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Abstract

Background Polycystic ovary syndrome (PCOS) is a multifaceted condition with diagnostic challenges and clinical
heterogeneity across populations. Research priorities include enhanced accuracy in defining cut-offs for diagnostic
features. Here, we aim to describe participant clinical features and data harmonization in the international PCOS Phe-
notype in Unselected Populations (P-PUP) studly.

Methods We searched EMBASE and Medline (Ovid) from 1990 to October 2, 2020, in population-based, medically
unbiased study cohorts. Included studies had > 300 participants, directly assessed PCOS-related features, and provided
Individual Participant Data (IPD). Risk of bias was assessed using the AXIS tool. Data integrity was ensured via cross-ref-
erencing, identifying outliers/implausible data, and variable harmonization. Reporting follows PRISMA-IPD guidelines,
summiarizing findings with frequencies and proportions.

Results The study included 9979 reproductive-age women from 12 studies across eight countries (China, Iran, Italy,
Nigeria, Russia, South Korea, Turkey, and the USA), representing 11 ethnicities. Ovulatory dysfunction was variably
recorded, from mean menstrual cycle length, minimum or maximum cycle length, number of cycles per year, or uri-
nary progesterone measurements. Clinical hyperandrogenism was assessed via modified Ferriman-Gallwey (MmFG)
scores, with a few also including acne and alopecia. Biochemical hyperandrogenism thresholds varied (95th, 97.5th,
or 98th percentile of healthy controls). Polycystic ovary morphology was assessed via transvaginal, transabdominal,
or transrectal approaches. Harmonization adhered to International PCOS Guidelines for ovulatory dysfunction, ethnic-
ity-specific cut-offs for hirsutism (via k-means clustering), and 95th percentile thresholds for biochemical hyperandro-
genism. PCOS prevalence ranged from 3.3 to 19.8% in the original studies and was 11.0% overall after harmonization.
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Conclusions The P-PUP study offers an unprecedented, ethnically diverse, medically unbiased population-based
cohort, an extraordinarily valuable tool to enhance knowledge and research in PCOS. However, variability in data col-
lection methods and definitions of PCOS diagnostic features across studies limited the ability to fully integrate data
for analysis. Despite these limitations, we optimized harmonization in this IPD, and the findings provided valuable
insights into the challenges of data harmonization and established a foundation for future collaborative research.
Future research should focus on standardizing data collection, establishing normative cut-offs based on true natural
groupings, and linking diagnostic clusters to outcomes in diverse populations.

Protocol registration CRD42021267847.

Keywords Data harmonization, Androgens, Polycystic ovary syndrome, PCOS, Hirsutism, Acne, Female pattern hair
loss, Polycystic ovary, Phenotype, Individual participant data, IPD

Background

Polycystic ovary syndrome (PCOS) is a complex endo-
crinopathy with significant long-term reproductive,
metabolic, dermatological, and psychological health
impacts [1]. According to the 2023 International PCOS
Guidelines criteria, diagnosis in adults is based on the
presence of at least two of the following three criteria:
(1) oligo-/anovulation (OA); (2) clinical or biochemical
hyperandrogenism (HA); and (3) either polycystic ovary
morphology (PCOM) on ultrasound or elevated serum
anti-Miillerian hormone (AMH) levels [2-5]. In adoles-
cents, the diagnosis requires both OA and HA [2-5]. It is
estimated that 10-13% of women worldwide are affected
by PCOS, and the global incidence is reportedly increas-
ing, making PCOS a major public health concern [2-6].
PCOS and its associated health implications generate
substantive health [7, 8] and economic burdens for indi-
viduals, societies, and governments [9-12].

Despite increasing research and publications on PCOS
[13], the pathogenesis remains unclear and there are sig-
nificant persisting challenges in diagnosis. This is attrib-
utable to its multifaceted and heterogeneous clinical
presentation, the lack of gold-standard diagnostic tests,
ethnic variation, and the fact that most studies are car-
ried out in medically biased (clinically based) popula-
tions [14-19]. It is also due to the multiple components
of the diagnostic criteria, which are all continuous vari-
ables [20-22], the paucity of data on normative cut-off
thresholds for each diagnostic component within unse-
lected, diverse populations [23, 24], and the use of arbi-
trary diagnostic cut-offs across studies [25-31]. This
contributes to delayed or inaccurate diagnosis of PCOS,
hindering timely and appropriate interventions to limit
complications and treat the condition [12, 32-35].

These challenges underscore the importance of con-
solidating data from diverse populations for a more com-
prehensive understanding of the condition [16]. While
traditional systematic reviews and meta-analyses rep-
resent an improvement over single-center studies, they

are limited by aggregated data from original studies with
varying methodologies, sample sizes, and study popula-
tions. Conversely, the PCOS Phenotype in Unselected
Populations (P-PUP) study, is a large-scale, international
individual participant data (IPD) meta-analysis designed
to address identified challenges, allowing harmonization
of raw data from individual studies, standardization of
cut-offs and analyses across studies and examination of
individual-level variables to advance knowledge on PCOS
etiology, diagnosis and clinical features in unselected
community-based populations [36].

This report on the P-PUP study aims to (a) outline the
selection criteria and study identification process for the
study, (b) describe the clinical features of the populations
included, and (c) detail the data harmonization process
for PCOS diagnostic criteria and features within the
study.

Methods

Protocol and registration

The protocol for the P-PUP study was registered in PROS-
PERO (ID: CRD42021267847) and published previously
[36]. This study was reported according to the Preferred
Reporting Items for Systematic Reviews and Meta-analy-
ses of Individual Participant Data guideline [37].

Selection of studies

The methodology for the selection and identification of
research groups and collaborators has been described
previously [36]. In summary, a systematic search of the
EMBASE and Medline (Ovid) databases, along with a
manual Google search, was conducted from 1990 to
October 2, 2020, to identify eligible unselected popu-
lation-based cohort studies. Key search terms included
PCOS, ovulatory dysfunction (OD), hirsutism, polycystic
ovary morphology (PCOM), and unselected populations,
among others. A full search strategy for Medline (Ovid)
is in Additional file 1: Table S1. The PCOS research



Bizuneh et al. BMC Medicine (2025) 23:420

community (RA and HJT) was consulted to identify any
potentially ongoing or unpublished studies.

Cross-sectional or longitudinal cohort studies were
considered eligible if they were published after 1990
(after a change in diagnostic criteria), included a sample
size of 300 or more unselected women of any age, eth-
nicity, or weight, and directly assessed features related to
PCOS [36]. These features of PCOS included measure-
ment of ovulatory dysfunction, clinical or biochemical
hyperandrogenism, and PCOM. No language restrictions
were imposed. Studies that relied on self-reported or
International Classification of Diseases (ICD) codes for
PCOS status without the assessment of PCOS features
were excluded. Exclusion criteria at the participant level
included pregnant and lactating women, women with nat-
ural/surgical menopause, ovarian pathology, and women
meeting the criteria for exclusion of other conditions in
the diagnosis of PCOS. Additionally, women receiving
contraceptive hormonal treatment within 3 months of
assessment were excluded from the androgen analysis.

Titles and abstracts were initially screened by a single
reviewer (SK), and then full-text articles were retrieved
and assessed in duplicate (SK and ADB) with any dis-
crepancies resolved by a third reviewer (HJT). The cor-
responding and/or lead authors of the identified studies
were contacted and requested to contribute to deidenti-
fied IPD for integration and analysis. For authors who did
not respond, two reminder emails were sent.

Data collection processes

Data and relevant dictionaries were transferred to the
ISO 27001-certified Secure File Transfer Protocol (SFTP)
[38] which restricts access and control to the authorized
data custodian and researchers. The key variables col-
lected aligned with the PCOS core outcomes set [39] and
included sociodemographic factors (age and race/ethnic-
ity); generic outcomes (weight, height, body mass index
(BMI)), metabolic outcomes (waist circumference (WC),
hip circumference (HC), waist-to-hip ratio, homeosta-
sis model assessment for insulin resistance (HOMA-IR),
lipid profiles, blood pressure, and fasting blood glucose
(FB@)); dermatological (hirsutism as measured by modi-
fied Ferriman-Gallwey (mFG score) and reproductive
outcomes (androgen assays, menstrual cycle length,
number of menstrual cycles per year, age of menarche,
and PCOM features including antral follicle count (AFC)
and ovarian volume (OV)). Any data discrepancies or
concerns were discussed and resolved with the original
study investigators.

Risk of bias assessment
We evaluated the risk of bias in the included stud-
ies providing IPD using the AXIS appraisal tool for
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cross-sectional studies [40]. The appraisal was conducted
by two independent reviewers (ADB and RRD), and any
discrepancies were resolved through consensus. This
tool consists of 20 items that assess various aspects such
as the study’s aim, design, sample size, outcome vari-
able measurement, statistical methods, response rate,
result consistency, discussion and conclusion, limita-
tions, and ethical approval, with responses categorized as
“yes,” “no,” or “don’t know” [41]. Overall quality was rated
as low (score 1-7), medium (score 8-14), or high (score
15-20) [41].

Data harmonization and analysis

Data synthesis involved rigorous procedures to ensure
data integrity and harmonization across diverse data-
sets. All laboratory measurements were standardized
to the International System of Units (SI) for consist-
ency. Outliers were identified using scatter plots and box
plots, applying a criterion where values exceeding>5
or>10 standard deviations were flagged [42]. Invalid or
implausible data points, such as diastolic blood pres-
sure (DBP) surpassing systolic blood pressure (SBP),
and height <120 cm were identified, based on consensus
clinical judgment and predefined criteria. Definitions of
outliers, invalid data points, and rules for variable harmo-
nization were documented and collaboratively discussed
with original study investigators to achieve consensus on
data handling (Additional File 1: Table S4).

For the harmonized definition of PCOS, we adhered to
the International PCOS Guideline criteria, requiring two
of three key features: OD, clinical or biochemical hyper-
androgenism, and PCOM. The specific criteria for each
feature were defined as follows:

o OD: Menstrual cycles numbering fewer than eight
or exceeding 17 per year, and/or cycle lengths shorter
than 21 days or longer than 35 days.

o Clinical hyperandrogenism: Defined by hirsutism
quantified through the modified Ferriman-Gallwey
(mFG) scoring system. We analyzed ethnic distribu-
tion patterns of mFG scores using descriptive statis-
tics of means and medians. Subsequently, we stand-
ardized the data (mean=0, SD=1) and performed a
k-means cluster analysis (k=2), with cluster determi-
nation guided by the average silhouette method, fol-
lowing our previously published methodology [43].

o Biochemical hyperandrogenism: Defined using
study-specific 95th percentile cut-offs for first-line
androgen tests (TT, FT, cFT, and FAI), supplemented
by secondary markers (A4 and DHEAS) when first-
line tests yielded negative results. This approach
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accounts for variations in assay methods and refer-
ence ranges across studies.

o Polycystic ovarian morphology (PCOM): Given
the considerable heterogeneity in imaging modali-
ties, ultrasound approaches, and absence of individual
participant data (IPD), harmonization of PCOM data
proved unfeasible; thus, we relied on each study’s orig-
inal definitions and categorizations for this criterion.

This study undertook a one-stage approach for analysis
and only included women of reproductive age between
18 and 45 years. Continuous variables were reported as
means with standard deviations (SD) or medians with
interquartile ranges (IQR), as appropriate for the dis-
tribution of data. Categorical variables were reported
as frequencies and proportions. Available case analysis
was employed, and we did not opt to undertake multiple
imputations for any missing data because they could not
be random. Stata 18 software was used for data manage-
ment and analysis.

Results

Study characteristics and risk of bias

The literature search identified 6507 publications, from
which 1437 duplicates were removed. After screen-
ing the titles and abstracts, 342 studies underwent
full-text review of which 313 studies were excluded
(Additional File 1: Table S2). Finally, 29 studies met the

Studies identified through database
searching (n = 6507)

Identification

Records from google search (n = 0)
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eligibility criteria and their authors were contacted. Of
these, the authors of 19 studies, encompassing 31,580
participants, did not respond. Of the 10 authors who
responded, seven expressed willingness to collaborate
and completed the data-sharing process, whereas three
studies involving a combined total of 17,439 partici-
pants were unable to do so [44-46]. Additionally, two
ongoing studies were identified through other research-
ers, and two authors contributed more than one study
from different populations. The entire P-PUP study
dataset encompassed 12 population-based medically
unbiased representative cohorts [26, 31, 47-56] and
12,513 participants drawn from PCOS research groups
spanning eight countries internationally (Fig. 1). A
detailed assessment of the included studies’ methodo-
logical quality appraisal is presented in Additional File
1: Table S3. All of the included studies had a low risk of
bias (high quality) [26, 31, 47-56].

Table 1 presents the characteristics of the final
included studies. The entire P-PUP study dataset
included studies from China (n=2; 4645 women) [48,
52], Iran (n=3; 2517 women) [49, 53, 54], Italy (n=1;
519 women) [50], Russia (z=1; 2695 women), South
Korea (n=1; 499 women) [26], Turkey (n=1; 392
women) [51], the USA (n=2; 806 women) [55, 56], and
Nigeria (n=1; 440 women) [47]. All studies were cross-
sectional in design with sample sizes ranging from 392
to 3000.

Duplicates removed (n = 1437)

'

Studies screened for title and

Studies excluded by title and
abstract (n = 4728)

\4

Screening

abstract (n = 5070)

|

Studies screened for full-text

Studies excluded (n = 313)
+ Selected/referred population (n = 185)

(n = 342)

l

Eligible studies for which IPD were
sought (n = 29)

Eligibility

A4

+ Conference abstracts and reviews (n = 72)

+ Sample size <300 (n = 24)

+ Not directly assessed/self-report (n = 12)

- Not having PCOS /features (n = 11)

- Ineligible population with comorbidity (n = 6)
+ Same research group/data (n = 3)

|

4

Number of studies (n = 12)

Overall participants (n = 12,513)

Reproductive age women (18-45 years)
(n=10,720)

Eligible studies for which IPD were
not sought due to non responding
authors (n =19)

Overall participants (n = 49,019)

[Available data ] [Obtaining ]

Fig. 1 PRISMA IPD flow diagram for P-PUP study selection
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Participant selection after data harmonization

Of the total 12,513 participants in the P-PUP study,
2046 were excluded due to missing data on age (n=6),
age< 18 years (n=609), age>45 (n=1178), natural/sur-
gical menopause (#=81), current pregnancy/lactation
(n=40), and ovarian pathology (n=48). Additionally, 488
participants were excluded due to abnormal follicle-stim-
ulating hormone (FSH > 25 IU/L), prolactin (>67.2 ug/L),
17-hydroxyprogesterone (17-OHP>30 nmol/L), or
thyroid-stimulating hormone (TSH>5 pU/mL) (Fig. 2,
Additional File 1: Table S4). A total number of 9979 par-
ticipants was included in the final analysis following data
harmonization. The predominant ethnicities represented
in reproductive-age women were 40.1% Asian Han
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Chinese, 23.8% White Iranians, and 9.5% White Russians
(Fig. 3).

Assessment of ovulatory dysfunction

All studies collected information on ovulatory dysfunc-
tion (OD) through the assessment of menstrual cycles,
but the data collection methods were heterogeneous.
Four studies collected data about OD in categorical
form [48, 52, 55, 56], with differing cut-offs: fewer than
21 days, 21-35 days, or greater than 35 days [52]; 35 days
or less or greater than 35 days [56]; less than 26 days and
greater than 35 days [55]; and another reported it as a
binary with regular (21-35 days) or irregular (fewer than
21 days, greater than 35 days or irregular bleeding) [48].

(n=12,513)

Number of participants from all IPD studies

A 4

Excluded (n = 1793)
Age < 18 years (n = 609)
Age > 45 years (n = 1178)
Missing data on age (n = 6)

A 4

(n =10,720)

Number of participants aged 18-45 years

A 4

v

Excluded (n = 741)

Current pregnancy/lactation (n = 40)
Natural/surgical menopause (n = 81)
Cushing syndrome (n = 6)

Ovarian pathologies (n = 48)
Missing data and nocomply with study
procedure (n = 78)

Increased TSH only (n = 349)
Increased FSH only (n = 85)
Increased prolactin only (n = 38)
Increased 17-OHP only (n= 4)
Increased TSH and FSH (n= 3)
Increased TSH and prolactin (n= 6)
Increased FSH and prolactin (n= 3)

(n=9979)

Number of participants from all IPD datasets eligible for
final analysis after data harmonisation

!

'

PCOS
(n = 1099)

Non PCOS
(n = 8880)

Note: TSH, prolactin, and 17-OHP were not consistently collected across the total populations in the studies, as some studies collect

the data on women suspected of having PCOS.

Fig. 2 Flow chart for study participant selection. Note: TSH, prolactin, and 17-OHP were not consistently collected across the total populations
in the studies, as some studies collect the data on women suspected of having PCOS
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Fig. 3 Ethnicity distribution of the study participants

Six studies collected actual menstrual cycle length [26,
31, 47, 49, 53, 54], seven studies collected the number
of menstrual cycles per year [31, 47, 49-51, 53, 54], and
one study recorded the minimum and maximum men-
strual cycle lengths, in addition to the overall menstrual
cycle length [31]. One study also reported minimum and
maximum cycle lengths and cycle numbers per year in
addition to the categorical menstrual cycle status, with
nearly 60% missing data [48]. Except for one study [31]
which had 4% (62/1550) missing data, the remaining
studies provided complete data on OD (Additional file 1:
Table S5).

The definitions of OD varied across studies and are
summarized in Table 1. Most studies defined OD based
on menstrual cycle length or the number of menstrual
cycles per year, with some including progesterone levels
to further assess ovulation status. OD was most com-
monly defined by using an upper limit of menstrual cycle
length greater than 35 days [31, 47-49, 52-56], with
another study using a threshold of greater than 34 days
[51]. The lower limit for menstrual cycle length also var-
ied, with three studies using less than 21 days [31, 48, 49,
53], one study using less than 24 days [51], one using less
than 26 days [55], and another one using less than 25 days
[47]. For the number of menstrual cycles per year, four
studies defined OD as less than eight menstrual cycles
per year [26, 31, 47, 52], while two studies used the cut-
off of fewer than nine cycles per year [55, 56]. Addition-
ally, three studies incorporated a lack of menses for three
consecutive months as part of their OD definition [26,
49-51, 54, 55]. Mid-luteal progesterone level was utilized
by three studies as part of their assessment of OD [51, 54,
55]. The reported prevalence of OD in the included stud-
ies ranged from 9.2 to 31.9%, with an overall aggregated

prevalence of 18.2%. For data harmonization, we defined
OD as fewer than eight or more than 17 menstrual cycles
per year and/or a menstrual cycle length of less than
21 days or greater than 35 days, in alignment with the
2023 International PCOS Guidelines [2-5]. Based on
this definition, the prevalence of OD across the included
studies ranged from 3.7 to 31.9%, with an overall preva-
lence of 15.3% (Table 2).

Assessment of clinical hyperandrogenism

All included studies assessed clinical hyperandrogenism,
using hirsutism as a primary criterion [26, 31, 47-56].
Hirsutism was assessed directly by a health professional,
including gynecologists, midwives, physicians, nurses,
endocrinologists, and general practitioners using the
mFG score. Hirsutism was defined by an mFG score of 6
or higher in six studies [26, 47, 48, 51, 55, 56], 8 or higher
in five studies [49, 50, 52-54], and 5 or higher in one
study [31].

All studies reported acne [26, 31, 47-56], with nine
providing IPD [26, 47, 49, 50, 52-56], and three incor-
porating acne into their definition of clinical hyper-
androgenism [48, 52, 54]. One study employed the
Burke-Cunliffe acne grading method, assessed by a physi-
cian [50]; six studies employed the standard acne lesion
assessment of the face, back, and chest, assessed by
gynecologists, midwives, physicians, and general prac-
titioners [31, 47, 49, 52—-54]; two studies mentioned that
no specific acne scoring system was used, with assess-
ments conducted by nurses [55, 56], while another two
studies did not provide details on the acne scoring tools
used, with assessments conducted by physicians [48, 51].
One study used self-reported acne without a specific
scoring system [26]. Among studies that included acne
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Table 2 Prevalence of ovulatory dysfunction
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Studies Prevalence

Original data n (%)

Harmonized data n (%)

Yes No Yes No
Zhao et al. 2011 [52] 421 (14.0) 2579 (86.0) 519(17.8) 2400 (82.2)
Zhuang et al. 2014 [48] 436 (31.9) 932 (68.1) 431(31.9) 919 (68.1)
Tehrani et al. 2011a [53] 140 (14.0) 857 (86.0) 114 (11.7) 861

(88.3)

Tehrani et al. 2011b [54] 170 (18.6) 745 (81.4) 146 (19.2) 614 (80.8)
Tehrani et al. 2014 [49] 72 (12.0) 529 (88.0) 67 (13.4) 432 (86.6)
Gambineri et al. 20137 [50] N/R N/R 3(7.0) 169 (92.9)
Makwe et al. 2023 [47] 67 (15.3) 371(84.7) 5(3.7) 394 (96.3)
Suturina et al. 2022 [31] 342 (24.4) 1061 (75.6) 81(6.3) 1209 (93.7)
Kim et al. 2011 [26] 70(14.1) 427 (85.9) 26 (6.2) 392 (93.8)
Yildiz et al. 2012 [51] 60 (15.4) 329 (84.6) 7 (4.4) 370(95.6)
Knochenhauer et al. 1998 [56] 33(9.2) 325(90.8) 3(9.2) 325(90.8)
Azziz et al. 2004 [55] 75 (20.5) 291 (79.5) 2(14.2) 313(85.8)
Overall 1886 (18.2) 8446 (81.8) 1514 (15.3) 8398 (84.7)
N/R not reported

2 very small sample size. For data harmonization, we defined OD as fewer than eight or more than 17 menstrual cycles per year and/or a menstrual cycle length of less
than 21 days or greater than 35 days, in alignment with the 2023 International PCOS Guidelines

in their clinical hyperandrogenism definition, a score of
two or higher was used in one study [52], six or higher
in another [54], and the cut-off was not specified in one
study [48].

Six studies reported on the presence of female pattern
hair loss (FPHL) [31, 47, 50, 52, 54, 55], with four provid-
ing IPD [47, 50, 54, 55], and two incorporated FPHL into
their definition of clinical hyperandrogenism [50, 54]. The
presence of FPHL was assessed by gynecologists, physi-
cians, nurses, and general practitioners using the Ludwig
scale in three studies [31, 50, 52], while three other stud-
ies provided no details on the FPHL assessment tool used
[47, 54, 55]. FPHL was reported in a categorized form in
two studies with no cut-offs provided [50, 54].

For data harmonization, we defined clinical hyperan-
drogenism using hirsutism only in alignment with the
2023 International PCOS Guidelines which highlights
hirsutism as the strongest predictor of hyperandrogen-
ism. We used ethnicity-specific mFG score cut-offs
derived from k-means (k=2) cluster analysis in our
recent publication [43]. The thresholds were set at mFG
score>8 for Iranians,>7 for White Italians and Black
Africans,>5 for Asian Han Chinese, White Russians,
Turkish, and Black Americans, and >4 for White Ameri-
cans, Asian Koreans, Asian Russians, and Mixed Russians
[43]. Based on these cut-offs, the prevalence of clinical
hyperandrogenism ranged from 8.1 to 34.2% in individ-
ual included studies, with an overall aggregate prevalence
of 14.2% (Table 3).

Assessment of biochemical hyperandrogenism
Biochemical hyperandrogenism was assessed in all
included studies except for one study done in Nige-
ria [47]. Seven studies assessed all participants [31,
48-51, 53, 56], three studies [26, 54, 55] assessed selec-
tive subgroups, and the remaining one study collected
blood samples from a random half of the population
[52]. Among the studies that assessed androgen levels
in selective subgroups, Tehrani et al. assessed only par-
ticipants with either hirsutism (mFG score>8) or men-
strual disorder (26% of the sample, 260/1000) [54]; Azziz
et al. assessed only participants with menstrual dysfunc-
tion (48.7% of the sample, 189/388) [55]; and Kim et al.
assessed participants who consented to provide blood
samples (32.1% of the sample, 160/499) [26].

Of the included studies, 11 reported total testoster-
one (TT) [26, 31, 48-54, 56], seven reported calcu-
lated free androgen index (FAI) [26, 31, 49, 51-54],
eight reported androstenedione (A4) [49-56], and nine
reported dehydroepiandrosterone sulfate (DHEAS) [26,
31, 49-51, 53-56]. The assay method used included
enzyme immunoassay (EIA) [49, 53, 54], liquid-chro-
matography tandem mass spectrometry (LC-MS/MS)
[31, 50], chemiluminescent immunoassay (CLIA) [31,
51, 52], radioimmunoassay (RIA) after extraction [55,
56], and RIA [26, 48, 51, 55, 56] (Table 1). Three studies
reported free testosterone (FT) [48, 55, 56]: two reported
calculated FT (cFT), derived from TT measured by an
in-house RIA after serum extraction and SHBG binding
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Table 3 Prevalence of clinical hyperandrogenism
Studies Prevalence

Original data n (%) Harmonized data n (%)

Yes No Yes No
Zhaoetal. 2011 [52] 325(10.8) 2675 (89.2) 304 (10.4) 2615 (89.6)
Zhuang et al. 2014 [48] 175(12.8) 1192 (87.2) 205 (16.9) 1009 (83.1)
Tehrani et al. 2011a [53] 234 (23.5) 763 (76.5) 168(17.2) 807 (82.8)
Tehrani et al. 2011b [54] 200 (21.9) 715(78.1) 170 (22.4) 590 (77.6)
Tehrani et al. 2014 [49] 171 (28.4) 430 (71.6) 133(26.7) 366 (73.3)
Gambineri et al. 20132 [50] 40 (21.5) 46 (78.5) 62 (34.2) 9 (65.8)
Makwe et al. 2023 [47] 43(9.8) 395(90.2) 28(6.9) 377 (93.1)
Suturina et al. 2022 [31] 103 (7.3) 1298 (92.7) 105 (8.1) 1183 (91.6)
Kim et al. 2011 [26] 49 (9.8) 449 (90.2) 74 (15.3) 409 (84.7)
Yildiz et al. 2012 [51] 40(10.3) 349 (89.7) 65 (16.8) 322(83.2)
Knochenhauer et al. 1998 [56] 30(84) 328(91.6) 41(11.9) 303 (88.1)
Azziz et al. 2004 [55] 25 (6.8) 341 (93.2) 41 (11.4) 318(88.6)
Overall 1435 (13.7) 9081 (86.3) 1396 (14.2) 8418 (85.8)

2 very small sample size. For data harmonization, we defined clinical hyperandrogenism using ethnicity-specific modified Ferriman-Gallwey (mFG) score cut-offs
derived from k-means (k = 2) cluster analysis with the thresholds set at mFG score >8 for White Iranians, >7 for White Italians and Black Africans, >5 for Asian Han
Chinese, White Russians, Turkish, and Black Americans, and >4 for White Americans, Asian Koreans, Asian Russians, and Mixed Russians [43]

activity by equilibrium dialysis using Sephadex G-25 and
[BH]T as the ligand, and approximations for binding to
albumin [55, 56], while one study reported directly meas-
ured FT utilizing RIA [48].

Biochemical hyperandrogenism was defined using
the selected control subgroups as above 95th percentile
in eight studies [26, 49, 51-56], above 97.5th percentile
in one study [50], above 97.7th percentile (equivalent to
2 standard deviations above the mean in normally dis-
tributed data) in another study [48], and above 98th
percentile in one study [31] (Table 1). The prevalence
of biochemical hyperandrogenism varied widely across
studies, ranging from 5.6 to 30.0%, with an overall prev-
alence of 17.4%. In this study, we adapted the 95th per-
centile cut-off specific to each study for harmonization
to account for variations in assay methods and reference
ranges across studies. We used first-line tests (TT, FT,
cFT, and FAI) and second-line tests (A4 and DHEAS)
when first-line tests were negative, as per the 2023 Inter-
national PCOS Guidelines. This approach revealed a bio-
chemical hyperandrogenism prevalence ranging from
11.0 to 30.3%, with an overall prevalence of 20.4%. The
overall prevalence remained nearly the same at 20.2%
when studies assessing selective subgroups of popula-
tions were excluded (Table 4).

Assessment of polycystic ovary morphology (PCOM)

Eight included studies assessed all participants for
PCOM. One study provided PCOM as a binary variable
[49], OV data was provided by six studies [26, 31, 47, 48,

51, 52], while AFC was provided by seven studies [26, 31,
47, 48, 51-53]. The imaging modalities used included
transvaginal ultrasound with a band frequency ranging
from 5 to 13 MHz, and transabdominal ultrasound with
a band frequency ranging from 1 to 9 MHz. Additionally,
transrectal ultrasound was utilized in two studies [26,
52]. Unfortunately, the IPD in the included studies did
not specify the ultrasound approach, either transvaginal,
transabdominal, or transrectal.

Except for Makwe et al. which defined PCOM as having
an AFC count of >20 and/or OV >10cm? [47], all other
included studies used older criteria, defining PCOM as
having an AFC count of > 12 and/or OV > 10cm?® [26, 31,
48, 49, 51-53]. The reported prevalence of PCOM varied
widely across studies, ranging from 6.6 to 39.9%, with an
overall prevalence of 19.2% (Table 5). Due to the hetero-
geneity in imaging modalities, ultrasound approaches,
and lack of IPD, data harmonization for PCOM was not
feasible, and thus we relied on each study’s original defi-
nitions and categorization.

Prevalence of polycystic ovary syndrome (PCOS)

Of the included study, eight defined PCOS using the
Rotterdam criteria [26, 31, 47-49, 51-53], while the
remaining four used the National Institutes of Health
(NTH 1990) criteria and did not include ultrasound data
for PCOM [50, 54—56]. The reported prevalence ranged
from 3.3 to 19.8%, with an overall prevalence of 11.7%
using each study’s original definition. For data harmoni-
zation, we defined PCOS by applying the International
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Table 4 Prevalence of biochemical hyperandrogenism
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Studies Prevalence

Harmonized androgen cut-offs (95th percentile)

Original data n (%)

Harmonized data n (%)

Yes No Yes No

Zhao et al. 2011 [52] 268 (17.6) 1258(82.4) 250(17.3)

1197 (82.7) TT:3.08 nmol/L, FAL: 6.74, and A4: 17.67 nmol/L

Zhuang et al. 2014 [48] 77 (5.6) 1293 (94.4) 164 (12.1) 1187(87.9) TT:2.95 nmol/L and FT: 3.2 pg/mL (0.010366 nmol/L)

Tehrani et al. 2011a° [53] 71(285) 178 (715) 64(27.8) 166 (72.2)  TT:0.89 ng/mL (3.09 nmol/L), FAI: 5.39, DHEAS: 179 pg/dL (4.85
umol/L), A4: 2.9 ng/mL (10.12 nmol/L)

Tehrani et al. 2011b [54] 169 (21.3)  623(787) 169(26.0) 482(74.0) TT:0.88 ng/mL (3.05 nmol/L), FAl: 5.47, DHEAS: 246 pg/dL (6.67
umol/L), A4: 2.3 ng/mL (8.03 nmol/L)

Tehrani et al. 2014 [49] 160 (30.0) 372(70.0) 133(30.3) 306(69.7) TT:0.89 ng/mL (3.09 nmol/L), FAI: 5.39, DHEAS: 179 ug/dL (4.85
pmol/L), A4: 2.9 ng/mL (10.12 nmol/L)

Gambineri et al. 2013° [50] N/R N/R 20(11.0) 161(89.0) TT:1.66 nmol/L and A4:5.78 nmol/L

Makwe et al. 2023 [47] N/A N/A N/A N/A N/A

Suturina et al. 2022 [31] 232(19.7)  947(804) 313(29.0) 766(71.0) TT:54.77 ng/dL (1.90 nmol/L) for White Russians), 34.33 ng/dL (1.19
nmol/L) for Asian Russians, and 43.78 ng/dL (1.52 nmol/L) for Mixed
Russians, FAI: 4.73 for White Russians, 2.11 for Asian Russians,
and 2.97 for Mixed Russians, DHEAS: 314.6 ug/dl (8.53 umol/L) for all
Russians.

Kim et al. 20112 [26] 16 (10.0) 144 (90.0) 20(12.8) 136 (87.2)  TT:0.68 ng/mL (2.36 nmol/L), FAI: 5.36, DHEAS: 10.55 pmol/L

Yildizetal. 2012 [51] 68(18.2) 305 (81.8) 67(18.2) 302 (81.8)  TT:54.7 ng/dL (1.9 nmol/L), FAI: 4.94, DHEAS: 3257.4 ng/mL (8.83
pmol/L), A4:2.97 ng/mL (10.37 nmol/L)

Knochenhauer et al. 1998 [56] 37 (20.4) 144 (79.6) 37 (204) 144(79.6)  TT:84.7 ng/dl (2.94 nmol/L), cFT: 0.75 ng/dL (0.026 nmol/L), DHEAS:
2459 ng/ml (6.64 umol/L), A4: 2496 pg/ml (8.73 nmol/L)

Azziz et al. 20042 [55] 30 (26.6) 83(734) 30 (26.8) 82(73.2) TT:84.7 ng/dl (2.94 nmol/L), cFT: 0.75 ng/dL (0.026 nmol/L), DHEAS:
2459 ng/ml (6.64 umol/L), A4: 2496 pg/ml (8.73 nmol/L)

Overall 1128 (17.4) 5348(82.6) 1267 (204) 4929(79.7) n/a

N/A data not available, N/R not reported, n/a not applicable

2 Studies assessing a selective group of participants for biochemical hyperandrogenism

b very small sample size. We calculated the 95 percentile from selected healthy controls for TT in Zhuang et al. (2014), A4 in Gambineri et al. (2013), and DHEAS in Kim
etal. (2011); the original authors did not use these androgens in their classifications. Additionally, we calculated the 95™ percentile for TT in Gambineri et al. (2013).
The reported laboratory values were converted to the Sl unit using the following conversion factors: for A4 3.49 from ng/mL to nmol/L and 0.00349 from pg/mL to
nmol/L; for TT 3.47 from ng/mL to nmol/L and 0.0347 from ng/dL to nmol/L; for FT 0.003467 from pg/mL to nmol/L and 0.03467 from ng/dL to nmol/L; for DHEAS
0.00271 ng/mL to pmol/L and 0.0271 ug/dL to pmol/L. For data harmonization, we utilized the 95™ percentile cut-off specific to each individual study population,
applying first-line tests (TT, FT, and FAI) and incorporating A4 and DHEAS when first-line tests were negative, in accordance with the 2023 International PCOS

Guidelines

PCOS Guidelines criteria, requiring two out of three
key features: OD, hyperandrogenism, and PCOM. We
defined OD as fewer than eight or more than 17 men-
strual cycles per year and/or a menstrual cycle length
of less than 21 days or greater than 35 days; we defined
hyperandrogenism as either clinical (limited to ethnicity-
specific hirsutism scores) or biochemical (using study-
specific 95th percentile cut-offs for first-line androgen
tests, supplemented by secondary markers when first-line
tests were negative), in accordance with the 2023 Inter-
national PCOS Guidelines recommendations. Post har-
monization, the prevalence of PCOS ranged from 3.3 to
18.3%, with an overall prevalence of 11.0% (Table 6).

Discussion

The P-PUP study represents the first international IPD-
based meta-analysis involving unselected (medically
unbiased) women from the general population, assessed
for PCOS features, offering a unique and diverse cohort

to explore PCOS characteristics across heterogeneous
populations. This comprehensive dataset includes a large
sample size of 9979 women aged 18-45 years from 11
primary ethnicities, eight countries and four continents.
Our analysis revealed significant heterogeneity in data
collection methods and the definitions used for PCOS
diagnostic features, particularly in the assessment of
ovulatory dysfunction. This variability contributed to a
wide range of reported prevalence of PCOS across origi-
nal studies, from 3.3 to 19.8% (11.7% overall). After data
harmonization, the PCOS prevalence ranged from 3.3 to
18.3%, with an overall prevalence of 11.0%.

Ovulatory dysfunction (OD) is a key component in
the International Guidelines PCOS diagnostic criteria,
focused on menstrual cyclicity, and irregular cycle length
and number per year. The International PCOS Guidelines
[2-6], defined irregular cycles as>90 days for any one
cycle in women 1-year post menarche, <21 or>45 days
in women one to less than 3 years post menarche, <21
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Table 5 Prevalence of polycystic ovary morphology (PCOM)
Studies Prevalence

Original data n (%) Harmonized data n (%)

Yes No Yes No
Zhaoetal. 2011 [52] 567 (19.4) 2348 (80.6) 546 (19.2) 2290 (80.8)
Zhuang et al. 2014 [48] 91 (6.6) 1278 (93.4) 90 (6.7) 1260 (93.3)
Tehrani et al. 2011a [53] N/A N/A N/A N/A
Tehrani et al. 2011b [54] 156 (17.0) 759 (83.0) 132(17.4) 628 (82.6)
Tehrani et al. 2014 [49] 118 (19.6) 483 (80.4) 99 (19.8) 400 (80.2)
Gambineri et al. 2013 [50] N/A N/A N/A N/A
Makwe et al. 2023 [47] 151 (34.5) 287 (65.5) 139 (34.0) 270 (66.0)
Suturina et al. 2022 [31] 285 (20.5) 1104 (79.5) 266 (20.8) 1013 (79.2)
Kim et al. 2011 [26] 91 (23.6) 295 (76.4) 89 (23.9) 283 (76.1)
Yildiz et al. 2012 [51] 155 (39.9) 234 (60.1) 154 (39.8) 233(60.2)
Knochenhauer et al. 1998 [56] N/A N/A N/A N/A
Azziz et al. 2004 [55] N/A N/A N/A N/A
Overall 1614 (19.2) 6788 (80.8) 1515(19.2) 6377 (80.8)

For data harmonization, we used the original authors’ categorization for PCOM, which was defined as an antral follicle count (AFC) >12 follicles and/or ovarian volume
(OV) >10 cm3, except for Makwe et al. (2023), where PCOM was defined as AFC >20 follicles and/or OV >10 cm?

PCOM polycystic ovary morphology, N/A data not available

Table 6 Prevalence of polycystic ovary syndrome (PCOS)

Studies Prevalence

Original data n (%)

Harmonized data n (%)

Yes No Yes No
Zhao et al. 2011 [52] 346 (11.5) 2654 (88.5) 360 (12.3) 2559 (87.7)
Zhuang et al. 2014 [48] 153(11.2) 1217 (88.8) 169 (12.5) 1182 (875)
Tehrani et al. 2011a° [53] 86 (8.6) 911 (914) 63 (6.5) 912 (93.5)
Tehrani et al. 2011b [54] 139(15.2) 776 (84.8) 120 (15.8) 640 (84.2)
Tehrani et al. 2014 [49] 84 (14.0) 517 (86.0) 73 (14.6) 426 (854)
Gambineri et al. 2013° [50] N/R N/R 6(3.3) 176 (96.7)
Makwe et al. 2023 [47] 38(8.7) 400 (91.3) 15(3.7) 394 (96.3)
Suturina et al. 2022 [31] 168 (14.4) 1001 (85.6) 151 (11.7) 1140 (88.3)
Kim et al. 2011 [26] 57 (11.4) 441 (88.6) 43 (8.9) 440 (91.1)
Yildiz et al. 2012 [51] 77 (19.8) 312(80.2) 71(183) 316 (81.7)
Knochenhauer et al. 19982 [56] 12 (3.3) 346 (96.7) 12(3.3) 346 (96.7)
Azziz et al. 2004* [55] 19(5.2) 347 (94.8) 16 (4.4) 349 (95.6)
Overall 1179(11.7) 8922 (88.3) 1099 (11.0) 8880 (89.0)

PCOS polycystic ovary syndrome. N/R: not reported

? NIH criteria. For data harmonization, we defined PCOS using two out of the three key features—OD, hyperandrogenism (clinically defined based on hirsutism and/
or biochemically), and PCOM—in studies reporting all three key features, and OD and hyperandrogenism in studies where PCOM was not reported. Secondary causes
that may mimic PCOS, such as hyperprolactinemia, thyroid dysfunction, and non-classical adrenal hyperplasia, were excluded

or > 35 days or <8 cycles per year in women 3 years post-
menarche to perimenopause, while acknowledging the
need for further research [57]. We identified significant
variations in menstrual cycle data collection, especially
prior to the International PCOS Guidelines. Categori-
cal and continuous data was collected, including average

cycle length in days, average cycle number per year, mini-
mum and maximum cycle length and cycle number per
year. OD cut-offs were variable across studies. Here, we
harmonized OD data aligned with Guideline recom-
mendations, reporting a prevalence of 3.7% to 31.9% or
15.5% overall. Future studies should collect standardized
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continuous data on cycle length (in days) and cycle num-
ber per year, with clear explanations of cycle length as
the number of days from the first day of one period to
the first day of the next, to limit confusion with the dura-
tion of menstrual bleeding. While acknowledging the
inherent variability of cycles in PCOS and limitations of
self-reported data for large-scale epidemiology studies,
standardized data collection and definitions would sub-
stantially minimize error while ensuring consistency and
comparability across studies. The International PCOS
Guideline’s OD cut-offs were derived from the 95th per-
centile of menstrual cycle duration, based on variable
control populations which likely included women with
PCOS [58]. Using this percentile as a diagnostic cut-off,
particularly when it is not linked with clinical outcomes,
including anthropometric outcomes (weight, waist-hip
circumference, BMI), reproductive outcomes (andro-
gens, ovulation frequency, pregnancy complications),
and cardiometabolic (insulin resistance, lipid profiles,
blood pressure, fasting glucose), represents a crude and
overly simplistic approach [58]. Moving forward, apply-
ing advanced analytics including cluster analysis to define
cut-offs based on well-defined unselected populations
and clinical correlates such as association with other
PCOS features or with long-term outcomes is a research
priority captured in the International PCOS Research
Road Map [59].

Hyperandrogenism is an essential PCOS diagnostic
feature and manifests clinically as hirsutism, acne and
androgenic alopecia. Acne and androgenic alopecia are
relatively nonspecific markers of hyperandrogenism,
particularly in PCOS [2-5, 16]. While validated scoring
systems exist for acne and androgenic alopecia, these
are not universally agreed upon for PCOS due to limited
research in PCOS populations, ethnic variations, and
clinical contexts. In included original studies, acne and
alopecia were inconsistently reported, with variable tools
and definitions. In contrast, hirsutism is strongly cor-
related with biochemical hyperandrogenism and is the
most reliable clinical sign of hyperandrogenism in PCOS
[60, 61]. The modified Ferriman-Gallwey (mFG) visual
scale is Guideline recommended [62] and was used in
all included original studies. Historically, a cut-off mFG
score of > 8 defined hirsutism in PCOS, based on a mis-
interpretation of original Ferriman and Gallwey data at
the 95th percentile of a predominantly white population
[63, 64]. In P-PUP IPD we established ethnicity-specific
mFG cut-offs via k-means cluster analysis, with cut-offs
ranging between 4-6 for the majority of populations
[43]. This aligns with the International PCOS Guidelines
recommendations for an mFG score of 4-6 to diagnose
hirsutism [2-5]. Clinical hyperandrogenism ranged
from 6.8 to 28.4% (13.7% overall) in original studies with
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variable mFG cut-offs and use of acne and alopecia. With
cluster analysis cut-offs and data harmonization, we
report a prevalence of 8.1% to 34.2% (14.2% overall) and
aligned to Guidelines, cluster-defined mFG cut-offs are
recommended.

Biochemical hyperandrogenism in PCOS focuses
on elevated free testosterone, which may be measured
directly or calculated primarily through FAI and cFT. Our
recent systematic review and meta-analysis informed the
International PCOS Guidelines recommendation to use
TT and FT as a first-line laboratory test for biochemi-
cal hyperandrogenism [65] using LC-MS/MS methods
with the best accuracy [66, 67]. In the P-PUP study, only
two original studies used LC-MS/MS [31, 50], all oth-
ers relied on less specific and sensitive immunoassay.
Cut-offs for biochemical hyperandrogenism varied, with
arbitrary thresholds at the 95th, 97.5th, or 98th percentile
of healthy controls. In P-PUP we adapted the 95th per-
centile cut-off for androgens specific to each study to har-
monize data reporting a prevalence from 11.0 to 30.3% in
original studies, with an overall prevalence of 20.4%. Fur-
ther cluster analyses are underway to refine definitions
and address persisting limitations.

PCOM is evaluated using pelvic ultrasonography and
is characterized by either ovarian enlargement, measured
as increased OV, and/or an excess of small antral follicles,
either within the entire ovary (FNPO) or a single cross-
sectional image (FNPS) [68]. Cut-offs for OV and FNPO
vary by ultrasound technology and approach. The 2023
International PCOS Guidelines recommend the trans-
vaginal ultrasound approach, FNPO >20 in at least one
ovary or OV>10 ml to define PCOM in adults. If older
ultrasound technology is used, the AFC count is>12 in
at least one ovary. PCOM is not recommended in adoles-
cents as it lacks specificity [2—5]. In the present analysis,
only one study adhered to these recommendations and
transabdominal and transrectal ultrasound approaches
were also used, with no validated PCOM cut-offs, limit-
ing harmonization and resulting in the retention of origi-
nal study definitions. Guidelines now clearly recommend
a transvaginal ultrasound, and cut-offs for FNPO and
OV which need to be applied, along with the inclusion of
AMH measurements.

Strengths and limitations

This study has several strengths. Firstly, this IPD is unique
and includes a large diverse, international IPD set, with
generalizability to those with PCOS. Unselected partici-
pants also minimize selection bias, as seen in clinic-based
cohorts. Also, the IPD analysis allowed standardization
of definitions and cut-offs across studies and aligned with
the 2023 International PCOS Guidelines to minimize
heterogeneity and enhance comparability. Limitations
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include heterogeneity in data collection methods, par-
ticularly for ovulatory dysfunction, hyperandrogenism,
and PCOM. Some original data could not be harmonized,
affecting the comparability of results across populations.
Most original studies relied on immunoassays for andro-
gen measurement, which are less accurate than LC-MS/
MS. Most studies also used older ultrasound technol-
ogy and variable approaches and lacked sufficient meth-
odological detail, with reliance on original study PCOM
definitions. Although serum AMH is now recommended
as an alternative marker for PCOM, this data was not
available. Lastly, although the study included partici-
pants from four continents and eight countries, including
participants from diverse ethnic backgrounds enhanced
generalizability, notable geographic and cultural gaps in
representation persist, underscoring the need for more
globally comprehensive PCOS research.

Conclusions

The P-PUP study brings together an unprecedented
cohort of ethnically diverse, unselected population-
level data to enable research and advance knowledge
in PCOS. In integrating this IPD we have shown a lack
of standardized data collection methods across origi-
nal studies. Cut-offs for PCOS diagnostic features also
vary, jeopardizing diagnostic accuracy and consistency
and impacting data harmonization. This work directly
addresses the high research priorities identified in the
PCOS Guidelines research roadmap, which emphasizes
creating international data repositories and standardizing
research approaches [59]. Future research efforts should
prioritize the standardization of data collection meth-
ods that align with the International PCOS Guidelines
and PCOS core outcome sets [39], while simultaneously
refining definitions and establishing accurate normative
cut-offs for individual PCOS diagnostic features. These
diagnostic thresholds should be based on cluster analy-
sis and natural groupings, identifying diagnostic clusters
that are linked to short and long-term outcomes in medi-
cally unbiased, unselected, and diverse populations. This
dual approach to standardization would facilitate big data
integration and the development of machine learning—
driven models for precision medicine in PCOS.
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