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STUDY QUESTION: What is the degree of intrinsic insulin resistance (IR) in women with polycystic ovary syndrome (PCOS) and the rela-
tive contribution of BMI to overall IR based on meta-analysis of gold standard insulin clamp studies?

SUMMARY ANSWER:We report an inherent reduction (−27%) of insulin sensitivity (IS) in PCOS patients, which was independent of BMI.

WHAT IS ALREADY KNOWN: PCOS is prevalent, complex and underpinned by IR but controversies surround the degree of intrinsic IR
in PCOS, the effect of BMI and the impact of the different diagnostic criteria (NIH versus Rotterdam) in PCOS.

STUDY DESIGN, SIZE, DURATION: A systematic review and meta-analysis of Medline and All EBM databases was undertaken of stud-
ies published up to 30 May 2015. Studies were included if premenopausal women diagnosed with PCOS were compared with a control group
for IS, measured by the gold standard euglycaemic–hyperinsulinaemic clamp. The systematic review adheres to the principles of the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. Meta-analyses were performed using mixed modelling and
magnitude-based inferences expressed as mean effect ±99% CI. We inferred the effect was small, moderate or large relative to a smallest
important change of −3.7% or 3.8% derived by standardisation. Effects were deemed unclear when the CI overlapped smallest important
positive and negative values. Effects were qualified with probabilities reflecting uncertainty in the magnitude of the true value (likely, 75–95%;
very likely, 95–99.5%; most likely, >99.5%).

PARTICIPANTS/MATERIALS, SETTING, METHOD: A total of 4881 articles were returned from the search. Of these, 28 articles
were included in the meta-analysis.

MAIN RESULTS AND THE ROLE OF CHANCE: Overall IS was lower in women with PCOS compared with controls (mean effect
−27%, 99% CI ±6%; large, most likely lower). A higher BMI exacerbated the reduction in IS by −15% (±8%; moderate, most likely low-
er) in PCOS compared with control women. There was no clear difference in IS between women diagnosed by the original National
Institutes of Health (NIH) criteria alone compared with those diagnosed by the Rotterdam criteria. Low levels of sex hormone-
binding globulin (SHBG) were associated with reduced levels of IS (−10%, ±10%; small, very likely negative), which was not con-
founded by BMI.

LIMITATIONS, REASONS FOR CAUTION: This systematic review and meta-analysis inherited the confounding problems of small sam-
ple sizes, missing data (e.g. some hormones, waist and hip girths) and the lack of Rotterdam criteria phenotype reporting, limiting the evidence
synthesis and meta-analysis.

†Joint senior authorship.

© The Author 2016. Published by Oxford University Press on behalf of the European Society of Human Reproduction and Embryology. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article/31/11/2619/2274340 by U
.S. D

epartm
ent of Justice user on 17 August 2022



WIDER IMPLICATIONS OF THE FINDINGS: BMI has a greater impact on IS in PCOS than in controls. SHBG appears a potentially
valuable marker of IR in PCOS, whereas testosterone after adjustment for BMI demonstrated an unexpected interplay with IS which warrants
further investigation.
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Council (NHMRC), grant number 606553 (H.J.T., N.K.S.), as well as Monash University. H.J.T. is an NHMRC Research Fellow. N.K.S. is sup-
ported through the Australian Government’s Collaborative Research Networks (CRN) programme. The funding bodies played no role in the
design, methods, data management or analysis or in the decision to publish. All authors declare no conflict of interests.
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Introduction
Polycystic ovary syndrome (PCOS) is the most common endocrine
and metabolic disorder affecting up to 18% of premenopausal repro-
ductive aged women, depending on the population studied and diag-
nostic criteria used (March et al., 2010). The condition has substantial
short- and long-term reproductive, psychological and metabolic (insu-
lin resistance [IR]) implications across the lifespan (Boomsma et al.,
2006; Teede et al., 2011) and presents a significant health and eco-
nomic burden. The estimated annual cost for the condition in the USA
in 2004 was $4 billion, with 40% attributed to PCOS-associated dia-
betes (Azziz et al., 2005). Hence, early diagnosis of PCOS and recogni-
tion of IR and metabolic complications are important to optimise
screening, prevention and management.
The pathophysiology of PCOS is complex and remains elusive; how-

ever, IR (defined as reduced insulin sensitivity [IS] compared with con-
trol women) and hyperandrogenism play key roles in the aetiology
(Teede et al., 2007, 2010). It is generally accepted that obese women
with PCOS are insulin resistant. Obesity is known to increase circulat-
ing androgen and insulin levels, may increase PCOS prevalence and
exacerbates the clinical features of PCOS (Fig. 1; Diamanti-Kandarakis
and Dunaif, 2012; Teede et al., 2013). Consensus is yet to be achieved
in lean women with PCOS as IR is not consistently demonstrated
(Diamanti-Kandarakis and Dunaif, 2012). It is hypothesised that IR is
intrinsic to PCOS and exacerbated by obesity (Dunaif and Graf, 1989;
Stepto et al., 2013), however, research is needed to establish whether
IR in PCOS is independent of obesity.
Conflicting results are further confounded by evolving diagnostic cri-

teria, with many studies using the original National Institutes of Health
(NIH) Criteria, rather than the more inclusive Rotterdam criteria, now
endorsed internationally (Diamanti-Kandarakis and Dunaif, 2012). IR may
be more pronounced in the severe PCOS phenotype (original NIH cri-
teria) of anovulation and hyperandrogenism, compared with those who
have either normal androgen levels or regular menstrual cycles included
under Rotterdam. All international guidelines now recommend
Rotterdam criteria and recent genome-wide association studies in
Caucasian (Day et al., 2015; Hayes et al., 2015) and Asian (Chen et al.,
2011; Shi et al., 2012) PCOS populations report preservation of genes
across both criteria. This suggests a more homogeneous disease and high-
lights the need for further research into features such as IR in women with
Rotterdam diagnosed PCOS (Barber et al., 2007; Panidis et al., 2012).
IR and associated hyperinsulinaemia play a role in the reproductive,

and endocrine features of PCOS by contributing to hyperandrogenism

and disruption of gonadotrophin secretion (Norman et al., 2007). IR
and hyperinsulinaemia may directly stimulate production of androgens
via ovarian tissue steroidogenesis, independently of changes in gonado-
trophin concentration (Diamanti-Kandarakis and Dunaif, 2012).
However, the relationships between IR in clamp studies and androgen
levels require clarification. Hyperinsulinaemia also plays an indirect
role in hyperandrogenism by inhibiting hepatic sex hormone-binding
globulin (SHBG) production, thus increasing free testosterone (Kiddy
et al., 1989; Nestler et al., 1991). Low SHBG levels are also increased
by insulin-sensitising medication (Ehrmann et al., 1997; Moghetti et al.,
2000; Moran et al., 2013); however, the strength of the relationship
between IR and SHBG is unclear and the potential role of SHBG as a
clinical marker of IR in PCOS is yet to be determined.
IR can be measured using numerous direct and indirect techniques,

including homeostatic model assessment, quantitative insulin sensitivity
check index and oral glucose tolerance test-related measures compris-
ing area under the curve for glucose and insulin (Muniyappa et al.,
2008). These are based on fasting or post glucose-load blood glucose
and insulin levels, yet lack accuracy and reliability and are inadequate
for clinical purposes and mechanistic research where IR is a primary
study outcome (Muniyappa et al., 2008). The euglycaemic–hyperinsuli-
naemic clamp is considered the reference standard to directly measure
IS in research settings and can be used to define a specific cut-off level
for IR (Muniyappa et al., 2008). Yet, only limited studies on IR in PCOS
have used euglycaemic–hyperinsulinaemic clamps.
In this common condition key knowledge gaps include the degree of

IR in PCOS measured by gold standard clamp studies, the impact of
BMI, the relationship to androgens, impact of diagnostic phenotypes
and the role of SHBG as a clinically useful marker of IR. Therefore, we
aimed to undertake a systematic review and meta-analysis to address
the overarching question: What is the degree of intrinsic IR in PCOS
and the relative contribution of BMI to overall IR based on meta-
analysis of gold standard clamp studies? We also aimed to assess IR
across different PCOS diagnostic criteria. Our secondary aim was to
investigate key relationships between IR, BMI, SHBG and other repro-
ductive hormones (testosterone, LH and FSH) in women with and
without PCOS and assess the potential role of SHBG as a marker of IR.

Materials andMethods
We conducted a systematic review and a meta-analysis using mixed mod-
elling and magnitude-based inferences on studies comparing IS measured
by euglycaemic–hyperinsulinaemic clamp in lean and overweight women
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with and without PCOS. The methodology adheres to the Preferred
Reporting Items for Systematic review and Meta-Analysis (PRISMA)
Protocols. Authors are experienced in conducing systematic reviews and
meta-analysis and work was directly undertaken by an experienced
biostatistician.

Data sources and searches
A systematic search of published literature was conducted in Medline and
All EBM databases (including Cochrane Database of Systematic Reviews,
ACP Journal Club Database of Abstracts of Reviews of Effects, Cochrane
Central Register of Controlled Trials, Cochrane Methodology Register,
Health Technology Assessment and NHS Economic Evaluation Database)
using the subject headings and key terms detailed in Table I. The search
strategy was limited to English language articles. Bibliographies of included
articles were also screened. The search was conducted on 30 September
2013 and updated on 30 May 2015.

Study selection
To determine the literature to be assessed further, two independent
reviewers scanned the titles, abstracts and keywords of every record
retrieved. Full texts of the remaining studies were retrieved for assessment
according to the selection criteria determined a priori: PCOS was diag-
nosed by the NIH or the Rotterdam Criteria or equivalent (Fauser et al.,
2012) with the exclusion of other cause of hyperandrogenism; compari-
sons were made between at least one PCOS and control group; partici-
pants were premenopausal; 18–40 years of age; IS measured at baseline
without any interventions, by a euglycaemic–hyperinsulinaemic clamp; con-
trol groups consisted of reproductive aged women 18–40 years who are
reported as otherwise healthy and screened negative for features of PCOS
based on the specified diagnostic criteria. Studies were excluded if partici-
pants: were taking medications or undergoing interventions that effect IS
before baseline measures were assessed including insulin-sensitising

medication, oral contraceptives, diet and exercise; were diagnosed with a
confounding medical condition e.g. diabetes; or smoked. Disagreements
were discussed and resolved by discussion and consensus with a third
reviewer (N.S.).

Data extraction and quality assessment
Data were extracted from included studies using a specially developed
data extraction form (Harris, 2010). Information was collected on study
details, participants, results and validity of results. Corresponding authors
were contacted by email if essential data were not reported in a usable for-
mat and if the study was published <10 years ago. Each email request to
authors was sent using an institutional email account and provided a brief
description of the systematic review scope, complete with article citation,
specific information needed and our contact information. Authors were
contacted a maximum of twice over a 4-week period. The study was not
included in the meta-analysis if they failed to respond within this period.
Authors of included papers were contacted for data according to PCOS
phenotypes if the Rotterdam criteria were used. Data for IS and other sub-
ject characteristics were extracted and summarised as mean and SD; any
SEs of the mean were converted to SD. To account for different units of IS
measurement across studies, the statistical effect of PCOS on IS was
expressed as a factor by dividing the IS in the PCOS group by the respect-
ive control group. We log-transformed all measures and used back-
transformation to estimate meta-analysed overall relationship between IS
and hormone effects as percentages with 99% CI (Snowling and Hopkins,
2006). Risk of bias of the included studies was assessed by a reviewer using
criteria developed a priori (Harris, 2010). Findings from the body of evi-
dence and their applicability to the research question were discussed in
light of risk of bias. Disagreement or uncertainty was resolved by discus-
sion to reach a consensus. Each study was then allocated a risk of bias rat-
ing (Supplementary Table S1).

Data synthesis and analysis
The log-transformed factor effects on IS were meta-analysed using the gen-
eral linear mixed-model procedure (Proc Mixed) (Yang, 2003) in the
Statistical Analysis System (Version 9.4, SAS Institute, Cary, NC, USA).

The first random-effects meta-analysis investigated the overall relation-
ship between PCOS and IS. A random effect representing the identity of
each study estimate was included to allow for true differences in the effect
of PCOS between studies not accounted for by the other effects in the
model. The weighting factor for each study estimate was the inverse of the
square of the SE, derived as follows: the SEs of the mean in the PCOS and
control groups were expressed as coefficients of variation (CV), converted
to factors (1+CV/100), log-transformed, squared and added. The method
of setting the residual variance to unity was used to apply the weighting
(Yang, 2003).

The second meta-analysis explored the independent moderating
effects of BMI, age and diagnostic criteria on the relationship between
PCOS and IS. Fixed effects in the model were either linear numeric vari-
ables for BMI and age or a nominal variable for the diagnostic criteria
(NIH or Rotterdam). The model with BMI as a predictor was used to
compare predicted differences in IS in the PCOS and control groups at
the weighted mean BMI of 22 and 32 kg/m2, respectively, for lean and
obese women (defined by a threshold BMI of 25 kg/m2 ). The model for
age as a predictor was used to compare differences in IS in the PCOS
and control groups for younger and older women defined by the
weighted mean of the means (27 years) and the weighted mean of the
SDs (5 years) of the age of the women from each study. Hence, younger
women were defined as aged 22 years (mean − 1 SD) and older as 32
years (mean + 1 SD).

Figure 1 Diagnostic flow chart depicting the aetiological, hormonal
and clinical features of polycystic ovary syndrome (PCOS).
Adapted from Teede et al. (2011).
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The third meta-analysis used a random-effects model in which fixed
effects were used to explore the possible mutual confounding effects of
BMI, age and diagnostic criteria on the difference in IS between PCOS and
control groups. The effect of each moderator was therefore assessed
while the other moderators were held constant.

The association between differences in key factors (testosterone,
SHBG, LH and FSH) and differences in IS between PCOS and control
groups were investigated in a fourth meta-analyses. In each analysis, the
relationship between IR and PCOS was assessed using a random-effect
model. A fixed-effect variable representing the difference in the log of the
key factor between PCOS and control groups was then added to the mod-
el to determine the mediating effects of these key factors on IS. The differ-
ence in IS associated with each hormone was derived by multiplying the

effect of the factor by the difference in the mean concentration of the fac-
tor between PCOS and control women. The possible confounding effect
of BMI on the association between differences in key factors and differ-
ences in IS of PCOS and control groups was investigated by including BMI
in the model.

Publication bias and outliers
We examined a scatter plot of the t-statistic associated with each study
estimate value contributing to the study-estimate random effect versus the
log of the SE of the effect. This plot is superior to the usual funnel plot
(Hopkins et al., 2009), because the t-value is effectively adjusted for uncer-
tainty in the study estimates and for the contribution of study covariates.
This approach identified three clear outliers (Micic et al., 2007; Yang et al.,
2013; Wu et al., 2014). Upon investigation of the data, it was noted that
one study (Micic et al., 2007) reported some measures as mean and SD
instead of mean and SE as stated in Materials and Methods. After correc-
tion, this study was no longer an outlier. The other two studies were
excluded from the meta-analysis (Supplementary Fig. S1).

Inferential statistics
Magnitudes of effects were evaluated via standardisation. For this purpose,
a between-subject SD representing the typical variation in IS was derived
from the square root of the weighted mean of the variances of the log-
transformed factor SD for the healthy lean women in a subset of studies.
The subset was determined by plotting the log of the factor SD against the
mean BMI from healthy women in all studies. The plot showed a reason-
ably clear increase in the SD in studies with mean BMI >25 kg/m2. We
therefore used all the studies with a mean BMI of <25 kg/m2 as the subset.
Sample-size bias in the standardised effects was negligible, owing to the
large number of degrees of freedom in the estimate of the SD and was
therefore not corrected.

The effects in log-transformed units were divided by this SD, and their
magnitudes were interpreted with the following scale: <0.20, trivial; 0.20–
0.60, small; 0.60–1.2, moderate; >1.2, large (Hopkins et al., 2009). In
keeping with trends in inferential statistics (Sterne and Davey Smith, 2001;
Snowling and Hopkins, 2006; Hopkins and Batterham, 2016), we made
magnitude-based inferences about true population values of effects by
expressing the uncertainty in the effects as 99% CIs. Effects were deemed
unclear if the CIs overlapped thresholds for substantial positive and nega-
tive values (i.e. ±0.20 standardised units); effects were otherwise deemed
clear and reported as the magnitude of its observed effect (Hopkins et al.,
2009). For an improvement in IS, magnitude thresholds were 3.8, 12, 25
and 46%, representing small, moderate, large and very large, respectively;
for reduced IS, the corresponding magnitude thresholds were −3.7, −11,
−20 and −31%, respectively. Magnitude-based inferences about effects
were made more accurate and informative by qualifying the effects with
qualitative probabilities that reflected the quantitative uncertainty in the
magnitude of the true value (Hopkins et al., 2009): possibly, 25–75%; likely,
75–95%; very likely, 95–99.5%; most likely, >99.5%.

Results
The original search returned 4369 articles (Fig. 2). Of these, 48 articles
met the selection criteria but 23 of these were not included due to
the following reasons: data not in a usable format and article pub-
lished >10 years ago (eight articles); unable to obtain usable data from
authors (four articles); data were already reported in a more current
included article (11 articles). The remaining 25 articles were included
in the final meta-analysis (Dunaif et al., 1989; Ovesen et al., 1993;
Lasco et al., 1995; Morin-Papunen et al., 2000; Park et al., 2001, 2007;

Table I Search strategy for systematic review.a

1 expb Polycystic Ovary Syndrome/

2 polycystic ovar$c.mpd.

3 poly-cystic ovar$.mp.

4 PCO$.mp.

5 (stein-leventhal or leventhal).mp.

6 Anovulation/

7 anovulat$.mp.

8 oligo-ovulat$.mp.

9 oligoovulat$.mp.

10 (ovar$ adje5 (sclerocystic or polycystic or poly-cystic or degenerat$
or hyperandrogen$ or hyper-ndrogen$)).mp.

11 or/1–10

12 insulin resistan$.mp.

13 exp Insulin Resistance/

14 insulin resistance.mp.

15 insulin insensitiv$.mp.

16 insulin sensitiv$.mp.

17 exp Insulin/

18 insulin.mp.

19 exp Blood Glucose/

20 Blood Glucose.mp.

21 hyperinsulin$.mp.

22 glucose intolerance.mp.

23 euglycaemic-hyperinsulaemic clamp.mp.

24 euglycaemic hyperinsulaemic clamp.mp.

25 euglycemic-hyperinsulemic clamp.mp.

26 euglyc$ insulin clamp.mp.

27 insulin clamp.mp.

28 etiolog$.mp.

29 pathophysiol$.mp.

30 or/12–29

31 11 and 30

32 limit 31 to (English language and female and humans)

aSearch was conducted for Medline with appropriate search terms utilised for other
databases.
bexp = exploded.
c$ = any character.
dMedical Subject Heading for Medline: mp, title, abstract, original title, name of sub-
stance word, subject heading word, keyword heading word.
eadj = adjacency.
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Patel et al., 2003; Vrbikova et al., 2004; Baillargeon and Carpentier,
2007; Kowalska et al., 2007, 2012; Micic et al., 2007; Aroda et al.,
2008; Svendsen et al., 2008; Ciaraldi et al., 2009; Moret et al., 2009;
Oh et al., 2009; Tosi et al., 2009; Eriksen et al., 2010, 2011; Nikolajuk
et al., 2010; Manneras-Holm et al., 2011; Yang et al., 2011; Li and Li,
2012; Stepto et al., 2013). The updated search strategy resulted in 512
additional articles, of which, 32 were duplicate articles, 418 were
excluded based on title and abstract, 58 were excluded based on full
text or contact with authors (1 article) and 2 were excluded due to
being identified as outliers, with potential publication bias on the funnel
plot (Yang et al., 2013; Wu et al., 2014). The remaining three studies
were included in the meta-analyses (Adamska et al., 2013; Ciaraldi
et al., 2013; Leonhardt et al., 2014), resulting in a total of 28 studies
(n = 741 controls and n = 1224 PCOS) meeting the selection criteria.
Some studies reported effects for more than one PCOS and control
group within studies: these articles provided 38 study estimates. The
effects from each study estimate are summarised in Table II.
Rotterdam phenotype analysis on IR could not be performed owing to
publications predating the criteria and/or insufficient responses to our
requests for data from authors. A total of 24 studies were included in
the meta-analysis investigating the moderating effects of key hormones
(Table III).
A moderate risk of bias was reported in the majority of studies

included in the systematic review and meta-analysis following quality
appraisal (Supplementary Table S2).

Overall relationship between IS and PCOS
In the first simple meta-analysis model, IS was lower in women with
PCOS compared with controls (a large difference; Table IV).
Unexplained variance between studies was estimated as a CV of 21%
(99% CI, ±10%).

Moderating effects of BMI on IS
Compared with their respective controls, lean and overweight women
with PCOS showed lower IS with large and very large magnitudes
respectively (Table IV, Fig. 3). Overweight women with PCOS had

moderately lower IS compared with lean women with PCOS
(Table IV) with weight contributing less to IR than to PCOS status.
The residual between-study differences were 17% (±8%). Adjusting
for differences in age and diagnostic criteria resulted in little change in
the effect of BMI (Table IV) and little change in the residual between-
study effect differences (18%, 99% CI, ±10%).
This BMI-only model was also able to produce separate effects of

BMI on IS in PCOS and control women; a 10-unit higher BMI in
women with PCOS was associated with a −28% (±14%; large, most
likely) difference in IS. In control women, a 10-unit higher BMI
resulted in a difference in IS of −15% (±17%; moderate, very likely
lower).

Moderating effects of age on IS
Compared with their respective controls, younger and older women
with PCOS showed lower or much lower IS, respectively (large and
very large magnitudes). Older women diagnosed with PCOS had a
lower IS compared with younger women with PCOS (a large
magnitude), but this effect became small and unclear when BMI
and diagnostic criteria were included in the model (Table IV). The
residual between-study random-effect difference reported as a CV
was 17% (±8%).
The second model was also able to estimate separate effects for age

on IS in PCOS and control women. A 10-year increase in age in
women with PCOS was associated with a −18% (±34%; unclear mod-
erate effect) difference in IS; in control women the difference in IS for
women 10 years older was 4% (±33%; unclear, small effect).

Moderating effects of diagnostic criteria as a
surrogate for phenotype
The effect of PCOS on IS was large for both diagnostic criteria group-
ings and there was no difference between them (Table IV). The
residual between-study differences in this analysis were a CV of 21%
(±10%).

Figure 2 Search strategy results of included and excluded studies for a systematic review and meta-analysis of euglycaemic–hyperinsulinaemic clamp
studies in PCOS.

2623Intrinsic insulin resistance and PCOS

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article/31/11/2619/2274340 by U
.S. D

epartm
ent of Justice user on 17 August 2022

http://HUMREP.oxfordjournals.org/lookup/suppl/doi:10.1093/humrep/dew243/-/DC1


..
..
..
..
..
..
..
..
..
..
..
..

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..

T
ab

le
II

S
tu
di
es

in
cl
ud

ed
in

m
et
a-
an

al
ys
is
w
it
h
ag

e,
B
M
Ia

nd
in
su
lin

se
ns
it
iv
it
y
in

w
om

en
w
it
h
an

d
w
it
ho

ut
po

ly
cy
st
ic
ov

ar
y
sy
nd

ro
m
e
(P

C
O
S
)
an

d
th
e
ef
fe
ct

of
P
C
O
S
on

in
su
lin

se
ns
it
iv
it
y.

S
tu
dy

S
am

pl
e
si
ze

(C
on

tr
ol
,P

C
O
S
)

D
ia
gn

os
ti
c
cr
it
er
ia

A
ge

(y
ea

rs
)

M
ea

n
±
S
D

B
M
I(
kg

/m
2
)

M
ea

n
±
S
D

In
su
lin

se
ns
it
iv
it
ya

M
ea

n
±
S
D

E
ffe

ct
of

P
C
O
S
on

in
su
lin

se
ns
it
iv
it
yb

(%
)
M
ea

n
(9
0%

C
I)

C
on

tr
ol

P
C
O
S

C
on

tr
ol

P
C
O
S

C
on

tr
ol

P
C
O
S

A
ro
da

et
al
.(
20
08
)

6,
31

N
IH

32
±
5

29
±
6

36
.2
±
6.
9

35
.3
±
7.
4

8.
8
±
2.
0

5.
6
±
2.
9

−
36
.2
(−
48
.7
to

−
20
.7
)

A
da
m
sk
a
et
al
.(
20
13
)

14
,4
0

R
ot
te
rd
am

27
±
6

24
±
4

22
.0
±
2.
1

21
.4
±
2.
0

12
.4
±
2.
9

10
.0
±
2.
9

−
19
.4
(−
29
.1
to

−
8.
3)

A
da
m
sk
a
et
al
.(
20
13
)

16
,5
4

R
ot
te
rd
am

27
±
7

26
±
7

31
.2
±
4.
8

31
.2
±
4.
1

8.
7
±
4.
2

7.
2
±
3.
3

−
17
.2
(−
33
.7
to

3.
3)

Ba
ill
ar
ge
on

an
d
C
ar
pe
nt
ie
r
(2
00
7)

17
,9

N
IH

31
±
7

24
±
7

22
.0
±
2.
1

22
.6
±
1.
2

52
.9
±
19
.0

48
.5
±
18
.9

−
8.
3
(−
29
.2
to

18
.8
)

C
ia
ra
ld
ie
ta
l.
(2
00
9)

15
,4
2

N
IH

32
±
4

29
±
7

33
.9
±
7

35
.4
±
7.
1

9.
7
±
2.
8

6.
5
±
2.
2

−
32
.8
(−
42
.2
to

21
.9
)

C
ia
ra
ld
ie
ta
l.
(2
01
3)

12
,2
0

N
IH

32
±
1

28
±
1

39
.4
±
2.
2

35
.6
±
1.
5

8.
6
±
0.
7

5.
8
±
0.
4

−
32
.6
(−
43
.3
to

−
20
.0
)

D
un
ai
fe
ta
l.
(1
98
9)

8,
10

N
IH

29
±
6

27
±
6

21
.3
±
1.
1

22
.3
±
1.
6

7.
4
±
1.
1

4.
8
±
1.
6

−
35
.9
(−
47
.8
to

−
21
.6
)

D
un
ai
fe
ta
l.
(1
98
9)

11
,1
7

N
IH

30
±
3

26
±
5

33
.3
±
5.
6

34
.3
±
4.
6

3.
8
±
1.
5

2.
4
±
0.
7

−
36
.0
(−
49
.0
to

−
19
.7
)

Er
ik
se
n
et
al
.(
20
10
)

14
,2
8

N
IH

33
±
8

31
±
6

33
.7
±
6.
4

33
.2
±
4.
2

29
7
±
86
.1

15
0
±
42
.3

−
49
.5
(−
56
.8
to

−
41
.0
)

Er
ik
se
n
et
al
.(
20
11
)

8,
8

N
IH

32
±
10

33
±
3

35
.1
±
5.
9

34
.5
±
4.
0

27
1
±
78
.3

14
7
±
23
.1

−
45
.9
(−
55
.7
to

−
34
.0
)

K
ow

al
sk
a
et
al
.(
20
07
)

25
,2
3

R
ot
te
rd
am

26
±
6

24
±
4

21
.8
±
2.
0

21
.4
±
2.
1

11
.6
±
3.
0

9.
1
±
3.
5

−
21
.4
(−
32
.8
to

−
8.
1)

K
ow

al
sk
a
et
al
.(
20
07
)

20
,4
7

R
ot
te
rd
am

28
±
7

26
±
6

31
.0
±
4.
4

31
.0
±
4.
0

9.
4
±
3.
1

7.
3
±
3.
1

−
22
.6
(−
34
.0
to

−
9.
3)

K
ow

al
sk
a
et
al
.(
20
12
)

28
,6
5

R
ot
te
rd
am

27
±
6

25
±
6

28
.2
±
6.
8

27
.3
±
7.
2

58
.1
±
22
.3

45
.7
±
18
.7

−
21
.2
(−
31
.8
to

−
9.
1)

La
sc
o
et
al
.(
19
95
)

6,
10

R
ot
te
rd
am

c
28

±
2

24
±
2

21
.0
±
0.
8

36
.4
±
2.
2

5.
8
±
2.
4

2.
8
±
1.
1

−
51
.7
(−
66
.1
to

−
31
.3
)

Le
on

ha
rd
te
ta
l.
(2
01
4)

31
,5
8

R
ot
te
rd
am

28
±
3.
5

30
±
4.
5

23
.6
±
4.
9

24
.9
±
4.
8

13
±
4.
1

11
±
3

−
15
.4
(−
24
.2
to

−
5.
6)

Li
an
d
Li
(2
01
2)

92
,7
8

N
IH

26
±
3

25
±
5

20
.5
±
1.
6

20
.7
±
1.
8

12
.4
±
1.
7

10
.1
±
2.
5

−
18
.6
(−
22
.8
to

−
14
.3
)

Li
an
d
Li
(2
01
2)

92
,3
3

N
IH

26
±
3

25
±
5

20
.5
±
1.
6

26
.8
±
2.
4

12
.4
±
1.
7

7.
46

±
1.
8

−
39
.8
(−
44
.2
to

−
35
.2
)

M
an
ne
ra
s-
H
ol
m
et
al
.(
20
11
)

31
,3
1

R
ot
te
rd
am

28
±
4

29
±
3

24
.7
±
4.
9

24
.8
±
4.
8

13
.0
±
4.
1

11
.0
±
3.
0

−
15
.3
8
(−
25
.1
to

−
4.
41
)

M
ic
ic
et
al
.(
20
07
)

8,
8

R
ot
te
rd
am

25
±
20

22
±
8

20
.2
±
3.
3

20
.5
±
3.
7

7.
8
±
3.
7

4.
4
±
2.
2

−
43
.1
(−
61
.5
to

−
16
.0
)

M
ic
ic
et
al
.(
20
07
)

8,
8

R
ot
te
rd
am

29
±
14

25
±
18

31
.0
±
10
.4

34
.4
±
18
.5

3.
92

±
2.
9

1.
82

±
1.
8

−
53
.6
(−
76
.3
to

−
9.
2)

M
or
et

et
al
.(
20
09
)

5,
5

R
ot
te
rd
am

21
±
2

24
±
4

21
.3
±
1.
0

23
.0
±
4.
3

9.
8
±
2.
0

8.
2
±
2.
7

−
16
.3
(−
38
.6
to

14
.0
)

M
or
in
-P
ap
un
en

et
al
.(
20
00
)

17
,1
5

R
ot
te
rd
am

37
±
3

29
±
5

22
.9
±
1.
2

22
.7
±
1.
9

48
.2
±
9.
9

41
.1
±
14
.3

−
14
.7
(−
28
.1
to

1.
1)

M
or
in
-P
ap
un
en

et
al
.(
20
00
)

17
,2
8

R
ot
te
rd
am

35
±
5

30
±
5

31
.8
±
4.
7

34
.5
±
5.
3

31
.6
±
11
.1

20
.5
±
7.
9

−
35
.1
(−
46
.0
to

−
22
.1
)

N
ik
ol
aj
uk

et
al
.(
20
10
)

18
,3
5

R
ot
te
rd
am

26
±
6

24
±
4

22
.2
±
1.
9

21
.7
±
1.
8

8.
9
±
2.
3

7.
2
±
2.
9

−
18
.5
(−
29
.7
to

−
5.
7)

N
ik
ol
aj
uk

et
al
.(
20
10
)

16
,4
3

R
ot
te
rd
am

27
±
5

26
±
6

30
.7
±
4.
4

31
.5
±
4.
3

5.
9
±
2.
2

4.
5
±
2.
4

−
24
.4
(−
38
.0
to

−
7.
8)

O
h
et
al
.(
20
09
)

24
,3
9

N
IH

26
±
1

25
±
1

19
.9
±
0.
3

20
.8
±
0.
2

6.
3
±
0.
3

5.
3
±
1.
4

−
15
.9
(−
21
.7
to

−
9.
6)

O
ve
se
n
et
al
.(
19
93
)

7,
7

N
IH

26
±
4

21
±
5

21
.3
±
1.
8

22
.2
±
2.
1

3.
8
±
1.
3

4.
0
±
1.
1

5.
3
(−
20
.4
to

39
.2
)

Pa
rk

et
al
.(
20
01
)

5,
9

N
IH

31
±
11

25
±
12

25
.6
±
5.
3

26
.0
±
9.
3

9.
4
±
5.
1

2.
3
±
0.
9

−
75
.5
(−
84
.9
to

−
60
.5
)

Pa
rk

et
al
.(
20
07
)

34
,7
3

N
IH

26
±
3

25
±
4

20
.9
±
3.
2

20
.4
±
1.
5

6.
7
±
1.
6

5.
3
±
1.
3

−
20
.9
(−
27
.0
to

−
14
.3
)

Pa
te
le
ta
l.
(2
00
3)

9,
11

N
IH

26
±
2

29
±
2

27
.4
±
2.
1

35
.3
±
2.
7

8.
3
±
2.
4

5.
2
±
3.
3

−
37
.4
(−
55
.8
to

−
11
.3
)

St
ep
to

et
al
.(
20
13
)

19
,2
0

R
ot
te
rd
am

28
±
6

27
±
4

22
.0
±
2.
0

23
.0
±
2.
0

33
9
±
76

26
9
±
66

−
20
.7
(−
29
.8
to

−
10
.2
)

St
ep
to

et
al
.(
20
13
)

14
,2
0

R
ot
te
rd
am

35
±
4

30
±
6

35
.0
±
6

36
.0
±
7.
0

26
4
±
66

17
5
±
96

−
33
.7
(−
47
.1
to

−
17
.0
)

Sv
en
ds
en

et
al
.(
20
08
)

9,
17

R
ot
te
rd
am

20
±
4

28
±
5

22
.0
±
1.
4

23
.0
±
1.
5

13
.3
±
4.
1

10
.4
±
3

−
21
.8
(−
32
.4
to

−
9.
6)

Sv
en
ds
en

et
al
.(
20
08
)

16
,1
8

R
ot
te
rd
am

31
±
5

29
±
4

34
.0
±
3.
2

33
.0
±
4.
0

8.
1
±
2.
8

6.
9
±
2.
0

−
14
.8
(−
28
.9
to

2.
0)

2624 Cassar et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article/31/11/2619/2274340 by U
.S. D

epartm
ent of Justice user on 17 August 2022

http://HUMREP.oxfordjournals.org/lookup/suppl/doi:10.1093/humrep/dew243/-/DC1


IS, SHBG and hormone concentrations
Table V shows the uncorrected and BMI-corrected associations of the
differences in concentrations of SHBG, testosterone, LH and FSH with
differences in IS, comparing PCOS and control women. The mean
lower concentration of SHBG in PCOS compared with controls was
associated with a small lower IS, which was not confounded by BMI.
Testosterone means were higher in PCOS and were associated with
worse IS but the relationship indicates women with less testosterone
are more insulin resistant at the same BMI. This implies that if there
was no difference in testosterone between PCOS and control partici-
pants, women with PCOS would have even lower IS (−29%, ±10%
and 41%, ±15% (large, most likely) for BMI’s of 22 and 32 kg/m2,
respectively). Higher LH concentrations in women with PCOS tended
(unclear effect) to be associated with lower IS, while FSH had a trivial
relationship with only minor differences in FSH concentration between
PCOS and control women.

Discussion
In this novel and comprehensive systematic review and meta-analysis,
we report that women with PCOS have 27% worse IS as a measure of
IR from the gold standard euglycaemic–hyperinsulinaemic clamp, than
controls, independent of BMI, age or diagnostic criteria. BMI independ-
ently exacerbated IR by 15% in PCOS, and had a greater impact than
in controls. Increasing age adversely impacted IR, yet the impact was
trivial when adjusted for BMI and diagnostic criteria. PCOS diagnostic
criteria had a trivial effect on IR. SHBG had a strong negative associ-
ation with IR, which was not confounded by BMI. Total testosterone,
when the confounding effects of BMI were controlled, had a moderate
and very likely effect on IR. The relationship of LH with IR was moder-
ate and unclear when BMI was included in the model and FSH concen-
trations did not differ between PCOS and controls.
A key role of insulin is to regulate glucose homeostasis by stimulating

glucose uptake in target tissues including skeletal muscle and adipo-
cytes and by suppressing hepatic glucose production (Cho et al.,
2011). IR can be defined as an impairment of insulin to mediate metab-
olism in skeletal muscle, adipocytes and liver. This includes glucose
uptake, glycogen synthesis and inhibition of lipolysis, resulting in com-
pensatory hyperinsulinaemia to achieve glucose homeostasis (Kahn
and Flier, 2000; Diamanti-Kandarakis and Dunaif, 2012). Measurement
of IR in clinical practice is not recommended as methods remain
inaccurate (Teede et al., 2011). However in research, the gold stand-
ard for assessing IR in vivo is generally accepted to be the euglycaemic–
hyperinsulinaemic clamp (DeFronzo et al., 1979). Using this technique,
PCOS has an intrinsic IR (Dunaif et al., 1989; Stepto et al., 2013), how-
ever, data are inconsistent, especially in lean women with PCOS and
the degree of IR intrinsic to PCOS has not been defined. Limitations
have included small sample sizes and not accounting for variations in
ethnicity, or diagnostic categories. Here, we address these gaps and
advance the field by confirming in a robust systematic review and
meta-analysis, that PCOS is underpinned by an intrinsic IR (~27%
reduction in IS), independent of BMI and age, as well as across different
diagnostic criteria and ethnic groups.
We further progress understanding in this area by showing that

increased BMI exacerbates IR by 15% and has a greater adverse impact
on IR in PCOS than in controls. This may be related to potentially
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greater visceral fat in PCOS, at least in the overweight and obese
group (Lim et al., 2012). Further research is needed to determine the
mechanisms by which BMI disproportionately increases IR in PCOS
and to identify effective interventions to prevent and manage obesity
in PCOS (Teede et al., 2011). Overall, given that women with PCOS
have increased IR, higher BMI, and higher rates of weight gain that
drive clinical severity (Teede et al., 2013), maintenance of healthy
weight through lifestyle and exercise is a vital clinical focus. Lifestyle

modification, which improves IR, is the first-line treatment in PCOS
(Teede et al., 2013), including aerobic exercise with efficacy even in
the absence of weight loss (Hutchison et al., 2011). Effective, safe insu-
lin sensitisers are needed for PCOS. Our recent systematic review and
meta-analysis shows metformin, an insulin sensitiser, in addition to life-
style modification induces greater loss of body fat and improves symp-
toms compared with lifestyle alone (Teede et al., 2007; Misso and
Teede, 2015; Naderpoor et al., 2015).

.................................. ........................... ................................ ..............................

.............................................................................................................................................................................................

Table III Studies included in the meta-analysis investigating moderating effects of key hormones.

Study Sex hormone-binding
globulin (nmol/L)
Mean± SD

Testosterone
(nmol/L)
Mean± SD

LH (IU/L)
Mean± SD

FSH (IU/L)
Mean± SD

Control PCOS Control PCOS Control PCOS Control PCOS

Aroda et al. (2008) 22 ± 11.8 20 ± 15.6 0.7 ± 0.3 1.3 ± 4.9

Adamska et al. (2013) 87.5 ± 56.1 59.6 ± 42.2 1.9 ± 0.3 2.8 ± 1.3 5.2 ± 2.1 9.8 ± 6.0 6.0 ± 1.4 5.8 ± 1.7

Adamska et al. (2013) 36.7 ± 18.4 43.6 ± 35.5 1.7 ± 0.7 2.7 ± 7.6 4.7 ± 2.2 7.9 ± 3.6 5.2 ± 1.8 5.4 ± 1.7

Baillargeon and Carpentier (2007) 4.2 ± 1.2 4.7 ± 1.5

Ciaraldi et al. (2009) 17.6 ± 13.9 17.5 ± 12.3 0.9 ± 0.5 1.9 ± 1.1

Ciaraldi et al. (2013) 23.8 ± 20.1 16.6 ± 8.5 2.4 ± 1.2 5.0 ± 2.5

Dunaif et al. (1989) 26.7 ± 10.8 28.5 ± 15.4 1.0 ± 0.4 1.6 ± 0.6

Dunaif et al. (1989) 20.1 ± 8.7 15.6 ± 4.5 0.7 ± 0.2 1.8 ± 1.1

Kowalska et al. (2007) 87.1 ± 47.5 69.3 ± 38.1 1.8 ± 0.5 2.7 ± 0.9 6.6 ± 4.5 11.7 ± 6.2 6.3 ± 1.5 5.9 ± 1.3

Kowalska et al. (2007) 47.6 ± 28.7 41.8 ± 33.6 1.8 ± 0.3 2.8 ± 1.2 4.7 ± 2.2 8.2 ± 3.6 5.3 ± 1.9 5.6 ± 1.4

Kowalska et al. (2012) 59.8 ± 48.8 41.5 ± 22.0 1.4 ± 0.3 2.1 ± 0.9 4.7 ± 2.1 7.9 ± 4.9 5.5 ± 1.6 6.0 ± 1.4

Lasco et al. (1995) 2.9 ± 1.1 1.6 ± 0.7 7.9 ± 2.3 3.9 ± 1.1 4.8 ± 0.9 5.4 ± 1.1

Li and Li (2012) 1.6 ± 0.6 1.9 ± 0.7

Li and Li (2012) 1.6 ± 0.6 2.1 ± 0.9

Manneras-Holm et al. (2011) 69.4 ± 30.4 49.0 ± 25.1 0.7 ± 0.3 1.5 ± 0.7

Micic et al. (2007) 54.7 ± 48.9 26.2 ± 24.5 1.9 ± 2.0 3.6 ± 6.7

Micic et al. (2007) 43.2 ± 40.6 15.8 ± 20.0 2.1 ± 1.5 4.9 ± 8.6

Moret et al. (2009) 1.2 ± 0.1 1.8 ± 0.8 3.8 ± 1.8 13.6 ± 3.4 5.2 ± 0.8 6.1 ± 1.5

Morin-Papunen et al. (2000) 60.5 ± 23.5 43.0 ± 16.7 1.3 ± 0.8 2.0 ± 0.8 4.7 ± 1.6 7.5 ± 2.7 6.2 ± 1.6 5.1 ± 1.9

Morin-Papunen et al. (2000) 51.0 ± 27.6 30.8 ± 12.7 1.3 ± 0.4 2.3 ± 1.1 5.3 ± 3.3 7.0 ± 2.6 7.9 ± 5.8 6.4 ± 2.6

Nikolajuk et al. (2010) 89.5 ± 56.2 59.9 ± 46.7 1.8 ± 0.4 2.9 ± 1.1 6.9 ± 5.6 10.2 ± 5.3 6.0 ± 1.3 5.8 ± 1.5

Nikolajuk et al. (2010) 41.5 ± 18.4 36.2 ± 18.0 1.8 ± 0.5 2.8 ± 1.1 4.3 ± 2.2 9.0 ± 4.0 5.6 ± 1.7 5.5 ± 1.4

Oh et al. (2009) 56 .0 ± 7.0 43.0 ± 4.0

Ovesen et al. (1993) 79.3 ± 12.2 59.9 ± 13.8 1.0 ± 0.3 2.9 ± 0.9

Park et al. (2001) 89.1 ± 51.7 20.1 ± 37.5 1.1 ± 1.0 0.9 ± 0.5 12.0 ± 7.2 22.3 ± 16.6 9.0 ± 5.4 10.0 ± 9.6

Park et al. (2007) 54.7 ± 25.7 50.5 ± 23.9 4.4 ± 4.3 10.2 ± 5.6 4.1 ± 2.2 5.5 ± 1.7

Patel et al. (2003) 1.2 ± 0.3 2.6 ± 0.3 3.4 ± 1.5 7.9 ± 5.0 4.8 ± 1.5 4.0 ± 1.3

Stepto et al. (2013) 79.0 ± 19.0 69.0 ± 34.0 1.5 ± 0.5 2.1 ± 0.8

Stepto et al. (2013) 46.0 ± 29.0 32.0 ± 11.0 1.5 ± 0.8 2.6 ± 0.8

Svendsen et al. (2008) 104 ± 33.0 67.0 ± 27.0 1.5 ± 0.3 2.1 ± 0.8

Svendsen et al. (2008) 54.0 ± 21.0 57.0 ± 39.0 1.4 ± 0.4 2.4 ± 0.8

Tosi et al. (2009) 72.0 ± 7.0 63.0 ± 6.0 2.1 ± 1.0 3.1 ± 1.5

Vrbikova et al. (2004) 68.5 ± 21.3 48.6 ± 24.3 1.8 ± 0.6 3.4 ± 1.3 5.4 ± 2.1 7.6 ± 5.2 4.8 ± 1.8

Vrbikova et al. (2004) 68.5 ± 21.3 36.0 ± 22.7 1.8 ± 0.6 3.3 ± 1.5 5.4 ± 2.1 5.9 ± 2.9 4.8 ± 1.8

Yang et al. (2011) 1.5 ± 0.7 2.0 ± 1.0

Overall mean ± SD 57.0 ± 23.9 40.7 ± 17.2 1.4 ± 0.4 2.4 ± 0.8 5.3 ± 2.0 9.6 ± 3.9 5.8 ± 1.3 5.7 ± 1.3
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The recent NIH consensus workshop on PCOS endorsed the
Rotterdam criteria as the definitive diagnostic criteria (National
Institutes of Health, 2012) and recommended that all studies include
analyses by reproductive PCOS phenotype. However, little prior
PCOS literature has reported by phenotype, necessitating analysis
here by diagnostic criteria as a proxy. We report that woman with ori-
ginal NIH-diagnosed PCOS alone (irregular cycles and hyperandrogen-
ism) were 30% more insulin resistant compared with controls. Prior
studies suggest that women with an NIH diagnosis of PCOS are more
IR than those diagnosed via Rotterdam criteria. However, most stud-
ies have used inaccurate measures of IR (Dewailly et al., 2006; Barber
et al., 2007; Panidis et al., 2012). In our current work, we advance the
field by showing that women diagnosed under the broader Rotterdam
criteria (two criteria of either: irregular cycles, polycystic ovaries and/
or hyperandrogenism) are 23% more insulin resistant than controls.
We also show similar rates of IR in studies using original NIH versus
those using Rotterdam criteria. Similarities in IR may be related to gen-
etic variations that are preserved across these criteria (Chen et al.,
2011; Day et al., 2015; Hayes et al., 2015), suggesting a homogenous
disease origin linked to insulin-related genes (Shi et al., 2012). In most
studies women with a ‘Rotterdam’ diagnosis of PCOS include those
meeting NIH criteria, a limitation of this review, although we have pre-
viously shown that even young lean women diagnosed by Rotterdam
criteria alone are insulin resistant (Stepto et al., 2013). This and the
lack of reporting by PCOS phenotype highlight the need for further
research.
Our meta-analysis allowed exploration of potential mediators or

moderators of IR in PCOS, including SHBG, testosterone, LH and
FSH. Here, we report that in PCOS compared with controls SHBG
had a strong inverse association with IR, confirming previous studies

(Wallace et al., 2013). This is consistent with mechanistic studies dem-
onstrating that SHBG production is suppressed by IR and hyperinsuli-
naemia (Le et al., 2012) and that SHBG concentrations increase with
insulin sensitiser treatment (Moghetti et al., 2000). Our work supports
the use of SHBG as a simple clinical marker of IR in women with
PCOS. We also confirm that SHBG is not only lower, but also less
variable in PCOS, compared with controls (Jayagopal et al., 2003),
with larger studies now needed to derive specific SHBG cut-off ranges
to predict IR. Furthermore, low SHBG is associated with adverse car-
diovascular risk factors, diabetes and metabolic syndrome, independ-
ent of obesity, all important clinical implications of IR in PCOS,
suggesting that SHBG may also be a useful clinical marker of metabolic
risk in PCOS.
The most consistently observed androgenic abnormality in PCOS is

elevated ‘free testosterone’ or calculated free androgen index, which
includes SHBG in the equation (Teede et al., 2011). This introduces a
confounder, and given that IR has a profound effect on SHBG, relation-
ships between androgens and IR should be studied independent of
SHBG. Here, we focussed on studies that reported total testosterone
levels. Our meta-analysis suggested a very likely moderate inverse rela-
tionship, with higher androgens associated with reduced IR, once cor-
rected for BMI. This is in contrast to our current understanding of the
interplay between androgens and IR (Diamanti-Kandarakis and Dunaif,
2012). However, caution is needed when interpreting these data as
radioimmunoassays (n = 10) and chemiluminescence immunoassays
(n = 9) were predominately used for the measurement of androgens,
which are less sensitive than mass spectrometry (n = 2) in detecting
androgen levels in women (Handelsman and Wartofsky, 2013). As we
transition to more accurate methods, greater insights may be gained
into the interrelationships between hyperandrogenism and IR in PCOS.

........................................................... .............................................................

.............................................................................................................................................................................................

Table IV Meta-analysed overall mean effect of PCOS and insulin sensitivity, the predicted unadjusted and adjusted
effects in study subgroups defined by BMI, age and diagnosis, and the effects of each of these moderators.

Unadjusted effects Adjusted effects

Effect,±CI (%) Qualitative inference Effect,±CI (%) Qualitative inference

Overall mean −27, ±6 Large****

Moderation by mean BMI

BMI=22 kg/m2 (lean) −20, ±6 Moderate**** −20, ±8† Large****

BMI=32 kg/m2 (overweight) −31, ±6 Very large**** −30, ±9† Very large****

Overweight PCOS versus lean PCOS −15, ±9 Moderate**** −13, ±13† Moderate***

Moderation by mean age

Age=22 years (younger) −17, ±14 Moderate*** −23, ±15‡ Large****

Age=32 years (older) −35, ±12 Very large**** −28, ±13‡ Large****

Older PCOS versus younger PCOS −21, ±23 Large (unclear) −7, ±32‡ Small (unclear)

Moderation by diagnosis

Rotterdam −24, ±8 Large**** −23, ±8§ Large****

NIH −30, ±8 Large**** −28, ±8§ Large****

NIH versus Rotterdam −8, ±14 Small** −6, ±11§ Small (unclear)

Mean ± 99% confidence limits.
Superscript alphabets (*, **, ***, ****) indicate likelihood that the true effect is substantial. A substantial reduction is reported as follows: *possibly, **likely, ***very likely, ****most likely.
†Adjusted to mean age (27 years) and mean diagnosis ((Rotterdam+NIH)/2).
‡Adjusted to mean BMI (27 kg/m2) and mean diagnosis.
§Adjusted to mean age and mean BMI.
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The unexplained residual differences between studies, represented
by the random effect, were large (~21%) but fell to moderate, when
all predictors were included in the model (Hopkins et al., 2009).
Therefore, the overall meta-analytic model did not account for all the
between-study variation in the effect of PCOS on insulin resistance.
Differences in study or subject characteristics, including inherent pro-
blems in analysing and reporting data from the euglycaemic–hyperinsu-
linaemic clamp, recruitment strategies, ethnicity and lifestyle factors

(Day et al., 2015) may account for some of the unexplained effects of
PCOS on IR. Other key factors may also influence IR in PCOS, includ-
ing low-grade inflammation (Shorakae et al., 2015) and sympathetic
nervous system dysfunction (Diamanti-Kandarakis and Dunaif, 2012;
Shorakae et al., 2015) and further research is needed to clarify key
mechanisms underpinning IR in PCOS.
The strength of this meta-analysis is the extensive and comprehen-

sive literature search and the focus on studies using gold standard
methods to measure IR. However, as with many systematic reviews
and meta-analyses, there are limitations. A meta-analysis cannot solve
inherent confounding problems in included studies, which may exag-
gerate or underestimate effects. There was a lack of available robust
trials and challenges of extracting reported data from the included
studies as outlined. None of the studies included in the meta-analysis
reported if the person running the clamps was blinded to the diagnosis
of the participant. The majority of articles included in this analysis were
of moderate to high risk of bias. Furthermore, not all identified studies
were included because of difficulties sourcing the required data from
original authors. The inability to acquire missing data from all eligible
studies is not unexpected and deemed part of the meta-analysis pro-
cess (Kelley et al., 2004). Inconsistent reporting of results made it
necessary to express variables as factors by dividing the given variable
in the PCOS group by that in the respective control group. Also end-
points varied (including units and scales). The body of evidence was
heterogeneous such that diagnostic criteria were not uniformly applied
with many studies only including women with NIH-diagnosed PCOS,
and few reporting reproductive phenotypes. Small sample sizes and
missing data limited evidence synthesis and meta-analysis. Despite
these limitations, this body of work considerably advances the field by
demonstrating that women with PCOS have an intrinsic IR.

Conclusion
We have completed the first comprehensive systematic review and
meta-analysis of IR on euglycaemic–hyperinsulinaemic clamp studies in
women with PCOS compared with controls. We have included 28

................................................. ..................................................

.............................................................................................................................................................................................

Table V Associations of differences in hormone concentrations with the difference in insulin sensitivity between women
with and without PCOS.

Hormones Percent difference in
[Hormone]a

Mean ± SD

Unadjusted effects Adjusted effects

Effectb (%)
Mean, ±99%CI

Qualitative inference Effectc (%)
Mean, ±99%CI

Qualitative inference

Sex hormone-binding globulin (n=16) −25 ± 21 −10, ±10 Small ↓*** −10, ±10 Small ↓**

LH (n=10) 88 ± 56 −3, ±44 Trivial (unclear) −11, ±27 Moderate (unclear)

Testosterone (n=20) 76 ± 42 7, ±21 Small (unclear) 18, ±18 Moderate ↑***

FSH (n=10) 0.9 ± 14 0, ±0.1 Trivial**** 0, ±0.1 Trivial****

Superscript alphabets (*, **, ***, ****) indicate the likelihood that the true effect is substantial. A substantial reduction is reported as follows: *possibly, **likely, ***very likely, ****most
likely.
↓ Indicates lower insulin sensitivity,
↑ indicates higher insulin sensitivity
n indicates the number of studies included.
aIndicates the between-study means and SD of the difference in the mean concentration of hormones in PCOS and control women.
bIndicates the difference in insulin sensitivity associated with the mean of the difference in the means (PCOS − control) of the hormone concentrations.
cIndicates the difference in insulin sensitivity associated with the mean of the difference in the means (PCOS − control) of the hormone concentrations when BMI is taken into
account.

Figure 3 The effect of BMI on the difference in insulin sensitivity
between PCOS and control groups. The dotted lines represent
magnitude-based thresholds. For an improvement in insulin sensitivity,
magnitude thresholds were 3.8, 12, 25, 48 and 120%, representing
small, moderate, large, very large and extra large, respectively; for
reduced insulin sensitivity, the corresponding magnitude thresholds
were −3.7, −11, −20, −31 and −53%.
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studies (741 women with PCOS and 1224 controls) with an overall
moderate risk of bias. We report that PCOS has an intrinsic IR with a
27% lower IS, independent of BMI, with results that are statistically
qualitatively ‘large’ and ‘most likely’, as defined here. We also report a
novel finding that BMI not only independently exacerbates IR in PCOS
but has a disproportionately greater impact on IR in PCOS than in con-
trols. We demonstrate that expanding diagnostic criteria to include
the more inclusive Rotterdam criteria (encompassing original NIH cri-
teria) appears to have a limited impact on IR in PCOS. Future studies
need to focus on IR across the PCOS phenotypes, as most studies fail
to report phenotype. This work supports the critical need for lifestyle
management, including exercise and dietary intervention, and highlights
the need for effective pharmacological insulin sensitisers to assist in the
management of IR and excess BMI in PCOS. Finally, we confirm that
SHBG has a strong relationship with IR in PCOS and may be a clinically
useful marker of IR and metabolic status in PCOS.
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Supplementary data are available at http://humrep.oxfordjournals.
org/.

Authors’ roles
S.C., M.L.M., H.J.T. and N.K.S. designed the research, S.C. and M.L.M.
performed the literature search, SC and C.S.S. independently
reviewed the articles, S.C. performed data extraction. W.G.H.
designed the meta-analyses models and W.G.H. and N.K.S. per-
formed the data analysis. S.C., M.L.M., C.S.S., W.G.H., H.J.T. and N.K.
S. participated in interpretation. S.C. wrote the manuscript and all
authors provided critical review of the manuscript draft and approved
the final version.

Funding
This work was supported by grants from the National Health &
Medical Research Council (NHMRC), grant number 606553 (H.J.T.,
N.K.S.), as well as Monash University. H.J.T. is an NHMRC Research
Fellow. N.K.S. is supported through the Australian Government’s
Collaborative Research Networks (CRN) programme. The funding
bodies played no role in the design, methods, data management or
analysis or in the decision to publish.

Conflict of interest
The authors have no conflict of interests to declare.

References
Adamska A, Karczewska-Kupczewska M, Nikolajuk A, Otziomek E,
Gorska M, Kowalska I, Straczkowski M. Normal metabolic flexibility des-
pite insulin resistance women with polycystic ovary syndrome. Endocr J
2013;60:1107–1113.

Aroda V, Ciaraldi TP, Chang SA, Dahan MH, Chang RJ, Henry RR.
Circulating and cellular adiponectin in polycystic ovary syndrome: rela-
tionship to glucose tolerance and insulin action. Fertil Steril 2008;89:
1200–1208.

Azziz R, Marin C, Hoq L, Badamgarav E, Song P. Health care-related eco-
nomic burden of the polycystic ovary syndrome during the reproductive
life span. J Clin Endocrinol Metab 2005;90:4650–4658.

Baillargeon JP, Carpentier A. Role of insulin in the hyperandrogenemia of
lean women with polycystic ovary syndrome and normal insulin sensitiv-
ity. Fertil Steril 2007;88:886–893.

Barber TM, Wass JA, McCarthy MI, Franks S. Metabolic characteristics of
women with polycystic ovaries and oligo-amenorrhoea but normal
androgen levels: implications for the management of polycystic ovary
syndrome. Clin Endocrinol (Oxf) 2007;66:513–517.

Boomsma CM, Eijkemans MJ, Hughes EG, Visser GH, Fauser BC, Macklon
NS. A meta-analysis of pregnancy outcomes in women with polycystic
ovary syndrome. Hum Reprod Update 2006;12:673–683.

Chen ZJ, Zhao H, He L, Shi Y, Qin Y, Shi Y, Li Z, You L, Zhao J, Liu J et al.
Genome-wide association study identifies susceptibility loci for polycys-
tic ovary syndrome on chromosome 2p16.3, 2p21 and 9q33.3. Nat
Genet 2011;43:55–59.

Cho KW, Zhou YJ, Sheng LA, Rui LY. Lipocalin-13 regulates glucose
metabolism by both insulin-dependent and insulin-independent mechan-
isms.Mol Cell Biol 2011;31:450–457.

Ciaraldi TP, Aroda V, Mudaliar S, Chang RJ, Henry RR. Polycystic ovary
syndrome is associated with tissue-specific differences in insulin resist-
ance. J Clin Endocrinol Metab 2009;94:157–163.

Ciaraldi TP, Aroda V, Mudaliar SR, Henry RR. Inflammatory cytokines and
chemokines, skeletal muscle and polycystic ovary syndrome: effects of
pioglitazone and metformin treatment.Metabolism 2013;62:1587–1596.

Day FR, Hinds DA, Tung JY, Stolk L, Styrkarsdottir U, Saxena R, Bjonnes
A, Broer L, Dunger DB, Halldorsson BV et al. Causal mechanisms and
balancing selection inferred from genetic associations with polycystic
ovary syndrome. Nat Commun 2015;6:8464.

DeFronzo RA, Tobin JD, Andres R. Glucose clamp technique: a method
for quantifying insulin secretion and resistance. Am J Physiol 1979;237:
E214–223.

Dewailly D, Catteau-Jonard S, Reyss AC, Leroy M, Pigny P.
Oligoanovulation with polycystic ovaries but not overt hyperandrogen-
ism. J Clin Endocrinol Metab 2006;91:3922–3927.

Diamanti-Kandarakis E, Dunaif A. Insulin resistance and the polycystic
ovary syndrome revisited: an update on mechanisms and implications.
Endocr Rev 2012;33:981–1030.

Dunaif A, Graf M. Insulin administration alters gonadal steroid metabol-
ism independent of changes in gonadotropin secretion in insulin-
resistant women with the polycystic ovary syndrome. J Clin Invest 1989;
83:23–29.

Dunaif A, Segal KR, Futterweit W, Dobrjansky A. Profound peripheral
insulin resistance, independent of obesity, in polycystic ovary syndrome.
Diabetes 1989;38:1165–1174.

Ehrmann DA, Schneider DJ, Sobel BE, Cavaghan MK, Imperial J,
Rosenfield RL, Polonsky KS. Troglitazone improves defects in insulin
action, insulin secretion, ovarian steroidogenesis, and fibrinolysis in
women with polycystic ovary syndrome. J Clin Endocrinol Metab 1997;
82:2108–2116.

Eriksen M, Porneki AD, Skov V, Burns JS, Beck-Nielsen H, Glintborg D,
Gaster M. Insulin resistance is not conserved in myotubes established
from women with PCOS. PLoS ONE 2010;5:e14469.

Eriksen MB, Minet AD, Glintborg D, Gaster M. Intact primary mitochon-
drial function in myotubes established from women with PCOS. J Clin
Endocrinol Metab 2011;96:E1298–1302.

Fauser BC, Tarlatzis BC, Rebar RW, Legro RS, Balen AH, Lobo R,
Carmina E, Chang J, Yildiz BO, Laven JS et al. Consensus on women’s
health aspects of polycystic ovary syndrome (PCOS): the Amsterdam
ESHRE/ASRM-Sponsored 3rd PCOS Consensus Workshop Group.
Fertil Steril 2012;97:28–38 e25.

2629Intrinsic insulin resistance and PCOS

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article/31/11/2619/2274340 by U
.S. D

epartm
ent of Justice user on 17 August 2022

http://HUMREP.oxfordjournals.org/lookup/suppl/doi:10.1093/humrep/dew243/-/DC1
http://HUMREP.oxfordjournals.org/lookup/suppl/doi:10.1093/humrep/dew243/-/DC1


Handelsman DJ, Wartofsky L. Requirement for mass spectrometry sex
steroid assays in the Journal of Clinical Endocrinology and Metabolism.
J Clin Endocrinol Metab 2013;98:3971–3973.

Harris CG. Finding the Evidence: Guide to the Best Available Evidence to
Support Development of Clinical Procedures at Monash Health, Melbourne,
Australia: Centre for Clinical Effectiveness, Monash Health, 2010.

Hayes MG, Urbanek M, Ehrmann DA, Armstrong LL, Lee JY, Sisk R,
Karaderi T, Barber TM, McCarthy MI, Franks S et al. Genome-wide
association of polycystic ovary syndrome implicates alterations in
gonadotropin secretion in European ancestry populations. Nat Commun
2015;6:7502.

Hopkins WG, Batterham AM. Error Rates, Decisive Outcomes and
Publication Bias with Several Inferential Methods. Sports Med 2016;46:
1563–1573.

Hopkins WG, Marshall SW, Batterham AM, Hanin J. Progressive statistics
for studies in sports medicine and exercise science. Med Sci Sports Exerc
2009;41:3–13.

Hutchison SK, Stepto NK, Harrison CL, Moran LJ, Strauss BJ, Teede HJ.
Effects of exercise on insulin resistance and body composition in over-
weight and obese women with and without polycystic ovary syndrome. J
Clin Endocrinol Metab 2011;96:E48–56.

Jayagopal V, Kilpatrick ES, Jennings PE, Hepburn DA, Atkin SL. The bio-
logical variation of testosterone and sex hormone-binding globulin
(SHBG) in polycystic ovarian syndrome: implications for SHBG as a sur-
rogate marker of insulin resistance. J Clin Endocrinol Metab 2003;88:
1528–1533.

Kahn BB, Flier JS. Obesity and insulin resistance. J Clin Invest 2000;106:
473–481.

Kelley GA, Kelley KS, Tran ZV. Retrieval of missing data for meta-analysis:
a practical example. Int J Technol Assess Health Care 2004;20:296–299.

Kiddy DS, Hamilton-Fairley D, Seppala M, Koistinen R, James VH, Reed
MJ, Franks S. Diet-induced changes in sex hormone binding globulin and
free testosterone in women with normal or polycystic ovaries: correl-
ation with serum insulin and insulin-like growth factor-I. Clin Endocrinol
(Oxf) 1989;31:757–763.

Kowalska I, Adamska A, Malecki MT, Karczewska-Kupczewska M,
Nikolajuk A, Szopa M, Gorska M, Straczkowski M. Impact of the FTO
gene variation on fat oxidation and its potential influence on body weight
in women with polycystic ovary syndrome. Clin Endocrinol (Oxf) 2012;77:
120–125.

Kowalska I, Straczkowski M, Nikolajuk A, Adamska A, Karczewska-
Kupczewska M, Otziomek E, Wolczynski S, Gorska M. Serum visfatin in
relation to insulin resistance and markers of hyperandrogenism in lean
and obese women with polycystic ovary syndrome. Hum Reprod 2007;
22:1824–1829.

Lasco A, Cucinotta D, Gigante A, Denuzzo G, Pedulla M, Trifiletti A,
Frisina N. No changes of peripheral insulin resistance in polycystic ovary
syndrome after long-term reduction of endogenous androgens with leu-
prolide. Eur J Endocrinol 1995;133:718–722.

Le TN, Nestler JE, Strauss JFIII, Wickham EPIII. Sex hormone-binding
globulin and type 2 diabetes mellitus. Trends Endocrinol Metab 2012;23:
32–40.

Leonhardt H, Gull B, Stener-Victorin E, Hellstrom M. Ovarian volume and
antral follicle count assessed by MRI and transvaginal ultrasonography: a
methodological study. Acta Radiol 2014;55:248–256.

Li W, Li Q. Dysregulation of glucose metabolism even in Chinese PCOS
women with normal glucose tolerance. Endocr J 2012;59:765–770.

Lim SS, Davies MJ, Norman RJ, Moran LJ. Overweight, obesity and central
obesity in women with polycystic ovary syndrome: a systematic review
and meta-analysis. Hum Reprod Update 2012;18:618–637.

Manneras-Holm L, Leonhardt H, Kullberg J, Jennische E, Oden A, Holm G,
Hellstrom M, Lonn L, Olivecrona G, Stener-Victorin E et al. Adipose tissue

has aberrant morphology and function in PCOS: enlarged adipocytes and
low serum adiponectin, but not circulating sex steroids, are strongly asso-
ciated with insulin resistance. J Clin Endocrinol Metab 2011;96:E304–311.

March WA, Moore VM, Willson KJ, Phillips DI, Norman RJ, Davies MJ.
The prevalence of polycystic ovary syndrome in a community sample
assessed under contrasting diagnostic criteria. Hum Reprod 2010;25:
544–551.

Micic D, Sumarac-Dumanovic M, Kendereski A, Cvijovic G, Zoric S,
Pejkovic D, Micic J, Milic N, Dieguez C, Casanueva FF. Total ghrelin
levels during acute insulin infusion in patients with polycystic ovary syn-
drome. J Endocrinol Invest 2007;30:820–827.

Misso ML, Teede HJ. Metformin in women with PCOS, cons. Endocrine
2015;48:428–433.

Moghetti P, Castello R, Negri C, Tosi F, Perrone F, Caputo M, Zanolin E,
Muggeo M. Metformin effects on clinical features, endocrine and meta-
bolic profiles, and insulin sensitivity in polycystic ovary syndrome: a ran-
domized, double-blind, placebo-controlled 6-month trial, followed by
open, long-term clinical evaluation. J Clin Endocrinol Metab 2000;85:
139–146.

Moran LJ, Teede HJ, Noakes M, Clifton PM, Norman RJ, Wittert GA. Sex
hormone binding globulin, but not testosterone, is associated with the
metabolic syndrome in overweight and obese women with polycystic
ovary syndrome. J Endocrinol Invest 2013;36:1004–1010.

Moret M, Stettler R, Rodieux F, Gaillard RC, Waeber G, Wirthner D,
Giusti V, Tappy L, Pralong FP. Insulin modulation of luteinizing hormone
secretion in normal female volunteers and lean polycystic ovary syn-
drome patients. Neuroendocrinology 2009;89:131–139.

Morin-Papunen LC, Vauhkonen I, Koivunen RM, Ruokonen A, Tapanainen
JS. Insulin sensitivity, insulin secretion, and metabolic and hormonal para-
meters in healthy women and women with polycystic ovarian syndrome.
Hum Reprod 2000;15:1266–1274.

Muniyappa R, Lee S, Chen H, Quon MJ. Current approaches for
assessing insulin sensitivity and resistance in vivo: advantages, limita-
tions, and appropriate usage. Am J Physiol Endocrinol Metab 2008;
294:E15–26.

Naderpoor N, Shorakae S, de Courten B, Misso ML, Moran LJ, Teede HJ.
Metformin and lifestyle modification in polycystic ovary syndrome: sys-
tematic review and meta-analysis. Hum Reprod Update 2015;21:560–
574.

National Institutes of Health N. Polycystic Ovray Syndrome. 2012.
Nestler JE, Powers LP, Matt DW, Steingold KA, Plymate SR, Rittmaster
RS, Clore JN, Blackard WG. A direct effect of hyperinsulinemia on ser-
um sex hormone-binding globulin levels in obese women with the poly-
cystic ovary syndrome. J Clin Endocrinol Metab 1991;72:83–89.

Nikolajuk A, Kowalska I, Karczewska-Kupczewska M, Adamska A,
Otziomek E, Wolczynski S, Kinalska I, Gorska M, Straczkowski M.
Serum soluble glycoprotein 130 concentration is inversely related to
insulin sensitivity in women with polycystic ovary syndrome. Diabetes
2010;59:1026–1029.

Norman RJ, Dewailly D, Legro RS, Hickey TE. Polycystic ovary syndrome.
Lancet 2007;370:685–697.

Oh JY, Lee JA, Lee H, Oh JY, Sung YA, Chung H. Serum C-reactive protein
levels in normal-weight polycystic ovary syndrome. Korean J Intern Med
2009;24:350–355.

Ovesen P, Moller J, Ingerslev HJ, Jorgensen JO, Mengel A, Schmitz O,
Alberti KG, Moller N. Normal basal and insulin-stimulated fuel metabol-
ism in lean women with the polycystic ovary syndrome. J Clin Endocrinol
Metab 1993;77:1636–1640.

Panidis D, Tziomalos K, Misichronis G, Papadakis E, Betsas G, Katsikis I,
Macut D. Insulin resistance and endocrine characteristics of the different
phenotypes of polycystic ovary syndrome: a prospective study. Hum
Reprod 2012;27:541–549.

2630 Cassar et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article/31/11/2619/2274340 by U
.S. D

epartm
ent of Justice user on 17 August 2022



Park HR, Choi Y, Lee HJ, Oh JY, Hong YS, Sung YA. Phenotypic charac-
teristics according to insulin sensitivity in non-obese Korean women
with polycystic ovary syndrome. Diabetes Res Clin Pract 2007;77:
S233–237.

Park KH, Kim JY, Ahn CW, Song YD, Lim SK, Lee HC. Polycystic ovarian
syndrome (PCOS) and insulin resistance. Int J Gynaecol Obstet 2001;74:
261–267.

Patel K, Coffler MS, Dahan MH, Yoo RY, Lawson MA, Malcom PJ, Chang
RJ. Increased luteinizing hormone secretion in women with polycystic
ovary syndrome is unaltered by prolonged insulin infusion. J Clin
Endocrinol Metab 2003;88:5456–5461.

Shi Y, Zhao H, Shi Y, Cao Y, Yang D, Li Z, Zhang B, Liang X, Li T, Chen J
et al. Genome-wide association study identifies eight new risk loci for
polycystic ovary syndrome. Nat Genet 2012;44:1020–1025.

Shorakae S, Teede H, de Courten B, Lambert G, Boyle J, Moran LJ. The
Emerging Role of Chronic Low-Grade Inflammation in the
Pathophysiology of Polycystic Ovary Syndrome. Semin Reprod Med
2015;33:257–269.

Snowling NJ, Hopkins WG. Effects of different modes of exercise training
on glucose control and risk factors for complications in type 2 diabetic
patients: a meta-analysis. Diabetes Care 2006;29:2518–2527.

Stepto NK, Cassar S, Joham AE, Hutchison SK, Harrison CL, Goldstein RF,
Teede HJ. Women with polycystic ovary syndrome have intrinsic insulin
resistance on euglycaemic-hyperinsulaemic clamp. Hum Reprod 2013;28:
777–784.

Sterne JA, Davey Smith G. Sifting the evidence-what’s wrong with signifi-
cance tests? BMJ 2001;322:226–231.

Svendsen PF, Nilas L, Norgaard K, Jensen JE, Madsbad S. Obesity, body
composition and metabolic disturbances in polycystic ovary syndrome.
Hum Reprod 2008;23:2113–2121.

Teede H, Deeks A, Moran L. Polycystic ovary syndrome: A complex con-
dition with psychological, reproductive and metabolic manifestations
that impacts on health across the lifespan. BMC Med 2010;8:41. doi: 10.
1186/1741-7015-8-41.

Teede HJ, Hutchison SK, Zoungas S. The management of insulin resistance
in polycystic ovary syndrome. Trends Endocrinol Metab 2007;18:273–279.

Teede HJ, Joham AE, Paul E, Moran LJ, Loxton D, Jolley D, Lombard C.
Longitudinal weight gain in women identified with polycystic ovary syn-
drome: results of an observational study in young women. Obesity (Silver
Spring) 2013;21:1526–1532.

Teede HJ, Misso ML, Deeks AA, Moran LJ, Stuckey BG, Wong JL, Norman RJ,
Costello MF. Assessment and management of polycystic ovary syndrome:
summary of an evidence-based guideline.Med J Aust 2011;195:S65–112.

Tosi F, Dorizzi R, Castello R, Maffeis C, Spiazzi G, Zoppini G, Muggeo M,
Moghetti P. Body fat and insulin resistance independently predict
increased serum C-reactive protein in hyperandrogenic women with
polycystic ovary syndrome. Eur J Endocrinol 2009;161:737–745.

Vrbikova J, Cibula D, Dvorakova K, Stanicka S, Sindelka G, Hill M, Fanta M,
Vondra K, Skrha J. Insulin sensitivity in women with polycystic ovary syn-
drome. J Clin Endocrinol Metab 2004;89:2942–2945.

Wallace IR, McKinley MC, Bell PM, Hunter SJ. Sex hormone binding globu-
lin and insulin resistance. Clin Endocrinol (Oxf) 2013;78:321–329.

Wu J, Wu Y, Zhang X, Li S, Lu D, Li S, Yang G, Liu D. Elevated serum
thioredoxin-interacting protein in women with polycystic ovary syn-
drome is associated with insulin resistance. Clin Endocrinol (Oxf) 2014;80:
538–544.

Yang M. A Review of Random Effects Modelling in SAS (Release 8.2). London:
London, Centre for Multilevel Modelling, 2003.

Yang M, Liu R, Li S, Luo Y, Zhang Y, Zhang L, Liu D, Wang Y, Xiong Z,
Boden G et al. Zinc-alpha2-glycoprotein is associated with insulin resist-
ance in humans and is regulated by hyperglycemia, hyperinsulinemia, or
liraglutide administration: cross-sectional and interventional studies in
normal subjects, insulin-resistant subjects, and subjects with newly diag-
nosed diabetes. Diabetes Care 2013;36:1074–1082.

Yang S, Li Q, Song Y, Tian B, Cheng Q, Qing H, Zhong L, Xia W. Serum
complement C3 has a stronger association with insulin resistance than
high-sensitivity C-reactive protein in women with polycystic ovary syn-
drome. Fertil Steril 2011;95:1749–1753.

2631Intrinsic insulin resistance and PCOS

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article/31/11/2619/2274340 by U
.S. D

epartm
ent of Justice user on 17 August 2022


	Insulin resistance in polycystic ovary syndrome: a systematic review and meta-analysis of euglycaemic–hyperinsulinaemic cla...
	Introduction
	Materials and Methods
	Data sources and searches
	Study selection
	Data extraction and quality assessment
	Data synthesis and analysis
	Publication bias and outliers
	Inferential statistics

	Results
	Overall relationship between IS and PCOS
	Moderating effects of BMI on IS
	Moderating effects of age on IS
	Moderating effects of diagnostic criteria as a surrogate for phenotype
	IS, SHBG and hormone concentrations

	Discussion
	Conclusion
	Supplementary data
	Authors’ roles
	Funding
	Conflict of interest
	References


