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Abstract Objectives Hyperandrogenism, a key feature of polycystic ovarian syndrome (PCOS),
is caused by excess androgen secretion, most commonly of ovarian origin. Although
the serum total testosterone (TT) levels have long been used as a traditional measure of
hyperandrogenemia in women with PCOS, it is associated with many fallacies due to
the fact that a component of TT is linked to sex hormone-binding globulin (SHBG).
Recent research has discovered that measuring free testosterone levels and computing
the free androgen index (FAI), which is a ratio of TT and SHBG, are better predictors of
androgen excess in PCOS. The aim of this meta-analysis is to determine the association
of FAI in diagnosing hyperandrogenism and its ability to discriminate PCOS from
controls.
Materials andMethods The publicly available databases PubMed, Scopus andWeb of
Science were searched using MeSH terms, ‘Polycystic Ovarian Syndrome’OR ‘PCOS’OR
‘PCOD’ AND ‘Testosterone’ AND ‘Sex Hormone Binding Globulin’ OR ‘SHBG’ to collect
the full-text articles for the retrieval of related data of case–control and cross-sectional
studies. The studies quality was assessed using the Newcastle–Ottawa scale, and a sub-
group analysis and publication bias between the studies was evaluated by funnel plot.
Statistical Analysis The R program (v4.0.3) and R packages ‘metafor’ and ‘dmetar’
were used for statistical analyses of quantitative data and the plots were generated
using ‘ggplot2’ package through a comparison of pooled SMD by Egger’s linear
regression and Beggs-Mazumdar tests.
Results Twenty-four studies involving 7,847 participants including 3,290 controls
and 4,557 PCOS were included in the meta-analysis. The pooled data analysis of the
included studies showed that the PCOS women had higher FAI than controls, with SMD
of 1.56 (95%CI 1.08–2.04; p< 0.01). The publication bias was tested using a funnel plot
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Introduction

Polycystic ovarian syndrome (PCOS) is a prevalent endocrine
illness that affects 4 to 20% of reproductive age women
worldwide.1 Since its characterization, there has been a
vast advancement in the understanding of complex patho-
genetic mechanisms but, the diagnosis of PCOS is fraught
with controversies.2 Several criteria have been proposed to
diagnose PCOS, including the presence of oligo/amenorrhea
and the absence of ovulation,whichwere established in 1990
by the National Institutes of Health (NIH).3,4 Later in 2003,
the Rotterdam Consensus proposed a third criterion of
ultrasound appearance of polycystic ovarian morphology
to be added to the two NIH criteria.5 Finally, according to
the androgen excess society (AES) criteria published in 2006,
ovulatory dysfunction with clinical or biochemical hyper-
androgenemia remains the cornerstone for PCOS diagnosis.6

However, the evaluation of biochemical hyperandrogenemia
itself is challengingdue to uncertainty aboutwhat androgens
should be measured and the ideal techniques to be used for
analysis.7 Total testosterone (TT) levels have traditionally
been used to assess biochemical hyperandrogenism in PCOS
women; however, there are numerous flaws associated with
it. In the circulation, TT is composed of 0.5% to 3.0% free
testosterone (FT) unbound to plasma proteins, 30% to 44%
sex hormone-binding globulin (SHBG)-bound testosterone,
and 54% to 68% albumin-bound testosterone.8,9 The FT
combining with albumin bound testosterone make up the
bioavailable testosterone.8–10 In PCOS women, circulating
levels of SHBG are reduced by�50% secondary to obesity and
hyperinsulinemia.10,11 Moreover, increased testosterone in
PCOS itself causes decreased SHBG. Hence, the measurement
of TT in serum includes a portion bound to SHBG and is
therefore not an accurate reflection of hyperandrogenemia.
The use of TT can identify only 20 to 30% of PCOS women as
hyperandrogenemic.12

Recent studies have demonstrated that FT is a better
predictor of androgen excess when compared with TT in
PCOS.13,14 In addition, free-androgen index (FAI), the ratio of
TT to SHBG multiplied by 100, is another entity that can be
used as a clinical indicator of hyperandrogenemia in PCOS.15

Although previous individual studies have shown that FAI
has a good diagnostic value for PCOS, the conclusions were
based on relatively smaller sample sizes.14,16–18 Another
recent study, in contrast, indicated that FAI is not a trustwor-
thy measure of FTwhen the SHBG concentration is low, and
advised against using it.19 With this background, the study

aimed to conduct an updated systematic review on the
relevance of FAI in PCOS focusing on the case–control studies
to study the FAI accuracy in the diagnosis of hyperandroge-
nemia and its ability to discriminate PCOS from healthy
individuals in different ethnic subgroups.

Materials and Methods

Bibliography Search Strategies
According to the preferred reporting items for systematic
reviews and meta-analysis (PRISMA) guidelines,20 this sys-
tematic review andmeta-analysis study was conducted after
the prospective registration of the protocol on PROSPERO
(reg# CRD42021249417). The publicly available databases
such as PubMed, Scopus, and Web of Science were compre-
hensively searched to collect the original articles with no
restrictions on date until February 2022. The main MeSH
terms for search are as follows: “Polycystic Ovarian Syn-
drome” OR “PCOS” OR “PCOD”AND “Testosterone”AND “Sex
Hormone Binding Globulin” OR “SHBG”with a selected filter
to search articles that published in English language and
included female subjects only.

Study Selection Criteria
After the removal of identified duplicate studies, two
reviewers (P.P and L.N) independently evaluated the study
titles and abstract for their eligibility to include in this
systematic review and meta-analysis. The studies that
were cross-sectional or case–control, conducted in adults,
determined the FAI using testosterone and SHBG levels in
women with and without PCOS, clearly defined criterion
applied for control and cases, and reported diagnostic crite-
ria (Rotterdam or NIH or AEPCOS) for PCOS were included.
The disagreement raised between reviewers was resolved by
consensus and if consensus could not be reached, the studies
were added to the full-text selection. The full-texts were
retrieved and independently assessed for eligibility using the
same inclusion and the quality of data analysis and
representation.

Data Extraction and Quality Assessment
The information and data on general characteristics includ-
ing author, year, study design, study population especially
number of cases and controls, age, body mass index (BMI),
and FAI were collected from the eligible studies. If therewere
any identical populations in several studies, only the article
with complete information and large sample size was

and Egger’s regression asymmetry test, which revealed no risk of publishing bias
(p¼0.1727). Additionally, the sub-group meta-analysis of geographic region revealed
that FAI levels were more significant in PCOS subjects of Asia and Europe, compared
with the American region.
Conclusion Overall, this meta-analysis indicates that FAI could be a reliable marker to
differentiate PCOS patients from controls in Asian and European ethnicities.
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considered. The quality of the selected studies for the extrac-
tion of data was assessed using the Newcastle–Ottawa scale
(NOS) with amaximum of nine stars by the two independent
reviewers (H.B.G. and N.D.), which was subsequently
checked by a third reviewer (L.N.).21 The assessment criteria
include the participants in PCOS or control groups (selec-
tion), comparability of groups based on age and BMI (com-
parability), and the type of method used to determine FAI in
both groups and its outcome significance (exposure). A
maximum of four stars was assigned to selection, two stars
to comparability, and three stars to exposure components.
The included studies were categorized as poor, fair, and good
based on the stars obtained for each component
(►Supplementary Table S1 [online only]). Any discrepancies
raised between reviewers in data extraction and study
quality assessment were resolved through consensus and if
consensus could not be reached, a fourth reviewer (P.P.) was
consulted.

Sub-group Analysis and Publication Bias
A sub-group analysis was performed to find any bias be-
tween the studies of poor or fair or good quality and also
studies conducted at different parts of the world. This
analysis was performed to know whether the study quality
and location have an effect on PCOS diagnostics based on the
FAI determination. The publication bias between the study
qualities and the different country regions of world was
evaluated by funnel plot, which was done by plotting stan-
dardized mean difference (SMD) and standard error of the
natural log of SMD.

Statistical Analysis
The statistical analyses were performed using R version 4.0.3
and R packages ‘metafor’ and ‘dmetar’. The quantitative data
were analyzed using ‘metafor’ package and plots were gen-
erated using ‘ggplot2’ package. The inverse variance ap-
proach was used to calculate pooled SMD and 95%
confidence interval (CI) for studies that reported means of
FAI among groups. Statistical heterogeneity was determined
using the Cochrane chi-square and I2 tests with cut-off>50%
for I2, considered to be significantly heterogeneous. If clinical
heterogeneity observed, I2>50% random effects model was
used. The variance between studies was measured using the
Tau.2 The publication bias was assessed qualitatively using
the funnel plot by comparing the SMD and quantitatively
using Egger’s linear regression and Beggs–Mazumdar tests.
To identify any sources of heterogeneity in studies, sensitivi-
ty analysis was done by omitting one study at a time, i.e.,
leave-one-out approach.

Results

Identification of Relevant Studies
The search strategy yielded 380 potentially relevant articles
from PubMed, Scopus, and Web of Science databases after
the removal of 415 duplicated articles and 2,609 studies of
non-relevance, such as reviews, case reports, and non-En-
glish for this meta-analysis. Additionally, 264 articles were

excluded based on screening the titles and abstracts of
studies, the remaining 116 articles were subjected to full-
text assessment and eligibility. Further evaluation of these
full-text articles resulted in the exclusion of 92 articles, of
which 64 were for improper case–control selection, 13 for
incomplete reporting of FAI data, 8 for inadequate data
analysis, 6 for study designs other than case–control or
cross-sectional, and 1 for duplicated data. Finally, 24 studies
were selected for this systematic review and meta-analysis,
which is presented as a PRISMA plot showing the detailed
process of inclusion and exclusion adopted (►Fig. 1).

Characteristics of Included Studies
The baseline characteristics of the included studies (n¼24)
with a total of 7,847 participants (3,290 controls and 4,557
PCOS) are summarized in ►Table 1 and ►Supplementary

Table S1 (online only). All studies were observational includ-
ing case–control and cross-sectional designs, and followed
the same method of FAI determination and also compared
these values between cases and controls. All studies adopted
the Rotterdam 2003 international diagnostic criteria of PCOS
except two studies, in which NIH criteria was followed. This

Fig. 1 PRISMA plot showing the study inclusion and exclusion for the
systematic review and meta-analysis.
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indicates that two of the three clinical features, oligomenor-
rhea or anovulation, hyperandrogenism, and polycystic ova-
ries were observed in the recruited PCOS patients. Among
the geographic locations, nine studies were from Europe,
eight from Asia and Middle-East, four from Asia/Europe,
three from Americas, and no studies from Africa region.
The NOS assessment for studies quality showed that 20
were good and 4 were of poor quality (►Supplementary

Table S2 [online only]).

Relevance of FAI in PCOS
Analysis of the 24 eligible studies comparing the FAI in cases
and controls showed that the FAI values were consistently
higher inPCOSpatients than in controls (►Table 1). Thepooled
analysis showed that PCOS patients had higher FAI than
controls, with an SMD of 1.56 (95%CI 1.08–2.04; p<0.01)
(►Fig. 2). However, the included studies were significantly
heterogeneous (I2¼96%) and the funnel plot indicates the
presence of an asymmetrywith studies lying outside of 95%CI.
Eggers’ test showed no risk of publication bias as it did not
indicate the presence of funnel plot asymmetry (p¼0.1727).
However, the Begg and Mazumdar test showed a risk of
publication bias (p¼0.0530) because it observed the presence
of funnel plot asymmetry. In addition, the publicationbiaswas
also assessedwith the use of funnel plots, whichwere visually
inspected for asymmetry (►Fig. 3).

Sensitivity Analysis
The sensitivity analysis was conducted by successively elim-
inating each study to analyze the influence of each study on

the conclusions reached. When individual studies were
eliminated, the results of analysis did not change significant-
ly, and associated pooled SMD values did not change signifi-
cantly, indicating the statistical stability of findings
(►Supplementary Table S3 and ►Supplementary Figs. S1

and S2 [online only]).

Fig. 2 Forest plot for all included studies using random effect models examining FAI values in cases and controls.

Fig. 3 Publication bias analysis of all included studies using the
contour-enhanced funnel plot.
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Subgroup Analysis
To find the source of heterogeneity, subgroup analysis was
conducted according to geographic location and study qual-
ity. There were significantly higher FAI levels in PCOS
patients of the Asia/Europe region (SMD¼2.98, 95%CI
¼0.31–5.64, p<0.01), Europe region (SMD¼1.59, 95%CI
¼0.71–2.46, p<0.01), and Asia region (SMD¼1.21, 95%CI
¼0.82–1.60, p<0.01), compared with controls. However, no
significant difference was observed in FAI between the PCOS
cases and controls of the American region (SMD¼0.79, 95%
CI¼0.07–1.51, p¼0.19) (►Fig. 4). Moreover, FAI was signifi-
cantly higher in PCOS cases in poor (SMD¼2.01, 95%CI¼
�0.59–4.61, p<0.01) and good quality studies (SMD¼1.46,
95%CI¼0.98–1.93, p<0.01), when compared with controls
(►Fig. 5).

Discussion

This systematic review and meta-analysis study determines
the accuracy of FAI in diagnosis of hyperandrogenemia in

PCOS and its ability to discriminate PCOS from controls.
Through a strict screening criteria, 24 eligible studies includ-
ing 4,557 PCOS patients and 3,290 controls were included for
the analysis. The primary finding is that FAI values were
consistently higher in PCOS patients than in controls. Fur-
thermore, pooled SMD values were not substantially altered,
when individual studieswere removed further validating the
statistical stability of our findings. The only other meta-
analysis on using FAI in PCOS diagnosis, which included 7
studies from Europe and Asia, concluded that FAI has a
moderate diagnostic value for PCOS.22 Furthermore, the
study observed a significant ethnic and geographical hetero-
geneity in the clinical and biochemical manifestations of
PCOS. This could be related to differences in lifestyle, preva-
lence of obesity, and insulin resistance across different ethnic
groups.23 Further, genetic variants and environmental toxins
may also play a role.24,25

In this study, the results in terms of geographical hetero-
geneity indicates PCOS cases had significantly higher FAI
compared with controls in both the European and Asian

Fig. 4 Forest plot using random effect models examining FAI values in cases and controls based on region.
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ethnicities. However, there were no significant difference in
FAI between the PCOS and controls of American region,
attributable to the significant phenotypic differences in
Asians, compared with Caucasians. This could be attributed
to the fact that East Asians are generally less hirsute, and the
Ferriman Gallwey score cut-off for hirsutism is lower than
that of Caucasians.26 Unlike East Asians, South Asians are
reported to have an increased degree of hirsutism, early
onset of symptoms, severe insulin resistance, and metabolic
risks compared with Caucasians.27 Overall, these results
suggest that FAI can be used as a reliable marker of hyper-
androgenism in both Asian and European ethnicities despite
the reported phenotypic differences. There was no literature
available on comparing androgen, SHBG levels, and FAI in the
American and European subjects. Our study’s limitations
must be considered, such as the fact that we used data
from 24 observational studies and did not include random-
ized control trials. Although randomized trials’ participants
may not be a true representative of those seen in practice;
therefore, this study design is least prone to bias. Moreover,
because observational studies are more likely to have biases
than randomized trials, results from this study should be
viewed with caution. Another limitation of our study is that
Ferriman Gallwey scores in relation to FAI were not
examined.

Conclusion

Overall, we found that the FAI could be a reliable marker to
identify PCOS women in Asian and European ethnicities.
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