes could be used in future
studies to train AI algorithms to effectively identify women
with altered endometrial immune cell profiles using a
histopathology-driven workflow.

To our knowledge, only a few studies have used AI tech-
nology in endometrial histologic analysis (21, 22). Earlier
endometrial studies have been based mostly on randomly
chosen images or microscopic fields of samples and manual
182
counting or scoring. Some studies have used traditional image
analysis software, but the separation of the epithelium and
stroma has been largely manual, even though the software
can then be used for cell counting. As shown in our study,
the endometrial stroma and epithelium are very different in
terms of leukocyte populations. Because the stroma and
epithelium proportions vary between biopsies, cycle phases,
and individuals, it is essential to analyze them separately.
Because an AI model can analyze hundreds of thousands of
cells in just a few minutes and separate different tissue com-
partments, it can enable the full use of WSIs, which are
becoming a new standard in microscopy. Other supporting
analysis techniques, such as flow cytometry and gene expres-
sion analysis, could be combined with immunohistochem-
istry; however, these methods do not usually preserve the
tissue structure and, thus, will not allow localization of the
immune cells in the stroma or epithelium because the original
locations vanish in tissue digestion.

Our results from the normal endometrium in different cy-
cle phases are well in line with those of earlier studies. Some
original studies have shown similar variations (decrease from
proliferation to early secretion and increase in the secretory
phase) of cytotoxic T cells, macrophages, and uNK cells
with the menstrual cycle (15, 23, 24). Moreover, several re-
view articles have reported this (1, 16, 25–27). Some earlier
studies have also noted the increase in the stromal Ki67
percentage in the late-secretory phase with the diminishing
effect of progesterone after the collapse of the corpus luteum
(28–30). Proliferating uNK cells could explain this increase in
the Ki67 percentage in the stroma at the end of the cycle (29).

As said, knowledge on the proliferation rate and leuko-
cyte numbers in the PCOS endometrium remains somewhat
limited. One study reported an increased Ki67 percentage in
the PCOS epithelium in the secretory phase (31), which differs
from our results because we did not observe a higher prolifer-
ation rate in the PCOS endometrium. Our cycle dating was
based on LH peak, whereas Avellaira et al. (31) used histologic
dating, which could explain the differences between the re-
sults. Similar to our study, a previous article reported no dif-
ference in Ki67 between PCOS cases and controls on cycle
days 6–8 (32). In the same study, on cycle days 21–23, post-
ovulatory women with PCOS had a Ki67 profile comparable to
controls. In contrast, anovulatory women had higher immu-
nostaining of Ki67 than the secretory controls, most likely re-
sulting from the difference in progesterone exposure between
the samples (32). Transcriptional profiling of the PCOS endo-
metrium has shown reduced stromal cell proliferation in the
early proliferative phase, which also contradicts the idea of
a higher proliferation rate in PCOS (33). One previous study
showed a thicker endometrium in women with PCOS; howev-
er, that study used the patients that underwent in vitro fertil-
ization as controls, whereas we used healthy volunteers (34).
All in all, our data do not support the idea of a higher prolif-
eration rate or increased endometrial thickness in the PCOS
endometrium.

The normal function of the endometrial leukocytes is
essential for embryo implantation, placental formation, and
normal pregnancy. Indeed, leukocytes, especially CD56þ
uNK cells and CD68þ macrophages, play crucial roles in
VOL. 3 NO. 2 / MAY 2022
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tolerating the semiallogenic fetus, controlling trophoblast in-
vasion, and remodeling tissue (1, 2, 5, 6). For the same reason,
the cytotoxicity of CD8þ T cells decreases in the decidua (2, 4).
VOL. 3 NO. 2 / MAY 2022
It is not surprising that researchers have connected alterations
in immune cell function and inflammation to miscarriages,
abnormal menstruation, and endometriosis (25, 35). However,
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data in womenwith PCOS are scarce. One of the rare studies on
leukocytes in the PCOS endometrium showed a reduced per-
centage of uNK cells in the secretory PCOS endometrium
(19). In line with this, we also found fewer CD8þ, CD56þ,
and CD68þ cells in the proliferative phase of anovulatory
PCOS samples than those in controls. However, given that
the uNK cell population in the study by Matteo et al. (19)
was reported as the percentage per total leukocytes, whereas
we used percentage per stromal/epithelial cells, the results are
difficult to compare. Another study by Liu et al. (36) found
no difference in CD56þ cells between midsecretory PCOS
and control endometria but did detect a higher percentage of
CD68þ cells in PCOS compared with controls. Compared
with that study, we found no difference or slightly fewer
CD68þ cells in the PCOS stroma, depending on the group,
but a similarly higher percentage of CD68þ cells in the epithe-
lium of the anovulatory PCOS samples. However, in the study
by Liu et al. (36), they did not separate endometrial compart-
ments. On the other hand, the higher rate of CD68þ macro-
phages in the anovulatory PCOS endometrial epithelium may
reflect our previous finding, which demonstrated a higher
monocyte cell migration toward stromal culture media ob-
tained fromwomen with PCOS not responding to progesterone
(37). Given that immune cells are effective cytokine producers,
our result may also be related to previous findings reporting
altered cytokine expression in several endometrial cell com-
partments in women with PCOS (20). Whether all of these ob-
servations could be related to the increased risk of pregnancy
complications and even endometrial cancer in PCOS is not
yet known (9, 11, 38). Still, it is encouraging to note that the
ovulatory endometrium from women with PCOS did not differ
remarkably from the controls. This may indicate that gaining
ovulatory cycles normalizes the PCOS endometrium, allowing
spontaneous pregnancies.

The novel, objective analysis technique allowing a large
sample set is the major strength of this study. Compared
with several earlier studies, the number of endometrial sam-
ples we used was relatively large. The present study also pro-
vides important, novel information regarding proliferation
and leukocyte migration in the PCOS endometrium. Most
importantly, the BMIs did not differ between the study
groups, which is crucial, especially in PCOS studies (39, 40).
However, the women with PCOS were slightly younger than
the controls. We also had a rare sample set from spontane-
ously ovulating women with PCOS, and therefore, we were
able to study secretory phase endometrial samples from
womenwith PCOS. Many of the women reported previous oli-
gomenorrhea, but they had gained regular cycles with aging,
as is common for women with PCOS. Because of stringent in-
clusion criteria and matching and cycle phase tracking with
LH tests, sample collection took 5 years. This can be consid-
ered as a limitation; however, the samples were immediately
fixed and paraffin-embedded, sample quality was constantly
checked by a pathologist, the same technician stained the
samples simultaneously, and the AINO analyzed all samples
objectively at once. Therefore, we consider that the study
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duration did not have a great effect on the results. Concerning
other limitations, power analysis was challenging for this spe-
cific study setup, considering the scarce preexisting data of
leukocytes in the PCOS endometrium. Given all this, there
was a chance for type II error, and the finite number of cases
is the main limitation of this study. Especially after dividing
groups into normal and overweight according to BMI, the
number of samples became limited, and thus, possible differ-
ences may have been lost because of underpowered analysis.
In the future, double staining for Ki67 and leukocytes would
provide more precise information on proliferating cell types,
whereas an AI algorithm would provide possibilities for
even more accurate analysis (spiral arteries, surface and glan-
dular epithelium, and basal and functional endometrium
could be separated). Still, specific algorithm training requires
time and precise knowledge of endometrial histology, thus
warranting resources and special expertise.

To conclude, AI technology provides a functional solution
for endometrial histologic analysis, producing objective and
comprehensive data. The number of endometrial leukocytes
and proliferation rate vary in different cycle phases, and this
variation seems to be similar in ovulatory women with PCOS
and healthy women. Still, women with PCOS and persistent
anovulatory cycles present with alterations in leukocyte popu-
lations. Whether this translates into clinical outcomes, such as
pregnancy complications and endometrial cancer, remains to
be investigated. In the future, AI models could be developed
further and used as tools to separate PCOS and controls based
on the endometrial differences.
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F&S SCIENCE CLINICAL QUICK TAKE

� What clinical problem is addressed by these studies?
B Polycystic ovary syndrome (PCOS) is the most common

cause for anovulation and increases the risk of endome-
trial cancer.

B Knowledge on the PCOS endometrium is scarce because
of challenges in sample collection and the lack of well-
characterized samples.

� What are the key findings?
B Artificial intelligence deep learning technology pro-

vides a powerful tool for endometrial histologic
analysis.

B The endometria of ovulatory women with PCOS did not
differ notably from those of the controls.

B The anovulatory subgroup of women with PCOS pre-
sented with altered endometrial leukocyte populations
compared with non-PCOS controls.
VOL. 3 NO. 2 / MAY 2022
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� How do these findings apply to human fertility or the
reproductive process?
B Gaining ovulatory cycles normalizes the PCOS endo-

metrium, allowing a normal leukocyte environment
before implantation.

B Deviant endometrial leukocyte populations in anovula-
tory women with PCOS could be interrelated with the
altered endometrial function observed in the women.
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