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Globally, polycystic ovarian syndrome (PCOS) affects approximately 10% of fertile
women, leading to great health and economic burden. PCOS is a heterogenous
illness that can cause infertility, irregular menstrual cycles, acne, and hirsutism,
among other symptoms. The clinical diagnosis is primarily a diagnosis of
exclusion if one or more of the three primary symptoms, namely, oligo- or
anovulation, hyperandrogenism, and polycystic ovarian morphology, are present.
Obesity and PCOS are often coexisting disorders that may be bidirectionally
causally related. Phenotypic heterogeneity throughout the reproductive lifespan,
such as the overlap of PCOS symptoms with regular fluctuations in a woman'’s
menstrual cycle and metabolism during the menarche and menopausal
transition, further complicates diagnosis. PCOS etiology is mostly unknown
and complex, likely due to the fact that it is a group of disorders with
overlapping metabolic and reproductive problems. Evidence-based, common,
standardized guidelines for PCOS diagnosis and treatment are urgently needed.
Genomics and clinical data from populations across diverse ages and ethnicities
are urgently needed to build efficient machine learning models for the
stratification of PCOS. PCOS subtype-specific strategies for early screening,
an accurate diagnosis, and management throughout life will optimize
healthcare resources and reduce unnecessary testing. This will pave the way
for women to be able to take the best possible care of their own health using the
latest clinical expertise combined with their unique needs and preferences.

PCOS, stratification, machine learning, women's health, diagnosis, treatment

1 Introduction

Polycystic ovarian syndrome (PCOS) is a prevalent heterogeneous disorder affecting
5%-20% of women of reproductive age (Azziz et al., 2016). Even though Stein and Leventhal
initially reported the condition in 1935, most PCOS-affected women still go misdiagnosed
or undiagnosed. From puberty to old age, PCOS affects women of all ages. In young
patients, it primarily manifests itself as menstruation problems, hirsutism, and acne,
together with infertility, pregnancy issues, a substantially increasing lifetime risk of type
2 diabetes, cardiovascular disease, and gynecological cancers, such as endometrial cancer.
Thus, the clinical consequences of PCOS are observed in a wide range of specialties,
including cardiology, geriatrics, dermatology, gynecology, endocrinology, and pediatrics
(the Amsterdam ESHRE/ASRM-sponsored 3rd PCOS Consensus Workshop Fauser et al.,
2005). An enormous financial and physical burden is caused by PCOS. The estimated cost of
diagnosing and treating PCOS is $8 billion, without considering the expense of treating
acute reproductive problems, pregnancy difficulties, and long-term metabolic health issues
associated with PCOS. Treatment for stroke, type 2 diabetes, and issues related to
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reproduction, including infertility and hirsutism, is the most
expensive component of PCOS care (Riestenberg et al., 2022).

1.1 PCOS diagnosis

The first clinical manifestations of PCOS typically appear in
adolescence as irregular periods, excessive hair growth, acne, weight
gain, and other health issues. When diagnosing PCOS, it is
important to rule out any other origins of the phenotype, such as
adult-onset congenital adrenal hyperplasia, hyperprolactinemia, and
androgen-secreting neoplasms. When combined with other
symptoms, hyperandrogenism is recognized as a critical
diagnostic factor (Azziz et al, 2006). Globally, there are
differences in the methods and criteria used for diagnosis. The
National Institutes of Health (NIH) criteria identify PCOS in about
6% of women of reproductive age if they exhibit both
hyperandrogenism and oligo/amenorrhea (McCartney and
Marshall, 2016). For PCOS diagnosis, the Rotterdam criteria
demands two out of the three criteria (Rotterdam ESHRE/
ASRM-Sponsored PCOS Consensus Workshop Group, 2004),
and the diagnosis can be made with just one polycystic ovary
present (Balen et al., 2003). Metabolic risk, specifically insulin
resistance, is significantly higher in the NIH group compared to
the Rotterdam-defined group. Using the Rotterdam definition raises
the prevalence of PCOS in women to up to 20% from 6% using the
NIH definition (Broekmans et al., 2006). Laboratory tests measuring
free and bioavailable testosterone and androstenedione are used to
diagnose hyperandrogenism. Ultrasound scans, blood testing, and
clinical symptoms contribute to PCOS diagnosis. These techniques,
however, can be expensive, time-consuming, and imprecise.
Additionally, a number of PCOS symptoms, such as irregular
menstruation and acne, coincide with the typical pubertal stage
(Kiconco et al., 2023). The ovaries of women with PCOS are often
bigger and contain more follicles. The most popular radiological
technique for detecting PCOS is ultrasound; however, the diagnostic
cut-offs have been an ongoing debate and have recently been revised.
Additionally, multi-follicular ovaries are a common feature around
menarche, which limits the utility of ultrasonography to diagnose
PCOS for early diagnosis. Currently, the diagnostic cut-offs are
dependent on fluctuating laboratory ranges specified by test
manufacturers and are based on arbitrary percentiles, frequently
from poorly characterized cohorts. This limits the precision of the
diagnostic process. A recent study demonstrated that the PCOS
than
conventional PCOS diagnostic criteria (Kiconco et al., 2023).

diagnostic  cut-offs correspond to lower percentiles
Thus, both physicians and patients are unsatisfied with available
diagnosis and treatment options due to diagnostic challenges,
delayed and unsatisfactory diagnosis experiences, and less-than-
optimal treatment plans (Hoeger et al., 2021). This underscores the
pertinent need for precision diagnostics using a combination of
novel biomarkers and machine learning methods, with rigorous
validation in larger, multi-ethnic, and well-characterized adolescent
cohorts. The development of ovarian follicles is regulated by the
anti-Miillerian hormone (AMH) during the menstrual cycle. The
number of ovarian antral follicles is closely correlated with AMH
levels, making a high level of AMH a potential PCOS biomarker

(Butt et al., 2022). The broad application of such novel biomarkers is
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hampered by the absence of an international standard for blood
hormone tests, making it challenging to establish consensus criteria
(Dumont et al.,, 2015). Approaches utilizing machine learning have
the potential for the identification of PCOS. An ensemble machine
learning system was shown by Danaei Mehr and Polat (2022) to be
highly sensitive and accurate in PCOS prediction. Using image data
from ovarian ultrasound scans, a machine learning algorithm could
accurately identify PCOS (Suha and Islam, 2022).

1.2 PCOS treatment

Individual circumstances determine the course of treatment
for PCOS; similar to diagnosis, there is no single treatment option.
As lifestyle changes are shown to improve both the reproductive
and metabolic features of PCOS, they are used as the first line of
ovulation induction in PCOS patients (Karimzadeh and Javedani,
2010). While rigorous aerobic exercise has been proven to
improve body composition, cardiorespiratory fitness, and
insulin resistance, no particular diet composition has shown
promise in treating the symptoms of PCOS (Cowan et al,
2023). Medical interventions are directed primarily to treat
PCOS

anovulation. Hormonal birth control pills are frequent clinical

core symptoms—irregular cycles, hirsutism, and
medications that help regulate menstrual periods and lower
Metformin is advised for obese PCOS
women to enhance insulin sensitivity and reduce insulin and
Studies on the effects of

supplementation on metabolic profiles and reduction in

testosterone levels.

blood glucose levels. inositol
hyperandrogenism have demonstrated promise (Cowan et al,
2023). Other pharmaceutical drugs,
stimulants like letrozole or clomiphene citrate, are also applied;

including ovulatory

they induce ovulation by blocking estrogen activity and
stimulating the pituitary gland to produce more luteinizing
hormone (LH) and follicle-stimulating hormone (FSH), which,
in turn, triggers ovulation. When other therapies do not work or
are not effective, more intrusive procedures such as bariatric
surgery or laparoscopic ovarian drilling are used, which involve
destroying a portion of the tissue that produces androgens in an
effort to restore ovulation (Hoeger et al., 2021).

2 PCOS etiology

All diseases originate as a result of the interaction between
genetic and environmental factors. A strong genetic predisposition
to PCOS is demonstrated by the twin studies (Vink et al., 2006).
Although PCOS pathophysiology is still unclear, genomic variants in
genes involved in the regulation of androgen biosynthesis and
function are thought to play a role in PCOS pathogenesis
(Escobar-Morreale et al., 2005). It is interesting to note that
different
including  self-reported ~diagnosis,

common genetic architecture was noted across

diagnostic criteria, by a
genome-wide meta-analysis. Numerous metabolic features and
PCOS are consistently linked to a high degree of shared genetics
(Day et al., 2018). The main environmental factors associated with
PCOS are environmental toxins, diet, and nutrition, as well as low

socio-economic status (Merkin et al., 2016). It is important to note
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that the associations based on epidemiological studies, are not
substantiated by causal molecular mechanisms.

At first, PCOS was primarily considered an ovarian disorder. It
is now believed to be caused by the malfunctioning of the
through FSH and LH
hormone secretion dysregulation caused by the hypothalamus

hypothalamic-pituitary-ovarian ~ axis

and pituitary. PCOS has been linked to increased LH pulse
frequency and amplitude, as well as ovarian defects caused by an
internal issue that results in androgen overproduction. This does
not, however, account for the fact that many women with PCOS do
not have elevated LH levels (Dapas et al., 2020). Another theory
about PCOS is that it results from a recurring ovarian failure cycle.
In the event of no ovulation, the ovary releases more testosterone to
compensate for the lack of progesterone, which, in turn, implies no
ovulation (Wang et al.,, 2022).

From an evolutionary perspective, PCOS results from a genetic
mismatch between previously neutral variations that developed in
physically demanding lifestyle contexts and may become deleterious
in sedentary, industrialized environments. Therefore, the high
frequency and severity of PCOS are associated with current
sedentary and obesogenic settings (Charifson and Trumble,
2019). Women’s relative infertility favors mother and child
survival by lengthening the time between pregnancies and
lowering the number of children, and insulin resistance lead to
resistance to stressors such as scarcity of food, wounds, and
epidemics by increasing the availability of glucose for the brain.
In obesogenic environments, it increases the risk of cardiometabolic
disorders (Charifson and Trumble, 2019).

2.1 PCOS subtypes

A systematic classification of PCOS may enable better diagnosis,
treatment, and management of the condition based on each
woman’s unique needs. Two of the three are suggested by the
Rotterdam polycystic morphology,
hyperandrogenism, and oligo- or anovulation. This results in

criteria: ovarian
four unique phenotypes: 1) complete, i.e., all three requirements
are met; 2) classic, i.e., anovulation and hyperandrogenism are
present; 3) ovulatory, characterized by polycystic ovarian shape
and hyperandrogenism; and 4) non-androgenic, defined by the
existence of polycystic ovarian morphology and anovulation
(Broekmans et al. 2006). A recent study distinguished between
two primary PCOS subgroups using hormonal and metabolic
The identified by
comparatively low body mass index (BMI) and insulin levels, as
well as greater levels of LH and sex hormone-binding globulin

markers. reproductive  subtype = was

(SHBG) and more severe infertility and irregular menstruation. In
addition to having lower levels of SHBG and LH and higher levels of
BM]I, glucose, and insulin, the metabolic subtype was also linked to
an increased risk of androgen excess symptoms, including hirsutism,
acne, and hair loss. Significantly, distinct genetic connections were
found for these subgroups, indicating potential differences in their
origins. Variants in ovarian function-related genes, including
PRDM2, IQCA1, BMPRI1B, and CDHI10, were linked to the
reproductive subtype. Variants in glucose metabolism-related
genes, including KCNH7 and FIGN, were linked to the metabolic
subtype (Dapas et al., 2020). Thus, the primary cause of anovulation
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in obese PCOS women is likely hyperinsulinemia, whereas increased
blood LH concentrations are more likely to produce anovulation in
lean PCOS women (Barber, 2022).

3 PCOS and obesity

The percentage of overweight or obese women with PCOS
ranges from 38% to 88%. Importantly, even a minor weight loss
of 5% of body weight can improve a woman’s ovulatory function and
symptoms of hyperandrogenism, as well as the reproductive and
metabolic aspects of PCOS (Barber, 2022). Consequently, it is
indisputable that obesity plays a key role in the development and
maintenance of PCOS and that it significantly affects the degree of
endocrine and clinical aspects of the illness in a large proportion of
affected women. Obesity is independently associated with infertility
and probably plays a part in the features of hyperandrogenism, even
in women whose ovaries are normal (Barber et al., 2006). A meta-
analysis of forty studies concluded that women with PCOS have a
three-fold prevalence of type 2 diabetes mellitus and impaired
glucose tolerance (Kakoly et al, 2018). Numerous PCOS
symptoms, such as insulin resistance, elevated blood glucose, and
reproductive issues., can be made worse by obesity. Although the
exact mechanism behind the association between obesity and PCOS
is uncertain, one likely mechanism is selective insulin resistance
(Barber, 2022). PCOS increases the chance of getting diabetes,
gestational diabetes, heart disease, high blood pressure, high
cholesterol, and sleep apnea. Being obese can make a person
of these
conditions. Obesity and PCOS have been shown to share genetic
similarities, including variations in the FTO gene locus. A

considerably more susceptible to acquiring all

Mendelian randomization study utilizing genetic loci found weak
evidence for obesity causal for PCOS, but not the other way around
(Brower et al., 2019).

3.1 Hormonal imbalance and
metabolic syndrome

Comparing PCOS women to BMI-matched controls, more
accumulation of abdominal fat is observed. Nonetheless, imaging
studies have revealed that the distribution of fat was comparable in
PCOS and control groups, indicating that central obesity might exist
independently of PCOS (Zhu et al, 2021). Visceral fat has high
metabolic activity and secretes a variety of hormones and cytokines
that can disrupt insulin signaling, induce inflammation, and result in
a chronic low-grade inflammatory and insulin-resistant state (Zhao
et al., 2023). Adipose tissue secretes leptin, which acts on the
inhibit
expenditure. Higher amounts of leptin in the bloodstream in

hypothalamus  to appetite and increase energy
obese women may cause a long-term downregulation of LEPR in
the brain. Research conducted in vitro has demonstrated that leptin
impacts steroidogenic pathways in granulosa cells and reduces the
synthesis of progesterone and estrogen in a dose-dependent manner
(Brannian et al., 1999). A total of 65%-95% of women with PCOS,
including the majority of overweight and obese women and more
than half of women of normal weight, have compensatory

hyperinsulinemia and insulin resistance. It indicates that insulin
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TABLE 1 Comorbidities associated with PCOS. Data are obtained from the FinnGen population study (Kurki et al., 2023).

PCOS-associated comorbidity Hazard ratio p-value
Hirsutism 50.87 2.3 e-50

Female infertility, associated with anovulation 50.08 < 1e-100
Hypertrichosis 44.52 3.9 e-47

Amenorrhea 29.88 < 1e-100

Non-inflammatory disorders of the female genital tract 27.72 < 1e-100
Oligomenorrhea 20.66 4.3 e-38

Female infertility 19.49 < 1e-100
Medical treatment for female infertility 13.80 1.1 e-61
Female infertility, cervical, vaginal, other, or unspecified origin 13.56 6.0e-90
Type 2 diabetes, definitions combined, including Avohilmo 8.60 1.4 e-38
Obesity due to excess calories 8.54 4.2 e-32
Type 2 diabetes, strict (excluding DM1) 8.50 43 e-38
Type 2 diabetes, definitions combined 8.49 4.5 e-38
Obesity 7.41 6.7 e-35
Obesity and other hyperalimentation 7.38 8.6 e-35
Other nutritional deficiencies 7.17 3.8 e-33
Type 2 diabetes 6.87 2.4 e-36
Endometriosis diagnosis and infertility 5.52 1.4 e-9
Diabetes, varying definitions 4.76 8.6 e-38
Obesity, other/unspecified 4.59 29e-9
Diabetes mellitus 4.36 7.8 e-33
Excessive, frequent, and irregular menstruation 4.32 1.0 e-20
Pain (limb, back, neck, head, and abdominal) 4.25 1.6 e-45
Abdominal and pelvic pain 3.88 1.5 e-39
Migraine with aura 3.86 1.7 e-39
Symptoms and signs involving the digestive system and abdomen 3.83 2.0 e-39
Persons encountering health services related to reproduction 3.82 7.3 e-27
Gestational diabetes (for exclusion) 3.66 9.8 e-11
Disorders of the thyroid gland 3.55 29e-18
Disorders of the skin appendages 3.46 1.2 e-10
Hypothyroidism, other/unspecified 3.44 1.4 e-15
Migraine without aura 343 6.5 e-7
Hypothyroidism (congenital or acquired) 343 1.7 e-15
Migraine 3.35 5.0 e-12
Diabetes mellitus in pregnancy 3.35 1.8 e-9
Other specified and unspecified personality disorders 333 1.7 e-4
Bipolar affective disorders 321 1.4 e-6
Postpartum depression 3.20 33e-9

(Continued on following page)
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TABLE 1 (Continued) Comorbidities associated with PCOS. Data are obtained from the FinnGen population study (Kurki et al., 2023).

PCOS-associated comorbidity

Hazard ratio

Eating disorders 3.20 9.7 e-6

Other abnormal products of conception 3.18 2.1e-9
Hypothyroidism, strict autoimmune 3.18 32e-12
Depression 3.18 9.0 e-21

Phobic anxiety disorders 3.14 9.8 e-5
Endometriosis of the ovary 3.13 2.0 e-4

Mood disorders 3.13 1.3 e-21

Mood-affective disorders 3.13 1.3 e-21

Other maternal disorders predominantly related to pregnancy 3.13 3.5e-13
Type 1 diabetes with ophthalmic complications 3.11 1.7 e-5
Ovarian cyst 3.04 1.2 e-8

resistance in PCOS is tissue-specific rather than a general
phenomenon. While the ovary, adrenal glands, and liver continue
to be insulin-sensitive, skeletal muscle and adipose tissue develop
insulin resistance, leading to decreased glucose absorption and
increased lipolysis, respectively.

compensatory reaction to insulin resistance common in PCOS.

Hyperinsulinemia is a

The ovaries and adrenal glands are stimulated indirectly by
hyperinsulinemia, which leads to an increase in androgen
production. More precisely, when LH is stimulated, excess insulin
increases the production of androgen in the ovarian theca cells,
leading to follicular arrest and, thereby, anovulation. Nevertheless,
with exhibit
hyperandrogenism, but they have increased LH pulse frequency,
similar to PCOS women (Yoo et al., 2006). SHBG secreted by the
liver, the main protein that binds testosterone in the serum, is

not all obese women oligomenorrhea

suppressed by hyperinsulinemia (Silvestris et al, 2018). The
National Institute for Health and Care Excellence states that
since there is a substantial inverse relationship between SHBG
levels and fasting serum insulin in obese women, measuring
SHBG levels can serve as a proxy measure for the severity of
hyperinsulinemia in PCOS-affected women (Daka et al, 2013).
Consequently, following weight loss, there was a substantial
negative correlation between SHBG concentrations and insulin
levels. Remarkably, insulin did not suppress the SHBG level in
cases of extreme insulin resistance (Akin et al., 2007).

4 Comorbidities with PCOS

PCOS highlights a multi-systemic defect involving gonadal,
metabolic, and neuroendocrine components. The most prevalent
comorbidities associated with PCOS include long-term metabolic
risks and emotional well-being [(Table 1, Kurki et al. (2023)]. PCOS
comorbidities are not systematically considered in clinical care.
disorders, including type 2  diabetes,
hypertension, dyslipidemia, and cardiovascular disease, are the

Cardiometabolic

most prevalent comorbidities. Below is a brief description of
other common comorbidities linked to PCOS.

Frontiers in Cell and Developmental Biology

4.1 Psycho-social disorders

PCOS symptoms can have a significant influence on a person’s
life and may affect their mood or general well-being. Accordingly, it
is associated with a higher risk of several mental health disorders
(Table 1), including depression, anxiety, eating disorders, low self-
esteem, and negative body image. In women with PCOS, hirsutism,
i.e., excess terminal hair development in male-typical body areas,
had the greatest effect on the quality of life metrics relating to health
(Khomami et al., 2015).

4.2 Endometrial cancer

Endometrial carcinoma is the sixth most common cancer in
women, and because of their higher frequency of obesity and
extended oligomenorrhea or amenorrhea, women with PCOS
appear to have a three- to four-fold increased risk of endometrial
cancer. Thinning or irregular menstruation can lead to
endometrial accumulation and thickening. In fact, a
prognostic signature for endometrial cancer was shown to be
derived from genes involved in the production of steroid
hormones (Zhang et al., 2023).

4.3 Non-alcoholic fatty liver disease

Non-alcoholic fatty liver disease (NAFLD) is more common in
PCOS patients (odds ratio 2.54). Even after controlling for
confounding variables, the prevalence of NAFLD is greater in
PCOS women with hyperandrogenism (classic phenotype) than
in women with PCOS without hyperandrogenism. In women
with PCOS, serum androgens were independent predictors of
NAFLD (Rocha et al, 2017). Both PCOS and NAFLD have
enhanced pathways linked to immunity and inflammation (Chen
etal, 2022). A different study that used Biobank data discovered that
there was less evidence linking genetically predicted NAFLD to a
higher risk of PCOS development. The relationship between
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NAFLD and PCOS may be mediated by sex hormones and fasting
insulin (Liu et al., 2023).

4.4 Sleep apnea

A systematic review and meta-analysis showed a clear link
between PCOS and obstructive sleep apnea, particularly in obese
individuals (Vgontzas et al., 2001). By increasing upper airway
collapsibility and/or reducing the sensitivity and responsiveness
of the ventilatory chemo-receptors, hyperandrogenism, and low
progesterone levels may contribute to the pathophysiology of
obstructive sleep apnea. It is unclear, nevertheless, how PCOS
and obesity interact, leading to sleep apnea (Kahal et al., 2017).

5 Discussion

Currently, PCOS is typically diagnosed following the appearance
of one or more of the three primary symptoms, namely, oligo- or
anovulation,  hyperandrogenism, and  polycystic  ovarian
morphology, and the clinical diagnosis is essentially an exclusion
diagnosis. There is a wider recognition now that PCOS is a multi-
system disorder with neuroendocrine, gonadal, and metabolic
components and, therefore, likely emerging through multiple
etiologies. One approach to creating evidence-based, shared,
standardized standards for PCOS diagnosis and treatment is
through the systematic stratification of the condition. The PCOS
subtyping has led to the identification of two subtypes: obesity and
reproductive (Dapas et al., 2020). It is important to note that many
women do not fit either reproductive or obese phenotypes. PCOS
and obesity are frequently coexisting conditions that may have a
bidirectional (or even causal) relationship (Barber, 2022). Given that
all obese women do not suffer from PCOS and vice versa, this
suggests that PCOS might originate from a weak reproductive defect
exacerbated by obesity or through major hormonal dysregulation.
Phenotypic heterogeneity exists throughout the reproductive
lifespan, further complicating the diagnosis by the overlap
between PCOS symptoms and normal oscillations in a woman’s
menstrual cycle and metabolism during the menarche and
menopausal transition. In summary, systematic sub-classification
of PCOS for understanding distinct PCOS etiologies would guide
evidence-based precision diagnosis and treatment for PCOS.

There is strong epidemiological evidence for the association of
various disorders, especially metabolic syndrome and mental health
disorders, with PCOS. There is, however, a lack of understanding as
to whether these pathologies manifest only in specific PCOS
subtypes. There are ethnic differences in impaired glucose
tolerance among PCOS women (Kakoly et al., 2018). Racial and
ethnic differences (often contradictory) are noted across nearly all
aspects of PCOS discussed above, specifically metabolic dysfunction
and associated psycho-social disorders (VanHise et al., 2023). Large
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