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GRAPHICAL ABSTRACT

Diagnostic accuracy of androgen measurements in PCOS

Diagnostic accuracy of androgen
measurement
* Total testosterone (TT)
* Free testosterone (FT)
* Free androgen index (FAI)
* Androstenedione (A4)
¢ Dehydroepiandrosterone

it

sulfate (DHEAS)
Systematic review undertaken
Wider implications l
o The first-line laboratory test should be TT and FT using mass o
Publications screened
g} spectrometry. o8
& * Where mass spectrometry is unavailable, FAI can be employed.
‘ ! o If TT or FT is not elevated, measuring A4 and DHEAS could be ‘
considered, noting their poorer specificity. Publications included in the meta-
el o= analysis
¢ e n=18

Health professionals should use FT and TT as the first-line laboratory test to assess biochemical hyperandrogenism in the diagnosis of PCOS.
FT: free testosterone, TT: total testosterone, AMH: anti-Millerian hormone, PCOM: polycystic ovary morphology, PCOS: polycystic ovary syndrome.

ABSTRACT

BACKGROUND: Biochemical hyperandrogenism is a hallmark and diagnostic feature of polycystic ovary syndrome (PCOS). However,
the most accurate androgen measurement for assessing biochemical hyperandrogenism in PCOS diagnosis remains uncertain.

OBJECTIVE AND RATIONALE: This systematic review aimed to assess different androgen measures [including total testosterone
(TT), calculated free testosterone (cFT), free androgen index (FAI), androstenedione (A4), dehydroepiandrosterone sulfate (DHEAS),
and dihydrotestosterone (DHT)] for accuracy in diagnosing biochemical hyperandrogenism in women with PCOS, to inform the 2023
International PCOS Evidence-based Guidelines.

SEARCH METHODS: To update evidence from the 2018 International PCOS Guidelines, a systematic search from 3 July 2017 to 23
June 2023 was conducted across Medline (Ovid), CINAHL, all EBM, EMBASE, and PsycInfo for articles evaluating androgens in the diag-
nosis of biochemical hyperandrogenism. The revised Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2) was used to as-
sess the risk of bias and applicability. A diagnostic test accuracy meta-analysis was performed using STATA 18 software. Summary
sensitivity and specificity were calculated with 95% CIs using the bivariate model, while the hierarchical summary receiver operating
characteristics (ROC) model was used to produce a summary ROC curve.

OUTCOMES: Of 23 studies reviewed, 18 were included in the meta-analysis, with data from 2857 participants (1650 with PCOS and
1207 controls). For diagnosing biochemical hyperandrogenism in PCOS, the pooled sensitivity, specificity, and AUC with 95% CI were
for TT: 0.74 (0.63-0.82), 0.86 (0.77-0.91), and 0.87 (0.84-0.90); cFT: 0.89 (0.69-0.96), 0.83 (0.79-0.86), and 0.85 (0.81-0.88); FAI: 0.78 (0.70—
0.83), 0.85 (0.76-0.90), and 0.87 (0.84-0.90); A4: 0.75 (0.60-0.86), 0.71 (0.51-0.85), and 0.80 (0.76-0.83); and DHEAS: 0.75 (0.61-0.85), 0.67
(0.48-0.81), and 0.77 (0.73-0.81), respectively. In subgroup analyses, liquid chromatography with tandem mass spectrometry (LC-MS/
MS) had superior sensitivity for measuring cFT, FAI, A4, and DHEAS, and superior specificity for measuring TT, cFT, and FAI, com-
pared to the direct immunoassay method.

WIDER IMPLICATIONS: Our results directly informed the 2023 International PCOS Guideline recommendations to use TT and FT as
the first-line laboratory tests to assess biochemical hyperandrogenism in the diagnosis of PCOS. cFT should be assessed by equilib-
rium dialysis or ammonium sulfate precipitation, or calculated using FAL If TT or cFT are not elevated, A4 and DHEAS could also be
considered, noting their poorer specificity. Laboratories should utilize LC-MS/MS for androgen measurement given its high accuracy.
Future studies should focus on establishing optimal normative cut-off values in large, unselected, and ethnically diverse cohorts
of women.

REGISTRATION NUMBER: The review protocol was prepublished in the 2023 PCOS Guideline Technical Report (https://www.mon
ash.edu/__data/assets/pdf_file/0010/3379591/TechnicalReport-2023.pdf).

Keywords: diagnostic accuracy / sensitivity / specificity / hyperandrogenism / hyperandrogenemia / PCOS / androgen / testosterone
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Polycystic ovary syndrome (PCOS) is a common endocrine disor-
der affecting women throughout their lifespan (Teede et al,
2010). The prevalence of PCOS varies depending on the popula-
tion studied, but it is estimated to affect between 10% and 13% or
~140 million women globally (March et al., 2010; Teede et al.,
2023). PCOS in adults is diagnosed according to the International
Evidence-based Guideline Criteria based on two of either ovula-
tory dysfunction, clinical or biochemical hyperandrogenism,
and/or polycystic ovary morphology (PCOM) on ultrasound or ele-
vated anti-Mullerian hormone levels (Lizneva et al., 2016; Azziz,
2018; Teede et al., 2018). Hyperandrogenism, present in 75% of
PCOS cases, is both a diagnostic criterion and a well-established
contributor to the pathogenesis of PCOS (Rosenfield and
Ehrmann, 2016; Ashraf et al., 2019). The detection of hyperandro-
genism in women with PCOS can be accomplished clinically
through assessment of hirsutism, acne or androgenic alopecia, or
via biochemical testing of circulating androgen concentrations
(Huang et al., 2010).

Despite its centrality in the diagnostic workup of PCOS,
accurately diagnosing biochemical hyperandrogenism presents
considerable challenges (Taieb et al., 2003; Rotterdam ESHRE/
ASRM-Sponsored PCOS Consensus Workshop Group, 2004). Liquid
chromatography-tandem mass spectrometry (LC-MS/MS) is con-
sidered the reference standard for assessing steroids including
androgens, but its use is limited by technical complexity and ac-
cessibility (Rosner and Vesper, 2010; Janse et al., 2011; Owen and
Keevil, 2012; Keevil, 2013; Owen et al., 2016). While immunoassay
methods are widely available, the results of total testosterone (TT)
and calculated free androgen index (FAI) can be influenced by fluc-
tuations in sex hormone-binding globulin (SHBG) levels, which are
affected by age, weight, and medication use (Rosner et al., 2007).
Free testosterone (FT) is also highly inaccurate by direct immuno-
assay methods due to its low serum concentrations (Miller et al.,
2004). Furthermore, in addition to testosterone, the measurement
of other androgens or androgen precursors such as androstenedi-
one (A4), dehydroepiandrosterone (DHEA), dehydroepiandroster-
one sulfate (DHEAS), and dihydrotestosterone (DHT) are also
available. As each exhibits variation in potency, metabolism, and
tissue-specific effects, it is difficult to determine which androgen
(s) are responsible for hyperandrogenic features of PCOS and are
best captured in the diagnosis (Taieb et al., 2003; Azziz et al., 2009;
Barth et al., 2010; Keevil, 2013; Goodarzi et al., 2015; Keevil et al,
2018; Carmina and Longo, 2022). Lastly, there is a lack of consen-
sus in reference ranges based on population characteristics such
as ethnicity and age (Teede et al., 2010).

The lack of evidence regarding the diagnostic accuracy of spe-
cific androgen measurement methods poses challenges for clini-
cians in choosing the most reliable and accurate approach for
assessing PCOS-related biochemical hyperandrogenism, yet this
is a research priority identified by the 2023 International PCOS
Guidelines (Teede et al., 2023). To address this critical gap in
knowledge, this review aimed to collate and synthesize the avail-
able evidence to identify the most accurate androgen measure-
ment for detecting biochemical hyperandrogenism among
women with PCOS. Findings from this review directly informed
recommendations of the 2023 International PCOS Guidelines.

This systematic review and meta-analysis are an update of the
review undertaken for the 2018 International PCOS Guidelines
(Teede et al., 2018) and is reported in line with the Preferred

Reporting Items for Systematic Reviews and Meta-Analyses eval-
uating Diagnostic Test Accuracy (PRISMA-DTA) (Campbell et al.,
2015; McInnes et al., 2018; Salameh et al., 2020; Page et al., 2021).
The protocol is publicly available online in the 2023 PCOS
Guideline Technical Report (Mousa et al., 2023).

Data sources and searches

A systematic literature search was performed across Medline
(Ovid), CINAHL, all EBM, EMBASE, and PsycInfo from 3 July 2017
until 23 June 2023. The search terms from the original review
were used and consisted of a combination of keywords including
polycystic ovary syndrome, anovulation, oligo-ovulation, hyper-
androgenism, testosterone, sex hormone-binding globulin, free
androgen index, androstenedione, dehydroepiandrosterone sul-
fate, sensitivity, specificity, etc. Details of the full search strategy
are available in Supplementary Table S1. A manual search of the
reference lists of applicable reviews was also performed to iden-
tify additional studies that were not found in the databases.

Study selection

Women diagnosed with PCOS using the historical National
Institutes of Health (NIH) criteria of 1990 (Zawadski and Dunaif,
1992), the Rotterdam criteria of 2003 (Rotterdam ESHRE ASRM
Sponsored PCOS Consensus Workshop Group, 2004), or the
Androgen Excess and PCOS (AE-PCOS) diagnostic criteria of 2006
(Azziz et al., 2006) were included as the study population without
any restriction on age, ethnicity, or weight. Any methods for as-
sessment of androgens including TT, calculated or measured FT
(cFT), FAI, A4, or serum DHEAS to diagnose biochemical hyperan-
drogenism were examined. The main outcomes of interest were
the sensitivity and specificity of the test to detect biochemical
hyperandrogenism in PCOS. We included randomized controlled
trials, comparative studies, and prospective cohort studies pub-
lished in the English language. Non-English language studies,
case reports, case series, narrative reviews, letters, editorials/
commentaries, and conference abstracts (posters or oral presen-
tations) were excluded.

After removing duplicate studies, titles, and abstract screen-
ing, then full-text screening were performed in duplicate by four
reviewers (A.D.B,, L.S,, T.R. and C.T.T.) using Covidence software.
Where discrepancies occurred, another independent reviewer
(A.EJ.) was consulted to resolve any conflicts. The data extracted
included study information such as first author, country, publi-
cation year, sample size, number of cases and controls, and par-
ticipant selection criteria. The participant characteristics
included age and BMI, androgens assessed, methods or assay(s)
used, and normative reference cut-off thresholds, true positives
(TP), false positives (FP), false negatives (FN), true negatives (TN),
sensitivity and specificity scores, and AUC values. Data extrac-
tion was performed by two reviewers (A.D.B. and T.R.) and cross-
checked by C.T.T.

Quality appraisal of the selected studies

Two independent reviewers (A.D.B. and C.T.T.) assessed the risk
of bias (RoB) and applicability of the included studies using the
updated Quality Assessment of Diagnostic Accuracy Studies
(QUADAS-2) tool (Whiting et al., 2011; Yang et al., 2021). The tool
assesses four domains: patient selection, index test, reference
standard, and flow and timing. All four domains assess RoB,
while the first three assess applicability. Each domain was
ranked as ‘low risk’, ‘high risk’, or ‘unclear risk’ (Whiting et al.,
2011). Deek’s funnel plot test was used to detect publication bias,
with a slope coefficient of P<0.1 considered suggestive of the
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presence of significant asymmetry and small study bias (Deeks
etal.,, 2005; van Enst et al., 2014).

Data synthesis and analysis

Data from the included studies were narratively described and
presented in tables. A 2 x 2 contingency table was constructed
using TP, FP, TN, and FN. Sensitivity and specificity were calcu-
lated with a 95% CI for each androgen measurement.
Additionally, the AUC, diagnostic odds ratio (DOR), positive likeli-
hood ratio (PLR), negative likelihood ratio (NLR), positive predic-
tive value (PPV), and negative predictive value (NPV) were
calculated. The bivariate and hierarchical summary receiver op-
erating characteristics (HSROC) models were computed using the
midas, metadta, and metandi modules of the STATA 18 software
(Stata/SE Stata Corp, USA) to produce summary points of sensi-
tivity and specificity and HSROC curves with confidence and pre-
diction regions, respectively (Rutter and Gatsonis, 2001; Deeks
et al.,, 2005; Reitsma et al., 2005; Harbord and Whiting, 2009;
Macaskill et al., 2010; van Enst et al., 2014; StataCorp, 2023). Both
models incorporate two levels to analyze data distribution:
within-study variation using a 2 x 2 table and between-study
variation. The HSROC model fits a curve based on sensitivity
and specificity pairs at different thresholds, while the
bivariate model estimates the correlation between sensitivity
and specificity within each study and provides summary esti-
mates across studies.

A sensitivity analysis was conducted to evaluate the potential
impact of influential studies based on influential analysis and
outlier detection output on sensitivity and specificity. A subgroup
analysis was done by assay method (direct immunoassays,
immunoassays after extraction, and LC-MS/MS) and PCOS diag-
nosis criteria (Rotterdam criteria vs NIH). For index tests with
less than four studies, evidence synthesis was conducted without
meta-analysis due to the prerequisite of a minimum of four stud-
ies for bivariate analysis. To explore sources of heterogeneity, a
univariate meta-regression analysis was conducted to examine
the assay method (direct immunoassays, immunoassays after
extraction, and LC-MS/MS), the sample size (<150 vs >150), and
the PCOS diagnostic criteria (Rotterdam vs NIH criteria). The ac-
curacy of the index test can be measured by the AUC value,
which is interpreted as excellent: 0.9-1.0, very good: 0.8-0.9,
good: 0.7-0.8, sufficient: 0.6-0.7, bad: 0.5-0.6, and test not useful:
<0.5 (Simundic, 2009). While Cochran’s Q-statistic and I? statis-
tics can assess heterogeneity, they are not sufficient for evaluat-
ing the threshold effect. To assess the threshold effect, coupled
forest plots or HSROC plots were visually evaluated, and
Spearman'’s correlation analysis between sensitivity and FP rate
was performed. A correlation coefficient (r) of 0.6 or higher was
considered indicative of a substantial threshold effect (Lee et al,,
2015; Devillé et al., 2002).

The database search yielded a total of 190 articles, which were
combined with 8 articles identified in the 2018 International
Guidelines systematic review (Teede et al., 2018) for inclusion in
the current review. After removing 47 duplicates, 151 articles
were screened by title and abstract, of which 59 full-text articles
were retrieved. Finally, 23 articles met inclusion criteria and
were included in qualitative synthesis, of which 18 articles were
included in quantitative synthesis through meta-analysis, with
five not included due to the absence of sensitivity and specificity
reports (Fig. 1).

Characteristics of included studies

Of the 23 studies, 19 (Koskinen et al., 1996; Stener-Victorin et al.,
2010; Bili et al., 2014; Villarroel et al., 2015; Rudnicka et al., 2016;
Sathyapalan et al., 2017; Kannenberg et al., 2018; Luque-Ramirez
et al.,, 2018; Nadaraja et al., 2018; Bansal et al.,, 2020; Cao et al.,
2020; Grassi et al., 2020; Imran et al., 2020; Khashchenko et al.,
2020; Chen et al., 2021; Beitl et al., 2022; Kumar et al., 2022; Xu
et al., 2022; Yi et al., 2023) utilized the Rotterdam criteria and the
remaining 4 studies (Escobar-Morreale et al., 2001; Hahn et al.,
2007; Salameh et al., 2014; Diamandis et al., 2017) utilized the NIH
criteria to diagnose PCOS. The 23 studies included 3751 partici-
pants (2225 with PCOS and 1526 controls) and the 18 studies in-
cluded in the meta-analysis had a total of 2857 participants (1650
with PCOS and 1207 controls). The mean age spanned from 16 to
34.5years. Mean BMI ranged from 22.4 to 37.6kg/m? for those
with PCOS, compared with 20.2 to 32.7kg/m? for controls
(Table 1). Out of the included studies, five studies (Koskinen et al.,
1996; Hahn et al., 2007; Stener-Victorin et al., 2010; Nadaraja et al.,
2018; Imran et al., 2020) employed clinical hyperandrogenism for
PCOS diagnosis, while the remaining studies used both clinical
and biochemical hyperandrogenism, following either the
Rotterdam or NIH criteria, to assess the accuracy of index tests.

The results of QUADAS-2 are presented in Supplementary
Table S2. More than half (n=14) of the included studies had high
RoB in the patient selection domain. All analyzed studies had
unclear RoB for both the index test and reference standard
domains due to inadequate description of whether the index test
results were interpreted without knowledge of the reference
standard results and vice versa. For the flow and timing domain,
20 studies had low RoB, while the remaining 3 studies had
unclear RoB due to insufficient description of whether there was
an appropriate interval between the index test and reference
standard, and whether all patients received the same refer-
ence standard.

Serum total testosterone

Twenty-three studies examined serum TT for the diagnosis of
biochemical hyperandrogenism. Twelve studies used direct
immunoassays (Escobar-Morreale et al., 2001; Hahn et al., 2007;
Bili et al., 2014; Villarroel et al., 2015; Rudnicka et al., 2016; Luque-
Ramirez et al, 2018; Nadaraja et al., 2018; Bansal et al., 2020;
Khashchenko et al., 2020; Beitl et al., 2022; Kumar et al., 2022; Yi
et al., 2023), two used immunoassays after extraction (Koskinen
et al,, 1996; Imran et al., 2020), seven used LC-MS/MS (Stener-
Victorin et al., 2010; Diamandis et al.,, 2017; Sathyapalan et al.,
2017; Cao et al., 2020; Grassi et al., 2020; Chen et al., 2021; Xu et al.,
2022), one study used both LC-MS/MS and immunoassays after
extraction and chromatography (Salameh et al., 2014), and the
remaining one study used LC-MS/MS and direct immunoassay
(Kannenberg et al.,, 2018). The reported sensitivity ranged from
0.29 to 0.93, while specificity ranged from 0.60 to 1.00. The cut-
off for TT varied across studies (median 1.74nmol/L, IQR
1.08-2.37).

Ten studies (Escobar-Morreale et al., 2001; Stener-Victorin
et al., 2010; Bili et al., 2014; Diamandis et al., 2017; Sathyapalan
et al., 2017; Kannenberg et al., 2018; Luque-Ramirez et al., 2018;
Khashchenko et al., 2020; Xu et al., 2022; Yi et al., 2023) were ex-
cluded from the meta-analyses due to the absence of sensitivity
and specificity reports relating to TT. Pooled results from 13 stud-
ies with a total of 2182 participants (1256 with and 926 without
PCOS) showed that serum TT had pooled sensitivity of 0.74 (95%
Cl: 0.63-0.82; I = 93.59%), specificity of 0.86 (95% CI: 0.77-0.91; I?
= 85.22%) (Table 2, Fig. 2, and Supplementary Table S3), AUC of
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Figure 1. PRISMA flow diagram for the systematic reviews.

0.87 (95% CI: 0.84-0.90) (Fig. 3), DOR of 17 (95% CI: 10-26), PLR of
5.1 (95% CI: 3.4-7.7), NLR of 0.31 (95% CI: 0.23-0.42), PPV of 88%,
and NPV of 30% (Table 2 and Supplementary Fig. S1). There was
no threshold effect for TT (tho=0.43, P=0.14) by Spearman’s
correlation, and this was confirmed on the HSROC curve (Fig. 3).
Deek’s funnel plot test showed no evidence of publication bias or
small study effects for TT (P =0.53) (Supplementary Fig. S2).

A sensitivity analysis revealed that excluding the outlier study
conducted by Salameh et al. (2014) resulted in an increase in sen-
sitivity for TT to 0.77 (95% CI: 0.69-0.83) and a slight decrease in
specificity to 0.82 (95% CI: 0.76-0.87). Notably, the AUC and the
heterogeneity of the study remained unchanged and the Cls were
similar with no compromise in precision.

In the subgroup analysis by assay methods, direct immunoas-
says had a sensitivity of 0.74 (95% CI: 0.60-0.85), a specificity of
0.78 (95% CI: 0.67-0.86), and an AUC of 0.82 (0.79-0.86), immuno-
assay after extraction had a sensitivity of 0.74 (95% CI: 0.46-0.91)
and a specificity of 0.93 (95% CI: 0.80-0.98), while the LC-MS/MS
method had a sensitivity of 0.71 (95% CI: 0.51-0.85), a specificity
of 0.92 (95% CI: 0.81-0.97), and an AUC of 0.90 (0.87-0.92). In the
subgroup analysis by diagnostic criteria, the Rotterdam criteria
showed a sensitivity of 0.77 (95% CI: 0.68-0.84) and a specificity
of 0.83 (95% CI: 0.74-0.90), while the NIH criteria showed a sensi-
tivity of 0.51 (95% CI: 0.28-0.74) and a specificity of 0.94 (95% CL:
0.78-0.98) (Table 3). The univariate meta-regression analysis
showed no statistically significant association between the assay
method and sample size with sensitivity and specificity.
However, PCOS diagnostic criteria may be a source of heteroge-
neity for sensitivity (P < 0.05) (Supplementary Fig. S3).

Free testosterone

Two studies assessed FT functionally measured using equilib-
rium dialysis (Salameh et al., 2014; Diamandis et al., 2017) but
only one study reported sensitivity and specificity data and
therefore not amenable to meta-analysis. In the study by
Salameh et al. (2014), of 200 participants (100 with and 100 with-
out PCOS), FT was measured functionally by equilibrium dialysis
based on TT measured by LC-MS/MS at a threshold cut-off of
>5pg/ml and had a sensitivity of 0.52, specificity of 0.99, and
AUC of 0.87. Diamandis et al. (2017) studied 85 participants (45
with and 40 without PCOS) and reported FT measured function-
ally by equilibrium dialysis based on TT measured by LC-MS/MS
methods had an AUC of 0.91.

Calculated free testosterone

Seven studies assessed cFT, with four based on TT measured
with direct immunoassays (Escobar-Morreale et al., 2001; Hahn
et al., 2007; Luque-Ramirez et al., 2018; Nadaraja et al., 2018), one
based on TT measured with immunoassay after extraction
(Imran et al., 2020), and the remaining two based on TT measured
with LC-MS/MS (Stener-Victorin et al., 2010; Grassi et al., 2020).
The reported sensitivity ranged from 0.62 to 1.0, while specificity
ranged from 0.80 to 0.89.

One study (Luque-Ramirez et al., 2018) was excluded from the
cFT meta-analyses due to the absence of sensitivity and specific-
ity reports. Pooled results from the remaining six studies with a
total of 1035 participants (602 with and 433 without PCOS)
showed that cFT had a pooled sensitivity of 0.89 (95% CI: 0.69-
0.96; I = 92.57%) and specificity of 0.83 (95% CI: 0.79-0.86; I> =
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Table 2. Overall summary measures for androgen measurement using bivariate random effect model.

Index test Studies Sensitivity Specificity
(95% CI) (95% CI)
TT 13 0.74 (0.63-0.82) 0.86 (0.77-0.91)
cFT 6 0.89 (0.69-0.96) 0.83(0.79-0.86)
FAI 11 0.78 (0.70-0.83) 0.85 (0.76-0.90)
A4 7 0.75 (0.60-0.86) 0.71(0.51-0.85)
DHEAS 7 0.75 (0.61-0.85) 0.67 (0.48-0.81)

AUC (95% CI) DOR (95% ClI) PLR (95% CI) NLR (95% CI)
0.87 (0.84-0.90) 17 (10-26.07) 5.1(3.4-7.7) 0.31(0.23-0.42)
0.85 (0.81-0.88) 38 (10-142) 5.2 (3.9-7.0) 0.14 (0.05-0.41)
0.87 (0.84-0.90) 19 (11-33) 5(3.2-7.8) 0.27 (0.20-0.35)
0.80 (0.76-0.83) 8 (3-19) 2.6 (1.5-4.7) 0.35 (0.21-0.57)
0.77 (0.73-0.81) 6 (4-8) 2.2 (1.5-3.3) 0.38 (0.29-0.51)

TT, total testosterone; cFT, calculated free testosterone; FAI, free androgen index; A4, androstenedione; DHEAS, dehydroepiandrosterone sulfate; DOR, diagnostic

odds ratio; PLR, positive likelihood ratio; NLR, negative likelihood ratio.

49.46%) (Table 2, Fig. 2, and Supplementary Table S4), AUC of
0.85 (95% CI: 0.81-0.88) (Fig. 3), DOR 38 (95% CI: 10-142), PLR 5.2
(95% CI: 3.9-7.0), NLR of 0.14 (95% CI: 0.05-0.41), PPV of 87%, and
NPV of 15% (Table 2 and Supplementary Fig. S1). There was no
threshold effect for cFT (tho=-0.6, P=0.2) by Spearman’s corre-
lation, and this was confirmed on the HSROC curve (Fig. 3).
Deek’s funnel plot test showed no evidence of publication bias or
small study effects for cFT (P=0.91) (Supplementary Fig. S2).

A sensitivity analysis excluding the outlier study conducted
by Imran et al. (2020) resulted in a decrease in sensitivity to 0.81
(95% CI: 0.72-0.88), whereas specificity remained the same with
0.83 (95% CI: 0.77-0.87). The heterogeneity of the study also re-
duced for both sensitivity (I> = 83.53%) and specificity (I
=38.65%).

In the subgroup analysis by assay methods, the cFT based on
direct immunoassay method had a sensitivity of 0.74 (95% CI:
0.64-0.82) and a specificity of 0.81 (95% CI: 0.75-0.85), while the
LC-MS/MS method had a sensitivity of 0.88 (95% CI: 0.80-0.93)
and a specificity of 0.87 (95% CI: 0.75-0.94). Subgroup analysis for
cFT based on immunoassay after extraction was not performed
as only a single study (Imran et al., 2020) was available, which
reported a sensitivity of 1.0, a specificity of 0.85, and an AUC of
1.0. In the subgroup analysis by diagnosis criteria, the Rotterdam
criteria had a sensitivity of 0.92 (95% CI: 0.74-0.98) and a specific-
ity of 0.84 (95% CI: 0.79-0.88), while the NIH criteria had a sensi-
tivity of 0.76 (95% CI: 0.31-0.96) and a specificity of 0.81 (95% CI:
0.74-0.87) (Table 3). The univariate meta-regression analysis
showed no statistically significant association between the assay
method, but the sample size (P <0.001) and PCOS diagnostic cri-
teria (P <0.001) may be a source of heterogeneity for specificity
(Supplementary Fig. S3).

Free androgen index

Fifteen studies examined the FAI including 11 studies, which cal-
culated FAI from TT and SHBG measured with direct immunoas-
says (Koskinen et al., 1996; Escobar-Morreale et al., 2001; Hahn
et al., 2007; Bili et al., 2014; Villarroel et al., 2015; Rudnicka et al.,
2016; Luque-Ramirez et al., 2018; Nadaraja et al., 2018; Bansal
et al., 2020; Khashchenko et al., 2020; Kumar et al., 2022; Yi et al.,
2023), one study calculated FAI from TT and SHBG measured
with immunoassay after extraction (Koskinen et al., 1996), and
the remaining three calculated FAI from TT measured with LC-
MS/MS and SHBG measured with direct immunoassays
(Sathyapalan et al., 2017; Grassi et al., 2020; Chen et al., 2021). The
reported sensitivity ranged from 0.58 to 0.91, while specificity
ranged from 0.45 to 0.96. The threshold cut-off for FAI varied
across studies (median 2.56, IQR 1.9-4.97).

Four studies were excluded from the meta-analyses due to the
absence of sensitivity and specificity data (Koskinen et al., 1996;
Sathyapalan et al., 2017; Luque-Ramirez et al., 2018; Bansal et al,,
2020). Pooled results from 11 studies with 1809 participants (1140

with and 669 without PCOS) showed that FAI had a pooled sensi-
tivity of 0.78 (95% CI: 0.70-0.83; I = 81.59%) and specificity of
0.85 (95% CI: 0.76-0.90; I> = 86.48%) (Table 2, Fig. 2, and
Supplementary Table S5), AUC of 0.87 (95% CI: 0.84-0.90) (Fig. 3),
DOR of 19 (95% CI: 11-33), PLR of 5 (95% CI: 3.2-7.8), NLR of 0.27
(95% CI: 0.20-0.35), PPV of 89%, and NPV of 31% (Table 2 and
Supplementary Fig. S1). There was no threshold effect for FAI
(tho=0.44, P=0.17) by Spearman’s correlation and this was con-
firmed on the HSROC curve (Fig. 3). Deek’s funnel plot test
showed no evidence of publication bias or small study effects for
FAI (P=0.16) (Supplementary Fig. S2).

A sensitivity analysis revealed that excluding the outlier study
conducted by Bili et al. (2014) resulted in a sensitivity of 0.76 (95%
CIL: 0.69-0.82), specificity of 0.87 (95% CI: 0.81-0.91), and AUC of
0.89 (95% CI: 0.85-0.91). Notably, the heterogeneity of the study
remained unchanged.

In the subgroup analysis by assay methods, the direct immu-
noassay method had a sensitivity of 0.74 (95% CI: 0.68-0.79) and a
specificity of 0.83 (95% CI: 0.73-0.90), while the LC-MS/MS
method had a sensitivity of 0.89 (95% CI: 0.80-0.94) and a specif-
icity of 0.89 (95% CI: 0.69-0.97). Subgroup analysis for FAI calcu-
lated from TT using immunoassay after extraction was not
performed as only a single study was included and its sensitivity
and specificity data were not reported. In the subgroup analysis
by diagnosis criteria, the Rotterdam criteria had a sensitivity of
0.78 (95% CI: 0.71-0.84) and a specificity of 0.84 (95% CI: 0.74-
0.91), while the NIH criteria had a sensitivity of 0.73 (95% CL
0.51-0.87) and a specificity of 0.86 (95% CI: 0.64-0.95) (Table 3).
The univariate meta-regression analysis showed no statistically
significant association between the assay method (direct immu-
noassays vs LC-MS/MS), sample size or PCOS diagnosis criteria
with sensitivity and specificity (Supplementary Fig. S3).

Serum androstenedione

Seventeen studies examined serum A4 in the diagnosis of bio-
chemical hyperandrogenism, with 10 using direct immunoassays
(Hahn et al., 2007; Bili et al., 2014; Villarroel et al., 2015; Rudnicka
et al., 2016; Diamandis et al.,, 2017; Luque-Ramirez et al., 2018;
Khashchenko et al., 2020; Beitl et al., 2022; Kumar et al., 2022; Yi
et al, 2023), 1 study utilizing immunoassay after extraction
(Koskinen et al., 1996), and the remaining 6 using LC-MS/MS
(Stener-Victorin et al., 2010; Sathyapalan et al., 2017; Cao et al,,
2020; Grassi et al., 2020; Chen et al., 2021; Xu et al., 2022). The
reported sensitivity ranged from 0.40 to 0.91, while specificity
ranged from 0.25 to 0.91. The threshold cut-off for A4 varied
across studies (median 5.22 nmol/L, IQR 4.16-13.79).

Ten studies were excluded from the meta-analyses due to the
absence of sensitivity and specificity data (Koskinen et al., 1996;
Stener-Victorin et al., 2010; Bili et al., 2014; Villarroel et al., 2015;
Diamandis et al., 2017; Sathyapalan et al., 2017; ; Luque-Ramirez
et al., 2018; Khashchenko et al., 2020; Beitl et al., 2022; Xu et al.
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Figure 3. Hierarchical summary receiver operating characteristics (HSROC) summary curve that represents the performance of a test across
different thresholds. (a) Total testosterone (TT), (b) calculated free testosterone (cFT), (c) free androgen index (FAI), (d) androstenedione (A4), and (e)
dehydroepiandrosterone sulfate (DHEAS). Circles represent estimates of individual primary studies, squares represent the summary points of
sensitivity and specificity. The AUC is 0.87 (95% CI: 0.84-0.90) for TT, 0.85 (95% CI: 0.81-0.88) for cFT, 0.87 (95% CI: 0.84-0.90) for FAI, 0.80 (95% CI: 0.76—

0.83) for A4, and 0.77 (95% CI: 0.73-0.81) for DHEAS.

Table 3. Subgroup analysis summary measures for androgen measurement by assay methods.

Index test Variable Category Studies Sensitivity (95% CI) Specificity (95% CI)
TT Method of assay Direct immunoassays 7 0.74 (0.60-0.85) 0.78 (0.67-0.86)
LC-MS/MS 4 0.71(0.51-0.85) 0.92 (0.83-0.96)
Immunoassays after extraction 2 0.74 (0.46-0.91) 0.93 (0.80-0.98)
Diagnostic criteria NIH 1990 2 0.51(0.28-0.74) 0.94 (0.78-0.98)
Rotterdam 11 0.77 (0.68-0.84) 0.83 (0.74-0.90)
cFT Method of assay Direct immunoassays 3 0.74 (0.64-0.82) 0.81 (0.75-0.85)
LC-MS/MS 2 0.88 (0.80-0.93) 0.87 (0.75-0.94)
Diagnostic criteria NIH 1990 2 0.76 (0.31-0.96) 0.81(0.74-0.87)
Rotterdam 4 0.92 (0.74-0.98) 0.84 (0.79-0.88)
FAI Method of assay Direct immunoassays 9 0.74 (0.68-0.79) 0.83(0.73-0.90)
LC-MS/MS 2 0.89 (0.80-0.94) 0.89 (0.69-0.97)
Diagnostic criteria NIH 1990 2 0.73 (0.51-0.87) 0.86 (0.64-0.95)
Rotterdam 9 0.78 (0.71-0.84) 0.84 (0.74-0.91)
A4 Method of assay Direct immunoassays 4 0.64 (0.48-0.78) 0.77 (0.53-0.91)
LC-MS/MS 3 0.86 (0.73-0.94) 0.63 (0.32-0.86)
DHEAS Method of assay Direct immunoassays 4 0.67 (0.48-0.82) 0.70 (0.46-0.86)
LC-MS/MS 2 0.82 (0.59-0.93) 0.57 (0.25-0.84)
Diagnostic criteria NIH 1990 2 0.77 (0.47-0.93) 0.64 (0.29-0.88)
Rotterdam 5 0.74 (0.57-0.85) 0.68 (0.46-0.84)

TT, total testosterone; cFT, calculated free testosterone; FAI, free androgen index; A4, androstenedione; DHEAS, dehydroepiandrosterone sulfate; LC-MS/MS, liquid

chromatography-tandem mass spectrometry.

2022). The pooled results of seven studies with 1275 participants
(832 with and 443 without PCOS) showed that serum A4 had a
pooled sensitivity of 0.75 (95% CI: 0.60-0.86; I* = 95.86%) and spe-
cificity of 0.71 (95% CI: 0.51-0.85; I> = 96.40%) (Table 2, Fig. 2, and
Supplementary Table S6), AUC of 0.80 (95% CI: 0.76-0.83) (Fig. 3),
DOR of 8 (95% CI: 3-19), PLR of 2.6 (95% CI: 1.5-4.7), and NLR of
0.35 (95% CI: 0.21-0.57), PPV of 83%, and NPV of 39% (Table 2 and
Supplementary Fig. S1). There was no threshold effect for A4
(tho=0.21, P=0.64) by Spearman’s correlation and this was con-
firmed on the HSROC curve (Fig. 3). Deek’s funnel plot test
showed no evidence of publication bias or small study effects for
A4 (P=0.36) (Supplementary Fig. S2). There was no identified out-
lier study, so sensitivity analysis was not performed.

In the subgroup analysis by assay method, the direct immuno-
assay method had a sensitivity of 0.64 (95% CI: 0.48-0.78) and a
specificity of 0.77 (95% CI: 0.53-0.91), while the LC-MS/MS

method had a sensitivity of 0.86 (95% CI: 0.73-0.94) and a specif-
icity of 0.63 (95% CI: 0.32-0.86). Subgroup analysis for A4 using
immunoassay after extraction was not done due to the absence
of sensitivity and specificity data. Of the included studies for
meta-analyses, only one study used the NIH criteria precluding
subgroup analysis by diagnostic criteria (Table 3). The univariate
meta-regression analysis showed no statistically significant asso-
ciation between the assay method (direct immunoassays vs LC-
MS/MS) or sample size with sensitivity and specificity. However,
PCOS diagnostic criteria may be a source of heterogeneity for
sensitivity (P < 0.05) (Supplementary Fig. S3).

Dehydroepiandrosterone sulfate
Fourteen studies examined serum DHEAS in the diagnosis of bio-

chemical hyperandrogenism, with 11 using direct immunoassays
(Escobar-Morreale et al., 2001; Hahn et al.,, 2007; Bili et al., 2014;
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Villarroel et al., 2015; Rudnicka et al., 2016; Diamandis et al., 2017;
Luque-Ramirez et al., 2018; Bansal et al., 2020; Khashchenko et al.,
2020; Kumar et al., 2022; Yi et al., 2023), 1 study using immunoas-
say after extraction (Imran et al.,, 2020), and 2 using LC-MS/MS
(Caoetal., 2020; Chen et al., 2021). The reported sensitivity ranged
from 0.37 to 0.91, while specificity ranged from 0.22 to 1.00. The
threshold cut-off for DHEAS varied across studies (median
6.53 umol/L, IQR 5.11-8.11).

Seven studies were excluded from the meta-analyses due to
the absence of sensitivity and specificity data (Bili et al., 2014;
Villarroel et al., 2015; Rudnicka et al., 2016; Diamandis et al., 2017;
Luque-Ramirez et al., 2018; Bansal et al., 2020; Khashchenko et al.,
2020). The pooled results from seven studies with 1267 partici-
pants (712 with and 555 without PCOS) showed that serum
DHEAS had a pooled sensitivity of 0.75 (95% CI: 0.61-0.85; I =
93.31%) and specificity of 0.67 (95% CI: 0.48-0.81; I* = 93.34%)
(Table 2, Fig. 2, and Supplementary Table S7), AUC of 0.77 (95%
CI: 0.73-0.81) (Fig. 3), DOR of 6 (95% CI: 4-8), PLR of 2.2 (95% CI:
1.5-3.3), NLR of 0.38 (95% CI: 0.29-0.51), PPV of 74%, and NPV of
33% (Table 2 and Supplementary Fig. S1). There was a threshold
effect for DHEAS (rtho=0.93, P=0.006) by Spearman’s correlation
and this was confirmed by the presence of a typical ‘shoulder
arm’ distribution on the HSROC curve (Fig. 3). Deek’s funnel plot
test showed no evidence of publication bias or small study effects
for DHEAS (P=0.34) (Supplementary Fig. S2). There was no iden-
tified outlier study, so sensitivity analysis was not performed.

In the subgroup analysis by assay methods, the direct immu-
noassay method had a sensitivity of 0.67 (95% CI: 0.48-0.82) and a
specificity of 0.70 (95% CI: 0.46-0.86), while the LC-MS/MS
method had a sensitivity of 0.82 (95% CI: 0.59-0.93) and a specif-
icity of 0.57 (95% CI: 0.25-0.84). Subgroup analysis for immunoas-
say after extraction was not done because only a single study
(Imran et al., 2020) was included, which reported a sensitivity of
0.81, a specificity of 0.70, and an AUC of 0.84. In the subgroup
analysis by diagnosis criteria, the Rotterdam criteria had a sensi-
tivity of 0.74 (95% CI: 0.57-0.85) and a specificity of 0.68 (95% CI:
0.46-0.84), while the NIH criteria had a sensitivity of 0.77 (95% CI:
0.47-0.93) and a specificity of 0.64 (95% CI: 0.29-0.88) (Table 3).
The univariate meta-regression analysis showed no statistically
significant association between the assay method (direct immu-
noassays vs LC-MS/MS), sample size, or PCOS diagnosis criteria
with sensitivity and specificity (Supplementary Fig. S3).

Bioavailable testosterone

Two studies reported bioavailable testosterone calculated from
direct immunoassay TT, SHBG, and albumin in the diagnosis of
biochemical hyperandrogenism in PCOS. The first study by Hahn
et al. (2007) of 187 participants (133 with and 54 without PCOS)
found that calculated bioavailable testosterone at a threshold of
0.78nmol/L had a sensitivity of 0.76, a specificity of 0.83, and
AUC of 0.85. Nadaraja et al. (2018) studied 312 participants (164
with and 148 without PCOS) and reported calculated bioavailable
testosterone had a sensitivity of 0.64, a specificity of 0.83, and
AUC of 0.81.

Dihydrotestosterone

Six studies assessed DHT with one study using direct immunoas-
say (Kumar et al, 2022), one study using immunoassay after
extraction (Koskinen et al., 1996), three using LC-MS/MS (Stener-
Victorin et al., 2010; Cao et al., 2020; Xu et al., 2022), and the last
study using both gas chromatography-mass spectrometry (GC-
MS) and direct immunoassay (Kannenberg et al., 2018). Only two
studies reported sensitivity and specificity data, and therefore
meta-analysis was not performed. In the first study by Cao et al.

(2020) of 224 participants (63 with and 161 without PCOS), DHT
levels measured by GC-MS/MS method at a threshold cut-off of
<0.41ng/ml had a sensitivity of 0.76, specificity of 0.70, and AUC
of 0.81. Kannenberg et al. (2018) studied the use of DHT levels
measured by GC-MS and direct immunoassay in the diagnosis of
PCOS in a cohort of 43 women with and 41 without PCOS. The
AUC for GC-MS was 0.73, while the AUC for direct immunoassay
was 0.84. Kumar et al. (2022) also investigated the use of DHT lev-
els measured by direct immunoassay among 186 participants
(137 with and 49 without PCOS) and found that DHT levels had a
sensitivity of 0.77 and specificity of 0.89 at a threshold cut-off of
382 pg/ml.

Salivary testosterone

A single study by Sathyapalan et al. (2017) examined the use of
salivary testosterone levels as a diagnostic androgen marker for
biochemical hyperandrogenism. Measured with LC-MS/MS
among 175 participants (110 with and 65 without PCOS), salivary
testosterone had an AUC of 0.76. Additionally, the combination
of salivary testosterone and FAI has identified 100% of classic
PCOS phenotype patients in the study, employing threshold cut-
offs of 19.9 pmol/L.

This systematic review and diagnostic test accuracy meta-
analysis is the most comprehensive and contemporary synthesis
of evidence on the available peer-reviewed literature on the vari-
ous diagnostic accuracy of androgen biomarkers in the diagnosis
of biochemical hyperandrogenism in PCOS to inform the
International PCOS Guidelines (Teede et al., 2023). Where the
2018 International PCOS Guidelines only included eight studies
in the systematic review, here we include 23 studies, of which 18
were meta-analyzed, significantly increasing the robustness of
the results. Our results indicate that cFT, FAI, and TT have the
highest sensitivity and specificity in diagnosing biochemical
hyperandrogenism in PCOS. In turn, DHEAS and A4 were less ac-
curate and had lower specificity, albeit the results of these were
based on a smaller number of participants. FT functionally mea-
sured by equilibrium dialysis is the gold standard, while calcu-
lated bioavailable testosterone, DHT, and salivary testosterone
show potential for detecting biochemical hyperandrogenism.
However, there were too few studies available with these meas-
ures, precluding quantitative assessment of their diagnos-
tic accuracy.

Hyperandrogenism is the most common feature of PCOS,
impacting ~75% of women with the condition (Azziz et al., 2004;
Alexiou et al.,, 2017). Currently, the routinely measured andro-
genic steroids in women with PCOS often includes testosterone,
DHEAS, and A4. The ovaries are the main source of androgen pro-
duction in premenopausal women, producing not only testoster-
one but also A4. The adrenal glands predominantly produce
DHEA, DHEAS, and lesser amounts of A4 and testosterone.
Adrenal androgens are mostly precursors of active androgens,
which are taken up by the ovary and other peripheral tissues
such as skin and adipose tissue, where they are activated depen-
dent on local steroidogenic enzyme expression. Women with
adrenal insufficiency and intact ovarian function have near total
androgen deficiency (Arlt et al., 1999; Gurnell et al., 2008), illus-
trating the importance of adrenal androgen precursor production
for the female androgen pool.

The most potent androgen, DHT, is primarily produced in pe-
ripheral tissues through the action of Sa-reductase, which cata-
lyzes its production through conversion of testosterone
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(Marchetti and Barth, 2013). There is currently no clear evidence
regarding the most accurate androgenic steroid to diagnose bio-
chemical hyperandrogenism in women with PCOS. A previous
systematic review in 2021 (Wang and Li, 2021) demonstrated that
FAI has moderate diagnostic accuracy for PCOS and could serve
as a potential biomarker to differentiate PCOS from controls but
other types of androgens were not assessed. Our study provides a
comprehensive assessment of the diagnostic accuracy of a wider
range of markers including TT, functional FT, cFT, FAIL, A4,
DHEAS, bioavailable testosterone, DHT, and salivary testosterone
in the diagnosis of PCOS. Our finding directly informed the 2023
International PCOS Guidelines, enabling clinicians to make in-
formed decisions regarding biochemical hyperandrogenism test-
ing in clinical settings.

Testosterone is the most commonly used androgen marker in
diagnosing biochemical hyperandrogenism in clinical practice. It
can be found in bound form with SHBG and albumin, measured
as TT, and a small fraction is in the unbound form, measured or
calculated as FT. Currently, radioimmunoassay and chemilumi-
nescence immunoassays are the most commonly employed
methods for measuring TT due to convenience and cost, but they
are prone to interference, and accuracy may vary depending on
the specific immunoassay method used (Rosner et al., 2007). Mass
spectrometry, specifically LC-MS/MS, offers higher specificity
and improved accuracy. As shown in our meta-analysis, serum
TT had a high degree of diagnostic accuracy for biochemical
hyperandrogenism in PCOS, with a pooled sensitivity of 0.74, spe-
cificity of 0.86, and AUC of 0.87. Our subgroup analysis also
showed that LC-MS/MS and immunoassays after extraction had
higher performance over direct immunoassay method.

FT, the biologically active form of testosterone unbound to
SHBG or albumin (Rosner et al., 2007), is a more sensitive indica-
tor of hyperandrogenemia than TT and should ideally be mea-
sured functionally using equilibrium dialysis or ammonium
sulfate precipitation techniques (Goodman et al., 2015). However,
functional measurement of FT can be resource-intensive and
less practical for routine clinical use. In our current meta-
analysis, only two studies reported FT measured by equilibrium
dialysis and precluding the possibilities of quantitative synthesis,
the narrative review nonetheless suggested high specificity for
FT. The limited data on functionally measured FT using equilib-
rium dialysis in our review underscores the need for future re-
search to explore this method and its diagnostic accuracy in the
diagnosis of biochemical hyperandrogenism in PCOS.
Alternatively, cFT can be estimated from high-quality TT and
SHBG measurements, using various formulas, most commonly
the Vermeulen equation (Vermeulen et al,, 1999). Our study
found that cFT is a reliable biochemical marker for diagnosing
biochemical hyperandrogenism in PCOS, with a pooled sensitivity
of 0.89, a specificity of 0.83, and an AUC of 0.85.

In the absence of cFT or functional FT measurement by equi-
librium dialysis or ammonium sulfate precipitation techniques,
FAI, derived from TT to SHBG ratio, is a simple and potentially
valuable tool for diagnosing biochemical hyperandrogenism in
PCOS (Mueller et al., 2006; Wang and Li, 2021). The accuracy of
FAI is contingent upon the assay method used to measure TT
and SHBG and can be inaccurate if the concentration of SHBG is
<30nmol/L (Keevil et al., 2018). In this meta-analysis, FAI was
found to be a reliable biomarker in the diagnosis of PCOS with a
pooled sensitivity of 0.78, specificity of 0.85, and AUC of 0.87. FAI
calculated from measured TT by LC-MS/MS resulted in superior
sensitivity and specificity compared to direct immunoassays,
confirming the importance of using LC-MS/MS.

A4 is a direct precursor of testosterone, which is not only se-
creted by the ovaries and adrenals, but can also be produced in
peripheral tissues from its precursor DHEA (O'Reilly et al., 2014).
Unlike TT, A4 is not influenced by low levels of SHBG and may be
a reliable marker of biochemical hyperandrogenism in PCOS
(O'Reilly et al., 2014). Serum DHEAS is the most reliable measure
of adrenal androgen production (Labrie et al., 2001). High concen-
trations of DHEAS have been reported in 33% of non-classic PCOS
patients (Carmina and Longo, 2022), with rates of 20% among
White and 33% among Black patients with PCOS when adjusted
for age and race normative values (Kumar et al., 2005). Research
showed that there is variability in the value of DHEAS as a
marker for PCOS depending on age, with more value in pre- than
in post-menopausal women (Kumar et al., 2005; Elhassan et al.,
2018), as it reaches maximum circulating concentrations be-
tween 20 and 30years of age followed by a steady gradual de-
cline. Our study highlighted the need to consider A4 and DHEAS
as second-line diagnostic androgen markers for PCOS, but A4 and
DHEAS bring additional costs and risk of overdiagnosis due to
poorer specificity than TT, cFT, or FAL Therefore, the 2023
International PCOS Guidelines considers A4 and DHEAS not as
routine diagnostic biomarkers, instead they may be considered in
cases with negative first-line diagnostic biomarkers and a strong
index of clinical suspicion (Teede et al., 2023).

In light of the available research, it is worth noting that while
bioavailable testosterone, DHT, and salivary testosterone have
shown promise as potential diagnostic markers for biochemical
hyperandrogenism in PCOS, their clinical applicability remains
uncertain due to limited research and variability in measure-
ment methods. Furthermore, DHT circulates in much lower con-
centrations than testosterone in women, which further limits its
utility for clinical use. More robust validation in larger cohorts is
required to establish their reliability before routine clinical use.
While our systematic review did not specifically address the use
of active 11-oxygenated androgens, their potential role also war-
rants further investigation.

Strength and limitations

This systematic review and diagnostic meta-analysis is the most
comprehensive to date on the topic, yet it has some limitations.
First, only studies published in English were included, and we ac-
knowledge that some non-English studies may have been missed.
Second, substantial heterogeneity between the included studies
was observed, but sensitivity analysis and meta-regression
showed similar results, supporting the overall findings. Third,
different studies have reported different cut-off values for each
androgen measurement, with some studies reporting cut-offs
that maximize sensitivity and specificity, but these cut-offs have
not been validated in subsequent studies. Additionally, a poten-
tial limitation is that some studies used the Rotterdam criteria
for PCOS diagnosis, which do not necessarily include patients
with hyperandrogenism, potentially affecting the diagnostic ac-
curacy assessment of biochemical hyperandrogenism.
Understanding and defining the diagnostic accuracy of biochemi-
cal hyperandrogenism in PCOS in different subgroups (e.g. race—
ethnic differences) and life stages (e.g. adolescents and post-
menopause) is a priority identified by the 2023 International
PCOS Guidelines research roadmap (Teede et al. 2023). Lastly,
most studies included assessed PCOS subjects evaluated in the
clinic, which is prone to referral bias, whereby participants gen-
erally have higher androgen levels than women with PCOS from
unselected populations (Ezeh et al., 2013). Notwithstanding these
limitations, this review comprehensively synthesized the current
evidence on the predictive value of androgen markers to assess



biochemical hyperandrogenism in the diagnosis of PCOS. The re-
view was reported in accordance with the PRISMA-DTA guide-
lines and incorporated meta-regression, sensitivity analysis and
subgroup analysis to explore heterogeneity. Robust, multi-
country studies with large sample sizes were included, improving
the generalizability of the findings. The quality of studies was
evaluated using the updated QUADAS-2 tool, demonstrating
high-quality data with high completeness. Finally, our findings
have directly informed the 2023 International PCOS Guidelines
(Teede et al., 2023) and have highlighted key gaps in the evidence
to guide future research in this area.

The findings of this review informed the 2023 International PCOS
Guidelines, which now recommends that health professionals
should use TT, FT, and FAI as first-line laboratory tests to assess
biochemical hyperandrogenism in the diagnosis of PCOS. If they
are not elevated, and clinical suspicion is high, health professio-
nals could consider measuring A4 and DHEAS, noting their
poorer specificity. Importantly, highly accurate LC-MS/MS should
be utilized for assessing biochemical hyperandrogenism for TT,
DHEAS, and A4, while FT should be assessed by calculation, func-
tionally by equilibrium dialysis or ammonium sulfate precipita-
tion. Direct androgen immunoassays have limited accuracy and
results that are not consistent with the clinical presentation
should be rechecked by an LC-MS/MS method. Future studies
should explore the diagnostic value of other androgens and es-
tablish the optimal normative cut-off values of androgen meas-
urements in large and ethnically diverse cohorts of unselected
women to ensure wide representation and generalizability of the
results to various contexts and population groups.
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