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ABSTRACT

Polycystic Ovary Syndrome (PCOS) is a complex endocrine disorder that affects a large proportion of women.
Due to its heterogeneity, the best diagnostic strategy has been a matter of contention. Since 1990 scientific
societies in the field of human reproduction have tried to define the pivotal criteria for the diagnosis of PCOS.
The consensus Rotterdam diagnostic criteria included the presence of hyperandrogenism, oligo/anovulation, and
polycystic ovarian morphology (PCOM), and have now been updated to evidence based diagnostic criteria in the
2018 and 2023 International Guideline diagnostic criteria endorsed by 39 societies internationally. Within the
Rotterdam Criteria, at least two out of three of the above-mentioned features are required to be present to di-
agnose PCOS, resulting in four phenotypes being identified: phenotype A, characterized by the presence of all the
features, phenotype B, exhibiting hyperandrogenism and oligo-anovulation, phenotype C, presenting as hyper-
androgenism and PCOM and finally the phenotype D that is characterized by oligo-anovulation and PCOM,
lacking the hyperandrogenic component. However, it is the hypothesis of the EGOI group that the Rotterdam
phenotypes A, B, and C have a different underlying causality to phenotype D. Recent studies have highlighted the
strong correlation between insulin resistance and hyperandrogenism, and the pivotal role of these factors in
driving ovarian alterations, such as oligo-anovulation and follicular functional cyst formation. This new un-
derstanding of PCOS pathogenesis has led the authors to hypothesis that phenotypes A, B, and C are endocrine-
metabolic syndromes with a metabolic clinical onset. Conversely, the absence of hyperandrogenism and meta-
bolic disturbances in phenotype D suggests a different origin of this condition, and point towards novel patho-
physiological mechanisms; however, these are still not fully understood. Further questions have been raised
regarding the suitability of the “phenotypes” described by the Rotterdam Criteria by the publication by recent
GWAS studies, which demonstrated that these phenotypes should be considered clinical subtypes as they are not
reflected in the genetic picture. Hence, by capturing the heterogeneity of this complex disorder, current diag-
nostic criteria may benefit from a reassessment and the evaluation of additional parameters such as insulin
resistance and endometrial thickness, with the purpose of not only improving their diagnostic accuracy but also
of assigning an appropriate and personalized treatment. In this framework, the present overview aims to analyze
the diagnostic criteria currently recognized by the scientific community and assess the suitability of their
application in clinical practice in light of the newly emerging evidence.

1. Introduction

hyperandrogenism (clinical and/or biochemical), and (iii) polycystic
ovaries detected via ultrasound examination. Since the presence of two

Polycystic Ovary Syndrome (PCOS) is a complex disorder affecting
the 10-13 % of women of reproductive age (Teede et al., 2023; Joham
et al., 2022), and is routinely described as the most common endocri-
nological disorder of women in this age group. Stein and Leventhal
initially defined PCOS in 1935 as a condition associated with clinical
evidence of bilateral polycystic ovaries, amenorrhea or oligomenorrhea,
obesity, hirsutism, and acne (Stein and Leventhal, 1935). The hetero-
geneity of PCOS, diversity of its clinical manifestation, uncertainty
about its root causes, and a history of misdiagnosis have characterized
the condition since its discovery and continue to be a point of debate
(Stein and Leventhal, 1935; Gibson-Helm et al., 2017).

In 1990, the National Institutes of Health (NIH) laid the groundwork
for the diagnostic criteria of PCOS, establishing oligo-anovulation and
hyperandrogenism as diagnostic features in exclusion of other causes of
androgen excess such as 21-hydroxylase deficiency, Cushing's Syn-
drome, thyroid dysfunction, and hyperprolactinaemia (Hum. Reprod.,
2004).

In 2003 the American Society for Reproductive Medicine (ASRM)
and the European Society for Human Reproduction and Embryology
(ESHRE), reaffirmed PCOS as “a syndrome”, but expanded its definition
to three diagnostic features: (i) oligo-anovulation,  (ii)

out of the three criteria is required for PCOS diagnosis, the Rotterdam
criteria resulted in four phenotypes (Fig. 1) (Gibson-Helm et al., 2017).

A recent international epidemiological survey indicated the preva-
lence of each phenotype. Specifically, phenotype A showed higher
prevalence in all areas 44.8 %, the other phenotypes were reported as
phenotype B 14.9 %, phenotype C 16.2 %, and phenotype D 19.5 %
(Chiaffarino et al., 2022); however, this varies depending on region, for
example hyperandrogenism rates are lower in East Asia resulting in a
larger percentage of women with phenotype D (Cao et al., 2019; Lee
et al., 2022).

In 2006, the expert committee of Androgen Excess and PCOS Society
(AE-PCOS) suggested a more restrictive way for diagnosis of PCOS,
considering only the first three phenotypes, and thus implying the
presence of hyperandrogenism as a fundamental hallmark of the disease
(Azziz et al., 2006).

Subsequently, several other organizations provided updated guide-
lines for PCOS diagnosis such as the National Institutes of Health (NIH)
in 2012 (NIH, 2012), the American Association of Clinical Endocrinol-
ogists (AACE) in 2015 (Goodman et al., 2015), and the International
evidence-based Guidelines (written by a consortium of 39 global soci-
eties) in 2018 and 2023 (Teede et al., 2023; Teede et al., 2018). Below
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are reported some of the notable recommendations and findings from
the 2018 and 2023 International evidence-based Guidelines:

o The necessity of improved diagnostic techniques with a focus on
improving the accuracy of diagnosis.

e The need for larger cohort studies.

e Updated therapy recommendations.

e Updated details on the parameters examined for the assessment of
PCOS, adding Anti-Miillerian Hormone (AMH) levels to the diag-
nostic criteria.

e Details on adolescent PCOS management.

o The need for evidence-based medical therapy.

Notably, insulin resistance (IR) is not included in the 2023 version of
the International evidence-based Guidelines, based on insufficient evi-
dence to date. Recently the characterization of the clinical presentations
as “phenotypes” has been questioned, as the Rotterdam classification is
not reflected within the genetic picture according to GWAS studies, with
the authors stating that the Rotterdam “phenotypes” are rather clinical
subgroups (Dapas et al., 2020; Dapas and Dunaif, 2022). To reflect these
findings more accurately, from hereout, this review refers to the phe-
notypes as clinical subgroups. In this context, the individual diagnostic
criteria described by Rotterdam have not been demonstrated to be
directly heritable, with the Rotterdam clinical subgroups not showing
predictive occurrence within family groups. Further analysis of the
GWAS data revealed two genetically distinct groups: a metabolic group
characterized by higher BMI, glucose, and insulin levels in addition to
lower SHBG and LH levels, and a reproductive group characterized by
higher LH, SHBH levels coupled with lower BMI and insulin levels,
further study is required to see how this can influence clinical practice
(Dapas et al., 2020).

Recently, the Experts Group on Inositol in Basic and Clinical
Research (EGOI) hypothesized that the diagnostic criteria for assessing
PCOS should take into account metabolic irregulates that are commonly
observed in PCOS (Unfer et al., 2023a), as much evidence has demon-
strated a correlation between PCOS and various metabolic issues such as
dyslipidemia and altered insulin status (Chen and Pang, 2021; Ana-
gnostis et al., 2018). The EGOI suggested the consideration of the in-
clusion of IR, as a diagnostic marker, since IR affects around 75 % of
PCOS patients and can cause hyperandrogenism (Cassar et al., 2016;
Tosi et al., 2021). Although published literature indicates that IR is often
observed in patients with PCOS (Diamanti-Kandarakis and Dunaif,

, ROTTERDAM CRITERIA \

Endocrine and Metabolic Science 14 (2024) 100159

2012; Moghetti, 2016), this has not led to its inclusion in the current
diagnostic criteria. To highlight the relevance of IR in the pathogenesis
of PCOS, Unfer and colleagues considered a redefinition of the Rotter-
dam clinical subgroups A, B, C which are characterized by hyper-
androgenism, as endocrine-metabolic syndromes (Unfer et al., 2023a).
On the other hand, the clinical subgroup D was classified as an ovarian
PCOS, presenting as a gynecological issue, typically in the absence of
metabolic issues (Unfer et al., 2023a). Since within the clinical subtype
D the development of ovarian cysts cannot be explained by androgen
excess or a metabolic disorder, an alternative mechanism would appear
to be responsible. Defective signaling of the insulin-like growth factor-1
(IGF-1), recently described by Dai and colleagues, was proposed as a
possible explanation for the arrest of follicular growth and maturation.
Specially it was reported that an excessive concentration of IGF-1 trig-
gers the arrest of follicle growth, leading to the formation of follicular
ovarian cysts (Dai et al., 2022).

Taking the above into consideration, this review reexamines the
historical and current diagnostic criteria, in light of the current literature
and evaluates whether the inclusion of other diagnostic factors, such as
insulin resistance, may be valuable to guide treatment and improve
patient care, in order to spark further study and discussion. Further-
more, the authors consider whether a separation between the hyper-
androgenic and normoandrogenic subgroups may be appropriate, with
questions raised over whether they share a common etiopathogenesis,
and how this may affect therapy choice going forward.

2. Clinical subtypes A, B, C of PCOS: the endocrine-metabolic
PCOS

2.1. Insulin resistance

IR is defined as an impaired biological response to insulin stimula-
tion in various tissues such as liver, muscle, and fat, affecting glucose
metabolism and resulting in a compensatory increase in insulin secre-
tion by the pancreatic islet cells to maintain glucose homeostasis, thus
leading to hyperinsulinemia.

During systemic IR the ovaries remain sensitive to insulin signaling
due to phenomenon known as the ovarian paradox (Carlomagno et al.,
2011). Insulin has a direct stimulatory effect on steroidogenesis in the
ovary, due to the presence of the insulin receptor on theca cell mem-
branes (Munir et al., 2004). The intracellular signaling pathway trig-
gered by the insulin receptor, stimulates 17-a-hydroxylase activity,

.

Phenotype A

clinical and/or
biochemical
hyperandrogenism

oligo- or
anovulation

polycystic ovaries

Phenotype B Phenotype C Phenotype D
clinical and/or clinical and/or
biochemical biochemical X
hyperandrogenism hyperandrogenism
oligo- or X oligo- or
anovulation anovulation
\ J
X polycystic ovaries polycystic ovaries

J

Fig. 1. Rotterdam criteria. According to the Rotterdam consensus, Polycystic Ovary Syndrome (PCOS) is diagnosed with the presence of at least two out of three of
the following features: evidence of oligo- or anovulation, biochemical or clinical hyperandrogenism, and presence of polycystic ovaries. The four different combi-

nations of these features reflect four different possible phenotypes.
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which activates ovarian testosterone biosynthesis (Nestler et al., 1998).
In this context, hyperinsulinemia due to the systemic IR may alter
androgen steroidogenesis both directly and indirectly (Unluhizarci
et al., 2021).

In the context of PCOS, insulin triggers other relevant biological
processes, such as the stimulation of epimerase activity. A specific
epimerase is responsible for the conversion of the predominant naturally
occurring stereoisomer of inositol, myo-inositol (myo-Ins), into its ste-
reoisomer D-chiro-inositol (D-chiro-Ins), and regulates the tissue-
specific intracellular myo-Ins:D-chiro-Ins ratio, thereby modulating
different metabolic processes (Carlomagno et al., 2011; Unfer et al.,
2014; Heimark et al., 2014; Larner et al., 2010). In patients with
hyperinsulinemia, epimerization of myo-Ins to D-chiro-Ins is exacer-
bated, resulting in a downregulation of aromatase-mediated androgens
to estrogen conversion, and an increase of relative androgen levels
(Fig. 2) (Monastra et al., 2021). In addition, myo-Ins is recognized as a
secondary messenger in follicle stimulating hormone (FSH) signaling
(Thomas et al., 2011). Due to this, excessive myo-Ins to D-chiro-Ins
conversion can lead to a deficiency of myo-Ins, that may lead to oocyte
maturation failure, anovulation, and a decrease of oocyte quality
(Lagana et al., 2018). Insulin also stimulates the expression of luteiniz-
ing hormone (LH) receptors in the ovarian theca cells, thus potentiating
the LH response in androgen production (Teede et al., 2023; Rosenfield
and Ehrmann, 2016; Morley et al., 1989). Finally, insulin acts on the

o ®
®
® e
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i 0T
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liver by stimulating the production of sex hormone binding globulin
(SHBG), which is responsible for the transport of testosterone (Rajala
et al., 2007). However, as the liver is not responsive to insulin signaling
in patients with IR, SHBG synthesis is impaired, resulting in an increase
in bioavailable free testosterone blood levels (Wallace et al., 2013).

IR is thought to contribute to the hyperandrogenism observed in the
clinical subtypes A, B and, C. An interesting study conducted by Mog-
hetti and coworkers measured IR with a glucose clamp assay in order to
compare insulin sensitivity in women with different PCOS phenotypes
with that of healthy women (Moghetti et al., 2013). They observed that
insulin sensitivity was reduced in clinical subtypes A and C, but not in D
where it was comparable to that of healthy women, potentially indi-
cating inherent differences between the PCOS clinical subtypes in
regards to IR. A more recent trial, conducted by Unfer et al. (Unfer et al.,
2023b), clustered the clinical subtypes A, B, and C apart D, whereby they
observed significant differences in metabolic indices at baseline. Spe-
cifically, insulin and glucose levels were elevated in clinical subtypes A,
B, and C, compared with D. Considering the prevalence of IR in women
with PCOS, treatment with insulin-sensitizing agents, such as metformin
and inositol, are widely utilized in clinical practice (Fedeli et al., 2023),
regardless of the presented clinical subtype. With an aim to evaluate the
efficacy of this approach, Unfer et al. (Unfer et al., 2014) administered
inositol to patients with different clinical subtypes of PCOS, whereby
they observed a variable response. Indeed, the improvement of

Theca cell

Hyperi

Epimerase

O
L] gtingdl|
LHR

] LHR mRNA

| 1 =

CHOLESTEROL

| -T

ANDROSTENEDIONE —» -T . o

FSHR

® INS
@ O

Aromatase

B -

Reduces expression of the
gene for P450 aromatase

Granulosa cell

Fig. 2. Theca and granulosa cellular response to hyperinsulinemia. Schematic representation of ovarian follicle made up of theca and granulosa cells. Upon insulin
stimulus in the event of hyperinsulinemia, theca cells demonstrate an increase in testosterone biosynthesis, in combination with the cellular response of LH binding to
its receptor cause further androgen production. Moreover, insulin signaling upregulates LHR mRNA transcription, thus amplifying the cellular response to LH. In
granulosa cells, FSH signaling increases the bioavailability of testosterone, which together with testosterone transport from the theca cell results in increasing
testosterone concentration within the granulosa cell. In both theca and granulosa cells, hyperinsulinemia sustains epimerase activity, which converts myo-ins to D-
chiro-ins. In granulosa cells this leads to a reduction of aromatase transcription, and a subsequent disruption of androgens to estrogens conversion. Abbreviations: D-
chiro-inositol (D-chiro), follicle-stimulating hormone (FSH); follicle-stimulating hormone receptor (FSHR); insulin (INS), insulin receptor (IR); myo-inositol (Myo)
luteinizing hormone (LH); luteinizing hormone receptor (LHR); testosterone (T), estradiol (E5).
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hormonal and metabolic parameters were recorded only in women with
PCOS clinical subtypes A, B, and C, while only a minor effect was
observed in women with clinical subtype D. As stated above, despite its
crucial role in PCOS, IR has never been considered as a clear symptom or
diagnostic criterion until the recent hypothesized classification posited
by the EGOI, which suggested the inclusion of this further diagnostic
criterion (Unfer et al., 2023a).

From a diagnostic point of view, the gold standard for measuring IR
is the euglycemic hyperinsulinemic clamp. This assay; however, has
limited clinical applicability, due to cost and complexity; therefore,
several surrogates have been developed and validated. In clinical prac-
tice HOMA index represents a simpler and cheaper alternative to the
glucose clamp, with both techniques often yielding comparable results
(Bonora et al., 2000; So et al., 2020). HOMA index is based on mea-
surement of fasting glucose (G) and insulin (I) values and calculated
with the following formula:

(ImIU/mL x G mg/dL)/405 or (I uIU/mL x G mmol/L)/22.5.

A HOMA index >2.5 is commonly associated with IR and can aid a
subsequent diagnosis (Matthews et al., 1985).

However, for a PCOS diagnosis, an evaluation for IR should be sup-
ported by an assessment of androgen excess through hormonal assays or
evaluation of dermatologic symptoms of clinical hyperandrogenism.

2.2. Hyperandrogenism

Androgens are produced by the theca cells of antral follicles, under
LH stimulation. LH receptors are found in theca cells but also appear in
the granulosa cells of mature follicles, such as the antral follicle that
most likely will undergo ovulation. Androgens, predominantly andro-
stenedione and testosterone, diffuse across the basal lamina of the fol-
licle from the theca cell and pass into the granulosa cell layer where,
under the control of FSH, they undergo aromatase-mediated conversion
to estrogens (Franks and Hardy, 2018). The production of androgens
also occurs in the adrenal gland under the stimulus of adrenocortico-
tropic hormone (ACTH) (Rege et al., 2013). Defects in both ovarian and
adrenal steroidogenesis induce alterations of circulating androgen
levels, which may lead to hyperandrogenism. Typically, androgen levels
are measured clinically as total, free (or unbound) testosterone;
although also other androgens such as androstenedione, dehydroepi-
androsterone (DHEA), and DHEA sulphate (DHEAS), are occasionally
included in routine analysis. Moreover, hyperandrogenism presents
specific clinical features including hirsutism, acne, and androgenic al-
opecia (Franks and Hardy, 2018). Hereafter, we briefly describe the
biochemical and clinical parameters of hyperandrogenism.

Of note, a diagnosis of PCOS should exclude other causes of hyper-
androgenism including hormonally active tumors, hypothyroidism,
hyperprolactinemia, non-classical congenital adrenal hyperplasia,
Cushing's syndrome, and acromegaly (Rosenfield and Ehrmann, 2016).

2.2.1. Biochemical parameters

Testosterone is the most important androgen in women and is typi-
cally bound to SHBG and other proteins such as albumin; however, free
testosterone is required for cellular entry. Therefore, the measurement
of free testosterone represents a better indicator of bioavailable testos-
terone and subsequently hyperandrogenism than the measurement of
total testosterone (Khattak et al., 2021). However, the measurement of
total vs free testosterone presents several limitations, with biochemical
assays either due to limited accuracy and variability or to high cost and
technical complexity (Rao and Bhide, 2020). A comprise between these
limitations can be found with the measurement of the free androgen
index (FAI), which describes the ratio between total testosterone and
SHBG levels, allows for an accurate calculation of bioavailable testos-
terone levels (Xu et al., 2022). Androstenedione represents a possible
alternative to measuring testosterone to identify hyperandrogenism in
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PCOS patients. For instance, in a study conducted by Knochenhauer
et al., 9 % of PCOS patients were identified by evaluation of andro-
stenedione levels (Knochenhauer et al., 1998). In a different study
conducted by O'Reilly et al., 25 % of women with clinical signs of
hyperandrogenism displayed elevated levels of androstenedione but not
testosterone (O'Reilly et al., 2014). DHEA is primarily secreted by the
adrenal cortex, and represents an additional potential biomarker for
hyperandrogenism since heightened levels have been identified in PCOS
patients (Azziz et al., 1998). However, DHEA has limited diagnostic use
due to a low systemic concentration and significant diurnal variations.
In contrast, its primary metabolite, DHEAS, is also altered in about 25 %
to 35 % of women with PCOS and may represent the only elevated
circulating androgen in approximately 10 % of women with PCOS (Azziz
et al., 1998; Goodarzi et al., 2015). DHEAS and in general androgen
levels are not always associated with an altered status of adrenocortical
steroidogenesis, meaning that DHEAS is unsuitable as a sole criterion for
the diagnosis of PCOS. The current 2023 guidelines do not currently
recommend the use of DHEAS and androstenedione as diagnostic
criteria to due to a lack sensitivity and specificity in the required assays
(Teede et al., 2023).

Androgens assessment is frequently coupled with gonadotropin
evaluation (LH and FSH), due to their physiological role in the regula-
tion of ovarian steroidogenesis. Women with PCOS often exhibit
increased secretion of LH and normal or decreased levels of FSH. Indeed,
the increased secretion of LH and hence an increased LH to FSH ratio
during the follicular phase of the menstrual cycle, is considered as a
marker of PCOS (LH:FSH ratio >2) (Esmaeilzadeh et al., 2014; Saadia,
2020). It seems also that lean PCOS women are more commonly char-
acterized by an increase in LH pulse amplitude. This aspect could
partially justify the finding that obese women with PCOS frequently
exhibit normal LH levels and a consequently normal LH:FSH ratio (Azziz
et al., 2009).

2.2.2. Clinical signs

Hirsutism, defined as the presence of dark hairs in women in a male
pattern (upper lip, chin, chest, upper back, lower back, upper and lower
abdomen, upper arm, and thigh), is an characteristic feature of clinical
subtypes A, B, and C of PCOS, affecting approximately 65 % to 75 % of
patients (Azziz et al., 2009).

Acne vulgaris (acne) is a multifactorial inflammatory skin disease
associated with hyperandrogenism, resulting in increased sebum pro-
duction. Since hyperandrogenism represents one of the main features of
PCOS, it is unsurprising that acne is one of the main cutaneous mani-
festations of this syndrome (Carmina, 2020), affecting almost half of
women with PCOS as described in a meta-analysis by Tehrani et al.
(Ramezani Tehrani et al., 2021). Hyperandrogenism can also contribute
to the occurrence of seborrhea, another cutaneous manifestation
frequently retrieved in PCOS patients. Seborrhea appears as follicular
acneiform papules, pustules, and comedones, appearing diffusely on the
face, upper trunk, forearms, buttocks, and thighs. Excessive activity of
the sebaceous gland increases sebum excretion, resulting in cutaneous
manifestations (Baroud et al., 2021).

Androgenic alopecia describes scalp hair loss, usually due to the
pilosebaceous unit's response to androgen excess. The pattern of hair
loss in PCOS generally involves thinning of the crown with preservation
of the anterior hairline and is observed in 3.2 % to 34.8 % of the patients
depending on the PCOS population (Quinn et al., 2014).

Of note, this recognized diagnostic criterion concerns clinical sub-
types A, B, and C but not D, as these patients do not exhibit an altered
endocrinological and metabolic profile.

2.3. Polycystic ovarian morphology (PCOM)
Androgen excess can directly impair folliculogenesis, as high

androgen concentrations in ovarian theca cells can cause hyperplasia
and block the development of follicles at the preantral and antral stages.
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Consequently, an accumulation of cyst-like follicular structures may
occur in the periphery of the ovary, classically resembling a string of
pearls (Nisenblat and Norman, 2009). In the case of clinical subtype D,
alternative — although yet unknown — mechanisms may lead to cyst
formation in the absence of androgen excess.

In routine clinical practice, transabdominal or transvaginal sonog-
raphy is widely used in the assessment of the ovarian status, allowing
evaluation of both external general morphological features including
diameter, volume, and area, and internal or structural features, such as
the number of follicles, stromal volume, and echogenicity.

It should be noted that the inclusion of PCOM is not currently rec-
ommended in adolescent PCOS patients according to the 2018 and 2023
guidelines (Teede et al., 2023), as the PCOM morphology is routinely
observed as a part of a normal pubertal transition; furthermore, concerns
have been raised on the use of ultrasound on adolescent patients (Pena
et al., 2020).

2.3.1. External features

e Ovarian volume is assessed by measuring the ovary's maximum
diameter on the longitudinal, transverse, and anteroposterior planes.
Considering its irregular shape, the ovary is classified as an ellipsoid
and its volume is calculated using the following formula:
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as in clinical subtype B. Moreover, the use of the term “polycystic” ap-
pears to be rather inappropriate as it refers to arrested follicles rather
than cysts (Norman et al., 2023).

2.4. Ovulatory and menstrual dysfunctions

The exposure to androgen excess not only disrupts the growth and
maturation of follicles but also inhibits ovulation and causes menstrual
cycle alterations. Clinically, ovulatory dysfunction results in a disrup-
tion of the menstrual flow pattern, often resulting in oligo-amenorrhea
(<6 cycles/year) or abnormal uterine bleeding. Menstrual dysfunction
can be observed in the majority (approximately 75 % to 85 %) of PCOS
patients. However, ovulatory dysfunction can also occur sub-clinically,
with no disruption in the regularity of vaginal bleeding. Indeed, a his-
tory of apparent eumenorrhea (cycles every 27-34 days) does not
exclude the presence of ovulatory dysfunction, especially in patients
with hyperandrogenism (So et al., 2020). Furthermore, of interest to
couples attempting to conceive, ovarian dysfunctions are strongly
associated with of infertility issues and affect 70-80 % of all patients
with PCOS (Shilpa et al., 2023).

AMH also plays a central role in the regulation of the ovulatory
function and is highly expressed in the majority of PCOS cases even if
normal AMH levels have been reported in a subset of women (Palomaki
et al., 2020). The increased levels of AMH in preantral and small antral

7/6 x maximal longitudinal X anteroposterior x transverse diameters or 7/6 x length x width X thickness.

e Several studies have reported a mean ovarian volume for polycystic
ovaries as greater than that of non-PCOS ovaries, and current
guidelines describe an ovarian volume >10 ml as the threshold for
PCOM (Teede et al., 2023).

2.3.2. Internal features

e Follicle number, size and location are visualized by scanning the
longitudinal cross-section from the internal to the external edge. To
diagnose PCOS according to the Rotterdam criteria, the ovary should
contain at least 12 follicles measuring 2 to 9 mm in diameter, in
addition to other clinical and/or biochemical features. These pa-
rameters can help distinguish PCOM from multi-cystic ovaries; a
transient condition observed during puberty and in women recov-
ering from hypothalamic amenorrhea. Multi-cystic ovaries exhibit a
number of follicles >6, with diameters ranging between 4 and 10 mm
(Balen et al., 2003). These criteria were subsequently updated and
the cut off for number of follicles for PCOM was increased to 20
(Goodman et al., 2015; Teede et al., 2018).

Stromal volume and echogenicity. The echo density of the stroma is
an important histological feature, as increased stromal density is
typical of polycystic ovaries. The stromal echogenicity is evaluated
on a1 to 3 scale, which correspond to normal, moderately increased,
and frankly increased. Usually, the assessment of ovarian stroma can
be replaced by the ovarian volume for a diagnosis of PCOS and as a
reliable marker of ovarian function (Balen et al., 2003).

According to the Rotterdam classification, this criterion of PCOM
applies for clinical subtypes A, C, and D but not for B, which is the only
clinical subtype lacking the appearance of ovarian cysts. This consid-
eration leads to further reflection about the current suitability of
including, in the definition of PCOS, a clinical pattern excluding PCOM

follicles inhibits the recruitment of primordial follicles from the oocyte
pool in the ovary, and may also suppress the signaling of FSH, thus
contributing to ovulatory disturbances (Rudnicka et al., 2021). These
findings helped build the rationale that resulting in the measurement of
AMH levels for being included for PCOS diagnosis in adults in the 2023
PCOS International evidence-based Guidelines (Teede et al., 2023).

3. PCOS clinical subtype D: do ovarian molecular alterations
underpin its etiology?

According to the Rotterdam classification, clinical subtype D is the
normo-androgenic PCOS characterized by the presence of PCOM and
menstrual cycle alterations. Lacking a hyperandrogenic profile, the
occurrence of these features likely does not originate from metabolic
factors but may rather depend on alternative factors, one recently
posited explanation is this clinical subtype may be caused by excessive
levels of IGF-1. Indeed, increased IGF-1 concentration in granulosa cells
affects the expression of three genes, namely CYP11A1l, HSD3B and
CYP19A1, thus enhancing 17-p-estradiol production (Dai et al., 2022;
Mani et al., 2010). Recent literature in mice, has demonstrated that an
increase of local estrogen levels may lead to an arrest in follicle growth,
that in turn could potentially induce the formation of ovarian cysts
(Mason et al., 1993). Moreover, high concentration of estrogens can
affect the luteal phase of the menstrual cycle, resulting in a lower pro-
duction of progesterone. Progesterone stimulates the production of IGF
binding protein-1 (IGFBP-1) in the endometrium, which binds IGF-1 and
inhibits the protein-protein interaction with the IGF-1 receptor (IGF-1R)
(Young et al., 2021). Thus, low levels of progesterone reduce the IGFBP-
1 level which in turn increases IGF-1 bioavailability and activity. In this
context, clinical subtype D may exhibit an alteration in the physiology of
the ovarian networks, meaning it may represent a gynecological con-
dition of ovarian origin, as was recently hypothesized by Unfer and
colleagues (Unfer et al., 2023a). The reported evidence opens discussion
on the possible and alternative causes that might explain the occurrence
of the PCOS condition in patients with clinical subtype D. The absence of
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hyperandrogenism allows the likely exclusion of a condition originating
from mutations of CYP21A2 gene, commonly observed in subjects
affected by non-classic congenital adrenal hyperplasia (NCAH). This
common autosomal recessive disorder is due to P450c21 (21-hydroxy-
lase deficiency) and is characterized by alterations in ovarian and
gonadotropic function, associated with the occurrence of a polycystic
ovary-like phenotype, also favoring clinical features derived by
androgen excess (Witchel and Azziz, 2010).

An additional hypothesis about the origin of clinical subtype D, was
also formulated by Gleicher and colleagues in 2018 (Gleicher et al.,
2018). They suggested that lean PCOS patients exhibit features of
hyperandrogenism in younger ages, but during their late 20s to mid-30s
a strong reduction in adrenal androgen production appears to occur,
which significantly decreases the level of circulating androgens and
their negative impact in the ovary. An autoimmune trigger is given as a
possible cause of the decline in the adrenal androgen secretion. Addi-
tionally, in these patients, androgens exhibit a more rapid decrease
compared to AMH, thus resulting in relatively high AMH levels with
respect to androgens (and often FSH). This hypothesis indicates that
phenotype D may represent an adrenal rather than an ovarian condition.

Notwithstanding the possible variation in etiopathogenesis of PCOS,
the criteria applied for the diagnosis of clinical subtype D are much like
those used for A, B, and C. However, assuming a diverse etiology, it may
be speculated that PCOM may appear differently in terms of the number
and size of follicles in different women. Therefore, further diagnostic
criteria may be required to correctly differentiate clinical subtype D
patients, and in this view endometrial thickness could represent one
possible measurable parameter as discussed below.

4. Endometrial thickness

Several endometrial abnormalities have been reported in women
with PCOS; however, to date, no common screening protocols or rec-
ommendations are in place. Frequently in women with PCOS, especially
among clinical subtype A, B and D, the endometrium is exposed to
prolonged stimulatory effects of unopposed estrogen due to chronic
anovulation. A recent study by Unfer et al., observed a significant dif-
ference in endometrial thickness between these hyperandrogenic clin-
ical subtype (A, B and C) and the normoandrogenic clinical subtype D.
Accordingly, from day 1 to 6 of the menstrual cycle, patients with
clinical subtype D demonstrated an endometrial thickness >7 mm, while
in clinical subtypes A, B and C this was <7, potentially due to heightened
levels of androgens inhibiting the proliferative effect of estrogens (Unfer
et al., 2023b). Additionally, women with endometrial thickness >7 mm
have a higher risk of developing endometrial hyperplasia (Unfer et al.,
2023a; Giudice, 2006; Xu et al., 2021), which has been reported to affect
35 % of women with PCOS (Giudice, 2006). Since, endometrial thick-
ness is also associated with infertility (Unfer et al., 2023a), impaired
fertility in PCOS patients may be dependent on not only to anovulation,
but also to endometrial dysfunction (Xu et al., 2021).

Various studies have shown in patients affected by PCOS an higher
risk to develop not only hyperplasia, but also endometrial cancer
(Meczekalski et al., 2020; Yin et al., 2019). Although patients affected by
PCOS have an increased risk of endometrial cancer (by 3-4 times
depending on different studies), the direct causality has not yet been
confirmed. The risk of developing endometrial cancer may be related to
several factors such as both metabolic syndrome and obesity (frequent in
patients affected by PCOS with clinical subtype A, B or C), or to other
pathogenetic factors such as hyperestrogenism. To date it has not been
established if the risk of developing endometrial cancer may vary with
phenotype. Further studies may be well-served to investigate the his-
tological and cytological compositions of the endometrium in order to
better understand whether morphological differences also exist among
the PCOS clinical subtypes.
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5. Current therapy for PCOS. Limitation of inositol use

The variation of symptoms and clinical manifestations of women
with PCOS, may suggest different clinical conditions, which to date have
been aggregated into the same syndrome. Indeed, even if PCOS en-
compasses different clinical subtypes and genetic phenotypes, the
therapeutical approach to date has mostly consisted of a uniform ther-
apy applied to all patients regardless of their clinical subtype (Gleicher
et al., 2022).

Among the various recommendations for PCOS treatment, insulin
sensitizing agents, such as metformin and inositols, are frequently
considered as they have been demonstrated to significantly improve-
ment various parameters of PCOS (Zhao et al., 2021; Fatima et al.,
2023). Inositols are natural molecules present within human cells, and
correct levels of these compounds are essential for the normal, physio-
logical function of the female reproductive system (Facchinetti et al.,
2020). Since women with PCOS often exhibit an imbalance of inositols,
their oral administration represents a valid approach to treat the con-
dition (Lagana et al., 2022; Nordio et al., 2019).

Inositols, particularly myo-Ins, mediate hormonal and endocrine
activities, including FSH and insulin signaling in the ovaries, and sustain
follicular development (Greff et al., 2023). Specifically, myo-Ins plays a
pivotal role in ovarian granulosa cells as a molecular enhancer of FSH
signaling, favoring the correct tuning of gonadotropin-mediated devel-
opment of follicles (Tabatabaie et al., 2022). Moreover, it acts as a
secondary messenger of insulin, influencing glucose metabolism and
consumption in the maturing oocytes. Of note, an imbalance of myo-Ins
levels in the ovary may reduce the overall oocyte quality and signifi-
cantly impair the physiological ovulation process (Akbari Sene et al.,
2019).

Additionally, D-chiro-Ins, a stereoisomer of myo-Ins, is also involved
in the treatment of PCOS with limited application. Indeed, in
overweight-obese women with PCOS, small amounts of D-chiro-Ins
administered with myo-Ins in a physiological ratio of 40:1 (myo-Ins/D-
chiro-Ins) seems effective at restoring ovulation and improving the
metabolic parameters of these patients (Nordio et al., 2019; Artini et al.,
2021).

Several clinical trials have demonstrated that inositol supplementa-
tion represents an effective therapeutic approach in women with PCOS,
by improving metabolic and endocrine alterations, optimizing insulin
and FSH signaling in the ovary, and reducing the presence of hyper-
androgenism (Pkhaladze et al., 2021; Jethaliya et al., 2022). However,
the different clinical subtypes of PCOS assessed by the Rotterdam
criteria clearly indicate the diversity of the pathological features
observed in PCOS patients. To this end, in a retrospective study, Unfer
et al. investigated the effects of myo-Ins administration for a period of
six months in different PCOS clinical subtypes. They observed a signif-
icant improvement in endocrine and metabolic parameters in patients
with PCOS clinical subtypes A, B, and C, while this effect was not
replicated in women with clinical subtype D. In particular, the treatment
with myo-Ins improved BMI, insulin, and cholesterol levels in hyper-
androgenic patients, in addition to the HOMA index, glycemia, LH/FSH
ratio, and testosterone levels, with a prominent effect compared to the
PCOS patients with clinical subtype D group (Unfer et al., 2023b).

The findings from this trial may change the evaluation of inositol's
therapeutical utility in women with PCOS clinical subtype D, who are
not usually affected by hyperandrogenism nor dysmetabolic phenomena
(Moghetti et al., 2013) (Fig. 3). Hence, even if several authors endorsed
inositol administration as beneficial treatment for patients with PCOS
(Dinicola et al., 2021), new evidence based on the above-mentioned
differences in response rates suggest that it might not be effective in
all PCOS patients.

With this premise, clinical subtype D may also differentially respond
to metformin treatment since the use of insulin-sensitizer does not find a
therapeutical rationale in this case. However, studies investigating this
hypothesis are not present in the literature to date.
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Fig. 3. Potential update to clinical guidelines. In red, yellow, and blue, are the clinical manifestations that make up the Rotterdam criteria and the present Inter-
national evidence-based Guidelines, and the resulting clinical subtypes (A-D) are shown in white. In grey potential additions to the current guidelines as described in
this review are shown, these are compared by use of the Venn diagram to display how these criteria overlap. Abbreviations: A: Classic PCOS, B: Hyperandrogenic
anovulatory PCOS, C: Hyperandrogenic ovulatory PCOS, D: Normo-androgenic PCOS, PCO US morphology: polycystic ovarian ultrasound morphology, PCOS:
Polycystic Ovarian Syndrome. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

This data, while preliminary and in need of further study, supports
the idea that it is inappropriate to search for a generic “one-size-fits-all”
therapy, but rather the best approach should be investigated considering
the characteristics of each patient. The increased understanding of PCOS
and of the differences existing between its clinical phenotypes, should
change the therapeutical rationale, highlighting the urgency for the
correct evaluation of the clinical picture of each patient before recom-
mending the appropriate therapy.

Of note, new therapeutical strategies should be tailored for patients
with PCOS clinical subtype D, since these patients may be affected by a
different type of condition. For instance, if the etiopathogenesis asso-
ciated with the unbalancing of IGF-1 was to be confirmed, an innovative
clinical approach properly targeting IGF-1 expression could be pursued
for the treatment of this particular subgroup of patients.

6. Conclusions

PCOS has been long understood to be associated with potentially
serious medical and metabolic abnormalities, in constant need of
revisiting as new information comes to the fore. Despite the unanimous
adoption of the Rotterdam criteria and the subsequent International
evidence-based Guidelines, PCOS patients are rarely specifically clus-
tered according to their clinical subtypes. In this context, the classifi-
cation posited by the EGOI group may offer a new clinical approach
(NIH, 2012). Furthermore, it has been suggested that changes in insulin
signaling are partially involved in increasing ovarian androgen con-
centration, in addition to the subsequent formation of ovarian cysts and
menstrual dysfunction in clinical subtypes A, B and C. Given the sub-
stantial role that IR plays in hyperandrogenic PCOS, it is thought by the
authors these clinical subtypes may be better classified as parts of an
endocrine-metabolic syndrome. Clinical subtypes, A, B, and C frequently
display metabolic dysfunction and gynecological issues that may be
potentially considered a side effect of an underlying metabolic disorder.
For this reason, the diagnostic criteria would greatly benefit from the
assessment of metabolic alterations such as IR, in addition, to those
already encompassed by the International evidence-based Guidelines, to
further addressing the needs of a diverse patient population. To formally
recommend the inclusion of IR within the clinical guidelines a more

robust evaluation of the literature is needed, with input from stake-
holders and public consultation, for example through a GRADE recom-
mendation process. Currently, there is not sufficient literature to
complete such work, this review aims to prompt further critical dis-
cussion around the topic.

In contrast, a gynecological disease which may characterized by an
ovarian etiology, could be more appropriate for women with clinical
subtype D, where dysregulation of GH-IGF1 axis may offer a potential
explanation for follicle growth arrest, ovarian cysts, and the resulting
menstrual cycle perturbances as evidenced in vitro. Given the pre-
liminary findings on the differential thickness of endometrium in nor-
moandrogenic PCOS, it further warrants investigation and could
potentially be included among the diagnostic criteria in the future to
provide a complete clinical picture for PCOS patients. In light of the
diverse etiopathogenesis that may exist between PCOS clinical subtypes
A, B, C, and D, a more tailored clinical approach may be required that
takes into account the individual needs of each patient based on the
clinical presentation (NIH, 2012). While the use of insulin sensitizing
molecules such as metformin and inositol are well documented for the
treatment of the endocrine-metabolic alterations of clinical subtypes A,
B, C (Heimark et al., 2014), for D more work is still required to clarify its
etiopathogenesis and develop a more precise and effective therapeutic
approach to rescue the altered ovarian status seen in this specific sub-
population. In summary, it is the intention of this article to support a
consideration of the refinement of diagnostic criteria, supported by a
reconsideration of clinical subgroup pathophysiology to facilitate tar-
geted treatment of the existing clinical subgroups, most notably clinical
subgroup D.
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