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Abstract

Introduction: Polycystic ovary syndrome (PCOS) is the most common endocrine condition
among women. Previous studies hypothesised increased risk of NAFLD, OSA, and
dysglycaemia among women with PCOS, but the role of BMI and serum androgens in this

association was unclear.

Objective: We aimed, 1) To determine the risk of NAFLD, OSA and dysglycaemia among
women with PCOS compared to women without PCOS. 2) To determine if risk of these
outcomes is independent of BMI, 3) To determine the role of serum sex hormones (serum
testosterone and serum Sex Hormone Binding Globulin -SHBG) on the risk of NAFLD and
dysglycaemia, 4) To determine the risk factors (including clinical androgen excess features such

as hirsutism) for these outcomes among the women with PCOS.

Methods: We used the DEXtER app to extract three types of retrospective cohorts from a UK
primary care database (THIN) for primary analysis and additional cohorts for sensitivity
analysis. Women between the ages of 18 and 50 were eligible to be included in the study. The
study period was 2000 to 2016. The primary cohorts included around 63,000 women with
PCOS and around 120,000 women without PCOS who were matched for general practice, age
(+1 year) and BMI (2 kg/m?). We also developed additional independent cohorts of around
70,000 women with serum testosterone measurements, and around 40,000 women with serum
SHBG measurements for NAFLD and dysglycaemia outcomes separately. We performed Cox
regression with adjustment for important covariates and performed sensitivity analysis by
restricting the analysis to incident exposures and PCOS only codes. We performed sub-group
analysis and Cox regression to verify if the risk is independent of BMI. We used STATA

software for the data analysis.



Results and conclusion: Compared to women without PCOS, women with PCOS had nearly
twice the risk for NAFLD (adjusted HR = 2.23, 95% CI 1.86 + 2.66, p < 0.001), OSA (adjusted
HR = 2.26, 95% CI: 1.89-2.69, P < 0.001), and dysglycemia (adjusted HR = 1.87, 95% ClI:
1.78-1.97, P < 0.001). This risk was similar in sensitivity analyses. The risk was independent of
BMI for all three outcomes. We also observed the risk was higher with higher levels of serum
testosterone and lower levels of serum SHBG for NAFLD and dysglycaemia. Clinical androgen
excess features were risk factors for all three outcomes in women with PCOS. This study has
limitations that are common to primary care database studies, such as its retrospective design,
the lack of detailed information on the criteria used to diagnose PCOS and NAFLD, and OSA,

and the lack of data on the laboratory assays used to measure serum androgens.

Conclusion: Compared to women without PCOS, women with PCOS have higher risk for
NAFLD, OSA and dysglycaemia which is independent of BMI. We recommend a lower
threshold for screening for NAFLD, OSA, and dysglycaemia among women with PCOS, and

exploring the possibility of clinical trials to reduce this risk by managing androgen excess.



""To ask the right question is half the battle."

- Roman statesman and philosopher Cicero

“The first step to answering a question is to understand it.”

- Aristotle

(These two quotes were the first two pieces of advice given to me by Prof. Arri Coomarasamy)
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Chapter 1: General Introduction

1.1. Definition of polycystic ovary syndrome

1.1.1. Establishing the diagnosis of Polycystic ovary syndrome

Polycystic ovary syndrome (PCOS) is the most common endocrine disorder among women.
The PCOS, though this condition was not named then, was initially presented using a case
series of seven women with amenorrhea and bilateral polycystic ovaries (Stein and
Leventhal, 1935). Since then, the diagnosis of PCOS has evolved from clinical,
morphological, and histological diagnosis and with the evolution of diagnostic facilities, it
incorporated pneumoroentgenography, hormonal assay and ultrasonography (Wang and Mol,
2017). There is no single test to diagnose PCOS and a syndromic approach with a
combination of more than one feature is used (Azziz et al., 2006). The most widely accepted
diagnostic criteria currently is based on presence of two of three features: androgen excess
(clinical or biochemical), ovulatory dysfunction and polycystic ovary (Pasquali and

Gambineri, 2015; Teede et al., 2018a).

1.1.2. Clinical androgen excess

Clinical androgen excess includes hirsutism, acne, androgenic alopecia in women (female
pattern hair loss), and ovulatory dysfunction (Lizneva et al., 2016a). Hirsutism is commonly
graded by visual inspection of nine areas using modified Ferriman and Gallwey scoring
(Yildiz et al., 2010). Adult acne is also graded by visual inspection using rating scales such as
Acne Severity Index (Hacivelioglu et al., 2013), Global Evaluation Acne grading scale,
Burke and Cunliffe counting method and adult female acne scoring tool (Carmina et al.,
2022). Evaluation of biochemical androgen levels is recommended in women with acne

irrespective of the severity of acne and treatment with oral combined estroprogestins if
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androgen excess isconfirmed (Carmina et al., 2022). Alopecia is classified based on various
scales proposed by Hamilton, Ogata, Feit, Setty, Rook and Dawber, Bouhanna, Blanchard
and Blanchard, Savin (Bouhanna, 2000), and Ludwig (Ludwig, 1977). Anovulation along
with hyper-androgen is highly suggestive of PCOS (Wierman, 2021). Among 881
premenopausal women with chronic anovulation in the UK, 89% were women with PCOS

(Elhassan et al., 2018).

1.1.3. Biochemical androgen excess

Biochemical androgen excess is defined as presence of more than normal quantities of serum
total  testosterone,  androstenedione  (A4),  dehydroepiandrosterone  (DHEA),
dehydroepiandrosterone sulphate (DHEAS), 11-Oxygenated androgens, dexamethasone
suppression testing, GnRH analogue test, short synacthen test and ovarian and adrenal venous
sampling (Cussen et al., 2022). Serum total testosterone level is affected by other proteins
such as sex hormone binding globulins (SHBG) (Pardridge, 1986). Therefore, serum SHBG
is also an important biomarker for predicting PCOS risk (Deswal et al., 2018). Unlike the
total serum testosterone, androstenedione (A4) is not affected by SHBG and hence a more
reliable marker of androgen excess (O’Reilly et al., 2014). DHEAS/free androgen index ratio
predicts a favourable metabolic profile in women with PCOS (Nadir et al., 2019). In addition
to the determining androgen excess, 11-Oxygenated androgens (Tosi et al., 2022)

differentiate the ovarian and adrenal-specific origin (Turcu and Auchus, 2017).

1.1.4. Chronic anovulation

Chronic anovulation is defined when a woman having fewer than eight menstrual cycle per
year (Lujan et al., 2008). Diagnosis of anovulation needs to consider the age of the women as
an important aspect (Pasquali and Gambineri, 2015). Adolescent women take around one

year to get regular menstruation and menstrual age should be considered in interpreting
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anovulation among adolescent women (Rosenfield, 2013). In adult women, prior to

attributing the chronic anovulation with PCOS, we need to exclude the other causes for

anovulation suchas pregnancy, excess weight or excessive exercise, premature ovarian failure

subclinical or overt thyroid dysfunction and hyperprolactinemia (Rebar, 2000). The use of

oral contraceptive pills may mask chronic anovulation (Pasquali and Gambineri, 2015).

Table 1.1. Potential androgens in PCOS

Androgen

Role in PCOS

Testosterone (T)

Elevated levels in women with hyperandrogenic PCOS.

Influences hirsutism and other androgen-related symptoms.

Androstenedione (A4)

A pro-androgen precursor. Elevated levels in hyperandrogenic PCOS.

Dehydroepiandrosterone

Sulfate (DHEAS)

Another pro-androgen precursor.

Elevated levels in hyperandrogenic PCOS.

11-Oxygenated

Androgens

Preponderant circulating androgens in women with PCOS.

Their pathophysiological significance is still being studied.

Dihydrotestosterone

(DHT)

A potent androgen derived from testosterone. Associated with the

development of sex characteristics, bone health, and sex drive.

Androstenediol (A5)

Used to make sex hormones estrogen and testosterone.

Androsterone

A byproduct of testosterone breakdown.

1.1.5. Polycystic ovaries

Polycystic ovaries were initially reported in laparotomies, gynaecological pan-roentgeno-

graphies (Stein and Leventhal, 1935) and autopsies (Sommers and Wadman, 1956).

Introduction of ultrasound scanning greatly improved the non-invasive diagnosis of

polycystic ovaries with a sensitivity of 91% and specificity of 100% when verified against

laparoscopic inspection (Fox and Hull, 1993). PCO in ultrasound scan is defined as either 12

or more follicles measuring 2+9 mm in diameter or increased (>10 cm3) ovarian volume
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(Balen et al., 2003). The cut-off for ovarian volume and follicle number needs to decrease
with increasing age (Kim et al., 2017). Although a transvaginal ultrasound scan may
havesome discomfort to the patient, it is preferred over a transabdominal ultrasound scan due
to its accuracy, high resolution, operator friendly and no need to have full bladder (Goldstein,
1990). In an overweight population, ovarian volume was underestimated by two-dimensional
ultrasound scan than three- d i m e nsi o n a | ultrasound scan and MRI scan and antral
follicle count estimated by dimensional ultrasound scan was better correlated with serum
Anti-Mullerian hormone (AMH)-assays followed by MRI and two-dimensional ultrasound

scan (Nylander et al., 2017).

1.1.6. Evolution of criteria for the diagnosis of PCOS

Therefore, various criteria have been proposed for the diagnosis of PCOS. The diagnosis of

Stein Leventhal syndrome constituted anovulation, infertility, hirsutism, and bilateral
polycystic ovaries (Stien, 1952). The first-ever dedicated conference for PCOS was held in

1990 by the National Institutes of Health—National Institute of Child Health and Human
Development and developed the NIH Diagnostic Criteria for PCOS which included chronic
anovulation and androgen excess while excluding the secondary causes such as adult-onset
congenital adrenal hyperplasia, androgen-secreting neoplasms, and hyperprolactinemia
(Legro, 2003). Notably, NIH diagnostic criteria did not include polycystic ovaries as one of
the criteria. The need to include international consensus was emphasised (Balen and

Michelmore, 2002).

Around 15 years later, the second conference was conducted jointly by the European Society
of Human Reproduction and Embryology (ESHRE) and The American Society for
Reproductive Medicine (ASRM) in Rotterdam and developed the Revised 2003 consensus on
diagnostic criteria for PCOS, also commonly known as Rotterdam criteria (Rotterdam

ESHRE/ASRM-Sponsored PCOS consensus workshop group, 2004). In the Rotterdam
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criteria, PCOS is diagnosed after exclusion of secondary causes and based on the presence of
at least two of the three features namely, menstrual, or ovulatory dysfunction, clinical or
biochemical hyperandrogenism and polycystic ovarian morphology on ultrasonography

(Legro et al., 2013; Teede et al., 2018b; Conway et al., 2014).

The diagnosis of PCOS results in various consequences to the patients, their siblings and
healthcare system with the follow-up care and the need for robust criteria was emphasised.
Hence, the Androgen Excess Society released a position statement on the Criteria for
Defining Polycystic Ovary Syndrome as a Predominantly Hyperandrogenic Syndrome (Azziz
et al., 2006). Combining these three features forms four phenotypes (Conway et al., 2014).

Table 1.1. Criteria for the diagnosis of PCOS

NIH Rotterdam Androgen Excess and
Criteria Criteria criteria PCOS Society criteria
Year 1990 2003 2009

Hyperandrogenism | Compulsory | Two of the three | Compulsory

Oligomenorrhea or polycystic

Oligomenorrhea Compulsory | Two of the three | ovaries

Oligomenorrhea or polycystic

Polycystic ovaries | Not required | Two of the three | ovaries

1.2. Phenotypes of PCOS

In 2016, phenotypes of PCOS were categorised into Phenotype A (having androgen excess,

ovulatory dysfunction and polycystic ovaries), Phenotype B (having androgen excess and
ovulatory dysfunction), Phenotype C (having androgen excess and polycystic ovaries) and
Phenotype D (having ovulatory dysfunction and polycystic ovaries) (Lizneva et al., 2016b).

A recommendation on phenotypic research among women with PCOS is also developed
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(Azziz et al., 2019).

1.3.  Underlying pathophysiology

The pathophysiology of PCOS involves a self-perpetuating vicious cycle (Witchel et al.,
2019) with multifactorial involvement of ovarian dysfunction especially partial
folliculogenesis arrest (Azziz et al., 2016), neuroendocrine axis dysfunction (Silva and
Campbell, 2022) or gonadotropin derangement or aberrant gonadotropin secretion
(MccCartney et al., 2022), endocrine (Emanuel et al., 2022), androgen excess (Kempegowda
et al., 2020), insulin resistance (Moghetti and Tosi, 2021; Chen et al., 2022c), adipose tissue
dysfunction (Azziz, 2021), familial clustering (Lunde et al., 1989), polygenic origin (Khan et
al., 2019), omics (Pei et al., 2021), chronic inflammation (Rudnicka et al., 2021), Oxidative
stress or antioxidant imbalance (Rudnicka et al., 2022) and environmental factors such as
environmental endocrine disruptors (Dunn, 2021), diet and gut microbiota (Tremellen and

Pearce, 2012).

The pathophysiology of PCOS evolved greatly over the last century. Stein and Leventhal
believed that the bilateral polycystic ovaries were most likely due to the hormonal origin
rather than inflammation. They also believed that the mechanical congestion of the cortex of
the ovary by cysts was the cause of the amenorrhea and sterility (Stein and Leventhal, 1935).
Based on autopsies of 24 women and two children with bilateral polycystic ovaries,
Sommers and Wadman attributed pituitary basophilism with FSH hypersecretion possibility

under the hypothalamic control as the cause for the changes in the ovaries (Sommers and

Wadman, 1956). Hypothalamus-Pituitary-Ovary (HPO) axis regulates the process of

ovulation (Berga and Naftolin, 2012).
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1.4. Epidemiology of PCOS

1.4.1. Prevalence of PCOS

Reproductive aged women of all races and ethnicities are affected by PCOS (Wolf et al.,
2018). Prevalence of PCOS is 6% to 10% (Bozdag et al., 2016). Prevalence of PCOS should
consider the diagnostic criteria used in the estimation as the PCOS prevalence varied from
6.2% through 15% to 19.5% in a meta-analysis of studies conducted in the Europe and US
using NIH 1990, ES-PCOS diagnostic criteria and ESHRE/ASRM 2003 criteria respectively
(Chiaffarino et al., 2022). This has also implication for the interpretation of trend of PCOS
prevalence. Repetitive surveys using same diagnostic criteria from 2010 to 2020 have also
shown an increase in the prevalence of PCOS in all age groups from 5.6% to 8.6% in China

(Yang et al., 2022).

1.4.2. Incidence of PCOS

In the three decades since 1990, incident cases of PCOS increased by 54% and age

standardised incidence rates also 46 per 100,000 to 60 per 100,000 (Gao et al., 2023).

1.4.3. Age related distribution and natural progression of PCOS

Highest incidence of PCOS was observed among 15 to 19 age group followed by 10 to 14
years (Gao et al., 2023). Prevalence of PCOS declined over the age in the China Fertility
Survey of Married Women although the findings are limited by restriction to married women
(Yang et al., 2022). Diagnosis of PCOS was made at the mean age of 26.9 years in a

population based retrospective cohort in the Washington, United States (Yu et al., 2023).

Phenotype of PCOS among the women visiting outpatient clinic repeatedly in a panel study

varied over the age. Phenotype A (Ovulatory dysfunction, hyperandrogenism and polycystic

ovaries) was the predominant phenotype in twenties, and it declined over the age sharply.
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Phenotype C (Hyperandrogenism and polycystic ovaries) was the least frequent among
twenties, and its proportion sharply increased to become most common phenotype among
fifties (van Keizerswaard et al., 2022). Although, this study among clinic participants would
have been affected by selection bias, this may reflect the change in the indication for clinic

visit among the women with PCOS with increasing age (Kim and Wild, 2022).

Lean women with PCOS experienced an age dependent gradual improvement in insulin
resistance, androgen levels, and lipid profiles with advancing age in a cohort of Caucasian
women (Livadas et al., 2020). Observation of similar findings in a Brazilian cohort supported
the need for the development of an age-adjusted diagnostic criteria for PCOS (de Medeiros et

al., 2020).

1.4.4. Ethnicity-related distribution of PCOS

Comparison of PCOS distribution by ethnicity is not a straightforward process as many
aspects of PCOS vary greatly by ethnicity, such as clinical and biochemical androgen excess,

anovulation, ovarian morphology, and psychological conditions.

A systematic review of 35 articles which summarised the association between ethnicity and
PCOS, subdivided PCOS into many ethnicity-based categories, namely black (bPCOS), East
Asian (eaPCQOS), Hispanic (hPCOS), Middle Eastern (mePCQOS), South Asian (saPCOS) and
White (wPCQOS) (Sendur and Yildiz, 2021). Among the women with PCOS and when
compared to white women (wWPCQS), hirsutism was less among east Asian women (eaPCQOS)
and more among Hispanic (hPCOS), South Asian (saPCOS) and Middle Eastern women
(mePCOS) (Table 2.1). A higher cut-off for modified Ferriman and Gallwey scoring is
recommended for Hispanic and Middle Eastern women while a lower cut-off for East Asian

women (Chan et al., 2017).
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Table 1.2. Distribution of PCOS features by ethnicity

Middle South
Ethnicity Black East Asian | Hispanic | Eastern Asian White
Abbreviation for
ethnicity (bPCOS) (eaPCOS) | (hPCOS) | (mePCOS) | (saPCQOS) | (wPCOQOS)
Hirsutism More Less More More More Ref*
Modified FG Scoring
Cut-off Lower Lower Higher Higher Lower Ref
Androgen
Concentrations
(DHEAS) Higher Higher - Higher Higher Ref
SHBG
Concentrations Lower Lower Lower Lower Lower Ref
Higher
BMI and Central central Lower
Obesity obesity Lower BMI | - - BMI Ref
Insulin Resistance Higher Higher Higher Higher Higher Ref
Lipid Profile Better - - - - Ref
Increased
risk
Blood Pressure and for higher
Cardiovascular Risk | BP - - - - Ref

* Reference level

Higher androgen and lower sex hormone-binding globulin (SHBG) concentrations were

observed among saPCOS. Compared to wPCOS, 1) DHEAS concentrations were higher

among mePCQOS, 2) lower SHBG and DHEAS measures were observed among hPCOS and
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bPCOS. Lower BMI and higher central obesity were documented among saPCOS and
eaPCOS while the BMI was higher among hPCOS and bPCOS. Compared to wPCOS, the
prevalence of insulin resistance was higher among saPCOS, mePCOS, hPCOS and bPCOS.
Although bPCOS had a better lipid profile, they had a higher blood pressure and increased

cardiovascular risk.

Although hirsutism is more prominent among South Indian and Middle Eastern women when
compared to East Asian and Caucasian women (VanHise et al., 2023), circulating levels of
androgen demonstrates a weaker correlation with the severity of hirsutism (Legro et al.,
2010). Variation in the presentation of each clinical androgen features is believed to be
mediated by tissue-specific variations in the dysregulation threshold of biochemical androgen

excess (Dong & Rees, 2023).

Although polycystic ovarian morphology did not show ethnic variation in many studies,
prevalence of polycystic ovarian morphology was higher among Caucasian women than
Middle Eastern women (Glintborg et al., 2010) and it varied among various subgroups of

Caucasian women (Chan et al., 2017).

East Asian women had more frequent menstrual irregularities (Wang et al., 2013) while
South Asian women tend to have at a lower age (Wijeyaratne et al., 2002). Early onset of
symptoms and delayed health seeking is observed among ethnic Indian women globally (Rao

etal., 2022).

When compared with wPCQOS, obesity was higher among hPCOS and bPCQOS, and was lower
among Asian women with PCOS; diabetes was higher among Asian women with PCOS and

hPCQOS; hypertension was higher among bPCOS and lower among hPCOS (Lo et al., 2006).

Diabetes risk was higher among South Asian and Filipino women than Chinese women (Guo
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et al., 2021). Overall cardiometabolic risk was higher for Black women in the US than the

White women (Kazemi et al., 2021).

Emotional and sexual dysfunction was relatively higher among non-white women and
women born in Indian. At the same time, body image concerns and weight stigma were
relatively higher among white women and women born in the UK (Sheikh et al., 2023).
White women with PCOS had a relatively higher prevalence of anxiety than the black women

with PCOS (Alur- Gupta et al., 2021).

1.5. Factors associated with PCOS or cardiometabolic conditions.

1.5.1. Body mass index

Obesity has been attributed to causing cardiovascular complications in women with PCOS.
Overweight and obese women had reduced levels of Sex Hormone Binding Globulin (SHBG)
and increased levels of total testosterone with increased insulin resistance features (Lim et al.,
2013). Recent reviews confirm that non-obese women with PCO are also at an increased risk
of long-term complications of cardiometabolic conditions (Zhu et al., 2019). A recent review
proposes diabetes, polycystic ovarian syndrome, obstructive sleep apnoea, and obesity as an
emerging theme and iterates the need to focus on the distribution of fat such as visceral
adiposity and adiposity around the neck rather than using the conventional measure of BMI

(Bambhroliya et al., 2022).

1.5.2. Thyroid conditions

Incidence of thyroid conditions were remarkably and significantly higher among a Danish
cohort of 18,476 women with PCOS (Glintborg et al., 2019). Mean TSH levels were higher
in adolescents with PCOS than those without PCOS (Garcia-Beltran et al., 2023). Higher

TSH level was associated with hyperandrogenism in euthyroid women with PCOS
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independent of age, BMI and thyroid autoimmunity (Cai et al., 2019).

Early evidence from nine studies showed increased levels of total cholesterol and fasting
glucose in women with comorbidity of subclinical hypothyroidism and PCOS when
compared with women with PCOS but euthyroid (Xing et al., 2021; De Medeiros et al.,
2018). Besides the adverse impact on glucose and lipid metabolism, subclinical
hypothyroidism in PCOS women increases the risk of fertility issues (Peddemul et al.,
2022). Women with PCOS had a 2.9 times higher risk of having subclinical hypothyroidism
when compared to women without PCOS (Ding et al., 2018b). Autoimmune thyroid disease
was 3.3 times higher among women with PCOS and the risk varied based on ethnicity with
descending risk among South Asian (OR=4.6), Europeans (OR=3.3) and South Americans
(OR=1.9) (Romitti et al., 2018). Therefore, it is recommended not to exclude a diagnosis of

PCOS in women with subclinical hypothyroidism (Freitas De-Medeiros et al., 2017).

1.5.3. Social deprivation or socioeconomic condition

Lower socioeconomic status was associated with PCOS while among the women with PCOS,
women with higher BMI and women of foreign origin had lower socioeconomic status in a
register-based Danish cohort (Rubin et al., 2019). The prevalence of PCOS was relatively
higher among those with lower parental education (Merkin et al., 2011). Neighbourhood
conditions were associated with overweight and obesity among youth in Ireland and the UK
(Cronin et al., 2022). A systematic review in the UK observed a trend towards an association
between socioeconomic status and cardiometabolic conditions such as cardiovascular
diseases, diabetes and obesity among the migrants in the UK (Ismail et al., 2022). Obstructive
sleep apnoea risk was higher among low socioeconomic group irrespective of age and sex
(EtindeleSosso and Matos, 2021). Risk of NAFLD was higher among the low socioeconomic
group in Korea (Cho et al., 2021). Ealy life economic inequalities were associated with

diabetes outcome among the participants of The Maastricht Study (Derks et al., 2017).
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1.6. Existing evidence on PCOS and cardiometabolic conditions

1.6.1. PCOS and Metabolic syndrome

Metabolic syndrome is commonly diagnosed using at least any three of the following five
risk factors namely dysglycaemia, obesity (specifically central adiposity), hypertension,
increased serum triglycerides level and low high-density lipoprotein-cholesterol levels
(Nwankwo et al., 2022). Adolescents with PCOS had three times higher odds of having
metabolic syndrome than their controls (Fu et al., 2023b). Metabolic syndrome demonstrating
a familial clustering among the first-degree relatives of women with PCOS (Yilmaz et al.,

2018) denotes the strong genetic predisposition of these two conditions.

A meta-analysis published prior to our study reported that the increased risk for metabolic
syndrome was associated with obesity and metabolic features and not with the androgen
excess (Lim et al., 2019). Hence, our study aimed in determining the role of androgen excess

in the association between PCOS and cardiometabolic conditions.

1.6.2. Non-Alcoholic Fatty Liver Disease

The prevalence of NAFLD is 29.4% in the general population as estimated in a meta-analysis
of 578 studies and the prevalence remarkably increases in overweight (69.99%) and in obese
(75.27%) as reported in a meta-analysis of 151 studies (Quek et al., 2023). Although the
prevalence of NAFLD was lower among women (25.6%) compared to men (39.7%) (Riazi et
al., 2022), women have increased risk of advanced fibrosis than men (Balakrishnan, 2021).
Incidence of NAFLD is estimated to be 46 new cases per 1000 person-years and the

incidence rate has increased by three-fold between 2000 and 2015 (Le et al., 2023).

Occurrence of NAFLD is associated with tamoxifen use (Lee et al., 2020), a dose-dependent
increase in consumption of sugar sweeteners (Chen et al., 2019) which might have been a

confounder with fat intake, a dose dependent decrease in physical activity (Qiu et al., 2017),
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NAFLD was associated with increased risk of many cardiometabolic condition, namely, all-
cause, CVD and cancer related mortality in a meta-analysis of 10 million patients (Fu et al.,
2023a), stroke (Tang et al., 2022), incident heart failure (Li et al., 2022), incident
hypertension (Ciardullo et al., 2022), chronic kidney disease (Chen et al., 2023), gestational
diabetes independent of the risk of development of T2DM (Chai et al., 2021; Lavrentaki et

al., 2019), and incident diabetes (Mantovani et al., 2021).

PCOS and NAFLD are expected to have a common origin, possibly be through
hyperandrogenism, as PCOS is considered an ovarian expression of metabolic syndrome.

In contrast, NAFLD is considered a hepatic expression of metabolic syndrome

(Baranova et al., 2011). NAFLD was associated with an 80% increased risk for incident

metabolic syndrome (Ballestri et al., 2016).

1.6.3. Obstructive Sleep Apnoea

Obstructive sleep apnoea is apnoea during sleep due to upper airway obstruction. Although
prevalence of OSA is estimated as 54% (de Araujo Dantas et al., 2023) and 55% (Aini et al.,
2023) in two meta-analyses, their validity is compromised due to the incorporation of both
diagnostic and screening estimates and non-standardisation of age. Globally, moderate to
severe OSA is estimated to be 425 million (399-450) among adults aged 30-69 years
(Benjafield et al., 2019). The prevalence of OSA among women with PCOS is 35% (Kahal et
al., 2020). A Markov model estimation in lifetables of the Australian working age (20 to 65
years) population reported that a 10% reduction of OSA prevalence would result in the
prevention of 16,701 deaths, 47,542 cardiovascular events, 88,583 episodes of major
depression, and 476 vehicle-related accidents with more than AU$25 billion gain in the gross

domestic product (Marquina et al., 2023).

The gold standard option to diagnose OSA is level 1 polysomnography and for convenience
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and to cost-effectiveness (Natsky et al., 2022) levels Il to IV, such as portable devices
(Shayeb et al., 2014) and non-contact methods (Khalil et al., 2023) are used. Methods used
for screening for OSA include questionnaires (Bernhardt et al., 2022) such as the Berlin
questionnaire, Epworth Sleepiness Scale (Chiu et al., 2017), STOP-Bang questionnaire,
noSAS score (Chen et al., 2022a), Multivariable Apnea Prediction (MVAP) score (Feltner et

al., 2022), smartphone apps (Kim et al., 2022),

The performance of many screening techniques in children is improved using machine
learning techniques (Gutiérrez-Tobal et al., 2022). The use of peripheral arterial tonometry
is unsuitable for screening of OSA due to its lower sensitivity and specificity (Ichikawa et al.,

2022).

OSA is linked with diverse conditions involving cancers, respiratory, cardiovascular, and
nervous systems and head and neck conditions such as teeth, ear, and eye. OSA is associated
with smoking (Zeng et al., 2023), second-hand smoking (Chang et al., 2022), lung cancer
(Cheong et al., 2022), increased post-operative complications (Sun et al., 2022), risk factors
for coronary atherosclerosis (Chen et al., 2022b), diastolic dysfunction independent of
conventional cardiovascular risk factors (Al-Sadawi et al., 2022), atrial fibrillation (Zhang et
al., 2022a), hypertension (Hou et al., 2018), higher incidence of colorectal cancers (Teo et al.,
2022), various ocular manifestations (Bulloch et al., 2023), increased Floppy Eye Lid
syndrome (Cheong et al., 2023), higher incidence of hearing loss (Wang et al., 2022),
periodontitis (Molina et al., 2023), wider red cell distribution width (Di Lorenzo et al., 2023),
increased prevalence of secondary polycythaemia (Martelli et al., 2022), risk of car accidents

(Luzzi et al., 2022) and dementia (Guay-Gagnon et al., 2022).

Sleep pattern has a greater impact on the neuroendocrinology and reproduction in females
(Beroukhim et al., 2022). Circadian rhythm (Cambras et al., 2021) and autonomic nervous

system (Zhao and Guan, 2018) are likely to be associated with both OSA, metabolic
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syndrome and type 2 diabetes. The risk of OSA was higher among women with PCOS

(Helvaciet al., 2017).

A review of the link between OSA and PCOS concluded that the existing literature provides
association but not causation and suggested using big data in exploring the initial steps of

establishing the causation (Mokhlesi et al., 2017).

1.6.4. Dysglycaemia

WHO diagnostic criteria for diabetes (World Health Organization and International Diabetes
Federation, 2006) defines diabetes as fasting plasma glucose >7.0 mmol/l or 2-hour plasma
glucose > 11.1 mmol/l; Impaired Fasting Glucose (IFG) by fasting plasma glucose of 6.1 to
6.9 mmol/l and (if measured) 2-hour plasma glucose of <7.8 mmol/l; Impaired Glucose
Tolerance (IGT) by fasting plasma glucose of <7.0 mmol/l and 2-hour plasma glucose of >7.8
and <11.1 mmol/l. When HbA1c is used, 6.5% is used as the cut-point and diabetes is not
excluded by a value less than 6.5% (World Health Organisation, 2011). Prediabetes is the
status in which the person has glucose level above the normal level but below the cut-point to
diagnose diabetes and having a higher risk of progression to diabetes and to get other
cardiovascular complications (Echouffo-Tcheugui et al., 2023). Prediabetes is denoted by
Impaired Fasting Glucose (IFG) or Impaired Glucose Tolerance (IGT) or Impaired Glucose
Regulation (IGR) or non-diabetic hyperglycaemia (Rooney et al., 2023). We developed a

working definition of dysglycaemia by combining both diabetes and prediabetes.

While diabetes is prevalent among 9.3% and prediabetes is among 7.5%, only 50% of the
patients with diabetes are aware of their disease status (Saeedi et al., 2019). Global
prevalence of IGT and IFG among adults was 9.1% and 5.8% (Rooney et al., 2023). One in
ten persons with prediabetes progressed to diabetes in one year (Echouffo-Tcheugui et al.,
2023). Developing a combined definition of dysglycaemia is clinically justifiable due to 1)

increased likelihood of progression from prediabetes to diabetes, 2) evidence to support
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adverse consequences during prediabetes status rather than being a mere precursor, and 3)

benefit of lifestyle and medication interventions (Lawal et al., 2020).

Diabetes is notorious for its cardiovascular (microvascular and macrovascular) and other
complications. Of the total direct cost of management of diabetes, 20 to 49% is spent on
managing cardiovascular complications (Einarson et al., 2018). Diabetic retinopathy is
prevalent among 22.2% of the diabetes patients globally and the highest (35.9%) in Africa
(Teo et al., 2021). Peripheral neuropathy is prevalent among 30% of diabetic patients (Sun et

al., 2020).

1.6.5. Other cardiometabolic conditions

Reproductive-aged women with PCOS had 70% higher risk of hypertension than their
healthy controls (Amiri et al., 2020). Plasma lipoproteins were higher among women with

PCOS (Masson et al., 2023).

1.7. PCOS and other health conditions

1.7.1. PCOS and cancers

Compared to women without PCOS, women with PCOS had a 40% increased risk of
composite of breast, endometrial and ovarian and cancers. When these cancers are considered
individually, an increased risk was observed for endometrial (OR=2.2, 95%CI: 1.03 — 4.7)
and ovarian cancers (OR=1.3, 95%CIl: 1.0 — 1.8) while the difference was not

significant forbreast cancer (Barry et al., 2014).

1.7.2. PCOS and mental health conditions

When compared to women without PCOS, women with PCOS had increased odds of any
depressive symptoms (OR=3.8; 95% CI: 3.0 - 4.7), moderate/severe depressive symptoms

(OR=4.2; 95%CI: 2.7 — 6.5), any anxiety symptoms (OR=5.6; 95%CI: 3.2-9.8) and severe/
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moderate anxiety symptoms (OR= 6.6; 95%CI:2.9 — 14.3). The odds remained higher in

matched studies as well (Cooney et al., 2017). PCOS and miscellaneous health conditions

Microbial alpha diversity was relatively lower among women with PCOS (Sola-Leyva et al.,
2023). Increased bone mineral density and reduced fracture risk were observed in a
Mendelian randomisation analysis among the women with PCOS who had a genetic risk of

excess testosterone (Deshmukh et al., 2022).

1.8. Management of PCOS

PCOS management is commonly categorised into medications and lifestyle interventions.

1.8.1. Medications in the management of PCOS

Numerous drugs are presently accessible for the treatment of PCOS. Combined oral
contraceptive (COCP) perform better in improving hormonal parameters that metformin,
while they are inferior to metformin in improving metabolic parameters. However,
combination of both COCP and metformin performs well in terms of metabolic parameters,

and COCP alone remains effective for hormonal parameters (Melin et al., 2024).

In a meta-analysis of six randomised controlled trials, Liraglutide and metformin effectively
improved weight and glucose management among PCOS women (Ge et al., 2022; Tian et al.,
2022). Glucagon-like peptide-1 receptor agonists (GLP-1 RA) either alone or combined with
metformin were superior in the weight management among overweight/obese women with
PCOS than metformin alone (Lyu et al., 2021). Resveratrol reduces the testosterone,
luteinizing hormone and dehydroepiandrosterone compared to placebo (Fadlalmola et al.,

2023).

A combination of oral contraceptive pill (OCP) and orlistat was more effective in improving
the hormonal, cardiometabolic and pregnancy outcomes than OCP alone in a meta-

analysis of eight studies (Chen and Cai, 2022). A network meta-analysis of 101 randomised
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controlled trials demonstrated that flutamide was superior in improving both hormonal and

metabolic parameters while the combination of cyproterone-acetate and ethinylestradiol
showing higher efficacy improving hormonal parameters only (Abdel- Maboud et al., 2021).
Combination treatment of oral contraceptive such as 2 mg cyproterone acetate plus 0.05 mg
ethinylestradiol (EE/CA) or 3 mg drospirenone plus 0.03 mg ethinylestradiol (EE/DRSP)
with metformin or lifestyle management was effective in reducing adverse effects on the
glucose and lipid metabolism when compared to treating withoral contraceptive pills alone in

a network meta-analysis (Wang et al., 2019).

1.8.2. Surgical interventions in the management of PCOS

Sleeve gastrectomy appears to reduce menstrual irregularities, total testosterone levels and
BMI while increasing the SHBG and HDL (Luo et al., 2023). Bariatric surgery reduces the

symptoms among obese women with PCOS (Tian et al., 2021).

1.8.3. Lifestyle interventions in the management of PCOS

Physical activity alone or combined with other interventions improves the reproductive

outcomes in women with PCOS (Kelly dos Santos et al., 2020).

Green tea (Colonetti et al., 2022), and cinnamon (Keramati et al., 2022) seem to reduce the
bodyweight among the women with PCOS. In a meta-analysis of six RCTs, probiotics
showed a beneficial effect in improving the insulin and lipid parameters in women with

PCOS (Liao et al., 2018).

1.9. Quality of life of women with PCOS

PCOS adversely impacts on various domains of Quality of Life (QoL) such as physical,
psychological, sexual, social and medical aspects (Behboodi Moghadam et al., 2018). Health
related quality of life (HRQoL) was significantly reduced among adolescents (Kaczmarek et
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al., 2016). Hirsutism and menstruation are the most affected domains in the HRQoL

(Bazarganipour et al., 2015). Women with PCOS scored lower scores for all domains of
Short Form 36 (SF-36) questionnaire, with a marked reduction in the emotional role function
(Li et al., 2011). Quality of life (QoL) was remarkably lower among women with PCOS and
was comparable to the QoL among women with other chronic conditions (Rempert et al.,

2023).

1.10. Health economic burden of PCOS

In the three decades since 1990, DALY’ for PCOS increased by 91%. Although incidence
rates were higher for 10 to 19 age group, DALYs were highest for 25 to 29 age group
followed by 30 to 34 age group (Gao et al., 2023). Middle socio-demographic index (SDI)
and high-middle SDI regions showed highest rise in the incidence rate between 2007 and

2017 (Liu et al., 2021).

In the United States, overall health-economic burden of PCOS was 7.9 billion USD in 2020
with half of this contributed by reproductive conditions and the other half by the direct cost of
stroke and T2DM (Riestenberg et al., 2022). Increased risk for cardiovascular outcomes was
observed among women with a history of either menstrual cycle irregularity or frequent or

infrequent cycles in a UK-based cohort (Okoth et al., 2023).

1.11. Mortality among women with PCOS

Cardiovascular mortality was nearly 38% higher among the reproductive-aged women with
PCOS in community-based cohort studies than among their healthy controls (Ramezani
Tehrani et al., 2020). Although a Swedish cohort study with a mean age of 81 years for the
participants reported no evidence of an association with overall and cardiovascular disease-
specific mortality, this study included only 35 women with PCOS and likely to be under-

powered (Forslund et al., 2022). A systematic review of 237,647 subjects from nine cohort
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studies found no difference in the all-cause mortality rate between women with and without
PCOS (Zhou et al., 2017). Anyhow, a Dutch population cohort with 62 693 person-years and
302 deaths demonstrated a 50% increased risk among the diabetic mothers of women with
PCOS when compared with diabetic mothers of women without PCOS (Louwers et al.,
2014). In another larger Californian cohort with 666 CVVD deaths during 456,298.5 person-
years of follow-up, 42% increased cardiovascular mortality was observed among the women
with irregular menstrual period compared to women with regular menstrual periods (Wang et

al., 2011).

1.12. PCOS and Routine data studies

The Health Improvement Data (THIN) and Clinical Practice Research Datalink are two of the
major general practice data for research with major overlap (Cai et al., 2012; Carbonari et al.,

2015).

UK Clinical Practice Research Datalink GOLD database has been used to study the
association between weight change and 13 obesity-related complications including PCOS
(MedSci et al., 2023), the likelihood of pregnancy (Haas et al., 2023), risk of adverse
pregnancy outcome (Subramanian et al., 2022b), screening of T2DM among women with
past GDM (Vounzoulaki et al., 2022), PCOS as an associated factor with prescription of
levothyroxine among pregnant women with subclinical hypothyroidism (Yu et al., 2021), risk
of cardiovascular events (Berni et al., 2021), association with autism (Cherskov et al., 2018)

andadverse mental Health and neurodevelopmental outcomes (Berni et al., 2018),
U.K. Clinical Practice Research Datalink (CPRD) contributed to the study burden of
hidradenitis suppurativa with PCOS as one of the associated factors (Ingram et al., 2018),

response to treatment among T2DM with exclusion of PCOS (Rodgers et al., 2017),

reproductive outcomes (Rees et al., 2016), adverse outcome in young women with PCOS
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(Morgan et al., 2012), risk of ovarian cancer with PCOS as one of the covariates (Bodmer et
al., 2011), venous thromboembolism associated with cyproterone acetate in combination with
ethinyloestradiol (Dianette) (Seaman et al., 2004), risk of liver disorder in prescribing of
cyproterone acetate in combination with ethinyloestradiol (Dianette) (Seaman et al., 2003b)
and use of combined oral contraceptives amongst women with and without acne (Seaman et

al., 2003a).

QResearch database has been used to study PCOS such as in developing and validating risk
prediction algorithms to estimate the future risk of T2DM with PCOS as one of the risk

factors (Hippisley-Cox and Coupland, 2017).

1.13. PCOS in the UK

The prevalence rate of PCOS in the UK was relatively lower than the average European
estimate in the 2016 Global Burden of Diseases study (Miazgowski et al., 2021). The
prevalence (2%) and incidence (1.84 per 1000 PYAR) of PCOS estimated using the THIN

database were lower than the estimates from community-based studies (Ding et al., 2016).

Among 1797 women with PCOS extracted from a UK pooled general practice database,
PCOS diagnosis was made commonly among 20-29 years. Most of those who underwent
pelvic ultrasound scans, majority had it one month ahead of the diagnosis. Nearly one-third of
them had serum total testosterone (30.5%) and SHBG (29.6%) measured within an year

ahead of diagnosis (Heald et al., 2018).

The likelihood of getting pregnancy within three years since diagnosis was lower among
women with PCOS compared to women without PCOS in a study which extracted 9955
women from UK Clinical Practice Research Datalink GOLD database (Haas et al., 2023).
The risk of preterm and caesarean deliveries was higher among 27,586 deliveries with
maternal PCOD when compared with 110,344 deliveries without PCOS in a study based on
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Clinical Practice Research Datalink (CPRD) GOLD pregnancy register and linked Hospital

Episodes Statistic (HES) data (Subramanian et al., 2022b).

Higher levels of psychological distress and difficulties with coping were observed in a
qualitative study among women with PCOS recruited from ethnically diverse UK

communities (Hadjiconstantinou et al., 2017).

In a THIN database study among those with their first prescription of cyproterone
acetate/ethinylestradiol (CPA/EE), around 62% had hyperandrogenic conditions and around
54% had acne. Manual verification of records identified acne among 77% of the women. Use

of another hormonal contraceptive along with CPA/EE was rare (Cea Soriano et al., 2017a).

A considerable proportion of other UK-based studies among women with PCOS in the UK
were small-sample studies. Increased cardiovascular risk profile was observed in both 108
UK women with PCOS and 97 Qatar women compared to their 69 UK and 622 Qatar
controls. BMI and blood pressure were relatively higher among UK women with PCOS while

testosterone was higher among women in Qatar with PCOS (Butler et al., 2020).

1.14. Objectives

1.14.1. Objectives of study with NAFLD outcome

1) To determine the unadjusted risk of prevalent and incident NAFLD among women with
PCOS when compared with women without PCOS and to derive the risk estimates adjusted
for age, Townsend score, BMI, diabetes, or impaired glucose regulation up to end of follow-
up, and hypothyroidism at baseline.

2) To determine if the risk is independent of their BMI status

3) To determine the factors associated with risk of NAFLD among the women with PCOS
4) To determine the risk of NAFLD by different levels of serum testosterone and SHBG in
independent cohorts.
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1.14.2. Objectives of study with OSA outcome

1) To determine the unadjusted risk of prevalent and incident OSA among women with PCOS
when compared with women without PCOS and to derive the risk estimates adjusted for age,
Townsend score, BMI, diabetes or impaired glucose regulation up to end of follow-up, and
hypothyroidism at baseline.

2) To determine if the risk is independent of their BMI status

3) To determine the factors associated with risk of OSA among the women with PCOS

1.14.3. Objectives of study with dysglycaemia outcome

1) To determine the unadjusted risk of prevalent and incident dysglycaemia among women
with PCOS when compared with women without PCOS and to derive the risk estimates
adjusted for age, Townsend score, BMI, ethnicity, smoking status, hypothyroidism,
hypothyroidism, and prescription with lipid lowering medications.

2) To determine if the risk is independent of their BMI status

3) To determine the factors associated with risk of dysglycaemia among the women with
PCOS

4) To determine the risk of dysglycaemia by different levels of serum testosterone and SHBG in

independent cohorts.
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Chapter 2: General methods

2.1. Study design

We used retrospective open cohort (Talari and Goyal, 2020) study design to determine the
risk of NAFLD, OSA and Dysglycaemia (T2DM and prediabetes) among women with
PCOS. In the hierarchy of evidence in health research (La Rochelle, 2014), | chose
retrospective cohort study as 1) this study focus on three outcomes of a single exposure, 2) an
interventional study is not required to achieve the outcome, 3) a prospective study will not be
feasible considering the longer latency period required to develop the outcomes and the
resource needs, 4) documented evidence of exposure from the time of follow up period, 5)
outcomes have developed at the start of the study, 6) availability of The Health Improvement
Network - THIN data (Blak et al., 2011) in electronic data format removing the need for data
collection or data entry, 7) University of Birmingham having the access to THIN data, and 8)
availability of DEXtER (Gokhale et al., 2021), a novel data extraction platform developed by

our research team.

The cohort in the THIN database is an open cohort, also known as a dynamic cohort. This
differs from a closed cohort, which has a fixed start date and end date, and all participants
have a fixed period of follow-up unless an outcome occurs beforehand. In contrast, an open
cohort allows participants to join or leave at any time during the follow-up period (Ravani et

al., 2007).

2.2. Study setting

The data for this retrospective cohort study was derived from The Health Improvement
Network (THIN) which collaborated with selected general practices in the UK in gathering

the primary care data. Present general practice system in the NHS was established along with

104



the establishment of NHS in the aftermath of World War Il (1948) as a state’s responsibility

of providing care to everyone without a direct payment but through the tax (Greengross et al.,
1999). There are around 6,800 general practice surgeries (GP surgeries) in the UK. The
workforce of general practices in the UK in May 2023 includes 36,194 full time equivalent
(FTE) of general practitioners, 16,831 FTE of nurses, 16,314 FTE direct patient care staff and
74,638 admin or non-clinical staff (NHS Digital, 2023). Patient per doctor in the general
practices was 1700 in the October 2022 (Office for National Statistics, 2022). GP surgeries
have approximately five annual consultations rates per person with each consultation lasting
nearly nine minutes and used predominantly by females especially in the reproductive age
group (Hobbs et al., 2016). Patients with multimorbidity had relatively higher number of
consultations when compared with patients without multimorbidity although longitudinal
continuity of care level was lower for vast majority of the patients (Salisbury et al., 2011).
Patients have 24-hour access to care from their general practitioner, who will coordinate
referrals to specialists and communicate the outcome to the patient. Results of tests and
investigations are sent directly to the referring GP practice, and the general practitioner is

informed of medical treatment provided elsewhere.

2.3. Study data source

2.3.1. Real-world data or routine health data

Real world data are “data relating to patient health or experience, or care delivery collected
outside the context of a highly controlled clinical trial” (NICE, 2022). Varied data contributes
to real world data such as clinical, medications, health finance, omics data, family history,
mobile health, environmental, patient reported data, social media, and literature (Swift et al.,
2018) and a classified based on the source, type, temporality, geographic scope, population,

and analytical potential. Best practices guidelines are available to improve the real-world data
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cycle throughout its acquisition, aggregation or enrichment, maintenance, and usage (Zhang

et al., 2022b). Larger and more diverse datasets, longer follow up periods, real world setting
as opposed to the context of conventional clinical trials, external validity, relatively lesser
ethical considerations, opportunity to detect rare events such as adverse events, rapid
availability of data, low cost and potential to generate hypothesis favours the use of real-
world data. When compared with primary data studies (either observational studies with or
without invasive tests for research purposes or interventional studies), real world data would
have relatively lesser ethical issues due to its 1) purpose of collection of data for routine
management and, 2) likelihood of more strict data security and privacy. Despite all these
benefits, real world data or real-world evidence is susceptible for data quality or limited
clinical information, sizable potential for bias such as selection, misclassification, temporal
and publications biases, confounding factors especially from lack of randomisation, data
integration challenges and issues related to confidentiality, data ownership and access issues
(Rudrapatna and Butte, 2020). Diverse uses of real-world data include, but not limited,
determination of effectiveness of routine treatment or management, assessing the
effectiveness of implementation of healthcare innovation, estimates required to design
randomized control trials and generation of synthetic control (Basch and Schrag, 2019).

Clinical guidelines increasingly use evidence from real world data (Oyinlola et al., 2016).

2.3.2. Electronic health data

Electronic health records (EHR) are useful with regards to patient record management,
efficient documentation and reporting, billing and coding, care coordination and quality of
care (Reis et al., 2017), quality improvement (Carr et al., 2023) and compliance, clinical
decision support, medical education, patient engagement, access and reporting, data analytics

and research, public health surveillance and population health management (Ohno-Machado,
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2014; King et al., 2014; Chao et al., 2013). Interfacing with systems of other units such as
laboratory information systems with EHR benefits both clinical unit and the laboratory
(Petrides et al., 2017). Inclusion of cloud technology widens the scope of EHR (Ahmadi and

Aslani, 2018). Integration of smartphones with electronic patient records enables remote

monitoring using patient generated data (Austin et al., 2020) and user composable approaches
(Senathirajah et al., 2014). Use of EHR expands beyond the healthcare settings such as to

occupational settings (Isakari et al., 2023).

Quality of entry in electronic health record may be hampered by workaround or short-cut
methods adopted by users such as ignoring the pop-ups, pre-starting a patient’s visit, copy-
pasting, using separate text fields, leaving data fields empty, sharing log-in details, entering
incorrect data, using paper, using shadow system, giving verbal consent for dispensing
medication, separating scanners from its computer on wheels (Boonstra et al., 2021). Quality
of EHR could be improved and maintained during the development and implementation such
as user centred design, usability testing, user training and education (Lourie et al., 2021) and
patient engagement (Warner et al.,, 2019), during data entry and processing such as
improvement of clinical documentation (Cusick et al., 2020; Rajbhandari et al., 2021),
standardisation of data entry and data validation and verification, during linkage such as
interoperability, incorporating clinical decision support and facilitating continuity of care via
single source, data governance such as privacy, data back-up and recovery, security and
access control, and during quality assurance such as setting up quality assurance and quality
enhancement programs (Ozonze et al., 2023), regular updates and maintenance, user
feedback, support and regular auditing and task and error analysis (Carstens et al., 2014;

Mensch, 2023).

Although the level of usability of information technology in the emergency department
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electronic health records in the UK needs more effort to reach internationally validated
standard (Bloom et al., 2021), NHS UK continues to uphold improving the electronic health
records in the NHS as a priority (House of Parliament, 2016). Interruptions during the

implementation of electronic health record is transient (Jacobs et al., 2019).

2.3.3. General practice electronic health data in the UK

The general practice system in the UK observed a rapid progress in computerisation evident
from a sharp rise from 10% to 96% of the practices to use computer for clinical practice by
1996 (Benson, 2002). Still, many problems were encountered such as lack of education,
training, and support, not having a common data model to enable interoperability, not having
a common coding scheme, lack of information exchange, lack of data validation or
verification procedures, system support and underlying research according to a viewpoint
(Ellis and Kidd, 2000). Efforts to overcome these problems include use of well tested
electronic patient records namely, EMIS, SystmOne, vision or Evolution, incentives to
improve data quality such as Quality Outputs Framework (QOF), anonymised or
pseudonymised data sharing, legislation cover such as General Data Protection Regulation
(GDPR), IT system based prescription of data, processing of data through primary care
clinical systems providers with options to link datasets, development of research databases,
system to access primary care data for research and overseeing support by NHS Digital
(Bradley et al., 2018). A systematic review finds that majority of the diagnostic codes were

well documented (Khan et al., 2010).

2.3.4. General practice databases in the UK

Decades of development of general practice electronic health records have paved way for
generation of many primary care databases such as The Health Improvement Network —

THIN (Blak et al., 2011), Clinical Practice Research Datalink — CPRD Gold (Herrett et al.,
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2015), CPRD Aurum (Wolf et al., 2019), CPRD Gold (Gulliford et al., 2020) and QResearch
(Hippisley-Cox et al., 2004). THIN and CPRD Gold have major overlap (Cai et al., 2012;
Carbonari et al., 2015). More than 1600 peer reviewed journal articles have used at least one

of these databases.

CPRD Aurum database has been used to study various chronic conditions or women health
conditions or drug related studies including the association between weight change and 13
obesity related complications including PCOS (MedSci et al., 2023), likelihood of pregnancy
(Haas et al., 2023), risk of adverse pregnancy outcome (Subramanian et al., 2022b), screening
of T2DM among women with past GDM (Vounzoulaki et al., 2022), PCOS as an associated
factor with prescription of levothyroxine among pregnant women with subclinical
hypothyroidism (Yu et al., 2021), risk of cardiovascular events (Berni et al.,, 2021),
association with autism (Cherskov et al.,, 2018) and adverse mental Health and

neurodevelopmental outcomes (Berni et al., 2018),

Similarly, CPRD contributed to study burden of hidradenitis suppurativa with PCOS as one
of the associated factors (Ingram et al., 2018), response to treatment among T2DM with
exclusion of PCOS (Rodgers et al., 2017), reproductive outcomes (Rees et al., 2016), adverse
outcome in young women with PCOS (Morgan et al., 2012), risk of ovarian cancer with
PCOS as one of the covariates (Bodmer et al., 2011), venous thromboembolism associated
with cyproterone acetate in combination with ethinyloestradiol (Dianette) (Seaman et al.,
2004), risk of liver disorder in prescribing of cyproterone acetate in combination with
ethinyloestradiol (Dianette) (Seaman et al., 2003b) and use of combined oral contraceptives

amongst women with and without acne (Seaman et al., 2003a).

QResearch database has been used to study PCOS such as in development and validation of

risk prediction algorithm to estimate future risk of T2DM with PCOS as one of the risk
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factors (Hippisley-Cox and Coupland, 2017).

Overall, primary care databases in the UK make immense contributions to research outputs.

These contributions include an increasing number of research outputs, diverse document

types and disciplines, wider co-authorship from many institutions across many countries, and

publication in top journals with many citations. (Vezyridis and Timmons, 2016).

2.3.5. The Health Improvement Network data (THIN Data)
2.3.5.1.  Introduction to THIN Data

The Health Improvement Network (THIN) was established in 2002 as an anonymised
longitudinal open cohort data based on representatively selected UK general practices
(Kontopantelis et al., 2018). Data for the THIN data is gathered by the provider of Vision GP
records i.e. software In Practice Systems (INPS) from the general practices in the UK which
has agreed to join The Health Improvement Network (THIN). This data is provided to an
organisation named IMS to facilitate researchers using this data. The nationally accredited
committee that approved THIN also provides ethics approval for research using THIN data

(IMS Health, 2015).

Although this is a general practice-based data, 98% coverage of registration with a general
practitioner in the UK makes this database more valid (Lis and Mann, 1995). THIN data
included data of more than 14 million patient records from above 760 practices

(Kumarendran et al., 2019).
2.3.5.2.  The development of THIN data

When a practice joins THIN, a complete retrospective dataset is collected in a single Full
Data Collection. Following that, daily Incremental Data Collections are performed with

minimal interruption to daily practice. IMS processes the data three times a year, adding the
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updates to the existing data to create the research dataset. Majority of the practices that
contribute to THIN have amassed more than 25 years of data in their systems. THIN offers

free Vision software training to contributing practices to improve data recording in general

practice. This training can be delivered on-site or at training seminars, where experienced
Vision trainers can provide advice and expertise on how to use the system to input high-
quality data that meets data standards. Initial audits of THIN Data practices were conducted
to verify that their data recording met national standards, enabling them to join the scheme.
THIN sends feedback reports to practices on a regular basis to highlight areas where
completeness of recording could be improved. The aggregated results of the feedback reports
can be shared with researchers to help them select subsets of practices with strengths in

specific areas of research (IMS Health, 2015).
2.3.5.3.  Generalisability and validity of THIN data

THIN data is proven to be generalisable for morbidity and mortality of important health
conditions with opportunities for adjustment for demographic factors and social deprivation
(Blak et al., 2011). This database uses Read code system which is a hierarchical coding

system developed for general practice data (Booth, 1994).

THIN database has been validated for the use many health conditions such as venous
thromboembolism (Ruigdmez et al., 2021), small cell lung cancer (Cea Soriano et al., 2019b),
intracranial bleeding (Cea Soriano et al., 2019a), haemorrhagic stroke (Cea Soriano et al.,
2019a), chronic kidney disease (Denburg et al., 2011) and pharmacoepidemiologic research

(Lewis et al., 2007).

THIN data base was utilised to study various health conditions such as NAFLD (Shaheen et
al., 2021; Vusirikala et al., 2020; Alexander et al., 2018), OSA (Subramanian et al., 2019;

Alshehri et al.,, 2022; Zhang et al., 2015; Guest et al., 2014; Wall et al., 2012),
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prediabetes/Diabetes (Gardner et al., 2023; Boursi et al., 2022; Cahn et al., 2020) and

testosterone therapy (van Staa and Sprafka, 2009).
THIN data base has been used in PCOS studies including diagnosis and management of

PCOS (Ding et al., 2016), incidence and prevalence of diabetes among women with PCOS
(Ding et al., 2018a), risk of Covid19 infection among women with PCOS (Subramanian et al.,

2021), and prescribing of cyproterone acetate /ethinylestradiol (Cea Soriano et al., 2017a).
2.3.5.4. Datastructure of THIN data

The data structure of THIN data includes mainly six files namely, practice files, demography
files, patient file, therapy file, medical file and Additional Health Data (AHD) file. Practice
file is linked by practice ID with the other files. Files holding patient replated information are
linked by patient ID. Postcode Variable Indicators (PV1) are included in patient file. Therapy
file includes information on prescriptions such as pack size (via pack size code), drug codes
and generic medicine prescription and dosages. Medical file captures the medical episodes
using medical codes that links with symptoms, sign and procedures and anonymised
comments via text ID. AHD file contains data on investigations, lifestyle and preventions
and is linked with medical codes, anonymised comments and AHD codes. The consult file
can be used to track a patient's therapy, ADHD, and medical history and includes details
about where, when, and how long each consultation lasted. Practice file holds dates of
Acceptable Mortality Reporting (AMR), computerisation, last collection, Vision date, etc.

(IMS Health, 2015)
2.3.5.5.  Strength and characteristics of THIN data

THIN data has many strengths arising from its special characteristics. The THIN data
collection scheme is non-interventional and reflects real-world data as it is collected from GP

practices, which are the first point of contact for all sections of healthcare (Cea-Soriano et al.,
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2018). The use of standardised coding systems and national guidelines enables researchers to

develop research methodologies using pre-collected data and to confirm population selection
and trial length for pre-clinical trials (Martin et al., 2016; Danaei et al., 2018). It is estimated

to be approximately 6% of the UK population actively registered, although the size of the
THIN data source population is not straightforward to determine (Blak et al., 2011). The
THIN dataset serves as a comprehensive record of patient care in primary care, though it may
not include all events that are relevant to research (Petersen et al., 2019). The THIN data
enables research to get patient counts and linkage within families sharing the same GP
practice as it collects anonymized demographic data, including registration and departure
dates, age, sex, and household identifiers without identifiable information (Smith et al.,
2022). The THIN database collects all medical conditions and symptoms recorded
electronically during consultations, referrals to secondary care, hospital admissions, and
discharge medication and diagnosis (Eberhardt et al., 2022). Prescribing data in the THIN
database is well-recorded despite having a possibility of under-recording for prescriptions not
issued electronically (Zhang et al., 2016). The THIN Data includes information on lifestyle
and preventative healthcare, in addition to GP consultations and other health care
interventions (Breeze et al., 2020). IMS Health offers postcode linked indicators that
maintain anonymity for studies utilizing THIN Data, thereby augmenting its value for
epidemiological, public health, and health services research purposes (Riley et al., 2021).
IMS Health has developed a secure linkage methodology to connect patient records in THIN
with their record in Hospital Episodes Statistics — HES (Cea Soriano et al., 2017b), which
allows researchers to access secondary care information for research purposes (IMS Health,

2015).
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2.4. Codes and code list used in the study

2.4.1. Read codes: The structured clinical vocabulary used in THIN

Structured clinical vocabulary or coded clinical data facilities documentation of clinical data

according to a standard coding system which enables pooling of data documented by more
than one practitioner (Warlick and Tardiff, 1998). Structured clinical vocabulary largely

replaced ‘free text’” data to improve consistency, standardisation for reporting and
surveillance, clinical decision support, patient safety, interoperability and semantic
interoperability, quality improvement measures, data aggregation, data analysis and research,
health information exchange, efficiency of workflow and billing and reimbursement
(Awaysheh et al., 2018). Yet there are room for improvement in coding systems such as
incomplete coverage, ambiguity and overlapping concepts, limited flexibility, handling new
or rare technologies, lack of standardisation, limitation in expressiveness, complexity of
certain cases, time consuming data entry, evolutionary challenges, semantic differences,
maintenance and update, cost of implementation and learning curve (Rector, 1999). Common
structure clinical vocabulary or clinical coding systems include Oxford Medical Information
System - OXMIS codes (Painter, 2010), Read code (Booth, 1994), Systematized
Nomenclature of Medicine — Clinical Terms - SNOMED CT (Vuokko et al., 2023), Logical
Observation Identifiers Names and Codes — LOINC (Stram et al., 2020), Current Procedural

Terminology — CPT (Burns et al., 2020) and Pathology Bounded Code List - PBCL.

James Read originated the Read code system in 1982 with just 25 codes to document clinical
data from his own practice (Benson, 2012). Exponential increase in number to more than
250,000 (Chisholm, 1990) and complexity of Read codes raised concern to develop strategies
for quality assurance (Schulz et al., 1998). Semantic definition of disorders (Brown et al.,
1998) and symbolic anatomic knowledge representation (Schulz et al., 1997) were added to

114



facilitate understanding of the codes by the users correctly. Read codes were originally
developed for general practice and was recognised as standard classification of general
practice data for the United Kingdom in the 1988 (Chisholm, 1990). Read code was chosen
as the logical choice for the development of a standard data set for the general practice setting
(Smith et al., 1995). Later, Read codes were expanded for hospital settings (Read, 2009).

Table 2.1 Summary of coding systems for electronic databases

Full name Abbreviation
Free text Free text
Structured Clinical Vocabulary SCV

Oxford Medical Information System OXMIS codes
Read code Read code

Systematized Nomenclature of Medicine — Clinical Terms SNOMED CT

Logical Observation Identifiers Names and Codes LOINC
Current Procedural Terminology CPT
Pathology Bounded Code List PBCL
Common Structure Clinical Vocabulary CScv

Read codes consisted of four-digit alphanumeric codes with each of the four levels to
represent more detailed description of the condition. Automatic encoding enables a drop
down to list the possible codes as someone starts typing the condition of interest (Benson,
2012). The Read code sets are updated quarterly to reflect the needs of users, but this can lead
to tensions between different users and uses of coded clinical data of different versions
(Robinson et al., 1997). When compared with Read code system, SNOMED CT has many

advantages, namely, consistent sharing of vital information, comprehensive coverage across
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clinical specialties, support for clinical decision making, and facilitation of extensive clinical
audit and research (NHS, 2014). Considering many advantages of using SNOMED CT over
to Read codes (Wardle and Spencer, 2017), NHS initiated a transition to move from Read
code to SNOMED CT from 2016 (NHS, 2014) and was expected to complete it by 2022
(Jones, 2022). We used the version of THIN data for this retrospective cohort study which

used Read codes.

2.4.2. Preparation of code list

Code list is the set of codes used to define all variables such as exposures, outcomes and
covariates in a study using secondary data (NICE, 2022). As opposed to a prospective cohort
study which generates data custom made for the study concerned, a retrospective cohort study
depends entirely on past data and requires a code list to develop standardised definitions and
research methodology to reduce bias such as misclassification bias and to improve time
efficiency of data abstraction, consistency with previous studies, transparency, and
reproducibility (Nicholls et al., 2017). Understanding this importance of applying a

systematic approach in preparing code list (Davé and Petersen, 2009; Nicholson et al., 2013),

we developed, adhered to and published an iterative eight-step approach (Kumarendran et al.,

2019).

In line with the recommendation to cover the codes broadly than confining only the
diagnostic codes, we included Comma Separated Values (CSV) documents containing

medical Read codes, drug codes and Additional Health Data (AHD) codes and converted the

CSV into Microsoft Excel (MS Excel) workbook format to ease categorisation of codes.
Firstly, 1 sorted the codes based on the systems using the sort column option in the MS Excel
document. Secondly, | assigned ranks based on the level of hierarchy based on relevance in

the descending order while 1 indicating a confirmed category, 2 indicating codes requiring
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second opinion but high likelihood of inclusion, 3 indicating codes requiring second opinion
but high likelihood of exclusion and 4 indicating definite exclusion. Similar approach has
been recommended previously (Davé and Petersen, 2009). Thirdly, | gathered the code list
published in other studies such as validation studies (Nicholson et al., 2011) and looked for
the missing but relevant codes. Fourthly, | searched an online repository of clinical cods
(https://clinicalcodes.rss.mhs.man.ac.uk/) for code list. Use of Online clinical codes
repository has been recommended to improve the validity and reproducibility of research
using electronic medical records (Springate et al., 2014). Fifthly, Read codes corresponding
to Quality and Outcome Framework (QoF) were searched for as these codes were better
documented (Taggar et al., 2012). Sixthly, I made a list of key words based on previous
articles and textbooks and used find option (Ctrl + F) to look up for codes in the MS Excel
document. While using this search option, | used only the relevant letters of the keyword to
minimise missing of any codes, for instance, using ‘ovar’ to cover ovary, ovaries and ovarian.
Although there was an option to use STATA to get an automated extraction (Davé and
Petersen, 2009), | opted to use manual search as the latter would help identifying further

relevant codes due to clustering during the eyeballing despite it being a time-consuming

process. Seventhly, | conducted discussion with our team which comprised of
multidisciplinary experts from relevant to the study such as androgen experts,
epidemiologists, endocrinologist, gynaecologist and sleep medicine. Eighthly, | discussed
with general practitioners in further improving the code list. The entire process was iterated

many times until saturation was reached.

My contribution as co-author in other research (Caleyachetty et al., 2017; Toulis et al., 2017,
Dafoulas et al., 2017; O’Reilly et al., 2019) provided me opportunity in improving my skills
in developing code list. As per the guidance (NICE, 2022; Williams et al., 2017), we have

published code list as supplement material for all three studies added in this thesis.
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2.5. Study period

Study period creation needs to consider several time points in this retrospective open cohort
study using primary care electronic health database to derive participants. A primary care
open cohort would allow patients to join or leave the cohort at point in the follow up or
observation period. Recruitment of participants using electronic database requires enrolment
after assurance of satisfactory quality of documentation of data in the database. Therefore,
derivation of study period will include, but not limited to, cohort start date, acceptable
computerisation date, Vision date, acceptable mortality rate date, registration date, index date
(or cohort entry date), transfer date, death rate, outcome date, date of last data collection, exit

date and study end date (Horsfall et al., 2013; Wang et al., 2017).

The cohort start date, or start date, is a fixed date set by the researcher from which to start
looking for data in an existing longitudinal data set. Despite the availability of data for an
earlier period, the cohort start date may be chosen on a later date, considering the availability
of quality data, changes in clinical practice or administrative guidelines, or patients’

behaviour. Considering the start of The Health Improvement Network in 2002 (IMS Health,

2015) and to cover documentation of immediate past records, we chose 1% of January 2000 as
the cohort start date. The acceptable computerisation date is the date when the set standard of
computerisation of data for the determined items and frequency per patient is attained
(Horsfall et al., 2013). Although acceptable computerisation is reached, adaptation to a new

electronic health record platform may require further time to attain good quality data entry

(de Lusignan et al., 2015; Treasure, 2011). The THIN database derives data from the
practices using EMR platform provided by a commercial provider In Practice Systems and
named Vison® (Bradley et al., 2018). The Vison date indicates the date of implementation of

Vision system in the practice (Subramanian et al., 2022a). The practice registration date
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indicates the date in which participant registered with the general practice (registration date).
From the date of registration of a participant in the general practice, studies utilising
electronic health database allow a lag period for recruitment to enable complete

documentation of past records (Schneeweiss et al., 2019).

The index date (or cohort entry date) is set to the date in which a participant completes this
lag period provided other eligibility requirements are met such as age. We set the index date
one year after the latest of the registration date, Vison date, Acceptable mortality rate to
ensure good quality data and to allow sufficient time to record important covariates
(Schneeweiss, 2018). The latest among these dates (washout window for exposure) is chosen
to improve the sensitivity of incident exposures. A participant becomes eligible for the study
from the index date if the age requirement and the matching requirement for the non-exposed
group are met. Use of baseline covariates which developed prior to the first
documentation of the exposure is essential in establishing the temporal association
(Schuemie et al., 2019) and this period is called covariate assessment window (Nakasian et
al., 2017). Covariate assessment window allows adjustment for confounding, capture time-
dependent effects, and establish a robust temporal association between exposure and outcome

(Wagner et al., 2021).

The definition of the index date would vary depending on whether the participant is exposed
or not exposed to the exposure of interest. For those who are exposed, the index date would
be defined differently for incident and prevalent exposures (Vandenbroucke and Pearce,

2015). The eligible participants are categorized as exposed if they have evidence of exposure
documented in the database at any time before or after the cohort entry date, but on or before
the study end date. For participants whose exposure is first documented on or after the cohort

entry date (i.e. incident exposure), the index date is the date on which their exposure is first
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documented. For participants whose exposure is first documented prior to the cohort entry

date (i.e. prevalent exposure), the index date is their cohort entry date. For participants who
never had evidence of exposure at any time on or prior to the study end date, the index date is
set to the same index date as their corresponding exposed patient to avoid immortal time bias

(Tyrer et al., 2022).

Likewise, in addition to the timelines related to cohort entry, there are also a set of dates
related to exit from the cohort, such as transfer date, death date, outcome date, date of last
data collection, exit date and study end date. In the context of a general practice database, the
transfer date marks the date on which a patient's registration is struck off with the index
practice and they move to another general practice (CPRD, 2022). The Good Practice
Guidelines for GP electronic patient records recommends documentation of transfer out of
patients from the practice (RCGP et al., 2011). Death date denotes the date on which a patient
is dead. Documentation of death is crucial to calculating the person time of follow up and
more importantly when one of the outcomes is death. The average lag between the actual date
of death and the date of documentation in the primary care database is one month (Gallagher
et al., 2019). However, this lag is unlikely to have a considerable adverse impact on the
estimates, as studies with a large person-time follow-up typically have a low rate of
misclassification. Data are collected as part of routine practice and uploaded to secure servers
at a frequency of usually once per month. The date of last data upload from each practice is
referred to as the date of last data collection. Censoring the follow-up period ahead of the

date of last data collection is recommended for studies using outcomes diagnosed outside of

general practice (Sammon and Petersen, 2016). This helps to minimize the adverse impact of
the lag period in getting data updated in the general practice data. For those who develop an

outcome after the index date (which will be discussed in the next paragraph), follow-up is
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censored at the date of documentation of the outcome (Schneeweiss et al., 2019) and we

denoted this as outcome date in our study. The cohort end date, or end date, is a fixed date set

by the researcher to stop looking for data beyond that date from an existing longitudinal data

set.

The cutoff dates discussed so far collectively form two composite endpoints in a retrospective
cohort study based on a primary care database: the index date marks the start of the follow-up
period, and the exit date marks the end (Langan et al., 2018). Follow-up end date (exit date)
is determined from the earliest of outcome date, transfer date, death date or date of last data
collection. The earliest among these dates (washout window for outcome) is chosen to
improve the sensitivity of the definition of incident outcome. We provided visual
representation of study timeline and election process for each study in compliance with the

recommendation (Schneeweiss et al., 2019).

2.6. Study population

We generated two types of cohorts with PCOS diagnosis based primary cohort and secondary
cohorts for biochemical androgen excess. We could not depend on the primary cohorts based
on the PCOS diagnosis for the determination of the association between androgen excess and
outcomes (NAFLD, OSA, and dysglycaemia) due to the possible under-documentation of
androgen excess. This is because 1) objective assessment of hirsutism and acne during brief
encounters in general practice requires longer duration, privacy, conducive room temperature
for exposing the body during assessments, especially in winter, and a chaperone, 2) clinical
androgen features might be perceived as non-specific symptoms by the patient as well as
practitioner, 3) lack of awareness, 4) stigma or embarrassment, 5) subclinical cases, 6) limited

access to specialised care, 7) diagnostic challenges, variability in coding practices, 8) lack of
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routine screening 9) and missed diagnosis or delayed diagnosis

and 10) challenges in diagnosis of clinical androgen excess among adolescents, and 11) not
being included in the quality outcome framework to get incentives (Joham et al., 2022;

Cussen et al., 2022; Wiencek et al., 2019; Agapova et al., 2014).

2.6.1. PCOS diagnosis based retrospective cohorts

Women aged 18-50 years at the index date who did not have evidence of documentation of
outcome by the index date were eligible for the study. We excluded women with any
documentation of excess alcohol use in the OSA outcome study, to minimise the confounding
due to alcohol increasing the risk of accumulation of fat in the liver. The nonexposed group
comprised eligible women who did not have a documented diagnosis of PCOS and were
matched within the same practice for age (+1 year) and BMI (2 kg/m?) of each woman with
PCOS. Age and BMI were used as matching variables because of their strong association
with both PCOS and outcomes in each study (NAFLD, OSA, and dysglycemia). Practice was
matched to minimise the confounding effect of systematic difference between the practice in
diagnosis, management, follow-up, and referral. When there were several patients who could
be matched, two were randomly matched for each exposed patient. We generated three
independent PCOS cohorts for each of the three outcomes namely, NAFLD, OSA and
dysglycaemia (Table 2.1). Code lists used to define the exposure, outcomes and covariates are

provided under the appendices of the respective studies.
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Table 2.1. Distribution of participants among cohorts

Primary analysis Sensitivity analysis Sensitivity analysis
(Prevalent and (Incident cases) (PCOS specific Read
incident cases) codes only)
PCOS Control PCOS  Control PCOS Control
NAFLD 63,210 121,064 20,162 37,544 19,425 35,967
OSA 76,978 143,077 23,349 43,106 24,603 44,991
Dysglycaemia 64,051 123,545 20,333 38,989 18,780 35,938

* Some women with exposure did not have two controls due to 1) non-availability of eligible
women for matching, and 2) women with excessive drinking were excluded from the cohorts
for NAFLD outcome, despite the intention to match two women without exposure for each

woman with exposure.

# The number of women in each exposed group and their corresponding control groups vary

for each outcome due to update of databases by THIN and exclusion criteria, if any.

2.6.2. Androgen excess cohorts

A cohort of women with serum testosterone measurements (Testosterone cohort) and another
cohort of women with serum SHBG measurements (SHBG cohort) were derived using the
same eligibility, entry, and exit criteria as the primary cohort based on PCOS diagnosis
status, for the outcome of NAFLD and Dysglycaemia separately. This approach was crucial
because the androgen excess features (such as acne, hirsutism and hair loss) and biomarkers
related to androgen excess were inadequately documented within the PCOS cohort.
Consequently, PCOS cohort lacked sufficient statistical power to detect associations related
to these factors. The determination of diabetes risk among women with serum sex hormone

measurements was published as part ofa larger study (O’Reilly et al., 2019).
123



Follicle Stimulating Hormone (FSH) and Luteinising Hormone (LH) were not included in the
analysis due to 1) the need to consider the timing of sample collection (follicular phase or
luteal phase) and mismatch between the levels of these hormones and clinical androgen

excess features (ASRM, 2021).

2.7. Dataextraction

Data extraction in a retrospective cohort study using electronic database needs to apply
timelines (anchors) in a systematic manner considering the calendar time, patient event time

and index date (Schneeweiss et al., 2019). Base anchors include date of last collection and

study period. Cohort entry date is considered as first order anchor. Second order anchors
include washout window for exposure (to define incident exposure), washout window for
outcome (to define incident outcome), exclusion assessment window, exclusion assessment
window, covariate assessment window, exposure assessment window and follow-up
assessment window. Accomplishing all these constraints and then matching for three
variables in a large dataset manually is not feasible. Creating Structured Query Language and
Natural Language Processing Algorithm specific to each study was a resource intensive
process. Therefore, automated extraction software was developed to ease primary care routine
data studies such as DEXtER (Gokhale et al., 2021), ACE (Callahan et al., 2021) and rEHR
(Springate et al., 2017). We used DEXtER (Data extraction for epidemiological research)
software developed by two members of this research team (Krishna Gokhale and Krish
Nirantharakumar) for automated data extraction. This software uses extract, transform and
load (ETL) method. DEXtER has been used in just above 80 peer reviewed research

publications.

Although we could not share the data due to our agreement with IMS Health, any researcher
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can request the data through their data request process.

2.8. Dataanalysis

2.8.1. STATA software for data analysis

We used STATA software for data analysis as STATA would provide robust data
management tools to clean (Dupont, 2021), manipulate and merge datasets (Raciborski,
2008), handling large datasets, options for rich statistical methods such as survival analysis
(Cleves et al., 2016), reproducibility using do-files (Schumm and Thisted, 2005), graphic
visualisation during data cleaning and in generating graphs such as forest plot (Mitchell,
2012), support in using third party user written packages (Xiao et al., 2012), support from

active user community and compatibility with other software (Hanson, 2005).

2.8.2. Study population characteristics

As per the NICE guidelines on real-world evidence framework (NICE, 2022), we provided
participants flow diagrams to present number of practices eligible for the study, number of
patients available in the dataset, number of patients eligible for the study period, number with
exposure, number of matched comparison group with no documented evidence of exposure,
matching criteria, number excluded (if any) and median years of follow up and number of
patients with outcome for exposed and non-exposed. We choose median to present the
follow- up (Betensky, 2015) as opposed to mean follow up time, as median is a robust
measure to deal with outliers due to participants with unusually short or long term follow-up,
variability of follow-up duration in an open cohort, right skewed distribution of follow-up
duration, easy to interpret, sharing non-parametric nature, avoids misinterpretation due to
missing follow-up times or censoring and clinical relevance due to the estimate for half of the

study participants.
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The participants' basic characteristics for exposed and non-exposed was tabulated for mean
(xstandard deviation) age in years, quintiles of Townsend deprivation score (and missing
data), BMI (<25, 25-30, >30 kg/m? and missing or implausible data), smoking status
(smokers, non-smoker and missing or implausible data), ethnicity, and chronic conditions
such as diabetes, hypertension, hypothyroidism and impaired glucose regulation. Our
definition of Impaired Glucose Regulation (IGR) included 1) Impaired Fasting Glucose (IFG)
demarcated by fasting plasma glucose of 6.1 to 6.9 mmol/L, and 2) Impaired Glucose
Tolerance (IGT) demarcated by plasma glucose of 7.8 to 11.1 mmol/L measured 120 minutes

after ingestion of 75g glucose in the oral glucose tolerance test (Unwin et al., 2002).

We provided another table for PCOS diagnostic features (anovulation, hirsutism, acene,
alopecia, and polycystic ovaries) and use of medication such as antiandrogens (cyproterone,

Drospirenone and other anti-androgen), metformin and lipid modifying drugs.

No statistical tests were performed to compare the patients with PCOS and the control
patients at baseline as per the recommendation (Bland and Altman, 1995) to avoid inflation

of alpha error (Ranganathan et al., 2016).

2.8.3. Primary analysis

We presented the primary analysis with total number of participants, person-years, number
and percentage of outcome, incidence rates per 10,000 person years, for women with PCOS
and women without PCOS separately. In an open cohort, incidence rates are calculated as a
measure of risk, considering the person-time of follow-up, due to variations in participants'
individual follow-up periods (Ravani et al., 2007). Incidence of each outcome, rather than
mortality due to each outcome, was considered due to lower baseline risk of mortality due to

these outcomes in this cohort with median age of 30 years.

We also presented unadjusted hazard ratios with 95% confidence intervals, and hazard ratios
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adjusted for age, Townsend score, BMI category, and diabetes or impaired glucose
regulation (the latter was added as baseline and follow-up separately). We opted for BMI
categories instead of numerical BMI because categorical BMI allows straight forward
interpretation, captures non-linear effects, improves clinical relevance, and reduces the risk of
overfitting. Additionally, we considered that the impact of cut-points would be less
pronounced due to the lower proportion of Asians. We did not include hormone replacement
therapy (HRT) as one of the confounders because the proportion of women using HRT would
be very low. This is due to the median age of menopause in the UK being 51 years, while the

median age of the cohort was 30 years.

We chose Cox-regression analysis (Koletsi and Pandis, 2017) considering its suitability for
time to event analysis (Abd Elhafeez et al., 2021), handling left truncated and right censored
data (Zhang and Zhou, 2013), adjustment for time varying covariates (Zhang et al., 2018),
control for confounding variables, flexibility in data analysis as Cox regression does not
require assumptions about distribution of survival times (Deo et al., 2021), ease of
interpretation of hazard ratio as it represents weighted relative risk (George et al., 2020),
applicability to large datasets (Bertrand and Maumy-Bertrand, 2021), and easy

implementation in STATA statistical software (Lambert, 2017).

2.8.4. Sensitivity analysis

Sensitivity analysis is recommended to ensure robustness of the study (NICE, 2022,

Mowbray et al., 2022; von Elm et al., 2007). For each outcome, we conducted two additional

sets of sensitivity analyses. The first analysis was limited to women with the PCOS Read
code only (excluding women with PCO Read codes only) and their matched comparison
group. The second analysis included women with incident cases of PCOS (excluding the

women with prevalent cases of PCOS) and their matched comparison group of women
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without PCOS.

Limiting the analysis to incident exposure would avoid reverse causality (Sattar and Preiss,
2017), enhance temporal sequence, improve the validity for causal inference, minimise recall
bias, better represent source population better by avoiding survival bias, minimise
prevalence-incidence bias (Delgado-Rodriguez and Llorca, 2004), and reduce confounding.
In themeantime, restricting the analysis only to incidence exposure and their control may
reducethe statistical power and provide relatively wider confidence intervals.

2.8.5. Determination if the risk of outcome is independent of BMI

We performed subgroup analyses and Cox regression with interaction term to determine if
the association between PCOS and outcomes is independent of BMI. First, we examined
whether the risk of outcome (e.g. NALFD) was independent of BMI status by conducting a
subgroup analysis within each BMI category. Subgroup analysis is useful in determine if the
association is consistent across different levels of a third variable (in this case, BMI), detect
effect modification, identify high risk group, improve clinical decision making, identify
potential confounding effect, and to generate hypothesis for further research (Sun et al., 2014;
Wang et al., 2007; Farrokhyar et al., 2022; Fletcher, 2007; Dijkman et al., 2009; Burke et al.,

2015; Wang et al., 2021).

We developed Cox regression models to determine if the association between PCOS status
and outcome (e.g. NAFLD) was independent of BMI by adding interaction term between

PCOS status and BMI category. Women without PCOS and with a BMI of less than 25

kg/m? were used as the reference category in the regression model to verify the existence of a
dose-response pattern with increasing BMI among women and with PCOS. The interaction
terms in a Cox regression model helps to test effect modification, sub-group effects, account
for heterogeneity, identify high risk group and uncover hidden relationship, and improve
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model fit and prediction accuracy (Madjar et al., 2021; Wang and Ware, 2013; Vatcheva et
al., 2016; Brankovic et al., 2019). We graphically presented the findings using dose response

hazard plot (Maria-Sophie Barthel and Royston, 2006).

2.8.6. Determining the risk of outcomes among women with PCOS when
compared with women without PCOS by adding PCOS diagnostic

features as predictor

We performed another sensitivity analysis by adding PCOS diagnostic features as predictors
in the Cox regression models to determine the association between PCOS and outcome (e.g.,
NAFLD) and to statistically adjust for the possibility of misclassification bias in the diagnosis
of PCOS in the primary care dataset. These models included PCOS status, age, Townsend
index category, BMI, diabetes or IGR and clinical features of androgen excess (hirsutism,

alopecia and acne).

2.8.7. Determining the role of factors other than BMI in outcomes among

women with PCOS and without PCOS

We developed Cox regression models to determine the role of factors other than BMI in

outcomes among women with PCOS and without PCOS independently. These models

included age, Townsend category, BMI category, diabetes or impaired glucose regulation,
anovulation, individual androgen excess features (hirsutism, acne and alopecia), lipid
modifying drugs, metformin and antiandrogen drugs. Firstly, we incorporated clinical
androgen excess features into the primary model to assess their impact on the effect size.
Subsequently, we conducted a focused analysis among exposed patients to identify predictors
of NAFLD in women with PCOS. In this analysis, we included phenotypic features and
antiandrogenic medications as covariates in addition to the previously specified covariates. It
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is important to note that these two analyses were constrained due to the availability of

documented androgen excess features in only a third of patients.

2.8.8. Data analysis of biochemical androgen excess cohorts

Serum testosterone level concentration was categorised into 1.5 to 1.99, 2 to 2.49, 2.5 t0 2.99,
3 to 3.49 and > 3.5 (nmol/L). Serum SHBG concentration was categorised into <20, 20 to
29.99, 30 to 39.99, 40 to 49.99, 50 to 59.99 and >60 (nmol/L). Serum SHBG and
testosterone categories were created based on clinically meaningful cutoff values and by
consensus among the study group to determine if there is a dose-response relationship (Clark
et al., 2019; Healy et al., 2014). We provided a Venn diagram (Venn, 1880) to illustrate the
overlap between Women with PCOS, women with serum testosterone measurements and
women with serum SHBG measurements and another Venn diagram to illustrate the overlap
between Women without PCOS, women with serum testosterone measurements and women

with serum SHBG measurements.

For each of the sex hormone cohorts, we tabulated the baseline characteristics, including
number of participants, age (mean + standard deviation), Townsend index categories, BMI
categories, smoking status, medical conditions at baseline (diabetes mellitus, hypertension,

hypothyroidism, impaired glucose regulation, and importantly, PCOS).

The association between hormonal levels (testosterone and SHBG) and outcomes (NAFLD
and dysglacaemia) was examined using Cox regression models that considered potential
confounding factors. For each cohort, we presented number of women included, their median
age with interquartile range, number of incident outcomes (NAFLD and dysglycaemia),
person years, incidence rate (per 10,000 person years), hazard ratio adjusted for important
covariates and 95% confidence interval of hazard ratio and p-value. We performed Cox

regression to determine the factors associated with outcomes of interest (NAFLD and
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dysglycaemia) among each of the cohort of women with available serum testosterone or
serum SHBG measurements (as a categorical variable), adjusted for age, Townsend score,

BMI, hypothyroidism, and diabetes or impaired glucose regulation. When choosing the

reference level for sex hormones in the Cox regression model, we chose the lowest-level
category for serum testosterone and the highest-level category for serum SHBG, considering
the increased cardiovascular risk associated with higher levels of serum testosterone (Benn et

al., 2015) and lower levels of serum SHBG (Sutton-Tyrrell et al., 2005).

We presented dose-response hazard ratio (HR) plot to illustrate the dose response association
of serum testosterone and serum SHBG with individual outcomes (NAFLD and
dysglycaemia) separately. We used the Y-axis of the dose-response hazard ratio plot to
transform the wide range of values with right skew into a symmetrical representation, which
is the standard practice to simplify comparisons and improve statistical interpretation and

visual clarity (Rothman et al., 2011; Kim et al., 2018).

As a sensitivity analysis, we performed independent Cox regression for each sex hormone
cohort to verify if the association between sex hormone levels and outcomes (NAFLD and
dysglycaemia) was retained, by excluding women with PCOS/PCO Read codes. The data
may be limited by the fact that some of the women with serum testosterone or serum SHBG
measurements may have had androgen excess, which is a possible sign of PCOS, but this was

not recorded as PCOS.

The determination of diabetes risk among women with serum sex hormone measurements

was published as part of a larger study (O’Reilly et al., 2019).

2.9. Role of bias

This retrospective cohort study using routinely collected real world data from general
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practices in the UK is susceptible to several bias arising from clinical epidemiological study

design (Rivas-Ruiz et al., 2013). We have taken utmost care in minimising these biases when
we design the study and tried to verify the possibility of some bias through sensitivity

analysis.

2.9.1. Selection bias

Selection bias results when participants selected in a study systematic differ from the
population of interest (Catalog of bias, 2023b). Selection bias in real world data or routine
data studies would arise from non-referral (Jarada et al., 2023), systematic difference among
subgroup in accessing the general practice services (diagnostic access bias) such as ethnicity
(Reeves et al., 2022), adherence bias due to systematic difference in adherence to follow-up
of a condition or management (Shlipak et al., 2001), admission rate bias or Berkson’s bias or
referral bias due to systematic difference in getting GP appointment based on the severity of
the condition or systematic difference in referral to secondary care by the GP (Luque-
Ramirez et al., 2015), and chronological bias due to systematic difference in diagnostic

criteria over the time such as for PCOS (Catalog of bias, 2023a).

We minimised or explored selection bias via use of well-defined code list derived through a
structured iterative process, clearly defined inclusion and exclusion criteria, use of well-
structured index date and exit date, deriving the participants from THIN data base which has
proven to represent the UK population, making baseline comparison of characteristics of

participants, and by performing sensitivity analysis.

2.9.2. Misclassification bias

Misclassification bias results from systematic difference in the classification of exposure or

outcome (Pham et al., 2019). Misclassification bias may arise in various contexts such as
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from systematic difference in time point of documentation of important variables such as
BMI or not applying ethnicity specific cut-off for BMI (Haas et al., 2023), ascertainment bias
or detection bias due to systematic difference in missing documentation such as laboratory

findings (Flory et al., 2017; FitzSimmons and Davidson, 1990), and collider bias due to

increased healthcare utilisation by both the exposure and outcome in a general practice
setting (Weiskopf et al., 2023). We performed sensitivity analysis based on different types of
diagnosis of PCOS such as precision of diagnostic codes for PCOS (PCOS only codes and

broader category) and incident timeline of diagnosis (cases and prevalent cases).

We minimised or explored the misclassification bias via applying clear definition for
exposure and outcomes using a rigorous code list, applying data quality checks such as
baseline comparison and sensitivity analysis, record linkage of medical codes, drug codes and
AHD codes, sub-group analysis such as BMI categories, temporal considerations such as
incident and prevalent cases and use of DExtER (Gokhale et al., 2021) to automate the

extraction.

2.9.3. Survivor bias

Survivor bias results from systematically different survival of participants either prior to
study start or after the study end. Restricting the analysis to incident cases is one of the
options to minimise survivor bias (Lee et al., 2012; Humbert et al., 2010). We performed
sensitivity analysis based on the timeline of diagnosis namely incident cases i.e. diagnosis
made after the case meeting the eligibility criteria and prevalent cases i.e. diagnosis made

before the case meeting the eligibility criteria (Miller et al., 2012).

2.9.4. Immortal time bias

Immortal time is a window period during observation in which the outcome cannot occur
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(Suissa, 2008). Cohort studies (Lévesque et al., 2010) including retrospective cohort studies

using electronic health records (Tyrer et al., 2022) and studies recording prescriptions

(Duchesneau et al., 2022) are susceptible for immortal time bias. We assigned the same
index date of the women with PCOS was assigned to the matched control women without

PCOS to minimise the immortal time bias (Suissa and Ernst, 2020; Maguire et al., 2009).

2.9.5. Cognitive bias

Cognitive bias (Khadilkar and Khadilkar, 2020) in a general practice setting can act through
availability bias (Mamede et al., 2010), base rate neglect bias (Ashinoff et al., 2022),
confirmation bias (Pines, 2006), or diagnostic momentum bias and resulting in systematic

difference in the diagnosis and management.

2.10. Role of confounders

Confounders in a retrospective cohort study are managed at the designed stage by restriction
and matching and at the analysis stage by stratified analysis and multiple regression analysis
(McNamee, 2005). We applied restriction by recruiting women to 18 years to 50 years,
setting the eligibility date one year after 1) registration in the practice — registration date, 2)
introduction of VISION EMR - vision date and accepted mortality recording — AMR date to
ensure satisfactory documentation in the practice. We matched controls for practice, age (1
year) and BMI (+ 2 kg/m?). We performed stratified analysis based on BMI, type of codes
used to define PCOS and timeline of diagnosis (incident and prevalent cases). We preformed
cox regression adjusting for potential confounders such as age, BMI and Townsend

deprivation index.

2.11. Ethics approval

Ethics approval was originally sought from the South-East Multi-center Research Ethics
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Committee in 2003 for the use of the THIN data for research with exception from the need
for informed consent. Further registration and authorization for this project were obtained
from the relevant Scientific Review Committee (17THINO26) as per requirement of the

ethical approval.

2.12. Reporting guidelines

The Strengthening the reporting of observational studies in epidemiology (STROBE) is the
recommended guidelines to report observational studies (Von Elm et al., 2007) including
cohort studies (Poorolajal et al., 2011). The REporting of studies Conducted using
Observational Routinely-collected health Data (RECORD) Statement (Langan et al., 2018)
was developed to fill the gap when using the STROBE guidelines in reporting observational
studies arising from routinely collected health data (Nicholls et al., 2015). We reported the

adherence to RECORD checklist for each of the three papers as supplementary information.

Although all three papers added in this thesis were published prior to NICE real-world
evidence framework was published in 2022 by National Institute for Health and Care
Excellence UK, most of the recommendations were already incorporated in these three paper
such as priori registration of protocol, use of reporting guidelines, open publishing of code
list, detailed description of data extraction, discussion on role of bias, assessing robustness of
results via sensitivity analysis, stratification, matching, multivariable regression adjustment

and use of appropriate reporting guidelines (NICE, 2022).
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Chapter 3 : PCOS and NAFLD

Polycystic ovary syndrome, androgen excess, and the risk of non-
alcoholic fatty liver disease in women: A longitudinal study based

on a United Kingdom primary care database.
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Abstract

Background

Androgen excess is a defining feature of polycystic ovary syndrome (PCOS), which affects
10% of women and represents a lifelong metabolic disorder, with increased risk of type 2
diabetes, hypertension, and cardiovascular events. Previous studies have suggested an
increased risk of nonalcoholic fatty liver disease (NAFLD) in individuals with PCOS and
implicated androgen excess as a potential driver.

Methods and findings

We carried out a retrospective longitudinal cohort study utilizing a large primary care
database in the United Kingdom, evaluating NAFLD rates in 63,120 women with PCOS
and 121,064 age-, body mass index (BMI)-, and location-matched control women regis-
tered from January 2000 to May 2016. In 2 independent cohorts, we also determined the
rate of NAFLD in women with a measurement of serum testosterone (n = 71,061) and sex
hormone-binding globulin (SHBG; n = 49,625). We used multivariate Cox models to esti-
mate the hazard ratio (HR) for NAFLD and found that women with PCOS had an increas-
ed rate of NAFLD (HR = 2.23, 95% CI 1.86-2.66, p < 0.001), also after adjusting for BMI
or dysglycemia. Serum testosterone >3.0 nmol/L was associated with an increase in
NAFLD (HR =2.30, 95% CIl 1.16-4.53, p = 0.017 for 3—-3.49 nmol/L and HR = 2.40, 95%
Cl 1.24-4.66, p = 0.009 for >3.5 nmol/L). Mirroring this finding, SHBG <30 nmol/L was
associated with increased NAFLD hazard (HR = 4.75, 95% CI 2.44-9.25, p < 0.001 for
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groups, are given in Table 3 and S1, S2, S5, S7, 20-29.99 nmol/L and HR = 4.98, 95% CI 2.45-10.11, p < 0.001 for <20 nmol/L). Limita-

512, and 515 I"fj‘bllles (number Or: °”t°)°r;‘:’”SNagd tions of this study include its retrospective nature, absence of detailed information on cri-
person years of 10llow-up In each arm). ata . . .

governance does not allow us to share individual ~ L©"1& used to diagnosis PCOS and NAFLD, and absence of data on laboratory assays
patient data, and therefore, the metadata are used to measure serum androgens.

presented. Researchers may apply for individual

patient data access at https://www.iqvia.com/
solutions/real-world-value-and-outcomes (contact

tab). Clinical codes (Read codes) used to extract Conclusions
data are provided in the supplementary table files
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Author summary

¢ Polycystic ovary syndrome (PCOS) affects 10% of women and is defined by androgen
excess, chronic anovulation, and polycystic appearance of the ovaries on ultrasound.

We performed a population-based retrospective cohort study utilizing a large UK pri-
mary care database and included more than 63,000 women with PCOS and 121,000
matched controls registered between 2000 and 2016.

We found that rates of NAFLD were increased in women with PCOS.

We found that even normal-weight women with PCOS had an increased rate of
NAFLD.

In addition to body mass index and dysglycemia, we identified androgen excess as a
potential additional contributing risk factor for NAFLD development in PCOS.

We also studied 2 independent cohorts drawn from the same primary care database
who had serum testosterone (n = 71,000) or sex hormone-binding globulin (SHBG,
n = 49,000) measured and found that women with biochemical evidence of androgen
excess (high testosterone, low SHBG) had an increased rate of NAFLD.

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002542 March 28, 2018 2/20


https://doi.org/10.1371/journal.pmed.1002542
https://www.iqvia.com/solutions/real-world-value-and-outcomes
https://www.iqvia.com/solutions/real-world-value-and-outcomes

@'PLOS ’ MEDICINE

Polycystic ovary syndrome, female androgen excess, and risk of NAFLD

What do these findings mean?

* Our findings indicate there may be an increased risk of NAFLD in women with PCOS
and that androgen excess is a factor underlying that risk.

¢ Screening for NAFLD should be considered in women with PCOS-related androgen
excess.

o Future studies will need to determine if androgen excess also drives progression to liver
inflammation and fibrosis and to establish whether antiandrogen medication can reduce
the risk of NAFLD.

Introduction

Polycystic ovary syndrome (PCOS) is the most common endocrine disorder in women of
reproductive age, affecting 6%—10% of women worldwide [1]. Diagnostic criteria include the
presence of androgen excess, oligomenorrhea, and evidence of polycystic ovaries (PCO) on
ultrasound [2]. Though conventionally perceived as a reproductive disorder, PCOS is now
emerging as a lifelong metabolic disorder, with evidence of increased prevalence of obesity,
insulin resistance, and metabolic syndrome [3]. However, the metabolic disease burden in
patients with PCOS exceeds that observed in simple obesity [4]. Androgen excess has been
implicated as a distinct risk factor, with several studies showing circulating androgen burden
to correlate closely with surrogate markers of metabolic risk, independent of body mass index
(BMI) [5-7].

Non-alcoholic fatty liver disease (NAFLD) is a hepatic complication of the metabolic syn-
drome, with global NAFLD prevalence rising to epidemic proportions in recent years [8]. It
encompasses a continuous spectrum of morphological changes in the liver, from simple
hepatic steatosis, continuing to the stage of non-alcoholic steatohepatitis (NASH), with
prevail- ing inflammation, and eventually progressing to irreversible hepatic fibrosis and
cirrhosis [9]. Overall, patients with NAFLD have increased mortality due to an increased risk of
cardiometabolic complications and death from liver failure and hepatocellular carcinoma
[10]. NAFLD is now the second most prevalent indication for liver transplantation in the
United States [11].

There is a clear association between NAFLD risk, insulin resistance and obesity. Adipose tissue
is thought to be the principal contributor of free fatty acids and systemic lipotoxicity underpin-
ning the development of hepatic steatosis [12].

Given the shared risk factors between PCOS and NAFLD, there is a strong interest in explor-
ing the relationship between the 2 conditions, both in terms of prevalence and shared patho-
physiological mechanisms. A systematic review of 7 studies, involving mostly small cohorts with
less than 60 patients, reported an estimated 4-fold increased risk of NAFLD among patients
with PCOS compared to controls [13]. Similarly, 2 small cross-sectional studies found signifi-
cant associations between NAFLD and PCOS [14,15]. Following the publication of some prelim-
inary evidence [16], 2 recent studies and a very recent meta-analysis have implicated androgen
excess as a potentially BMI-independent risk factor for NAFLD in PCOS [17-19].

Our study aimed to comprehensively investigate the excess incidence of NAFLD in patients
with PCOS, assess if the excess risk was independent of their BMI status, and explore the
potential role of androgen excess as an independent risk factor in the development of NAFLD,
by undertaking a longitudinal study drawing from a large and diverse population base.
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Methods

The study followed the preanalysis study plan (S1 Text) and is reported as per Strengthening
the Reporting of Observational Studies in Epidemiology (STROBE) guidelines (S2 Text).

Study design

This is a population-based retrospective cohort study to determine the association between
PCOS (exposure) and NAFLD (outcome) and to assess predictors of NAFLD within the PCOS
group. Independent cohorts were separately created to explore the association of biomarkers
of androgen excess (serum testosterone and sex hormone-binding globulin [SHBG]) with
NAFLD risk (S2 Fig).

Setting

Data for this study were derived from The Health Improvement Network (THIN) database, a
UK general practice electronic database. THIN data are generated from longitudinal data doc-
umented in electronic medical records by general practitioners for clinical and management
purposes during each episode of consultations using Read codes, a hierarchical coding system
for structured storage of information [20]. More than 675 practices, scattered representatively
around UK, contribute data to THIN, covering 3.7 million active patients (6%—7% of UK pop-
ulation) [21]. THIN data are generalizable for the UK for major health conditions [22] and
have been used for studies involving women with PCOS [23] and patients with NAFLD [24].

Participants

Women aged 18 to 50 years at study entry were eligible to take part in the study. Patients with
any documentation of excess alcohol use were excluded. Excess alcohol use was determined by
Read codes indicative of hazardous drinking or diseases related to hazardous drinking (e.g.,
alcoholic liver disease). The exposed group comprised eligible women with a diagnosis of
PCOS at any time during the study period. The nonexposed group comprised eligible women
who did not have a documented diagnosis of PCOS and were matched within the same prac-
tice for age (1 year) and BMI (2 kg/m?) of each woman with PCOS. Age and BMI were used
as matching variables because of their strong association with PCOS and NAFLD [25,26].
Where there were several patients who could be matched, for each exposed patient 2 were ran-
domly selected.

Study period

Our study period extended from 1 January 2000 (study start date) to 15 May 2016 (study end
date). The follow-up start date for an indexed patient (index date) in the exposed group was
set at first documentation of PCOS once a patient was eligible to take part in the study (newly
diagnosed patients) or set as the date a patient became eligible to take part in the study, if they
already had a diagnosis of PCOS (patients with an existing diagnosis) (S1 Fig). The same index
date was assigned for their matched corresponding unexposed patients to mitigate immortality
time bias [27]. The earliest of transfer date (when patient left the practice), death date, first
documentation of outcome—i.e., NAFLD—(outcome date), or study end date were considered
as the follow-up end date (exit date).

PCOS definition

High similarity between “PCOS” and “polycystic ovaries (PCO)” increases the possibility of
misclassification between these 2 during data entry. However, prevalence studies based on

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002542 March 28, 2018 4/20


https://doi.org/10.1371/journal.pmed.1002542

@'PLOS ’ MEDICINE

Polycystic ovary syndrome, female androgen excess, and risk of NAFLD

primary care data suggest that both combined together reflect true prevalence [23]. Therefore,
primary analysis included both, while sensitivity analysis was carried out with codes reflecting
PCOS only.

Though limitations exist in documentation of the 3 features (ovulatory dysfunction, andro-
gen excess, and PCO) used in the diagnosis of PCOS, these were captured where available. We
considered clinical androgen excess as present if clinical features commonly accepted as indic-
ative of clinically relevant androgen excess in women (hirsutism, alopecia, or acne) were
documented.

Outcome

Our primary outcome was incidence of NAFLD.

Independent cohorts to explore the role of androgen excess in the
development of NAFLD

Two cohorts independent of the primary PCOS cohort were constructed to test the hypothesis
that androgen excess has a role in women developing NAFLD. The first cohort comprised any
woman with a serum testosterone measurement, and the second one comprised any woman
with a serum SHBG measurement. This was essential as androgen excess features (acne, hirsut-
ism, and hair loss) and biomarkers of androgen excess were not sufficiently documented
within the PCOS cohort and therefore did not have adequate power to detect an association
(S1 and S2 Tables). Both cohorts had similar entry and exit requirements as the primary cohort
study (S1 Fig).

Selection of read codes and drug codes for the cohort exposure, outcome,
and covariates

Variables for PCOS, NAFLD, and covariates were defined using published methodologies [28],
definitions noted in previous publications [23,24], and our own systematic search process for
codes (S3 and S4 Tables). PCOS was defined using Read codes for polycystic ovary syndrome
[23] and polycystic ovaries [29]. The outcome variable NAFLD was defined using nonalcoholic
fatty liver and nonalcoholic steatohepatitis Read codes [24]. Other potential confounders and
covariates were informed by previous literature and included the Townsend index of depriva-
tion [30,31], diabetes mellitus or impaired glucose regulation (IGR, includes impaired fasting
glucose [IFG; defined as fasting plasma glucose 6.1-6.9 mmol/L] and impaired glucose toler-
ance [IGT; defined as plasma glucose 7.8-11.1 mmol/L measured 120 minutes after ingestion of
75 g glucose in the oral glucose tolerance test]), hypothyroidism, metformin use, and lipid-low-
ering medications [23,32]. Predictor variables were also selected for analysis restricted to
women with PCOS only. These included Read codes for hirsutism, acne, and alopecia and med-
ication codes for cyproterone acetate, drospirenone, and other antiandrogen medications.

Grouping of quantitative variables

BMI (in kg/m?) was categorized into <25, 25 to 30, and >30 kg/m? as per the WHO recom-
mendation for obesity measurement (normal weight, overweight, and obese).

Statistical methods

The basic characteristics of participants, including covariates, were summarized by exposure
status using appropriate summary measures. No statistical significance testing was performed
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to show any difference between the patients with PCOS and the control patients at baseline, in
line with good practice [33,34].

Primary analysis and sensitivity analysis. Crude hazard ratios (HRs) were estimated, fol-
lowed by adjusted estimates using Cox-regression models. We reported the HR estimates with
95% confidence intervals. Covariates in Cox models for main analysis included age, BMI cate-
gory, Townsend category, hypothyroidism, and diabetes mellitus status. Diabetes status at
baseline and follow-up were both used in separate analyses. Analyses were undertaken using
diabetes status during follow-up as a covariate to assess the impact of PCOS on the develop-
ment of NAFLD not associated with the development of diabetes. Analyses were also under-
taken by excluding patients with diabetes and IGR at baseline and by censoring when they
developed diabetes or IGR subsequently during follow-up. This enabled us to assess if the haz-
ard of developing NAFLD was independent of the subsequent development of diabetes or
IGR.

Sensitivity analysis was performed to assess the possibility of bias due to case definition
(PCOS and PCO versus PCOS codes only) and survival bias due to including prevalent cases
with PCOS (diagnosed with PCOS before meeting eligibility criteria) in the analysis [35].

Analysis to assess if NALFD risk in women with PCOS was independent of BMI. First,
we conducted a subgroup analysis within each BMI category to assess if the NALFD risk was
independent of BMI status. In addition, interaction terms were used to assess possible interac-
tion between the exposure (PCOS/PCO) and BMI categories and their combined effect on
NAFLD risk.

Analysis to explore if androgen excess in women with PCOS confers a risk for
NALFD. Firstly, we introduced the clinical androgen excess features into the primary model
to see if it attenuated the effect size. A subsequent analysis limited to exposed patients was car-
ried out to identify predictors of NAFLD in women with PCOS with phenotypes and antian-
drogenic medications as covariates in addition to previously stated covariates. These 2 analyses
were limited given that only a third of patients had their androgen excess features
documented.

Finally, we carried out an analysis of the 2 independent cohorts (women with a serum tes-
tosterone measurement or an SHBG measurement, respectively). Serum SHBG and testoster-
one categories were derived based on clinically meaningful cutoff values and by consensus
among the study group to demonstrate any dose response relationship. Serum SHBG concen-
trations were categorized into <20, 20-29.99, 30-39.99, 40-40.99, 50-59.99, and =60 nmol/L,
and serum testosterone concentrations were categorized into <1, 1-1.49, 1.5-1.99, 2-2.49,
2.5-2.99, 3-3.49, and =3.5 nmol/L. Association between these hormonal levels and NAFLD
was assessed using Cox regression models adjusting for potential covariates. All data cleaning
and analysis were carried out using STATA MP version 14.2.

Ethical approval

The use of the THIN data for research was approved by the South-East Multicenter Research
Ethics Committee in 2003 [36] without the need for informed consent. As per requirement of
the ethical approval, further registration and authorization for this project were obtained from
the relevant Scientific Review Committee (17THINO26).

Results
Study population characteristics

The study population included 63,210 women with PCOS and 121,064 women without PCOS,
matched for age, BMI, and general practice (Fig 1). Both cohorts were followed up for a
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Practices Eligible for Study Period (N = 694)
Number of Patients (N = 12,828,964)

A

Patients eligible for the study period
(18-50 year old women from 2000-2016)
N = 2,706,062 women

|
v v
Controls (N=123,928)
FCOS-otien (randomly matched to PCOS cohort
N = 64,787 (1:2), within same general practice
for age (1 year) and BMI (+2 kgmz2))
Excluded Excessive Excluded Excessive
drinker drinker
(n=1,577) (n=2,864)
PCOS cohort Without PCOS cohort
N =63,210 N=121,064
3.4 years of median 3.6 years of median
follow up follow up
694 GP practices 694 GP practices
A
PCOS cohort Without PCOS cohort
274 incident cases of NAFLD 222 incident cases of NAFLD

Fig 1. Selection of patients with polycystic ovary syndrome (PCOS) and controls. A total of 694 general practices
were eligible for inclusion in the study, with a total of 2,706,062 women for the study period 2000-2016. A total of
64,787 women were listed as having PCOS according to the criteria defined in the “Methods” section. Controls were
randomly matched to women with PCOS at a ratio of 2:1 within each practice, generating a random control cohort of
123,928 women. Participants with a documented history of alcohol excess were excluded; therefore, the final cohort
consisted of 63,120 women with PCOS and 121,064 controls.

https://doi.org/10.1371/journal.pmed.1002542.g001

median of 3.5 years (IQR 1.4-7.1 years). The median age of participants was 30 years (IQR
25.2-35.4 years), with no apparent imbalance in distribution of age, Townsend index, and
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smoking status between groups. At baseline, women with PCOS were more likely to have dia-
betes (2.2% versus 1.4% in controls), hypertension (3.1% versus 2.4%), and hypothyroidism
(3.9% versus 2.5%) (Table 1). During follow-up, 2.1% of women in the PCOS cohort developed
diabetes in comparison to 1.1% of women in the unexposed cohort.

Among the women with PCOS, 19,425 were defined based on the PCOS Read code, while
the remainder (n = 43,785) were defined based on a PCO Read code. In total, 20,162 women
had a diagnosis after joining the general practice and were categorized as incident cases. Among
women with PCOS, 34.5% of women had documented clinical features suggestive of androgen
excess (acne 21.7%, hirsutism 12.9%, and androgenetic alopecia 6.2%), and 29.3% had features
suggestive of oligoanovulation (Table 2). Before study entry or during follow-up, 29.4% of
women with PCOS (n = 18,583) took an oral contraceptive with an antiandrogenic progestin
component (cyproterone acetate 22.6% and drospirenone 12.1%), and 24% (n = 15,152) received
metformin treatment (Table 2).

Primary analysis

Women with PCOS were found to have an increased rate of NAFLD in comparison to mat-
ched controls without PCOS (HR =2.38, 95% Cl 1.99-2.84, p < 0.001). The incidence of
NAFLD in women with PCOS was 9.2 per 10,000 person years, while in the matched control

Table 1. Baseline characteristics of the 63,210 women with polycystic ovary syndrome (PCOS) and 121,064 con-
trol women without PCOS.

Characteristics PCOS Controls
Age mean (SD) 30.6(7.1) 30.8(7.1)
Townsend score* n (%)
1 12,410 (19.6) 23,540 (19.4)
2 11,224 (17.8) 21,126 (17.4)
3 13,238 (20.9) 25,629 (21.3)
4 12,634 (20.0) 24,930 (20.6)
5 8,737 (13.8) 17,596 (14.5)
Missing data 4,967 (7.9) 8,243 (6.8)
BMI (kg/m?) categories n (%)
<25 21,689 (34.3) 44,742 (37.0)
25-30 12,412 (19.6) 24,656 (20.4)
>30 19,499 (30.8) 32,627 (27.0)
Missing or implausible data 9,610 (15.2) 19,039 (15.7)
Smoking status n (%)
Nonsmokers 46,133 (73.0) 88,519 (73.1)
Smokers 14,191 (22.4) 29,272 (24.2)
Missing or implausible data 2,886 4.6) 3,273 2.7)
Medical conditions at baseline n (%)
Diabetes 1,378(2.2) 1,693 (1.4)
Hypertension 1,953 (3.1) 2,839 (2.4)
Hypothyroidism 2,462 (3.9) 3,009 (2.5)
IGR® 348 (0.6) 384(0.3)

#Townsend score of social deprivation: presented as quintiles with 1 as the least deprived and 5 as the most deprived.
“IGR, impaired glucose regulation (includes impaired fasting glucose [IFG; defined as fasting plasma glucose 6.1-6.9
mmol/L] and impaired glucose tolerance [IGT; defined as plasma glucose 7.8-11.1 mmol/L measured 120 minutes

after ingestion of 75 g glucose in the oral glucose tolerance test]).

https://doi.org/10.1371/journal.pmed.1002542.t001
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Table 2. Polycystic ovary syndrome (PCOS) diagnostic features and use of medication.

All cases and control

Characteristics PCOS (n = 63,210) Controls (n=121,064)
Number (%) Number (%)
PCOS features
Anovulation 18,514 (29.29) 13,466 (11.12)
Any androgen excess 21,786 (34.47) 25,341 (20.93)
Hirsutism 8,142 (12.88) 1,921 (1.59)
Acne 13,708 (21.69) 19,968 (16.49)
Alopecia 3,895 (6.16) 5,472 (4.52)
Polycystic ovaries 48,369 (76.5) (0.00)
Medications
OCP including an antiandrogenic progestin component® 18,583 (29.40) 15,564 (12.86)
Cyproterone 14,282 (22.59) 8,767 (7.24)
Drospirenone 7,648 (12.10) 9,302 (7.68)
Other antiandrogen 155 (0.25) 13(0.01)
Metformin 15,152 (23.97) 2,966 (2.45)
Lipid-modifying drugs 2,722 (4.31) 3,432 (2.83)

OCP, oral contraceptive pill.

“Use of either cocyprindiol or cyproterone acetate or drospirenone. Since some patients were prescribed both
cyproterone and drospirenone during the period covered, the number of OCP users is slightly smaller than the
arithmetic sum of the numbers of cyproterone and drospirenone users.

https://doi.org/10.1371/journal.pmed.1002542.t002

group, it was 3.9 per 10,000 person years (Table 3). The estimated hazard ratio remained simi-
lar after adjustment for age, Townsend score, BMI, diabetes or IGR, and hypothyroidism at
baseline (HR = 2.23, 95% Cl 1.86-2.66, p < 0.001) and when adjusted for dysglycemia develop-
ing during follow-up (HR = 2.14, 95% Cl 1.79-2.56, p < 0.001) (Table 3).

Analysis excluding women with diabetes or IGR at baseline and by censoring when they
developed diabetes or IGR did not alter our estimates (HR = 2.22, 95% Cl 1.85-2.68,

p < 0.001) (S5 Table).

Table 3. Hazard of women with polycystic ovary syndrome (PCOS) developing nonalcoholic fatty liver disease (NAFLD) compared to women without PCOS.

Primary analysis Sensitivity analysis (Incident cases) Sensitivity analysis
(PCOS-specific Read codes only)
PCOS Controls PCOS Controls PCOS Controls
(Exposed) (Unexposed) (Exposed) (Unexposed) (Exposed) (Unexposed)
Total number of participants 63,210 121,064 20,162 37,544 19,425 35,967
Person years 297,842 576,065 94,778 167,009 84,041 149,852
Incident NAFLD n (%) 274(0.43) 222(0.18) 80(0.40) 65(0.17) 83(0.43) 64 (0.18)
Incidence rates per 10,000 person years 9.2 3.9 8.4 3.9 9.9 43
Hazard ratio (95% Cl) 2.38 (1.99-2.84) 2.15 (1.55-2.99) 2.24 (1.62-3.11)
p-value <0.001 <0.001 <0.001
Baseline adjusted hazard ratio (95% Cl)® 2.23 (1.86-2.66) 2.07 (1.49-2.87) 2.10 (1.52-2.93)
p-value <0.001 <0.001 <0.001
Follow-up adjusted hazard ratio (95% Cl)* 2.14 (1.79-2.56) 1.98 (1.43-2.75) 2.04 (1.47-2.84)
p-value <0.001 <0.001 <0.001

“Adjusted for age, Townsend score, BMI, diabetes or impaired glucose regulation, and hypothyroidism.

*Adjusted for age, Townsend score, BMI, diabetes or impaired glucose regulation up to end of follow-up, and hypothyroidism at baseline.

https://doi.org/10.1371/journal.pmed.1002542.t003
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Increasing age (HR = 1.05, 95% Cl 1.03-1.06, p < 0.001), BMI (BMI 25-30 kg/m?,
HR = 3.37, 95% Cl 2.36-4.83, p < 0.001; and BMI >30 kg/m?, HR = 6.98, 95% Cl 5.07-9.60,
p < 0.001), and diabetes or IGR (HR = 2.39, 95% Cl 1.76-3.25, p < 0.001) at baseline were
also found to be significant independent factors associated with an increased rate of
NAFLD (S6 Table), with the impact of PCOS on NAFLD rate estimated to be of a similar
magnitude to the impact of diabetes and IGR.

Sensitivity analysis

Findings were robust when analysis was limited to PCOS codes only (adjusted HR = 2.10, 95%
C11.52-2.93, p < 0.001) and when limited to incident cases only (HR = 2.07, 95% CI 1.49—
2.87,p < 0.001) (Table 3).

Analysis to assess if NALFD risk in women with PCOS was independent of
BMI

In the subgroup analysis, women with PCOS were at increased risk of NAFLD in all 3 BMI sub-
groups (HR =1.85,95% Cl 1.02-3.34, p=0.043 in <25 kg/m?; HR = 2.05, 95% Cl 1.37-3.07,

p < 0.001 for 25-30 kg/m?; and HR = 2.06, 95% Cl 1.65-2.57, p < 0.001 for >30 kg/m?) (S7
Table). In the analysis with interaction terms for PCOS and BMI, women with PCOS and a
BMI of <25 kg/m? had twice the risk of developing NAFLD (HR = 1.92, 95% Cl 1.06-3.46,

p < 0.031), while women with PCOS with a BMI of 25-30 kg/m? or >30 kg/m? were, respec-
tively, 7 times (HR =6.75, 95% Cl 4.10-11.10, p < 0.001) and 14 times (HR = 14.12, 95% ClI
9.11-21.87, p < 0.001) more at risk compared to control women with a BMI less than 25 kg/m?
(Fig 2 and S8 Table).

Analysis to explore if androgen excess in women with PCOS confers a
risk for NALFD

Introducing androgen excess features into the primary model suggested a potential reduction
inthe HR from 2.23 (95% CI 1.86—2.66) to 2.07 (95% CI 1.72—-2.50) (S9 Table).

Clinical features associated with NAFLD in women with PCOS. Along with increasing
age, higher BMI and dysglycemia, anovulation (HR = 1.36, 95% Cl 1.06—-1.756, p = 0.02) and
clinical androgen excess features, hirsutism (HR = 1.41, 95% Cl 1.06-1.870, p = 0.01) and alo-
pecia (HR = 1.74, 95% Cl 1.23-2.45, p = 0.02), but not acne (HR = 0.87, 95% Cl 0.62-1.22,

p =0.87), were found to be significantly associated with NAFLD within the women with PCOS
(Table 4). Antiandrogen therapy was associated with reduced hazard, but this did not reach
statistical significance (HR = 0.80, 95% Cl 0.59-1.097, p = 0.16) (Table 4). Increasing age,
Townsend index of deprivation, higher BMI, hypothyroidism, and anovulation (HR = 1.60,
95% Cl 1.16—2.20, p = 0.004) were found to be significantly associated with NAFD within
women without PCOS (S10 Table).

Analysis of the cohorts with serum testosterone and SHBG measurements

There were 71,061 eligible women with a measurement of serum testosterone (median age
31.8 years, IQR 25.9-38.1 years) (S2 Fig). Within this cohort, serum testosterone results
(nmol/l) were distributed as follows (concentration, %): <1, 33.7%; 1-1.49, 24.9%; 1.5-1.99,

19.0%; 2-2.49, 11.5%; 2.5-2.99, 5.7%; 3-3.49, 2.6%; and >3.5, 2.6% (S11 Table). Patients in
both the 3-3.49 nmol/l (adjusted HR = 2.30, 95% ClI 1.16-4.53, p = 0.017) and >3.5 nmol/I
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Fig 2. Impact of BMI and polycystic ovary syndrome (PCOS) on the hazard of nonalcoholic fatty liver disease (NAFLD). PCOS and control groups were
subcategorized into lean, overweight, and obese groups according to BMI, with lean control women designated as the reference category (unexposed, BMI <25

kg/m?). The analysis is adjusted for age, Townsend score of social deprivation, diabetes or impaired glucose regulation, and hypothyroidism at baseline. The
hazard of NAFLD increased with BMI in both control women and women with PCOS. Lean women with PCOS had an almost 2-fold higher hazard of NAFLD
compared to lean controls. The highest hazard of developing NAFLD was observed in the obese PCOS cohort.

https://doi.org/10.1371/journal.pmed.1002542.9g002

(adjusted HR = 2.40, 95% Cl 1.24-4.66, p = 0.009) groups had increased rates of NAFLD (Fig
3Aand S12, S13 and S14 Tables).

There were 49,625 eligible women with a measurement of serum SHBG (median age 30.4
years, IQR 24.9-36.6 years) (S2 Fig). Within this cohort, there were 9.2% in the <20 nmol/L
group, 15.3% in the 20-29.99 group, 16.0% in the 30-39.99, 14.4% in the 40-49.99, 11.7% in
the 50-59.99 and 33.6% in the =60 nmol/L groups (S15 Table). Patients with lower SHBG
(<30 nmol/L: adjusted HR = 4.98, 95% Cl 2.45-10.11, p < 0.001; <20 nmol/L; adjusted

HR =4.75,95% Cl 2.44-9.25, p < 0.001) had increased rates of NAFLD (Fig 3B, S16 and S17
Tables).

Discussion

The results of this study provide, to our knowledge, the most conclusive evidence to date that
women with PCOS have an increased rate of NAFLD above that conferred by simple obesity.
A previous meta-analysis of 7 studies with a combined sample size of less than 600 patients
suggested an almost 4-fold increase in the risk of NAFLD in women with PCOS compared
with matched controls [13]. A very recent meta-analysis that combined data of 2,700 patients
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Table 4. Factors associated with nonalcoholic fatty liver disease (NAFLD) amongst women with polycystic ovary
syndrome (PCOS) (n = 63,210).

Covariates Hazard ratio 95% Cl p-value
Age (years) 1.04 (1.02-1.06) <0.001
Townsend
1 1.00
2 0.97 (0.66-1.43) 0.88
3 0.86 (0.59-1.28) 0.46
4 1.25 (0.87-1.79) 0.23
5 1.16 (0.78-1.74) 0.47
Missing 1.18 (0.68-2.07) 0.56
BMI (kg/m?) category
<25 1.00
25-30 3.46 (2.07-5.78) <0.001
>30 6.91 (4.35-10.98) <0.001
Missing 3.05 (1.76-5.30) <0.001
Diabetes or IGR® 2.57 (1.65-4.01) <0.001
Hypothyroidism 1.04 (0.63-1.74) 0.87
Anovulation 1.36 (1.06-1.75) 0.02
Androgen excess feature
Hirsutism 141 (1.06-1.87) 0.01
Acne 0.87 (0.62-1.22) 0.87
Alopecia 1.74 (1.23-2.45) 0.02
Polycystic ovaries 1.08 (0.79-1.49) 0.61
Lipid-modifying drugs 1.26 (0.71-2.23) 0.43
Metformin 1.01 (0.74-1.39) 0.94
Antiandrogen drug 0.80 (0.59-1.09) 0.16

©|GR, impaired glucose regulation (includes impaired fasting glucose [IFG; fasting plasma glucose 6.1-6.9 mmol/L]
and impaired glucose tolerance [IGT; plasma glucose 7.8-11.1 mmol/L measured 120 minutes after ingestion of 75 g
glucose in the oral glucose tolerance test]).

https://doi.org/10.1371/journal.pmed.1002542.t004

from 17 studies found a 2.5-fold increased risk of NAFLD in women with PCOS compared
with age- and BMI-matched controls [19]. To our knowledge, our population-based longitudi-
nal cohort study is the first longitudinal and by far the largest study to examine the association
between PCOS and NAFLD, analyzing over 63,000 women with PCOS against 121,000
matched controls. A diagnosis of PCOS was consistently associated with a 2.0-2.4-fold
increase in rate of NAFLD in multiple adjusted analyses, and this increased hazard persisted
even when restricting to patients with PCOS. Intriguingly, even women with PCOS with a nor-
mal BMI had a significantly increased rate of NAFLD.

Within our PCOS cohort, androgen excess, anovulation, and dysglycemia independently
increased the hazard of developing NAFLD. The prevalence of androgen excess in our study is
likely to be an underestimate, as multiple studies have shown prevalence estimates as high as
80% in PCOS [5]. To mitigate this, we further probed the association between androgens and
NAFLD hazard by examining the impact of serum testosterone and SHBG levels on rate of
NAFLD in separate independent cohorts. The analysis of these 2 cohorts demonstrated that
female testosterone levels in excess of 3 nmol/L and SHBG levels below 30 nmol/L were associ-
ated with an increased rate of NAFLD.
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Fig 3. Hazard of nonalcoholic fatty liver disease (NAFLD) according to serum testosterone and sex hormone-binding globulin (SHBG)
levels. (A) Serum testosterone (nmol/L) was available in 71,061 unselected women. Using women with testosterone levels below 1.0 nmol/L as a
reference cohort, the hazard of NAFLD was 2.4-fold higher in those with serum testosterone levels of >3 nmol/I. (B) Serum SHBG was available in
49,625 unselected women. Using a reference cohort with SHBG levels of 60 nmol/L, the hazard of NAFLD was almost 5-fold elevated in patients
with serum levels of <30 nmol/L. Both analyses are adjusted for age, Townsend score, diabetes or impaired glucose regulation, and
hypothyroidism at baseline.

https://doi.org/10.1371/journal.pmed.1002542.9g003

The mechanisms underpinning the increased NAFLD rate in PCOS are likely to represent a
complex interplay between androgen excess, insulin resistance, and obesity [37]. However, our
data provide convincing evidence for an independent contribution from androgen excess. Sev-
eral smaller studies have previously implicated androgen excess as associated with metabolic
dysfunction in women with PCOS [16,38,39]. Increasing free serum testosterone levels in pre-
menopausal women was associated with NAFLD in midlife in a recent prospective study, inde-
pendent of traditional risk factors such as insulin resistance, BMI, and dyslipidemia [40].
Similarly, a meta-analysis looking at 2,700 patients from 17 studies found that serum testoster-
one was higher in those women with PCOS who had NAFLD [19].

We have recently provided mechanistic evidence to the association between PCOS, andro-
gen excess, and NAFLD by showing that intra-adipose androgen generation in PCOS drives
systemic lipotoxicity by increasing adipocyte hypertrophy and fatty acid overspill [41]. We
found that PCOS patients with androgen excess had increased circulating glycerophospholi-
pids and lysoglycerophospholipids, recently identified as potential biomarkers of NASH [42].
We also observed that systemic lipotoxicity increased further after an acute androgen challenge
in patients with PCOS, but not in BMI-matched controls [41]. Androgen-mediated adipose
lipotoxicity could therefore represent an important mechanism conveying liver injury in
hyperandrogenemic PCOS.

Previous in vitro data have suggested a direct effect of androgens on hepatic lipid metabolism
in women, with testosterone increasing lipogenic gene expression and de novo lipogenesis in
primary human hepatocytes from female, but not male, donors [43]. The sexually dimorphic
role of androgens in metabolic disease is an emerging topic, with female androgen excess and
male hypogonadism sharing an overlapping metabolic phenotype characterized by abdominal
obesity, dyslipidemia, insulin resistance, and NAFLD [44]. Mirroring our data, a recent meta-
analysis of 13,721 men and 5,840 women demonstrated a significant sexually dimorphic associ-
ation between serum testosterone and NAFLD risk [45]. Higher testosterone levels reduced the
likelihood of NAFLD in men but conversely increased the risk in women. The same meta-anal-
ysis concluded that increasing SHBG concentrations in both sexes independently lowered the
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risk of hepatic steatosis. In our study, serum SHBG levels below 30 nmol/L, as typically found in
androgen excess, conferred an almost 5-fold increase in the hazard of NAFLD. The majority of
circulating testosterone is bound to SHBG in men and women, and it is generally accepted that
only unbound or “free” testosterone is able to enter metabolic target tissues [46]. Hepatic SHBG
output is suppressed by insulin [5], and therefore, decreased circulating SHBG is a surrogate
marker of hyperinsulinemia in the setting of systemic insulin resistance [47]. SHBG metabolism
in women therefore sits at the interface between insulin resistance and androgen excess, both
key players in PCOS-related metabolic dysfunction [48]. However, it should be noted that inter-
preting the impact of decreased serum SHBG concentrations on NAFLD risk in women is lim-
ited by the fact that both factors known to be associated with decreased SHBG, androgen excess
and insulin resistance, are highly prevalent in women with PCOS [49,50].

Insulin resistance is implicated as a major player in the pathogenesis of NAFLD, and
impaired suppression of adipose tissue lipolysis by insulin may lead directly to systemic free
fatty acid overspill from adipocytes, with accumulation of intrahepatic diacylglycerol and tria-
cylglycerol, as well as likely direct hepatocyte injury [51]. Parameters of insulin resistance were
not available in our cohort, but we were able to phenotype patients according to glycemic sta-
tus. The presence of dysglycemia was a significant factor associated with increased hazard of
NAFLD within the PCOS population (HR = 2.56), but the elevated rate of NAFLD persisted in
our PCOS cohort compared to control women even after correction for glycemic status at
baseline and during follow-up.

The effect of obesity on NAFLD rate in this study also merits discussion. Multivariate analy-
sis consistently showed that a diagnosis of PCOS conferred an increased rate of NAFLD inde-
pendent of body weight. The observation of a significantly increased adjusted HR of NAFLD
in lean PCOS patients is notable, as at present these patients are not perceived to be at high
risk of progression to metabolic dysfunction [52]. As lean women with PCOS exhibit insulin
resistance much more rarely than those with obesity [53], it is very reasonable to assume that
androgen excess is the major factor driving the increased NAFLD hazard in women of normal
weight with PCOS. This lends to the argument that androgen excess is a major causative factor
in the development of NAFLD.

The limitations of this large population study include its retrospective nature, limited docu-
mentation of the diagnostic criteria, clinical features and investigations used for identifying
PCOS and NAFLD, absence of any information on the stage of NAFLD, and the fact that no
data were available on laboratory assays employed to measure serum testosterone concentra-
tions. It is likely that a proportion of serum testosterone values were not measured by gold-
standard liquid chromatography-tandem mass spectrometry techniques. Furthermore, data on
the serum androgen precursor androstenedione, previously highlighted as the most sensitive
biomarker of androgen burden and PCOS-related metabolic dysfunction [5], were not avail-
able. In addition, patients who underwent serum testosterone and SHBG measurements are
not representative of the general population, as they were likely investigated for clinical indica-
tions such as suspected PCOS. It is possible that women in our 2 independent cohorts with
biochemical results for serum testosterone and SHBG indicative of androgen excess were
indeed individuals with underlying PCOS who may not have been evaluated further and given
a diagnosis of PCOS. As expected in a study of this nature, there were no indices of insulin
resistance available in the patient cohorts.

In conclusion, we found an increased rate of NAFLD in PCOS, and this extended to lean
women with PCOS, indicative of androgen excess as a likely major causal factor. We could
show that increased circulating androgen burden determined by serum testosterone and
reduced SHBG levels independently confer an increased rate of NAFLD. Of note, antiandrogen
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treatment was associated with a reduction in NAFLD rate, though this failed to reach statistical
significance, likely due to the limited number of women on antiandrogens in our cohort.

Our data support that androgen excess is an independent adverse metabolic risk factor in
PCOS and that metabolic risk stratification in PCOS should take androgen excess into
account. We suggest that women with PCOS should be considered for systematic screening
for NAFLD, if biochemical evidence of androgen excess is present; the diagnostic work-up
should be carried out in accordance with clinical guidelines for the assessment of individuals
deemed at increased risk of NAFLD [54]. Future studies need to clarify whether reducing
androgen burden will convey long-term metabolic benefits in both lean and obese women
with PCOS with androgen excess, including a reduction in their risk of developing NAFLD.
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S1Fig. Visual representation of study timeline and selection process (Identification of the exposed group (individuals with PCOS/PCO Read codes) and
their controls (without PCOS/PCO) matched 1:2 by age at index date, BMI and general practice of origin)

Study start 1*' January 2000 Index Date Observation period Exit date Study End 15" May 2016

PCOS/PCO

group
Date of diagnosis of PCOS/PCO (new NAFLD or transfer date or death
diagnosis) or date patient became date or date of Iast_ collection
eligible* to take part if diagnosis is from practice
already present (prevalent cases)

Without

PCOS/PCO | |
group

\

Controls selected at index
date of corresponding
exposed patient to mitigate
immortality time bias

* To ensure good quality data, a patient is eligible to take part one year after the latest of the following dates: 1) registration in the practice (registration
date); 2) introduction of VISION EMR (VISION date); and 3) Acceptable Mortality Recording (AMR) date as an indicator when practices started to record
information consistently and in a timely manner. One year latent period is applied to ensure there was sufficient time to record all important covariates.



Testosterone cohort Testosterone cohort
(n=71,061) (n=71,061)
PCOS cohort SHBG cohort Control cohort SHBG cohort
(n=63,210) (n=49,625) (n=121,064) (n=49,625)




S1: NAFLD among PCOS/PCO women by serum testosterone concentration category (n=11,251)

Serum testosterone concentration categories (nmol/L)

<1 1-1.49 1.5-1.99 2-2.49 2.5-2.99 3-3.49 23.5
Number of participants 1,873 2,174 2,372 1,941 1,266 740 824
Incident NAFLD 9 13 15 5 6 7 6
Person years 10,472 10,805 12,093 10,397 6,684 4,048 4,650
Incidence rate (per 10,000 person years) 8.59 12.03 12.4 4.81 8.98 17.29 12.9
Hazard Ratio 1.0 1.42 1.47 0.57 1.07 2.08 1.52
95% Cl of Hazard ratio (0.61,3.33) (0.64,3.37) (.19, 1.70) (0.38,2.99) (0.77,5.59) (0.54,4.28)
p-value 0.415 0.359 0.311 0.905 0.147 0.426

S2: NAFLD among PCOS/PCO women by serum SHBG concentration category (n=10,827)
Serum SHBG concentration categories (nmol/L)
<20 20-29.99 30-39.99 40 - 49.99 50-59.99 260

Number of participants 1,955 2,497 1,855 1,364 924 2,232
Incident NAFLD 13 15 4 5 1 3
Person years 7,675 9,797 7,261 5,269 3,441 7,753
Incidence rate (per 10,000 person years) 16.94 15.31 5.51 9.49 2.91 3.87
Hazard Ratio 4.43 3.99 1.44 2.45 0.75 1.0
95% Cl of Hazard ratio (1.26,15.53)  (1.15,13.78) (0.32,6.43) (0.59,10.27) (0.08,7.23) -
p-value 0.02 0.03 0.63 0.22 0.80 -




S3: Read codes used in data extraction

Condition Read Code | Description
Polycystic ovary syndrome C164.12 Stein - Leventhal syndrome
C165.00 Polycystic ovarian syndrome
7E25300 Endoscopic drilling of ovary
Polycystic ovaries C164.00 Polycystic ovaries
C164.13 Multi-cystic ovaries
Non- alcoholic fatty liver disease J61y800 Non-alcoholic steatohepatitis
J61y100 Non-alcoholic fatty liver
Ovulatory dysfunction 1571 H/O: amenorrhoea
K590.00 Absence of menstruation
K590.11 Amenorrhoea
K590100 Secondary amenorrhoea
K590z00 Amenorrhoea NOS
K591.00 Scanty or infrequent menstruation
K591.11 Infrequent menstruation
K591000 Hypomenorrhoea
K591100 Oligomenorrhoea
K591300 Secondary oligomenorrhoea
K591z00 Scanty or infrequent menstruation NOS
K5B0.00 Female infertility of anovulatory origin
K5B0.11 Anovular cycle
K5B0100 Secondary anovulatory infertility
K5B0z00 Female infertility of anovulatory origin NOS
Alopecia Myu6300 [X]Other androgenic alopecia
M240.00 Alopecia
M240z00 Alopecia NOS
M240H00 Alopecia seborrhoeica
M240000 Alopecia unspecified
1N02.00 C/0O: hair loss
M240300 Frontal alopecia of women
M240012 Hair loss
M240200 Male pattern alopecia
M240D00 Marginal alopecia
22D7.11 O/E — alopecia
22D4.00 O/E - loss of hair
Hirsutism 22D8.00 O/E - hirsutism
22D8000 O/E - facial hair
M241.00 Hirsutism - hypertrichosis




Table S3 (Continued)

Condition Read codes | Description
Acne Myu6F00 [X]Acne, unspecified
2FG5.00 Acne scar
679g000 Acne management education

M25y600 Acne keloid

M261000 Acne vulgaris

M261100 Acne conglobata

M261E00 Acne excoriee des jeunes filles

M261F00 Acne fulminans

M261H00 Acne keloid

M261J00 Acne necrotica

M261K00 Acne keloidalis

M261X00 Acne, unspecified

Myu6800 [X]Other acne

M261.00 Other acne

M261z00 Other acne NOS

M261A00 Pustular acne

Diabetes C10..00 Diabetes mellitus

mellitus C100.00 Diabetes mellitus with no mention of complication
C100000 Diabetes mellitus, juvenile type, no mention of complication
C100011 Insulin dependent diabetes mellitus
C100100 Diabetes mellitus, adult onset, no mention of complication

C100111 Maturity onset diabetes

C100112 Non-insulin dependent diabetes mellitus

C€100z00 Diabetes mellitus NOS with no mention of complication

C101.00 Diabetes mellitus with ketoacidosis

C101000 Diabetes mellitus, juvenile type, with ketoacidosis

C101100 Diabetes mellitus, adult onset, with ketoacidosis

C101y00 Other specified diabetes mellitus with ketoacidosis

C101z00 Diabetes mellitus NOS with ketoacidosis

C102.00 Diabetes mellitus with hyperosmolar coma

C102000 Diabetes mellitus, juvenile type, with hyperosmolar coma
C102100 Diabetes mellitus, adult onset, with hyperosmolar coma
C102z00 Diabetes mellitus NOS with hyperosmolar coma

C103.00 Diabetes mellitus with ketoacidotic coma

C103000 Diabetes mellitus, juvenile type, with ketoacidotic coma
C103100 Diabetes mellitus, adult onset, with ketoacidotic coma

C103y00 Other specified diabetes mellitus with coma

C103z00 Diabetes mellitus NOS with ketoacidotic coma

C104.00 Diabetes mellitus with renal manifestation
C104.11 Diabetic nephropathy
C104000 Diabetes mellitus, juvenile type, with renal manifestation

C104100 Diabetes mellitus, adult onset, with renal manifestation




Condition | Read codes | Description

Diabetes C104y00 Other specified diabetes mellitus with renal complications

mellitus C104z00 Diabetes mellitus with nephropathy NOS
C105.00 Diabetes mellitus with ophthalmic manifestation
C105000 Diabetes mellitus, juvenile type, + ophthalmic manifestation
C105100 Diabetes mellitus, adult onset, + ophthalmic manifestation
C105y00 Other specified diabetes mellitus with ophthalmic complicatn
C105z00 Diabetes mellitus NOS with ophthalmic manifestation
C106.00 Diabetes mellitus with neurological manifestation
C106.11 Diabetic amyotrophy
C106.12 Diabetes mellitus with neuropathy
C106.13 Diabetes mellitus with polyneuropathy
C106000 Diabetes mellitus, juvenile, + neurological manifestation
C106100 Diabetes mellitus, adult onset, + neurological manifestation
C106y00 Other specified diabetes mellitus with neurological comps
C106z00 Diabetes mellitus NOS with neurological manifestation
C107.00 Diabetes mellitus with peripheral circulatory disorder
C107.11 Diabetes mellitus with gangrene
C107.12 Diabetes with gangrene
C107000 Diabetes mellitus, juvenile +peripheral circulatory disorder
C107100 Diabetes mellitus, adult, + peripheral circulatory disorder
C107200 Diabetes mellitus, adult with gangrene
C107300 IDDM with peripheral circulatory disorder
C107400 NIDDM with peripheral circulatory disorder
C107y00 Other specified diabetes mellitus with periph circ comps
C107z00 Diabetes mellitus NOS with peripheral circulatory disorder
C108.00 Insulin dependent diabetes mellitus
C108.11 IDDM-Insulin dependent diabetes mellitus
C108.12 Type 1 diabetes mellitus
C108.13 Type | diabetes mellitus
C108000 Insulin-dependent diabetes mellitus with renal complications
C108011 Type | diabetes mellitus with renal complications
C108012 Type 1 diabetes mellitus with renal complications
C108100 Insulin-dependent diabetes mellitus with ophthalmic comps
C108111 Type | diabetes mellitus with ophthalmic complications
C108112 Type 1 diabetes mellitus with ophthalmic complications
C108200 Insulin-dependent diabetes mellitus with neurological comps
C108211 Type | diabetes mellitus with neurological complications
C108212 Type 1 diabetes mellitus with neurological complications
C108300 Insulin dependent diabetes mellitus with multiple complicatn
C108311 Type | diabetes mellitus with multiple complications
C108312 Type 1 diabetes mellitus with multiple complications
C108400 Unstable insulin dependent diabetes mellitus




Condition Read codes | Description

Diabetes C108411 Unstable type | diabetes mellitus

mellitus C108412 Unstable type 1 diabetes mellitus
C108500 Insulin dependent diabetes mellitus with ulcer
C108511 Type | diabetes mellitus with ulcer
C108512 Type 1 diabetes mellitus with ulcer
C108600 Insulin dependent diabetes mellitus with gangrene
C108611 Type | diabetes mellitus with gangrene
C108612 Type 1 diabetes mellitus with gangrene
C108700 Insulin dependent diabetes mellitus with retinopathy
C108711 Type | diabetes mellitus with retinopathy
C108712 Type 1 diabetes mellitus with retinopathy
C108800 Insulin dependent diabetes mellitus - poor control
C108811 Type | diabetes mellitus - poor control
C108812 Type 1 diabetes mellitus - poor control
C108900 Insulin dependent diabetes maturity onset
C108911 Type | diabetes mellitus maturity onset
C108912 Type 1 diabetes mellitus maturity onset
C108A00 Insulin-dependent diabetes without complication
C108A11 Type | diabetes mellitus without complication
C108A12 Type 1 diabetes mellitus without complication
C108B00 Insulin dependent diabetes mellitus with mononeuropathy
Cc108B11 Type | diabetes mellitus with mononeuropathy
C108B12 Type 1 diabetes mellitus with mononeuropathy
C€108C00 Insulin dependent diabetes mellitus with polyneuropathy
C108C11 Type | diabetes mellitus with polyneuropathy
C108C12 Type 1 diabetes mellitus with polyneuropathy
C€108D00 Insulin dependent diabetes mellitus with nephropathy
c108D11 Type | diabetes mellitus with nephropathy
Cc108D12 Type 1 diabetes mellitus with nephropathy
C108E00 Insulin dependent diabetes mellitus with hypoglycaemic coma
C108E11 Type | diabetes mellitus with hypoglycaemic coma
C108E12 Type 1 diabetes mellitus with hypoglycaemic coma
C108F00 Insulin dependent diabetes mellitus with diabetic cataract
C108F11 Type | diabetes mellitus with diabetic cataract
C108F12 Type 1 diabetes mellitus with diabetic cataract
C108G00 Insulin dependent diab mell with peripheral angiopathy
C108G11 Type | diabetes mellitus with peripheral angiopathy
C108G12 Type 1 diabetes mellitus with peripheral angiopathy
C108HO00 Insulin dependent diabetes mellitus with arthropathy
C108H11 Type | diabetes mellitus with arthropathy
C108H12 Type 1 diabetes mellitus with arthropathy
C108J00 Insulin dependent diab mell with neuropathic arthropathy




Condition Read codes | Description
Diabetes ci108J11 Type | diabetes mellitus with neuropathic arthropathy
mellitus C108J12 Type 1 diabetes mellitus with neuropathic arthropathy
C108y00 Other specified diabetes mellitus with multiple comps
C108z00 Unspecified diabetes mellitus with multiple complications
C109.00 Non-insulin dependent diabetes mellitus
C109.11 NIDDM - Non-insulin dependent diabetes mellitus
C109.12 Type 2 diabetes mellitus
C109.13 Type Il diabetes mellitus
C109000 Non-insulin-dependent diabetes mellitus with renal comps
C109011 Type Il diabetes mellitus with renal complications
C109012 Type 2 diabetes mellitus with renal complications
C109100 Non-insulin-dependent diabetes mellitus with ophthalm comps
C109111 Type Il diabetes mellitus with ophthalmic complications
C109112 Type 2 diabetes mellitus with ophthalmic complications
C109200 Non-insulin-dependent diabetes mellitus with neuro comps
C109211 Type Il diabetes mellitus with neurological complications
C109212 Type 2 diabetes mellitus with neurological complications
C109300 Non-insulin-dependent diabetes mellitus with multiple comps
C109311 Type Il diabetes mellitus with multiple complications
C109312 Type 2 diabetes mellitus with multiple complications
C109400 Non-insulin dependent diabetes mellitus with ulcer
C109411 Type Il diabetes mellitus with ulcer
C109412 Type 2 diabetes mellitus with ulcer
C109500 Non-insulin dependent diabetes mellitus with gangrene
C109511 Type Il diabetes mellitus with gangrene
C109512 Type 2 diabetes mellitus with gangrene
C109600 Non-insulin-dependent diabetes mellitus with retinopathy
C109611 Type Il diabetes mellitus with retinopathy
C109612 Type 2 diabetes mellitus with retinopathy
C109700 Non-insulin dependent diabetes mellitus - poor control
C109711 Type Il diabetes mellitus - poor control
C109712 Type 2 diabetes mellitus - poor control
C109800 Reaven's syndrome
C109900 Non-insulin-dependent diabetes mellitus without complication
C109911 Type Il diabetes mellitus without complication
C109912 Type 2 diabetes mellitus without complication
C109A00 Non-insulin dependent diabetes mellitus with mononeuropathy
C109A11 Type |l diabetes mellitus with mononeuropathy
C109A12 Type 2 diabetes mellitus with mononeuropathy
C109B00 Non-insulin dependent diabetes mellitus with polyneuropathy
C109B11 Type Il diabetes mellitus with polyneuropathy
C109B12 Type 2 diabetes mellitus with polyneuropathy




Condition Read codes | Description
Diabetes C109C00 Non-insulin dependent diabetes mellitus with nephropathy
mellitus C109C11 Type Il diabetes mellitus with nephropathy
C109C12 Type 2 diabetes mellitus with nephropathy
C109D00 Non-insulin dependent diabetes mellitus with hypoglyca coma
C109D11 Type Il diabetes mellitus with hypoglycaemic coma
C109D12 Type 2 diabetes mellitus with hypoglycaemic coma
C109E00 Non-insulin depend diabetes mellitus with diabetic cataract
C109E11 Type Il diabetes mellitus with diabetic cataract
C109E12 Type 2 diabetes mellitus with diabetic cataract
C109F00 Non-insulin-dependent d m with peripheral angiopath
C109F11 Type Il diabetes mellitus with peripheral angiopathy
C109F12 Type 2 diabetes mellitus with peripheral angiopathy
C109G00 Non-insulin dependent diabetes mellitus with arthropathy
C109G11 Type Il diabetes mellitus with arthropathy
C109G12 Type 2 diabetes mellitus with arthropathy
C109HO00 Non-insulin dependent d m with neuropathic arthropathy
C109H11 Type |l diabetes mellitus with neuropathic arthropathy
C109H12 Type 2 diabetes mellitus with neuropathic arthropathy
C109J00 Insulin treated Type 2 diabetes mellitus
C109J11 Insulin treated non-insulin dependent diabetes mellitus
C109J12 Insulin treated Type Il diabetes mellitus
C109K00 Hyperosmolar non-ketotic state in type 2 diabetes mellitus
C10A.00 Malnutrition-related diabetes mellitus
C10A.11 Jamaica type diabetes
C10A000 Malnutrition-related diabetes mellitus with coma
C10A100 Malnutrition-related diabetes mellitus with ketoacidosis
C10A200 Malnutrition-related diabetes mellitus with renal complicatn
C10A300 Malnutrit-related diabetes mellitus wth ophthalmic complicat
C10A400 Malnutrition-related diabetes mellitus wth neuro complicatns
C10A500 Malnutritn-relat diabetes melitus wth periph circul complctn
C10A600 Malnutrition-related diabetes mellitus with multiple comps
C10A700 Malnutrition-related diabetes mellitus without complications
C10AWO00 Malnutrit-related diabetes mellitus with unspec complics
C10AX00 Malnutrit-relat diabetes mellitus with other spec comps
C108B.00 Diabetes mellitus induced by steroids
C10B000 Steroid induced diabetes mellitus without complication
C10C.00 Diabetes mellitus autosomal dominant
ci0c.11 Maturity onset diabetes in youth
C10C.12 Maturity onset diabetes in youth type 1
C10D.00 Diabetes mellitus autosomal dominant type 2
Ci10D.11 Maturity onset diabetes in youth type 2
C10E.00 Type 1 diabetes mellitus




Condition Read codes | Description

Diabetes C10E.11 Type | diabetes mellitus

mellitus C10E.12 Insulin dependent diabetes mellitus
C10E000 Type 1 diabetes mellitus with renal complications
C10E011 Type | diabetes mellitus with renal complications
C10E012 Insulin-dependent diabetes mellitus with renal complications
C10E100 Type 1 diabetes mellitus with ophthalmic complications
C10E111 Type | diabetes mellitus with ophthalmic complications
C10E112 Insulin-dependent diabetes mellitus with ophthalmic comps
C10E200 Type 1 diabetes mellitus with neurological complications
C10E211 Type | diabetes mellitus with neurological complications
C10E212 Insulin-dependent diabetes mellitus with neurological comps
C10E300 Type 1 diabetes mellitus with multiple complications
C10E311 Type | diabetes mellitus with multiple complications
C10E312 Insulin dependent diabetes mellitus with multiple complicat
C10E400 Unstable type 1 diabetes mellitus
C10E411 Unstable type | diabetes mellitus
C10E412 Unstable insulin dependent diabetes mellitus
C10E500 Type 1 diabetes mellitus with ulcer
C10E511 Type | diabetes mellitus with ulcer
C10E512 Insulin dependent diabetes mellitus with ulcer
C10E600 Type 1 diabetes mellitus with gangrene
C10E611 Type | diabetes mellitus with gangrene
C10E612 Insulin dependent diabetes mellitus with gangrene
C10E700 Type 1 diabetes mellitus with retinopathy
C10E711 Type | diabetes mellitus with retinopathy
C10E712 Insulin dependent diabetes mellitus with retinopathy
C10E800 Type 1 diabetes mellitus - poor control
C10E811 Type | diabetes mellitus - poor control
C10E812 Insulin dependent diabetes mellitus - poor control
C10E900 Type 1 diabetes mellitus maturity onset
C10E911 Type | diabetes mellitus maturity onset
C10E912 Insulin dependent diabetes maturity onset
C10EAQ0 Type 1 diabetes mellitus without complication
C10EA11 Type | diabetes mellitus without complication
C10EA12 Insulin-dependent diabetes without complication
C10EBOO Type 1 diabetes mellitus with mononeuropathy
C10EB11 Type | diabetes mellitus with mononeuropathy
C10EB12 Insulin dependent diabetes mellitus with mononeuropathy
C10ECO00 Type 1 diabetes mellitus with polyneuropathy
C10EC11 Type | diabetes mellitus with polyneuropathy
C10EC12 Insulin dependent diabetes mellitus with polyneuropathy
C10EDOO Type 1 diabetes mellitus with nephropathy




Condition Read codes | Description

Diabetes C10ED11 Type | diabetes mellitus with nephropathy

mellitus C10ED12 Insulin dependent diabetes mellitus with nephropathy
C10EEO0 Type 1 diabetes mellitus with hypoglycaemic coma
C10EE11 Type | diabetes mellitus with hypoglycaemic coma
C10EE12 Insulin dependent diabetes mellitus with hypoglycaemic coma
C10EFO0 Type 1 diabetes mellitus with diabetic cataract
C10EF11 Type | diabetes mellitus with diabetic cataract
C10EF12 Insulin dependent diabetes mellitus with diabetic cataract
C10EGO0 Type 1 diabetes mellitus with peripheral angiopathy
C10EG11 Type | diabetes mellitus with peripheral angiopathy
C10EG12 Insulin dependent diab mell with peripheral angiopathy
C10EHOO Type 1 diabetes mellitus with arthropathy
C10EH11 Type | diabetes mellitus with arthropathy
C10EH12 Insulin dependent diabetes mellitus with arthropathy
C10EJOO0 Type 1 diabetes mellitus with neuropathic arthropathy
C10EJ11 Type | diabetes mellitus with neuropathic arthropathy
C10EJ12 Insulin dependent diab mell with neuropathic arthropathy
C10EKOO0 Type 1 diabetes mellitus with persistent proteinuria
C10EK11 Type | diabetes mellitus with persistent proteinuria
C10ELOO Type 1 diabetes mellitus with persistent microalbuminuria
C10EL11 Type | diabetes mellitus with persistent microalbuminuria
C10EMOO Type 1 diabetes mellitus with ketoacidosis
C10EM11 Type | diabetes mellitus with ketoacidosis
C10ENOO Type 1 diabetes mellitus with ketoacidotic coma
C10EN11 Type | diabetes mellitus with ketoacidotic coma
C10EPOO Type 1 diabetes mellitus with exudative maculopathy
C10EP11 Type | diabetes mellitus with exudative maculopathy
C10EQOQ0 Type 1 diabetes mellitus with gastroparesis
C10EQ11 Type | diabetes mellitus with gastroparesis
C10EROO Latent autoimmune diabetes mellitus in adult
C10F.00 Type 2 diabetes mellitus
C10F.11 Type |l diabetes mellitus
C10F000 Type 2 diabetes mellitus with renal complications
C10F011 Type Il diabetes mellitus with renal complications
C10F100 Type 2 diabetes mellitus with ophthalmic complications
C10F111 Type |l diabetes mellitus with ophthalmic complications
C10F200 Type 2 diabetes mellitus with neurological complications
C10F211 Type Il diabetes mellitus with neurological complications
C10F300 Type 2 diabetes mellitus with multiple complications
C10F311 Type |l diabetes mellitus with multiple complications
C10F400 Type 2 diabetes mellitus with ulcer
C10F411 Type Il diabetes mellitus with ulcer




Condition Read codes | Description

Diabetes C10F500 Type 2 diabetes mellitus with gangrene

mellitus C10F511 Type |l diabetes mellitus with gangrene
C10F600 Type 2 diabetes mellitus with retinopathy
C10F611 Type Il diabetes mellitus with retinopathy
C10F700 Type 2 diabetes mellitus - poor control
C10F711 Type Il diabetes mellitus - poor control
C10F800 Reaven's syndrome
C10F811 Metabolic syndrome X
C10F900 Type 2 diabetes mellitus without complication
C10F911 Type Il diabetes mellitus without complication
C10FAOQ0 Type 2 diabetes mellitus with mononeuropathy
C10FA11 Type Il diabetes mellitus with mononeuropathy
C10FBOO Type 2 diabetes mellitus with polyneuropathy
C10FB11 Type Il diabetes mellitus with polyneuropathy
C10FC00 Type 2 diabetes mellitus with nephropathy
C10FC11 Type Il diabetes mellitus with nephropathy
C10FDOO Type 2 diabetes mellitus with hypoglycaemic coma
C10FD11 Type |l diabetes mellitus with hypoglycaemic coma
C10FEQO Type 2 diabetes mellitus with diabetic cataract
C10FE11 Type Il diabetes mellitus with diabetic cataract
C10FFO0 Type 2 diabetes mellitus with peripheral angiopathy
C10FF11 Type Il diabetes mellitus with peripheral angiopathy
C10FGOO Type 2 diabetes mellitus with arthropathy
C10FG11 Type |l diabetes mellitus with arthropathy
C10FHO0 Type 2 diabetes mellitus with neuropathic arthropathy
C10FH11 Type Il diabetes mellitus with neuropathic arthropathy
C10FJO0 Insulin treated Type 2 diabetes mellitus
C10FJ11 Insulin treated Type Il diabetes mellitus
C10FK00 Hyperosmolar non-ketotic state in type 2 diabetes mellitus
C10FK11 Hyperosmolar non-ketotic state in type Il diabetes mellitus
C10FLOO Type 2 diabetes mellitus with persistent proteinuria
C10FL11 Type Il diabetes mellitus with persistent proteinuria
C10FMO0 Type 2 diabetes mellitus with persistent microalbuminuria
C10FMm11 Type Il diabetes mellitus with persistent microalbuminuria
C10FNOO Type 2 diabetes mellitus with ketoacidosis
C10FN11 Type |l diabetes mellitus with ketoacidosis
C10FPOO Type 2 diabetes mellitus with ketoacidotic coma
C10FP11 Type |l diabetes mellitus with ketoacidotic coma
C10FQ00 Type 2 diabetes mellitus with exudative maculopathy
C10FQl1 Type Il diabetes mellitus with exudative maculopathy
C10FROO Type 2 diabetes mellitus with gastroparesis
C10FR11 Type |l diabetes mellitus with gastroparesis




Condition Read codes | Description

Diabetes C10FS00 Maternally inherited diabetes mellitus

mellitus C10G.00 Secondary pancreatic diabetes mellitus
C10G000 Secondary pancreatic diabetes mellitus without complication
C10H.00 Diabetes mellitus induced by non-steroid drugs
C10H000 DM induced by non-steroid drugs without complication
C10J.00 Insulin autoimmune syndrome
C10J000 Insulin autoimmune syndrome without complication
C10K.00 Type A insulin resistance
C10K000 Type Ainsulin resistance without complication
C10L.00 Fibrocalculous pancreatopathy
C10L000 Fibrocalculous pancreatopathy without complication

C10M.00 Lipoatrophic diabetes mellitus

C10MO000 Lipoatrophic diabetes mellitus without complication

C10N.00 Secondary diabetes mellitus

C10NO000 Secondary diabetes mellitus without complication
C10N100 Cystic fibrosis related diabetes mellitus

C10P.00 Diabetes mellitus in remission

C10P000 Type | diabetes mellitus in remission

C10P011 Type 1 diabetes mellitus in remission

C10P100 Type Il diabetes mellitus in remission

Cl10P111 Type 2 diabetes mellitus in remission

C10y.00 Diabetes mellitus with other specified manifestation

C10y000 Diabetes mellitus, juvenile, + other specified manifestation

C10y100 Diabetes mellitus, adult, + other specified manifestation

C10yy00 Other specified diabetes mellitus with other spec comps

C10yz00 Diabetes mellitus NOS with other specified manifestation

C10z.00 Diabetes mellitus with unspecified complication

C10z000 Diabetes mellitus, juvenile type, + unspecified complication

C10z100 Diabetes mellitus, adult onset, + unspecified complication

C10zy00 Other specified diabetes mellitus with unspecified comps

C10zz00 Diabetes mellitus NOS with unspecified complication
Hypertension | G2...00 Hypertensive disease

G2...11 BP - hypertensive disease

G20..00 Essential hypertension

G20..11 High blood pressure

G20..12 Primary hypertension

G200.00 Malignant essential hypertension

G201.00 Benign essential hypertension

G202.00 Systolic hypertension

G203.00 Diastolic hypertension

G20z.00 Essential hypertension NOS




Condition

Hypertension

Read codes | Description

G20z.11 Hypertension NOS

G21..00 Hypertensive heart disease

G210.00 Malignant hypertensive heart disease

G210000 Malignant hypertensive heart disease without CCF
G210100 Malignant hypertensive heart disease with CCF
G210z00 Malignant hypertensive heart disease NOS
G211.00 Benign hypertensive heart disease

G211000 Benign hypertensive heart disease without CCF
G211100 Benign hypertensive heart disease with CCF
G211z00 Benign hypertensive heart disease NOS

G21z.00 Hypertensive heart disease NOS

G21z000 Hypertensive heart disease NOS without CCF
G21z011 Cardiomegaly - hypertensive

G21z100 Hypertensive heart disease NOS with CCF
G21zz00 Hypertensive heart disease NOS

G22..00 Hypertensive renal disease

G22..11 Nephrosclerosis

G220.00 Malignant hypertensive renal disease

G221.00 Benign hypertensive renal disease

G222.00 Hypertensive renal disease with renal failure
G22z.00 Hypertensive renal disease NOS

G22z.11 Renal hypertension

G23..00 Hypertensive heart and renal disease

G230.00 Malignant hypertensive heart and renal disease
G231.00 Benign hypertensive heart and renal disease
G232.00 Hypertensive heart&renal dis wth (congestive) heart failure
G233.00 Hypertensive heart and renal disease with renal failure
G234.00 Hyperten heart&renal dis+both(congestv)heart and renal fail
G23z.00 Hypertensive heart and renal disease NOS
G24..00 Secondary hypertension

G240.00 Secondary malignant hypertension

G240000 Secondary malignant renovascular hypertension
G240z00 Secondary malignant hypertension NOS

G241.00 Secondary benign hypertension

G241000 Secondary benign renovascular hypertension
G241z00 Secondary benign hypertension NOS

G244.00 Hypertension secondary to endocrine disorders
G24:z.00 Secondary hypertension NOS

G24z000 Secondary renovascular hypertension NOS
G24z100 Hypertension secondary to drug

G24zz00 Secondary hypertension NOS

G25..00 Stage 1 hypertension (NICE - Nat Ins for Hth Clin Excl 2011)




Condition Read codes | Description
Hypertension G25..11 Stage 1 hypertension
G250.00 Stage 1 hyperten (NICE 2011) without evidnce end organ damge
G251.00 Stage 1 hyperten (NICE 2011) with evidnce end organ damge
G26..00 Severe hypertension (Nat Inst for Health Clinical Ex 2011)
G26..11 Severe hypertension
G27..00 Hypertension resistant to drug therapy
G28..00 Stage 2 hypertension (NICE - Nat Ins for Hth Clin Excl 2011)
G2y..00 Other specified hypertensive disease
G2z..00 Hypertensive disease NOS
Gyu2.00 [X]Hypertensive diseases
Gyu2000 [X]Other secondary hypertension
Gyu2100 [X]Hypertension secondary to other renal disorders
Hypothyroidism | C03..00 Congenital hypothyroidism
C03..11 Cretinism
C030.00 Pendred's syndrome
C031.00 Goitrous cretin
C03y.00 Other specified congenital hypothyroidism
C03y000 Congenital hypothyroidism with diffuse goitre
C03y100 Congenital hypothyroidism without goitre
C03z.00 Congenital hypothyroidism NOS
C03z.11 Congenital thyroid insufficiency
C03z.12 Cretinism
C04..00 Acquired hypothyroidism
Cco4..11 Myxoedema
C04..12 Thyroid deficiency
C04..13 Hypothyroidism
C040.00 Postsurgical hypothyroidism
C040.11 Post ablative hypothyroidism
C041.00 Other postablative hypothyroidism
C041000 Irradiation hypothyroidism
C041z00 Postablative hypothyroidism NOS
C042.00 lodine hypothyroidism
C043.00 Other iatrogenic hypothyroidism
C043000 Hypothyroidism resulting from para-aminosalicylic acid
C043100 Hypothyroidism resulting from phenylbutazone
C043200 Hypothyroidism resulting from resorcinol
C043z00 latrogenic hypothyroidism NOS
C044.00 Postinfectious hypothyroidism
C045.00 Acquired atrophy of thyroid
C046.00 Autoimmune myxoedema
C047.00 Subclinical hypothyroidism
C04y.00 Other acquired hypothyroidism




Condition Read codes | Description
Hypothyroidism | C04z.00 Hypothyroidism NOS
C04z.11 Pretibial myxoedema - hypothyroid
C04z.12 Thyroid insufficiency
C04z.13 Hypothyroid goitre, acquired
C04z000 Premature puberty due to hypothyroidism
C04z100 Myxoedema coma
COA5.00 Subclinical iodine-deficiency hypothyroidism
Cyul100 [X]Other specified hypothyroidism
F381400 Myasthenic syndrome due to hypothyroidism
Q433700 Neonatal jaundice with congenital hypothyroidism
Impaired 44V2.00 Glucose tolerance. test impaired
glucose 9mX..00 Impaired glucose regulation monitoring invitation
regulation 9mX..00 Impaired glucose regulation monitoring invitation
9mX1.00 Impaired glucose regulation monitoring invitation 2nd letter
9mX1.00 Impaired glucose regulation monitoring invitation 2nd letter
9mX2.00 Impaired glucose regulation monitoring invitation 3rd letter
9mX2.00 Impaired glucose regulation monitoring invitation 3rd letter
9mX3.00 Impaired glucose regulation monitoring telephone invitation
9mX3.00 Impaired glucose regulation monitoring telephone invitation
9mX4.00 Impaired glucose regulation monitoring verbal invitation
9mX4.00 Impaired glucose regulation monitoring verbal invitation
9NS0400 Referral for impaired glucose tolerance management offered
C11y200 Impaired glucose tolerance
C11y300 Impaired fasting glycaemia
C11y400 Impaired glucose regulation
C11y500 Pre-diabetes
R102.12 [D]Impaired glucose tolerance test
R10D000 [D]Impaired fasting glycaemia
R10D011 [D]Impaired fasting glucose
R10E.00 [D]Impaired glucose tolerance
R102.11 [D]Prediabetes
C313500 Glucose intolerance




S4: Drug codes used to identify antiandrogens, lipid modifying drugs and metformin

Drug Drug code Preparation

Cyproterone 85864998 | Co-cyprindiol 2000microgram/35microgram tablets
86466998 | Co-cyprindiol 2000microgram/35microgram tablets
86925998 | Co-cyprindiol 2mg+35mcg tablets

87351998 | Co-cyprindiol 2000microgram/35microgram tablets

90826979 | Co-cyprindiol 2000microgram/35microgram tablets

90833979 | Co-cyprindiol 2000microgram/35microgram tablets

91068998 | Co-cyprindiol 2000microgram/35microgram tablets

91069998 | Co-cyprindiol 2000microgram/35microgram tablets

94832990 | Co-cyprindiol 2000microgram/35microgram tablets

94920998 | Co-cyprindiol 2000microgram/35microgram tablets

95220990 | Co-cyprindiol 2000microgram/35microgram tablets

95396990 | Co-cyprindiol 2000microgram/35microgram tablets

96577998 | Co-cyprindiol 2000microgram/35microgram tablets

97520998 | Co-cyprindiol 2000microgram/35microgram tablets
81667998 | Cyproterone 100mg tablets
81668998 | Cyproterone 50mg tablets
92777990 | Cyproterone 50mg tablets
96269989 | Cyproterone 100mg tablets
96269990 | Cyproterone 50mg tablets
96578997 | Cyproterone 100mg tablets
96578998 | Cyproterone 50mg tablets
97768990 | Cyproterone 50mg tablets
98017989 | Cyproterone 100mg tablets
98017990 | Cyproterone 50mg tablets
98246990 | Cyproterone 50mg tablets
99797997 | Cyproterone 100mg tablets
99797998 | Cyproterone 50mg tablets
99958998 | Cyproterone 50mg tablets

Drospirenone | 53008979 | Ethinylestradiol 20microgram / Drospirenone 3mg tablets
59254978 | Ethinylestradiol 30microgram / Drospirenone 3mg tablets

74455978 | Ethinylestradiol 30microgram / Drospirenone 3mg tablets

78546978 | Ethinylestradiol 30microgram / Drospirenone 3mg tablets

84583978 | Ethinylestradiol 20microgram / Drospirenone 3mg tablets
86831998 | Estradiol 1mg/ Drospirenone 2mg tablets
86832998 | Estradiol 1Img/ Drospirenone 2mg tablets
89914979 | Ethinylestradiol 30microgram / Drospirenone 3mg tablets

92571998 | Ethinylestradiol 30microgram / Drospirenone 3mg tablets

98852998 | Ethinylestradiol 30microgram / Drospirenone 3mg tablets




Table S4: (Continued)

Drug Drug code Preparation
other 82882978 | Enzalutamide 40mg capsules
antiandrogen 82127998 | Tamsulosin 400microgram / Dutasteride 500microgram capsules
drugs 82128998 | Tamsulosin 400microgram / Dutasteride 500microgram capsules

85997979 | Dutasteride 500microgram capsules

89268998 | Dutasteride 500microgram capsules

89947998 | Dutasteride 500microgram capsules

88336998 | Flutamide 250mg tablets

92415979 | Flutamide 250mg tablets

93504998 | Flutamide 250mg tablets

93505998 | Flutamide 250mg tablets

97211990 | Flutamide 250mg tablets

97862990 | Flutamide 250mg tablets

97867990 | Flutamide 250mg tablets

59259978 | Finasteride 1mg tablets

63181979 | Finasteride 5mg/5ml oral suspension

89063998 | Finasteride 1mg tablets

89990979 | Finasteride 1mg tablets

91684998 | Finasteride 1mg tablets

93144979 | Finasteride 5mg tablets

99249998 | Finasteride 5mg tablets

99250998 | Finasteride 5mg tablets

metformin 85622998 | Pioglitazone 15mg / Metformin 850mg tablets

85625998 | Pioglitazone 15mg / Metformin 850mg tablets

85624998 | Pioglitazone 15mg / Metformin 850mg tablets

53006979 | Saxagliptin 2.5mg / Metformin 1g tablets

76993978 | Dapagliflozin 5mg / Metformin 1g tablets

76992978 | Dapagliflozin 5mg / Metformin 1g tablets

76991978 | Dapagliflozin 5mg / Metformin 850mg tablets

78730978 | Alogliptin 12.5mg / Metformin 1g tablets

83401998 | Metformin 1g/ Sitagliptin 50mg tablets

78729978 | Alogliptin 12.5mg / Metformin 1g tablets

84008998 | Vildagliptin 50mg / Metformin 1g tablets

84011998 | Vildagliptin 50mg / Metformin 850mg tablets

84009998 | Vildagliptin 50mg / Metformin 850mg tablets

84010998 | Vildagliptin 50mg / Metformin 1g tablets

82068998 | Metformin 1g/ Sitagliptin 50mg tablets

53004979 | Saxagliptin 2.5mg / Metformin 850mg tablets

53005979 | Saxagliptin 2.5mg / Metformin 850mg tablets

53007979 | Saxagliptin 2.5mg / Metformin 1g tablets

54904979 | Linagliptin 2.5mg / Metformin 850mg tablets

54907979 | Linagliptin 2.5mg / Metformin 1g tablets

54905979 | Linagliptin 2.5mg / Metformin 850mg tablets




Drug Drug code Preparation

Metformin 54906979 | Linagliptin 2.5mg / Metformin 1g tablets

82919998 | Metformin 500mg oral powder sachets sugar free

82918998 | Metformin 1g oral powder sachets sugar free

82917998 | Metformin hydrochloride 500mg sachets

82916998 | Metformin hydrochloride 1g sachets

81344998 | Metformin 1g modified-release tablets

83733998 | Metformin 750mg modified-release tablets

83031998 | Metformin 1g modified-release tablets

83732998 | Metformin 750mg modified-release tablets

79512979 | Metformin 500mg/5ml oral solution

83619998 | Metformin 500mg modified-release tablets

81158998 | Metformin 500mg modified-release tablets

81701998 | Metformin 500mg modified-release tablets

83032998 | Metformin 1g modified-release tablets

85673998 | Metformin 500mg/5ml oral solution sugar free

85674998 | Metformin 500mg/5ml oral solution

89129979 | Metformin 1g modified-release tablets

89870979 | Metformin 500mg modified-release tablets

87053998 | Metformin 500mg modified-release tablets

87536998 | Metformin 500mg/5ml oral solution

87054998 | Metformin 500mg modified-release tablets

89868979 | Metformin 500mg modified-release tablets

87883998 | Metformin 500mg modified-release tablets

89128979 | Metformin 1g modified-release tablets

89188979 | Metformin 500mg/5ml oral solution

91221998 | Metformin hydrochloride 500mg tablets

93167990 | Metformin 500mg/5ml oral solution

91221997 | Metformin hydrochloride 850mg tablets

93469979 | Metformin 500mg tablets

92983990 | Metformin 500mg/5ml oral solution

94235992 | Metformin 500mg tablets

94248990 | Metformin 500mg tablets

95271992 | Metformin 850mg tablets

95270992 | Metformin 800 mg tab

96111990 | Metformin 500mg tablets

95880998 | Metformin 500mg modified-release tablets

96270990 | Metformin 500mg tablets

97087998 | Metformin 500mg tablets

97110990 | Metformin 500mg tablets

97110989 | Metformin 850mg tablets

97087997 | Metformin 850mg tablets

95272992 | Metformin 250 mg tab




Drug

Drug code

Preparation

Metformin

96850990

Metformin 500mg tablets

95600990

Metformin 500mg tablets

99514990

Metformin 500mg tablets

98125990

Metformin 500mg tablets

99149990

Metformin 500mg tablets

99590997

Metformin 850mg tablets

99514989

Metformin 850mg tablets

99513990

Metformin 500mg tablets

99513989

Metformin 850mg tablets

98125989

Metformin 850mg tablets

98654989

Metformin 500mg tablets

99590998

Metformin 500mg tablets

98493989

Metformin 500mg tablets

98654990

Metformin 850mg tablets

98493990

Metformin 850mg tablets

76199978

Metformin 1g modified-release tablets

71281979

Metformin 500mg/5ml oral solution

54786979

Metformin 500mg modified-release tablets

58558979

Metformin 500mg modified-release tablets

74441978

Metformin 1g modified-release tablets

74454978

Metformin 500mg modified-release tablets

74453978

Metformin 500mg modified-release tablets

87165998

Metformin with rosiglitazone 1000mg + 4mg tablet

87166998

Metformin with rosiglitazone 1000mg + 2mg tablet

87180998

Metformin & rosiglitazone 1g+2mg tablets

87181998

Rosiglitazone 4mg / metformin 1g tablets

87182998

Rosiglitazone 2mg / metformin 1g tablets

87179998

Metformin & rosiglitazone 1g+4mg tablets

87773998

Rosiglitazone 2mg / metformin 500mg tablets

87772998

Metformin with rosiglitazone 500mg + 2mg tablet

87774998

Metformin with rosiglitazone 500mg + 1mg tablet

87771998

Metformin & rosiglitazone 500mg+1mg tablets

87775998

Rosiglitazone 1mg / metformin 500mg tablets

87770998

Metformin & rosiglitazone 500mg+2mg tablets

Lipid
mod
drug

ifying
s

81048998

Atorvastatin 20mg chewable tablets sugar free

81051998

Atorvastatin 10mg chewable tablets sugar free

83099998

Simvastatin 40mg/5ml oral suspension sugar free

82655998

Nicotinic acid & laropiprant 1g+20mg tablets

83030998

Simvastatin 80mg tablets

81050998

Atorvastatin 10mg chewable tablets sugar free

84268998

Colesevelam 625mg tablets

84267998

Colesevelam 625mg tablets




Drug Drug code Preparation

Lipid 83594998 | Nicotinic acid 1g/ laropiprant 20mg modified-release tablets
modifying 79254979 | Simvastatin 20mg/5ml oral suspension sugar free
drugs 83188998 | Bezafibrate 200mg tablets

83187998 | Bezafibrate 400mg modified-release tablets

81049998 | Atorvastatin 20mg chewable tablets sugar free

82141978 | Eicosapentaenoic acid 460mg / Docosahexaenoic acid 380mg capsules

87853998 | Nicotinic acid 1g modified-release tablets

87852998 | Nicotinic acid 500mg modified release tablets

89154996 | Cerivastatin 300microgram tablets

86791998 | Simvastatin 80mg / Ezetimibe 10mg tablets

87854998 | Nicotinic acid 750mg modified-release tablets

89153996 | Cerivastatin sodium 300mcg tablets

88298997 | Fenofibrate micronised 267mg capsules

88534998 | Rosuvastatin 10mg tablets

86794998 | Simvastatin 80mg / Ezetimibe 10mg tablets

86510979 | Ispaghula husk 3.5g sugar free granules

87025998 | Bezafibrate 400mg modified-release tablets

87418998 | Simvastatin 10mg tablets

87918998 | Simvastatin 10mg tablets

89401998 | Bezafibrate 400mg modified-release tablets

87917998 | Simvastatin 20mg tablets

89089998 | Bezafibrate 400mg modified release tablets

87373998 | Simvastatin 10mg tablets

87760998 | Colestipol 5g granules sachets sugar free

86798998 | Simvastatin 20mg / Ezetimibe 10mg tablets

88297996 | Fenofibrate micronised 267mg capsules

87848998 | Nicotinic acid pack

86796998 | Simvastatin 40mg / Ezetimibe 10mg tablets

87849998 | Nicotinic acid 375mg + 500mg + 750mg modified-release tablet

87850998 | Nicotinic acid 1g modified release tablets

87851998 | Nicotinic acid 750mg modified release tablets

86797998 | Simvastatin 20mg / Ezetimibe 10mg tablets

87916998 | Simvastatin 40mg tablets

89306996 | Atorvastatin 40mg tablets

89311998 | Atorvastatin 10mg tablets

89617998 | Ispaghula husk 3.5g sugar free granules

89154997 | Cerivastatin 200microgram tablets

86795998 | Simvastatin 40mg / Ezetimibe 10mg tablets

89311997 | Atorvastatin 20mg tablets

89306998 | Atorvastatin 10mg tablets

89311996 | Atorvastatin 40mg tablets

88298996 | Fenofibrate micronised 200mg capsules




Drug Drug code Preparation

Lipid 86788998 | Simvastatin 40mg / Ezetimibe 10mg tablets
modifying 86789998 | Simvastatin 20mg / Ezetimibe 10mg tablets
drugs 89153998 | Cerivastatin sodium 100mcg tablets

86787998 | Simvastatin 80mg / Ezetimibe 10mg tablets

89154998 | Cerivastatin 100microgram tablets

88297998 | Fenofibrate micronised 67mg capsules

86467998 | Rosuvastatin 5mg tablets

89285979 | Nicotinic acid 500mg modified release tablets

89800998 | Eicosapentaenoic acid 460mg / Docosahexaenoic acid 380mg capsules

89284979 | Nicotinic acid 750mg modified release tablets

88298998 | Fenofibrate micronised 67mg capsules

88297997 | Fenofibrate micronised 200mg capsules

89306997 | Atorvastatin 20mg tablets

87855998 | Nicotinic acid 500mg modified-release tablets

89283979 | Nicotinic acid 1g modified release tablets

89153997 | Cerivastatin sodium 200mcg tablets

86468998 | Rosuvastatin 5mg tablets

92447998 | Cerivastatin sodium 400mcg tablets

90973998 | Rosuvastatin 20mg tablets

93619998 | Simvastatin 10mg tablets

92408998 | Rosuvastatin 20mg tablets

93620996 | Simvastatin 40mg tablets

92448997 | Cerivastatin 800microgram tablets

92410998 | Rosuvastatin 40mg tablets

93620997 | Simvastatin 20mg tablets

93620998 | Simvastatin 10mg tablets

93871990 | Simvastatin 40mg tablets

92409998 | Rosuvastatin 10mg tablets

93243996 | Pravastatin 40mg tablets

91194998 | Fluvastatin 80mg modified-release tablets

93010990 | Colestyramine 4g oral powder sachets sugar free

92549990 | Fenofibrate micronised 200mg capsules

93244998 | Pravastatin 10mg tablets

93244997 | Pravastatin 20mg tablets

93244996 | Pravastatin 40mg tablets

92539998 | Rosuvastatin 40mg tablets

90310998 | Atorvastatin 80mg tablets

93243997 | Pravastatin 20mg tablets

92448998 | Cerivastatin 400microgram tablets

94407990 | Simvastatin 20mg tablets

93838990 | Bezafibrate 200mg tablets

92471998 | Simvastatin 80mg tablets




Drug

Drug code

Preparation

Lipid

modifying

drugs

93851992

Colestipol 5g granules sachets sugar free

90309998

Atorvastatin 80mg tablets

92460998

Fenofibrate micronised 160mg tablets

91316998

Colestyramine sugar free powder

93243998

Pravastatin 10mg tablets

92292998

Ezetimibe 10mg tablets

92154990

Simvastatin 20mg/5ml oral suspension sugar free

93541998

Colestyramine 4g oral powder sachets

93542998

Colestyramine 4g oral powder sachets sugar free

92804997

Fluvastatin 40mg capsules

94189997

Fenofibrate micronised 200mg capsules

92293998

Ezetimibe 10mg tablets

90649998

Fenofibrate 200mg capsules

92805998

Fluvastatin 20mg capsules

92804998

Fluvastatin 20mg capsules

92805997

Fluvastatin 40mg capsules

93619996

Simvastatin 40mg tablets

92220998

Simvastatin 80mg tablets

90653998

Colestyramine 4g oral powder sachets sugar free

94188997

Fenofibrate micronised 200mg capsules

94112992

Cholestyramine 325 mg cap

94188998

Fenofibrate 100mg capsule

94189998

Fenofibrate 100mg capsules

92804996

Fluvastatin 80mg modified-release tablets

93619997

Simvastatin 20mg tablets

95480990

Simvastatin 10mg tablets

95479990

Simvastatin 20mg tablets

95952997

Bezafibrate 400mg modified-release tablets

95550990

Simvastatin 20mg tablets

95551990

Simvastatin 10mg tablets

94925998

Eicosapentaenoic acid 170mg / Docosahexaenoic acid 115mg capsules

95478990

Simvastatin 40mg tablets

95471990

Simvastatin 40mg tablets

95475990

Simvastatin 20mg tablets

94799998

Fenofibrate micronised 160mg tablets

96295997

Gemfibrozil 600mg tablets

95474990

Simvastatin 40mg tablets

95472990

Simvastatin 20mg tablets

95451990

Simvastatin 10mg tablets

95549990

Simvastatin 40mg tablets

96295998

Gemfibrozil 300mg capsules

94927990

Simvastatin 80mg tablets




Drug

Drug code

Preparation

Lipid

modifying

drugs

94827992

Colestyramine 4g oral powder sachets

95501990

Simvastatin 40mg tablets

94782990

Pravastatin 20mg tablets

95185990

Simvastatin 80mg tablets

95494990

Simvastatin 20mg tablets

94605998

Colestipol 5g granules sachets sugar free

95495990

Simvastatin 10mg tablets

94851990

Pravastatin 10mg tablets

95500990

Simvastatin 80mg tablets

94830990

Pravastatin 20mg tablets

95502990

Simvastatin 20mg tablets

97078998

Fish oil concentrate 1g capsules

96685990

Bezafibrate 400mg modified-release tablets

96685989

Bezafibrate 200mg tablets

97377979

Cerivastatin sodium 300mcg tablets

94831990

Pravastatin 10mg tablets

97078997

Fish oil concentrate oral liquid

94661998

Colestipol 5g granules sachets sugar free

95482990

Simvastatin 20mg tablets

95483990

Simvastatin 10mg tablets

95486990

Simvastatin 40mg tablets

95508990

Simvastatin 10mg tablets

95487990

Simvastatin 20mg tablets

95952998

Bezafibrate 200mg tablets

97078996

Fish oil concentrate oral emulsion

94850990

Pravastatin 20mg tablets

94849990

Pravastatin 40mg tablets

94662998

Colestipol 5g granules sachets sugar free

95493990

Simvastatin 40mg tablets

95847990

Colestyramine 4g oral powder sachets sugar free

95098992

Hexopal 200 mg tab

97455979

Pravastatin 10mg tablets

95481990

Simvastatin 40mg tablets

94661997

Colestipol 5g granules sachets sugar free

97430979

Fluvastatin 20mg capsules

95805998

Bezafibrate 400mg modified release tablets

95405990

Simvastatin 40mg tablets

94789990

Pravastatin 10mg tablets

95401998

Probucol 250mg tablet

97247997

Gemfibrozil 600mg tablets

97247998

Gemfibrozil 300mg capsules

96134990

Colestyramine 4g oral powder sachets




Drug Drug code Preparation

Lipid 95278990 | Simvastatin 20mg tablets
modifying 95277990 | Simvastatin 40mg tablets
drugs 95372990 | Simvastatin 40mg tablets

95406990 | Simvastatin 20mg tablets

96642998 | Clofibrate 500mg capsules

94925997 | Eicosapentaenoic acid 170mg/g / docosahexaenoic acid 115mg/g oral liquid

95450990 | Simvastatin 20mg tablets

97433979 | Ciprofibrate 100mg tablets

96656990 | Bezafibrate 200mg tablets

97454979 | Pravastatin 20mg tablets

94883998 | Acipimox 250mg capsules

94882998 | Acipimox 250mg capsules

95279990 | Simvastatin 10mg tablets

95445990 | Simvastatin 10mg tablets

96021990 | Fenofibrate micronised 200mg capsules

95442990 | Simvastatin 80mg tablets

95449990 | Simvastatin 40mg tablets

95448990 | Simvastatin 80mg tablets

95443990 | Simvastatin 40mg tablets

94920990 | Simvastatin 20mg tablets

97529979 | Fenofibrate micronised 160mg tablets

99957979 | Atorvastatin 80mg tablets

98066998 | Nicotinic acid 25mg tablet

97518979 | Simvastatin 10mg tablets

97551979 | Fenofibrate micronised 200mg capsules

97476979 | Simvastatin 40mg tablets

97594979 | Bezafibrate 400mg modified-release tablets

97723998 | Ciprofibrate 100mg tablets

97756979 | Atorvastatin 40mg tablets

97495979 | Simvastatin 20mg tablets

97655990 | Colestyramine 4g oral powder sachets

97751998 | Ciprofibrate 100mg tablets

99197998 | Colestyramine 4g oral powder sachets

97559979 | Fenofibrate micronised 200mg capsules

98455998 | Clofibrate 500mg capsules

97482979 | Simvastatin 40mg tablets

97895997 | Bezafibrate 400mg modified-release tablets

98066996 | Nicotinic acid 100mg tablet

97808989 | Gemfibrozil 600mg tablets

97595979 | Bezafibrate 400mg modified-release tablets

97895998 | Bezafibrate 200mg tablets

97800992 | Nicotinic acid 500mg modified-release tablets




Drug Drug code Preparation

Lipid 97541979 | Fenofibrate micronised 267mg capsules

modifying 97494979 | Simvastatin 20mg tablets

drugs 97508979 | Simvastatin 10mg tablets
97612979 | Cerivastatin sodium 200mcg tablets
98066997 | Nicotinic acid 50mg tablets
99014998 | Bezafibrate 400mg modified-release tablets
99456998 | Probucol 250mg tablets
97705979 | Cerivastatin sodium 100mcg tablets
99725990 | Nicotinic acid 50mg tablets
58658979 | Atorvastatin 10mg tablets
61212979 | Atorvastatin 20mg chewable tablets sugar free
62570979 | Simvastatin 40mg/5ml oral suspension sugar free
59480979 | Fluvastatin 20mg capsules
57833979 | Atorvastatin 10mg tablets
62597979 | Simvastatin 20mg/5ml oral suspension sugar free
61213979 | Atorvastatin 20mg chewable tablets sugar free
58151979 | Atorvastatin 60mg tablets
58671979 | Atorvastatin 40mg tablets
64839979 | Simvastatin 40mg/5ml oral suspension sugar free
61489979 | Simvastatin 20mg tablets
54777979 | Eicosapentaenoic acid 460mg / Docosahexaenoic acid 380mg capsules
58668979 | Atorvastatin 40mg tablets
58669979 | Atorvastatin 40mg tablets
57838979 | Atorvastatin 40mg tablets
76814978 | Eicosapentaenoic acid 460mg / Docosahexaenoic acid 380mg capsules
72952978 | Eicosapentaenoic acid 460mg / Docosahexaenoic acid 380mg capsules
57832979 | Atorvastatin 20mg tablets
52277979 | Eicosapentaenoic acid 460mg / Docosahexaenoic acid 380mg capsules
58654979 | Atorvastatin 20mg tablets
58711979 | Atorvastatin 80mg tablets
58653979 | Atorvastatin 20mg tablets
61215979 | Atorvastatin 10mg chewable tablets sugar free
58661979 | Atorvastatin 10mg tablets
86020998 | Simvastatin 20mg/5ml oral solution sugar free
92329998 | Eicosapentaenoic acid 460mg / docosahexaenoic acid 380mg capsules
58153979 | Atorvastatin 30mg tablets
64582979 | Atorvastatin 40mg/5ml oral suspension
64584979 | Atorvastatin 40mg/5ml oral solution
64586979 | Atorvastatin 10mg/5ml oral suspension
64588979 | Atorvastatin 10mg/5ml oral solution
64634979 | Atorvastatin 20mg/5ml oral suspension
79256979 | Simvastatin 10mg/5ml oral suspension




S5: Hazard of women with PCOS to develop NAFLD compared to women without PCOS using diabetes censored data

Diabetes censored data DM and IGR censored data
PCOS Controls PCOS Controls
(Exposed)  (Unexposed) (Exposed) (Unexposed)
Total number of participants 61,841 119,373 61,557 119,077
Person years 291,198 567,775 290,103 566,580
Incident NAFLD n (%) 243 (0.39) 211 (0.18) 239 (0.39) 208 (0.17)
Incidence rates per 10,000 person years 8.34 3.72 8.24 3.67
Hazard Ratio (95% CI) 2.27 (1.89 t0 2.73) 2.28 (1.89 t0 2.75)
p-value <0.001 <0.001
Adjusted Hazard Ratio (95% CI)* 2.22 (1.85 to 2.68) 2.25(1.87t0 2.72)
p-value <0.001 <0.001

* Adjusted for age, Townsend score, BMI, diabetes or impaired glucose regulation and hypothyroidism at baseline



S6: Regression model estimates for hazard of women with PCOS to develop NAFLD

compared to women without PCOS (n= 184,274)

Hazard ratio 95% Cl P value
Characteristics
PCOS 2.23 (1.86, 2.66) <0.001
Age 1.05 (1.03,1.06) <0.001
Townsend index
1 1.00
2 1.10 (0.81,1.49) 0.54
3 1.21 (0.90, 1.61) 0.20
4 1.47 (1.11,1.95) 0.01
5 1.53 (1.13,2.07) 0.01
Missing or implausible data 1.52 (0.99, 2.35) 0.06
BMI (kg/m?) Category
<25 1.00
25-30 3.37 (2.36, 4.83) <0.001
>30 6.98 (5.07,9.60) <0.001
Missing or implausible data 1.96 (1.29, 3.00) <0.001
Diabetes or IGR* 2.39 (1.76, 3.25) <0.001
Hypothyroidism baseline 1.39 (0.97,1.98) 0.07

* IGR, impaired glucose regulation (includes impaired fasting glucose (IFG; fasting plasma glucose 6.1-
6.9 mmol/L) and impaired glucose tolerance (IGT; plasma glucose 7.8-11.1 mmol/L measured 120min
after ingestion of 75g glucose in the oral glucose tolerance test)



S7: Subgroup analysis for hazard of women with PCOS to develop NAFLD compared to women without PCOS stratified by BMI

category

BMI <25kg/m2 25-30Kg/m2 >30Kg/m2
PCOS Controls PCOS Controls PCOS Controls
(Exposed) (Unexposed) (Exposed) (Unexposed) (Exposed) (Unexposed)
Total number of participants 21,689 44,742 12,412 24,656 19,499 32,627
Person years 97,957 205,355 58,842 118,646 93,157 158,056
Incident NAFLD n (%) 21 (0.10) 23 (0.05) 48 (0.39) 47 (0.19) 173 (0.89) 142 (0.44)
Incidence rates per 10,000 person years 2.14 1.12 8.16 4.0 18.57 8.98
Hazard Ratio (95% CI) 1.91 (1.06 to 3.45) 2.05 (1.37t0 3.07) 2.06 (1.651t0 2.57)
p-value 0.03 <0.001 <0.001
Adjusted Hazard Ratio (95% CI)* 1.85(1.02 to 3.34) 2.05 (1.37t0 3.07) 2.06 (1.65to 2.58)
p-value 0.043 0.001 <0.001

* Adjusted for age, Townsend score, BMI, diabetes or impaired glucose regulation and hypothyroidism at baseline



S8: Regression model estimates for Impact of BMI and PCOS on hazard of women with

PCOS to develop NAFLD compared to women without PCOS (n= 184,274)

Hazard
Variable Ratio 95% ClI P value
Age 1.05 (1.04, 1.06) <0.001
Townsend index
1 1.00
2 1.10 (0.81, 1.49) 0.547
3 1.20 (0.90, 1.61) 0.207
4 1.47 (1.11, 1.96) 0.007
5 1.53 (1.13,2.07) 0.006
Missing or implausible data 1.53 (0.99, 2.36) 0.057
Diabetes or IGR* 2.29 (1.65,3.17) <0.001
Hypothyroidism at baseline 1.39 (0.98, 1.99) 0.069
Body mass index (kg/m?) and PCOS
Control women and BMI < 25 1.00
Control and BMI 25-30 3.27 (1.98, 5.38) <0.001
Control and BMI >30 6.82 (4.38,10.61) <0.001
Control and Missing BMI 0.93 (0.44,1.96) 0.858
PCOS women and <25 1.92 (1.06, 3.46) 0.031
PCOS women and 25-30 6.75 (4.10,11.10) <0.001
PCOS women and >30 14.12 (9.11,21.87) <0.001
PCOS women and Missing BMI 5.80 (3.40,9.92) <0.001

* |GR, impaired glucose regulation (includes impaired fasting glucose (IFG; fasting plasma glucose
6.1-6.9 mmol/L) and impaired glucose tolerance (IGT; plasma glucose 7.8-11.1 mmol/L measured
120min after ingestion of 75g glucose in the oral glucose tolerance test)



S9: Regression model estimates for hazard of women with PCOS to develop NAFLD
compared to women without PCOS with addition of PCOS diagnostic features as

predictor(n= 184,274)

Hazard ratio 95% ClI P value
Characteristics
PCOS 2.07 (1.72,2.50) <0.001
Age 1.05 1.04, 1.06) <0.001
Townsend index
1 1.0
2 1.10 (0.81,1.49) 0.551
3 1.20 (0.90, 1.60) 0.216
4 1.46 (1.10,1.93) 0.009
5 1.50 (1.10, 2.03) 0.010
Missing or implausible data 1.51 (0.98, 2.34) 0.062
BMI (kg/m?) Category
<25 1.0
25-30 3.35 (2.34,4.79) <0.001
>30 6.89 (5.00, 9.49) <0.001
Missing or implausible data 1.97 (1.29, 3.00) 0.002
Diabetes or IGR* 2.24 (1.61,3.10) <0.001
Hypothyroidism baseline 1.38 (0.96,1.97) 0.078
Hirsutism 1.37 (1.06,1.77) 0.016
Alopecia 1.54 (1.16, 2.05) 0.003
Acne 0.99 (0.76,1.27) 0.910

* |GR, impaired glucose regulation (includes impaired fasting glucose (IFG; fasting plasma glucose
6.1-6.9 mmol/L) and impaired glucose tolerance (IGT; plasma glucose 7.8-11.1 mmol/L measured
120min after ingestion of 75g glucose in the oral glucose tolerance test)



S10:Factors associated with NAFLD amongst Non PCOS women (n=121,064).

Hazard
Covariates Ratio 959% ClI P value
Age 1.06 (1.04,1.08)  <0.001
Townsend
1 1.00
2 1.30 (0.80, 2.12) 0.29
3 1.74 (1.11,2.72) 0.02
4 1.72 (1.09, 2.71) 0.02
5 1.93 (1.20,3.11) 0.01
Missing 2.07 (1.03,4.14) 0.04
BMI (kg/m?) category
<25 1.00
25-30 3.19 (1.93,5.26) <0.001
>30 6.39 (4.09,9.99) <0.001
Missing 0.94 (0.44,1.96) 0.86
Diabetes or IGR* 1.35 (057,3.17)  <0.001
Hypothyroidism 1.89 (1.14,3.13) 0.01
Anovulation 1.60 (1.16, 2.20) 0.004
Androgen excess feature
Hirsutism 1.74 (0.64, 4.75) 0.28
Ache 1.21 (0.76, 1.91) 0.42
Alopecia 1.30 (0.64, 2.64) 0.46
Lipid modifying drugs 0.75 (0.31,1.79) 0.51
Metformin 1.83 (0.71, 4.75) 0.21
Antiandrogen drug 0.75 (0.39, 1.47) 0.41




S11: Baseline characteristics in cohort of women with available serum testosterone measurement (n=71,061)

Characteristics

Serum testosterone concentration categories (nmol/L)

<1 1-1.49 1.5-1.99 2-249 2.5-2.99 3-3.49 23.5
Population n (%) 23,958 (33.7) 17,663 (24.9) 13,528 (19.0) 8,168 (11.5) 4,061 (5.7) 1,835(2.6) 1,848 (2.6)
Age mean (SD) 34.9(7.8) 32.4(7.8) 31.0(7.5) 29.7 (7.4) 28.4(6.9) 27.6 (6.8) 27.6(6.9)
Townsend index n (%)

1 5,597 (23.4) 3,934 (22.3) 2,939(21.7) 1,645 (20.1) 809 (19.9) 348 (19.0) 329 (17.8)

2 4,693 (19.6) 3,364 (19.0) 2,559 (18.9) 1,498 (18.3) 718 (17.7) 324 (17.7) 296 (16.0)

3 4,988 (20.8) 3,724 (21.1) 2,801(20.7)  1,730(21.2) 860 (21.2) 419 (22.8) 378 (20.4)

4 4,261 (17.8) 3,332 (18.9) 2,636 (19.5) 1,617 (19.8) 816 (20.1) 394 (21.5) 413 (22.4)

5 2,775 (11.6) 2,197 (12.4) 1,725(12.8)  1,135(13.9) 619 (15.2) 246 (13.4) 327 (17.7)

Missing or implausible data 1,644 (6.9) 1,112 (6.3) 868 (6.4) 543 (6.6) 239 (5.9) 104 (5.7) 105 (5.7)
BMI (kg/m?) category n (%)

<25 11,326 (47.3) 7,236 (41.0) 5,138 (38.0) 2,875 (35.2) 1,305 (32.1) 556 (30.3) 546 (29.6)

25-30 5,060 (21.1) 3,694 (20.9) 2,743 (20.3) 1,563 (19.1) 789 (19.4) 357 (19.5) 360 (19.5)

>30 4,903 (20.5) 4,282 (24.2) 3,655 (27.0) 2,400 (29.4) 1,259 (31.0) 601 (32.8) 628 (34.0)

Missing or implausible data 2,669 (11.1) 2,451 (13.9) 1,992 (14.7) 1,330 (16.3) 708 (17.4) 321 (17.5) 314 (17.0)




S11 continued

Characteristics

Serum testosterone concentration categories (nmol/L)

<1 1-1.49 1.5-1.99 2-2.49 2.5-2.99 3-3.49 23.5
Smoking status n (%)

Smokers 19,600 (81.8) 13,409 (75.9) 9,685 (71.6) 5,585 (68.4) 2,725 (67.1) 1,200 (65.4) 1,142 (61.8)
Smokers 4,056(16.9) 3,861 (21.9) 3,469 (25.6) 2,288 (28.0) 1,177 (29.0) 567 (30.9) 630 (34.1)
Missing 302 (1.3) 393 (2.2) 374 (2.8) 295 (3.6) 159 (3.9) 68 (3.7) 76 (4.1)

Medical conditions n (%)
Diabetes mellitus 350 (1.5) 244 (1.4) 149 (1.1) 109 (1.3) 52 (1.3) 27 (1.5) 27 (1.5)
Hypertension 648 (2.7) 394 (2.2) 330 (2.4) 187 (2.3) 95 (2.3) 44 (2.4) 46 (2.5)
Hypothyroidism 1,172 (4.9) 700 (4.0) 416 (3.1) 255 (3.1) 102 (2.5) 42 (2.3) 40 (2.2)
Impaired glucose regulation 129 (0.5) 66 (0.4) 50 (0.4) 26 (0.3) 13(0.3) 5(0.3) 6 (0.3)
PCOS 419 (1.8) 426 (2.4) 371 (2.7) 260 (3.2) 159 (3.9) 82 (4.5) 76 (4.1)




S12: Factors associated with NAFLD amongst the cohort of women with available serum

testosterone measurement (n=71,061)

Hazard 95% CI P Value
Covariates ratio
Serum testosterone
concentration (nmol/L)
<1.0 1.0
1.0-1.49 1.39 (0.93,2.07) 0.112
1.5-1.99 1.04 (0.66, 1.65) 0.856
2.0-2.49 0.89 (0.52,1.55) 0.684
2.5-2.99 1.18 (0.61,2.27 0.616
3.0-3.49 2.30 (1.16, 4.53) 0.017
>3.5 2.40 (1.24, 4.66) 0.009
Age 1.04 (1.02,1.06) <0.001
Townsend index
1 1.00
2 1.44 (0.91, 2.28) 0.124
3 1.07 (0.66,1.73) 0.793
4 1.62 (1.03,2.54) 0.037
5 1.30 (0.77,2.19) 0.328
Missing or implausible data 1.55 (0.74, 3.25) 0.247
BMI category (kg/m?)
<25 1.00
25-30 4.47 (2.45, 8.16) <0.001
>30 10.86 (6.30, 18.72) <0.001
Missing or implausible data 3.68 (1.85,7.33) <0.001
Hypothyroidism 1.20 (0.66, 2.16) 0.547
Diabetes or IGR* 2.64 (1.53,4.53) <0.001

* IGR, impaired glucose regulation (includes impaired fasting glucose (IFG; fasting plasma glucose 6.1-
6.9 mmol/L) and impaired glucose tolerance (IGT; plasma glucose 7.8-11.1 mmol/L measured 120min
after ingestion of 75g glucose in the oral glucose tolerance



$13: Hazard of women with serum testosterone level =1 nmol/L to develop NAFLD compared to women with serum testosterone level <1 nmol/L

(n=71,061)

Serum testosterone concentration categories (hmol/L)

<1 1-1.49 1.5-1.99 2-2.49 2.5-2.99 3-3.49 23.5

Number of participants 23,958 17,663 13,528 8,168 4,061 1,835 1,848
Incident NAFLD n (%) 44 (0.18) 53(0.3) 34 (0.25) 19 (0.23) 12 (0.30) 11 (0.60) 12 (0.65)
Person years 85,541 73,870 62,685 39,970 19,924 9,187 9,306
Incidence rate per 10,000 person years 5.14 7.17 5.42 4.75 6.02 11.97 12.89
Hazard Ratio 1 1.37 1.03 0.9 1.15 2.28 2.45
95% Cl of Hazard ratio (0.92,2.05) (0.66,1.62) 0.53,1.55) (0.61,2.18) (1.17,4.41) (1.29,4.64)
p-value 0.12 0.89 0.71 0.67 0.015 0.006
Adjusted Hazard Ratio* 1 1.39 1.04 0.89 1.18 2.3 24
95% Cl Baseline adjusted Hazard Ratio* (0.93,2.07) (0.66,1.65) (0.52,1.55) (0.61,2.28) (1.16,4.53) (1.24,4.66)

p-value 0.11 0.86 0.68 0.62 0.017 0.009

* Adjusted for age, Townsend score, BMI, diabetes or impaired glucose regulation and hypothyroidism at baseline



S14.
Risk of NAFLD in women with available serum testosterone measurement following exclusion of participants with PCOS/PCO codes

(n=158,606)
Hazard 95% CI P Value
Covariates ratio
Serum testosterone
concentration (nmol/L)
<10 1.0
1.0-1.49 1.47 (0.93, 2.32) 0.101
1.5-1.99 0.81 (0.45, 1.45) 0.479
2.0-2.49 1.02 (0.53, 1.95) 0.960
2.5-2.99 0.98 (0.38, 2.53) 0.958
3.0-3.49 0.97 (0.23, 4.08) 0.967
>3.5 2.23 (0.78, 6.38) 0.135

*Patients without a known diagnosis of PCOS who had serum testosterone measurements. A limitation of these data is that many of these women with serum
testosterone measurements may have had suspected androgen excess, and hence PCOS, despite the fact that this was not coded.



S15: Baseline characteristics in the cohort of women with available serum SHBG measurement (n=49,625)

Characteristics

Serum SHBG concentration categories (nmol/L)

<20 20-29.99 30-39.99 40 - 49.99 50 -59.99 260
Population n (%) 4,544 (9.2) 7,573 (15.3) 7,929 (16.0) 7,133 (14.4) 5,796 (11.7) 16,650 (33.6)
Age mean (SD) 28.5(7.5) 29.8(7.6) 30.6 (7.7) 31.1(7.7) 31.8(7.6) 32.4(7.5)
Townsend index n (%)
1 783(17.2)  1,363(18.0)  1,527(19.3) 1,472 (20.6) 1,234 (21.3) 3,555 (21.4)
2 718 (15.8)  1,191(15.8) 1,395 (17.6) 1,250 (17.5) 1,022 (17.6) 3,193 (19.2)
3 950(20.9)  1,589(21.0) 1,644 (20.7) 1,461 (20.5) 1,219 (21.0) 3,426 (20.6)
4 1,041(22.9) 1,621(21.4)  1,641(20.7) 1,399 (19.6) 1,139 (19.6) 3,135 (18.8)
5 741(16.3) 1,247 (16.5) 1,154 (14.6) 1,036 (14.5) 749 (12.9) 1,970 (11.8)
Missing or implausible data 311 (6.8) 562 (7.4) 568 (7.2) 515 (7.2) 433 (7.5) 1,371 (8.2)
BMI (kg/m?) categorised n (%)
<25 509 (11.2)  1,461(19.3) 2,307 (29.0) 2,908 (40.8) 2,809 (48.5) 9,896 (59.4)
25-30 802(17.6)  1,568(20.7)  1,836(23.2) 1,597 (22.4) 1,238 (21.4) 2,882 (17.3)
>30  2,578(56.7) 3,463 (45.7)  2,673(33.7) 1,591 (22.3) 924 (15.9) 1,642 (9.9)
Missing or implausible data 655 (14.4) 1,081 (14.3) 1,113 (14.0) 1,037 (14.5) 825 (14.2) 2,230 (13.4)
Smoking status n (%)
Non-smokers  3,376(74.3)  5,584(73.7) 5,908 (74.5) 5379 (75.4)  4,406(76.02) 13,078 (78.6)
Smokers 1,032 (22.7) 1,799 (23.8) 1,850 (23.3) 1,625 (22.8) 1,274 (22.0) 3,344 (20.1)
Missing or implausible data 136 (3.0) 190 (2.5) 171 (2.2) 129 (1.8) 116 (2.0) 228 (1.4)




S$15 continued

Serum SHBG concentration categories (hmol/L)

Characteristics
<20 20 -29.99 30-39.99 40 - 49.99 50 - 59.99 260

Medical conditions at baseline
n (%)
Diabetes mellitus 167 (3.7) 123 (1.6) 92(1.2) 79 (1.1) 48(0.8) 127 (0.8)
Hypertension 190 (4.2) 255 (3.4) 182 (2.3) 138 (1.9) 107 (1.8) 211 (1.3)
Hypothyroidism 232 (5.1) 313 (4.1) 298 (3.8) 283 (4.0) 213 (3.7) 608 (3.7)
Impaired glucose regulation 54 (1.2) 58 (0.8) 39(0.5) 15(0.2) 17 (0.3) 37(0.2)
PCOS 441 (9.7) 559 (7.4) 404 (5.1) 283 (4.0) 190 (3.3) 478 (2.9)




S16: Factors associated with NAFLD amongst the cohort of women with available serum

SHBG measurement (n=49,625)

95% CI
Covariate Hazard ratio P Value
SHBG (nmol/L) category
<20 498 (2.45,10.11) <0.001
20-29.99 4.75 (2.44,9.25) <0.001
30-39.99 1.66 (0.77,3.57) 0.199
40 - 49.99 2.06  (0.96,4.44) 0.065
50-59.99 0.94 (0.33,2.67) 0.903
> 60 1.00
Age 1.07  (1.05,1.10) <0.001
Townsend score #
1 1.00
2 2.31 (1.24,4.31) 0.009
3 1.78 (0.94, 3.36) 0.076
4 2.53 (1.37,4.69) 0.003
5 1.84 (0.92,3.67) 0.082
Missing or implausible data 1.50 (0.54, 4.15) 0.431
BMI (kg/m?) Category
<25 1.00
25-30 4.08 (1.97,8.43) <0.001
>30 5.41 (2.69,10.88) <0.001
Missing or implausible data 1.87 (0.73,4.79) 0.186
Hypothyroidism 1.08  (0.53,2.23) 0.856
(0.67,2.92)
Diabetes or IGR* 1.39 0.430

# Townsend score — presented as quintiles with 1 least deprived and 5 most deprived

* |GR, impaired glucose regulation (includes impaired fasting glucose (IFG; fasting plasma glucose 6.1-
6.9 mmol/L) and impaired glucose tolerance (IGT; plasma glucose 7.8-11.1 mmol/L measured 120min
after ingestion of 75g glucose in the oral glucose tolerance test)



S17: Hazard of women with serum SHBG level <60 nmol/L to develop NAFLD compared to women with serum SHBG level >60

nmol/L(n=49,625)

Serum SHBG concentration categories (hmol/L)

<20 20 -29.99 30 -39.99 40-49.99 50 - 59.99 260

Number of participants 4,544 7,573 7,929 7,133 5,796 16,650
Incident NAFLD n (%) 31(0.68) 47 (0.62) 16 (0.20) 15(0.21) 5(0.09) 12 (0.07)
Person years 17,263 28,470 29,428 26,351 20,233 55,353
Incidence rate per 10,000 years 17.96 16.51 5.44 5.70 2.47 2.17
Hazard Ratio 6.39 5.77 2.18 2.22 0.77 1
95% Cl of Hazard ratio (3.64,11.23) (3.38,9.83) (1.16,4.09) (1.16,4.22) (0.29,2.08)
p-value <0.001 <0.001 0.015 0.016 0.61
Adjusted Hazard Ratio* 4.98 4.75 1.66 2.06 0.94 1
95% Cl Adjusted Hazard Ratio* (2.45,10.11) (2.44,925) (0.77,3.57) (0.96,4.44) (0.33,2.67)

p-value <0.001 <0.001 0.19 0.06 0.90

* Adjusted for age, Townsend score, BMI, diabetes or impaired glucose regulation and hypothyroidism at baseline



S18:Risk of NAFLD based on available serum SHBG measurement following exclusion of participants with PCOS/PCO codes (n=

38,784)
95% ClI
Covariate Hazard ratio P Value
SHBG (nmol/L) category
<20 542 (2.32,12.64) <0.001
20 - 29.99 485 (2.22,10.58) <0.001
30 - 39.99 1.76  (0.73, 4.26) 0.210
40 - 49.99 1.71  (0.67,4.35) 0.259
50 - 59.99 0.98 (0.30,2.21) 0.977

>60 1.00

*Patients without a known diagnosis of PCOS who had serum SHBG measurements. A limitation of these data is that many of these women with serum
SHBG measurements may have had suspected androgen excess, and hence PCOS, despite the fact that this was not coded.



Polycystic ovary syndrome and risk of Non Alcoholic Fatty Liver Disease

Background

Polycystic ovary syndrome is an under-recognised, common and complex endocrine
condition (Teede, Gibson-Helm, Norman, & Boyle, 2014) affecting females of reproductive
age. The currently adopted diagnostic criteria for PCOS are the Rotterdam 2003 criteria,
which require any two of the three criteria to confirm PCOS namely oligo-ovulation and or
anovulation, clinical and or biochemical signs of hyperandrogenism and polycystic ovaries,
provided secondary causes are excluded (Legro, 2015).

Main clinical manifestations of PCOS are related to hyperandrogenism or /and anovulation.
Hyperannrogenism manifests mainly as hirsutism, with acne and alopecia being common
associations (Shivaprakash et al., 2013).

There are many long term complications of PCOS such as an increased risk of developing
gestational diabetes, type Il diabetes, sleep apnoea, cardiovascular disease, endometrial
cancer (Barry, Azizia, & Hardiman, 2014).

The prevalence of PCOS among women of reproductive age (15 to 45 years) in many
countries vary from 6 to 8% (Diamanti-Kandarakis et al., 1999) (Michelmore, Balen, Dunger,
& Vessey, 1999) (Kumarapeli, Seneviratne, Wijeyaratne, Yapa, & Dodampahala, 2008) (Jiao
et al., 2014). Therefore, PCOS is considered the most common endocrine abnormality among
young women (Livadas & Diamanti-Kandarakis, 2013).

The healthcare related economic burden of PCOS during reproductive life span in the United
States in 2005 was estimated to be 4.36 billion US dollars which arose from initial evaluation
(2%), hormonal treatment of menstrual dysfunction or abnormal uterine bleeding (31%),
providing infertility care (12.1%), PCOS associated diabetes (40.5%) and in treating hirsutism
(14.2%) (Azziz, Marin, Hog, Badamgarav, & Song, 2005). This analysis has not taken into
account the potential for premature cardiovascular outcomes, particularly in more
vulnerable ethnic groups and regions ofthe world.

Although prevalence of PCOS has been widely reported, we could not access literature on the
incidence of PCOS.

Purpose
The purpose of this doctoral research study is to determine the association between PCOS and
Non Alcoholic Fatty Liver Disease (NAFLD).

Methods

Data source

This study will use THIN data. This retrospective study intends to use general practice data as
this is one of the most common longitudinal data available in the UK. Although general
practice data is available through many sources such as GPRD and THIN, we chose THIN
data base as the University of Birmingham has the access to THIN database. Many of the
variables included in this study are part of Quality and Outcomes Framework (QoF), quality
of maintenance of this data is closely monitored.



The Health Improvement Network (THIN) database, an electronic primary care data base
containing anonymised patient data will be used as the data source in this study. THIN
database covers 5.7% of

the UK population (Dhalwani, Tata, Coleman, Fleming, & Szatkowski, 2013) and has been
proven to be generalizable to UK demographics (Blak, Thompson, Dattani, & Bourke, 2011).
More than 800 research papers have been published using the General Practise Research
Database which is similar to THIN (Williams, van Staa, Puri, & Eaton, 2012). This database
includes approximately two million reproductive aged women (aged 15 to 49 years) and 9.5
million patients from 495 practices in 2013 (Dhalwani et al., 2013). There were around 53
000 prevalent cases and 21 000 incident cases of PCOS in 2012 (Morgan, Jenkins-Jones,
Currie, & Rees, 2012). Information available in this dataset includes demography, clinical
assessment (diagnoses and health contacts), investigations and prescriptions.

Analysis

Cohorts of exposed and non-exposed groups will be developed. The inclusion criteria for the
exposed group will include PCOS patients diagnosed after one year wash in period from the
registration at the practice and not being diagnosed with NAFLD at the time of diagnosis of
PCOS. The index date for this group will be the date of diagnosis of PCOS and the exit date
will be the date of diagnosis of NAFLD or termination of study period or transfer to another
practice or death of the patient and whichever the earliest.

For prevalent PCOS patients (diagnosed before study entry) the date of registration at the
practice orwhen the practice becomes eligible to take part will be considered as the index date
for this group.

The criteria for selection of non-exposed group for the comparison with the exposed group
with incident cases will include 1) those who do not fulfil the criteria to diagnose PCOS, 2)
having one yearwash in period prior to the index date of the exposed participant 3) not being
diagnosed with NAFLD at the time of diagnosis of PCOS 4) randomly chosen to match with
the age (same or one year around the year of birth) and clinical practice of the exposed.

The proportion of exposed to non-exposed will be maintained as 1:4 in each cohort.
Comparison will be made in the demographic characteristics between those selected and non-
selected among the eligible non-exposed registrants in the data set to assess the randomness
of selection of non-exposed groups.

Within the POCS cohort we will explore what factors alter their risk of NAFLD, For
exampleandrogen excess features, BMI and antiandrogen medications.
Endpoints

The endpoints will be whichever occur first among any of the following 1) diagnosis of
NAFLD, 2) patient leaving the practice 3) death of the patient and 4) the termination of
documentation in the THIN database.

Confounding variables

Confounders were chosen through review of literature and controlled using multiple



regression analysis and include Age, BMI, smoking, Townsend index for social
deprivation, diabetes mellitus, hypothyroidism and impaired glucose regulation (Loomis et
al. 2016).
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The RECORD statement — checklist of items, extended from the STROBE statement, that should be reported in observational studies using routinely
collected health data.

Item | STROBE items Location in | RECORD items Location in manuscript
No. manuscript where where items are
items are reported reported
Title and abstract
1 (a) Indicate the study’s design with RECORD 1.1: The type of data used should | (1.1)
a commonly used term in the title be specified in the title or abstract. When | Abstract, paragraph 2
or the abstract (b) Provide in the possible, the name of the databases used
abstract an informative and should be included.
balanced summary of what was
done and what was found RECORD 1.2: If applicable, the geographic
region and timeframe within which the
study took place should be reported in| (1.2)
the title or abstract. Abstract, paragraph 2
RECORD 1.3: If linkage between databases
was conducted for the study, this should
be clearly stated in the title or abstract. (1.3)
Abstract, paragraph 2
Introduction
Background 2 Explain the scientific background Introduction,
rationale and rationale for the investigation paragraphs 1-3
being reported
Objectives 3 State specific objectives, including Introduction,
any prespecified hypotheses paragraph 4
Methods
Study Design 4 Present key elements of study Methods, paragraph 2
design early in the paper
Setting 5 Describe the setting, locations, and Methods, paragraph 3

relevant dates, including periods of
recruitment, exposure, follow-up,




and data collection

Participants

(a) Cohort study - Give the
eligibility criteria, and the sources
and methods of selection of
participants. Describe methods of
follow-up

Case-control study - Give the
eligibility criteria, and the sources
and methods of case
ascertainment and control
selection. Give the rationale for
the choice of cases and controls
Cross-sectional study - Give the
eligibility criteria, and the sources
and methods of selectionof
participants

(b) Cohort study - For matched
studies, give matching criteria and
number  of exposed and
unexposed

Case-control study - For matched
studies, give matching criteria and
the number of controls per case

RECORD 6.1: The methods of study
population selection (such as codes or
algorithms used to identify subjects)
should be listed in detail. If this is not
possible, an explanation should be
provided.

RECORD 6.2: Any validation studies of
the codes or algorithms used to select
the population should be referenced.
If validation was conducted for this
study and not published elsewhere,
detailed methods and results should
be provided.

RECORD 6.3: If the study involved
linkage of databases, consider use of a
flow diagram or other graphical
display to demonstrate the data
linkage process, including the number
of individuals with linked data at each
stage.

(6.1.)
Methods, paragraph 3

(6.2) NA

(6.3)
Methods, paragraph 5
Supp. Table S1

Variables

Clearly define all outcomes,
exposures, predictors, potential
confounders, and effect modifiers.
Give diagnostic criteria, if
applicable.

RECORD 7.1: A complete list of codes
and algorithms wused to classify
exposures, outcomes, confounders,
and effect modifiers should be
provided. If these cannot be reported,

(7.1)
Methods, paragraph 6
Supp. Fig S1,
S3 Table, S4 Table




an explanation should be provided.

Data sources/ | 8 For each variable of interest, give

measurement sources of data and details of
methods of assessment Table 1
(measurement). S1 Table,S2 Table, S5
Describe comparability of Table, S7 Table, S11 Table,
assessment methods if there is S13 Table, S15 Table, S17
more than one group Table,

Bias 9 Describe any efforts to address Methods, paragraph 5
potential sources of bias Methods, paragraph 11

Study size 10 Explain how the study size was Methods, paragraph 4

arrived at

Quantitative 11 Explain how quantitative variables Methods, paragraph 9
variables were handled in the analyses. If

applicable, describe which

groupings were chosen, and why
Statistical 12 (a) Describe all statistical methods, (a) Methods, paragraph
methods including those used to control for 10-15

confounding

(b) Describe any methods used to
examine subgroups and
interactions

(c) Explain how missing data were
addressed

(d) Cohort study — If applicable,
explain how loss to follow-up was
addressed

Case-control study — If applicable,
explain how matching of cases and
controls was addressed

(b) Methods, paragraph
11

(c) Table 1

(d) Results, paragraph 4




Cross-sectional  study  — If
applicable, describe analytical
methods taking account of
sampling strategy

(e) Describe any sensitivity
analyses

(e) Results, paragraph 4
Table 3

Data access and
cleaning methods

RECORD 12.1: Authors should describe
the extent to which the investigators
had access to the database population
used to create the study population.

RECORD 12.2: Authors should provide
information on the data cleaning
methods used in the study.

(12.2) Methods,
paragraph 16

(12.2) Methods,
paragraph 16

Linkage

RECORD 12.3: State whether the study
included person-level, institutional-
level, or other data linkage across two
or more databases. The methods of
linkage and methods of linkage quality
evaluation should be provided.

Results

Participants

13

(@) Report the numbers of
individuals at each stage of the
study (e.g., numbers potentially
eligible, examined for eligibility,
confirmed eligible, included in the
study, completing follow-up, and
analysed)

(b) Give reasons for non-
participation at each stage.

RECORD 13.1: Describe in detail
selection of the persons included in
study (i.e., study population selecti

the
the (13.1) Results,
on) paragraphs 1-3

including filtering based on data quality, Fig.1

data availability and linkage. The selection
of included persons can be described in
the text and/or by means of the study

flow diagram.




(c) Consider use of a flow diagram

Descriptive data 14 (a) Give characteristics of study (a) Results,
participants (e.g., demographic, paragraph 1-3
clinical, social) and information on Table 1
exposures and potential S1 Table,
confounders S2 Table,
(b) Indicate the number of S5 Table,
participants with missing data for S7 Table,
each variable of interest S11 Table,
(c) Cohort study - summarise S13 Table,
follow-up time (e.g., average and S15 Table,
total amount) S17 Table,
(b) Table 1 and
Table 4
S13 Table, S17 Table
(c) Results, paragraph
4
Table 2
Outcome data 15 Cohort study - Report numbers of Results, paragraph 4
outcome events or summary Table 2
measures over time S1 Table and
Case-control study - Report S2 Table
numbers in each exposure
category, or summary measures of
exposure
Cross-sectional study - Report
numbers of outcome events or
summary measures
Main results 16 (a) Give unadjusted estimates and, (16.a) Results,

if applicable, confounder-adjusted

paragraph 4-12




estimates and their precision (e.g.,
95% confidence interval). Make
clear which confounders were
adjusted for and why they were
included

(b) Report category boundaries
when continuous variables were
categorized

(c) If relevant, consider translating
estimates of relative risk into
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Abstract

Objective: Obesity is very common in patients with obstructive sleep apnoea (OSA) and polycystic ovary syndrome (PCOS).
Longitudinal studies assessing OSA risk in PCOS and examining the role of obesity are lacking. Our objective was to assess
the risk of OSA in women with vs without PCOS and to examine the role of obesity in the observed findings.

Design: Population-based retrospective cohort study utilizing The Health Improvement Network (THIN), UK.

Methods: 76 978 women with PCOS and 143 077 age-, BMI- and location-matched women without PCOS between
January 2000 and May 2017 were identified. Hazard ratio (HR) for OSA among women with and without PCOS were
calculated after controlling for confounding variables using multivariate Cox models.

Results: Median patient age was 30 (IQR: 25-35) years; median follow-up was 3.5 (IQR: 1.4-7.1) years. We found 298
OSA cases in PCOS women vs 222 in controls, with incidence rates for OSA of 8.1 and 3.3 per 10 000 person years,
respectively. Women with PCOS were at increased risk of developing OSA (adjusted HR = 2.26, 95% CI: 1.89-2.69,

P < 0.001), with similar HRs for normal weight, overweight and obese PCOS women.

Conclusions: Women with PCOS are at increased risk of developing OSA compared to control women irrespective of
obesity. Considering the significant metabolic morbidity associated with OSA, clinicians should have a low threshold to
test for OSA in women with PCOS. Whether OSA treatment has an impact on PCOS symptoms and outcomes needs to be

examined.

Introduction

Polycystic ovary syndrome (PCOS) is the commonest
endocrine disorder in women of reproductive age
8-13%) (1). Chronic
hyperandrogenism and ovarian polycystic morphology

(prevalence anovulation,
are the defining features of PCOS.

PCOS is associated with multiple comorbidities
including obesity, insulin resistance (IR), dyslipidaemia,

European Journal of

Endocrinology
(2019) 180, 265-272

diabetes (GDM), type 2 diabetes (T2D),
hypertension, non-alcoholic fatty liver disease, impaired
quality of life (QOL), cardiovascular disease (CVD)
and mortality amongst others (2, 3, 4). Weight loss
(by lifestyle intervention or bariatric surgery) remains

gestational

the only specific treatment for PCOS. The remaining
treatments are mainly symptomatic (oral contraceptives
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for irregular periods, anti-androgens for hirsutism,
ovulation induction for infertility) (5). Hence, there is
a need for better understanding of the pathogenesis of
PCOS-related metabolic risk and comorbidities in order to
develop effective therapies (6).

Obstructive sleep apnoea (OSA) is common, affecting
17-26% of men and 9-28% of women; the prevalence
being lower in women of reproductive age compared
to men (7). OSA is characterized by instability in the
upper airways during sleep, leading to recurrent upper
airway obstructions, sleep architecture disruption
and cyclical changes in heart rate, blood pressure,
sympathetic activity, intrathoracic pressure and oxygen
saturations (7, 8). Obesity is very common in patients
with OSA and PCOS (9). In addition, OSA is associated
with similar comorbidities to PCOS, such as IR, GDM,
T2D, hypertension, impaired QOL, CVD and mortality
(7, 10). Hence, it is plausible that OSA and PCOS might
co-exist and that either condition could contribute to the
comorbidities of the other (9). This is further supported
by a recent systematic review that showed that OSA
prevalence in women with PCOS was 32% (95% CI: 13-
55%) (11). However, these studies were of small size
(n < 60), at risk of selection bias and cross-sectional design,
barring the determination of the direction of relationship.
Additionally, the study populations exclusively comprised
patients with grade II obesity or higher. Hence, there is a
need to examine the relationship between OSA and PCOS
in a longitudinal population-based study, which allows to
assess the impact of obesity.

Several mechanisms, other than obesity and insulin
resistance, might increase the likelihood of OSA in
women with PCOS compared to women without PCOS
of similar adiposity including hyperandrogenism,
low progesterone (due to anovulation) and increased
oxidative stress (9).

We hypothesized that women with PCOS are at
increased risk of developing OSA compared to women
without PCOS regardless of the degree of obesity. The
primary aim of this study was to assess the risk of incident
OSA in women with PCOS vs women without PCOS and
examine the role of obesity in the observed relationships.
A secondary aim was to assess predictors of incident OSA

in women with PCOS.

Subjects and methods

For full description of the methods please refer to the
online supplement.

Ethics statement

The use of THIN data for research was approved by the
South-East Multicenter Research Ethics Committee in
2003 without the need for informed consent. As per
requirement of the ethical approval, further registration
and authorization for this project were obtained from the
relevant Scientific Review Committee (17THIN026).

Study design and setting

We conducted a matched-controlled retrospective cohort
study using data from UK general practices contributing
to The Health Improvement Network (THIN) electronic
database, as we have in previous studies (2, 12, 13).

Study population

The open cohort extended from the 1st January 2000
(study start date) to the 15th May 2017 (study end date).

Inclusion criteria: All women who were aged 18-
50 years at the index date (study entry) and had a
documentation of PCOS at any time during the study
period were included in the exposed group. Patients with
any documentation of OSA prior to the index date were
excluded. Women without documented PCOS at any time
during the study period were included in the unexposed
(control) arm. The index date was defined as the date of
first documentation of PCOS for newly diagnosed cases
and from the date patient became eligible if the first
documentation of PCOS was prior to the eligibility date
(for existing cases) (Supplementary Fig. E1, see section on
supplementary data given at the end of this article).

Each exposed patient was randomly matched to two
unexposed patients (1:2 ratio) for general practice, age at
index date and BMI (14, 15).

To minimize the immortal time bias, each randomly
matched eligible unexposed patient was assigned the
same index date as their corresponding exposed patient
(16). Follow-up end date (exit date) was determined from
the earliest occurrence of the first documentation of OSA,
transfer to another practice, death or study end.

Selection of Read Codes and PCOS definition

Read Codes to define PCOS, OSA and covariates were
compiled using a methodical Read Code search strategy
(see Supplementary Panel E1 and Table E1) Since there
is a possibility of misclassification between PCOS and
polycystic ovaries (PCO) due to the resemblance of codes
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during data entry, they have been combined in prevalence
studies using general practice electronic databases (17).

Statistical analysis

Potential confounders and covariates were chosen based
on biological plausibility and links to the exposure and
outcome of interest (PCOS and OSA respectively). These
included age, Townsend social deprivation index (14),
BMI, smoking status, diabetes mellitus, impaired glucose
regulation (18), hypertension (19), hypothyroidism,
antiandrogen medication and metformin. The critical
value for statistical significance was set at 5% and 95%
confidence intervals were used in the population estimate
of hazard ratios. Further analysis included calculating the
number and percentage of incident cases, person years
and incidence rates. Unadjusted and adjusted hazard
ratios were estimated using Cox regression models.

Sensitivity analysis was carried out to assess selection
bias due to case definition (PCOS and PCO vs PCOS only)
and survival bias due to inclusion of prevalent cases
(who had the documentation of PCOS prior to becoming
eligible for the study) (20). In the primary analysis, we did
not consider ethnicity as a covariate due to high missing
values (48.9%). In a sensitivity analysis we assigned
a separate ethnicity category for missing values and
included into the Cox model as an additional covariate.

Another model confined to PCOS cases (excluding
controls) was used to assess the association of PCOS
with OSA while considering PCOS phenotypes and
antiandrogen medication as covariates. STATA MP version
14.2 was used for data cleaning and analysis (21).

Results

Study population characteristics

The study population included 76 978 women with PCOS
and 143 077 matched control women from 763 general
practices registered with THIN (Fig. 1). The median
follow-up was 3.5 years (IQR: 1.38 to 7.14) with no
significant difference between women with and without
PCOS (Fig. 1). There was no obvious difference between
women with and without PCOS with regards to age
(median 30 years, IQR: 25-35), Townsend index for social
deprivation, BMI and smoking status (Table 1). When
compared to controls, women with PCOS were more likely
to have T2D (2.2 vs 1.0%), hypertension (3.0 vs 2.0%),
hypothyroidism (3.9 vs 2.3%) and impaired glucose

regulation (0.6% vs 0.3%) (Table 1). The PCOS group was
also more likely to develop diabetes mellitus during the
follow-up when compared to control group (5.6 vs 2.6%).

The clinical features of PCOS and medications used in
the study cohort are summarized in Table 2. Of the 76 978
women with PCOS, 22 307 (29.0%) were defined using
PCOS Read Code while the remainder were defined using
PCO Read Code (see Supplementary Table E1).

Primary analysis

There were 298 incident cases of OSA among 76 978
women with PCOS and 222 among 143 077 women
without PCOS. Incidence of OSA was significantly higher
in women with PCOS vs the matched controls (8.1 vs
3.3 per 10 000 person-years of follow-up, P<0.0001)
(Table 3). Women with PCOS had an increased hazard
of developing OSA when compared to their matched

Practices eligible for study period
N=763
Number of patients
N=14,417,129

!

Patients eligible for the study period

(18-50 year old women from 2000-2017)
N= 2,803,607 women

T~

PCOS cohort Controls (randomly matched to PCOS
cohort (1:2), within same general practice
for age (+1 year) and BMI (2 kgm?))

N= 76,978 N=143,077

3.4 years median follow up 3.5 median follow up
{IQR:1.4-7.2) {IQR:1.4-7.1)
763 GP practices 763 GP practices
A 4 v
PCOS cohort Without PCOS cohort
298 incident cases of sleep apnoea 222 incident cases of sleep apnoea

Figure 1

Selection of patients with polycystic ovary syndrome (PCOS)
and controls. A total of 14 417 129 patients were registered
with 763 eligible practices during 2000 to 2017. Of these,

2 803 607 women were of 18 to 50 years old and were eligible.
According to the criteria indicated in ‘methods’ section, there
were 76 978 women with PCOS in PCOS cohort. The control
cohort had 143 077 women who were matched within same
general practice for age and BMI at a ratio of 1:2. There were
298 and 222 incident cases of sleep apnoea in PCOS and
control cohorts respectively.
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Table 1 Baseline characteristics of women with PCOS and control women without PCOS.
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Characteristics

With PCOS (n=76 978)

Without PCOS (n =143 077)

Age (years; mean (s.n.))
Townsend score’

1

2

3

4

5
Missing data
BMI (kg/m?; mean (s.p.)
BMI categorized

<25 kg/m?

25-29.99 kg/m?

>30 kg/m?

Missing or implausible data
Smoking status

Non-smokers

Smokers

Missing or implausible data
Medical conditions at baseline

Diabetes

Hypertension

Hypothyroidism

Impaired glucose regulationt
Ethnicity

Caucasian-European

Black-Afro-Caribbean

South Asians

Others including Chinese, Middle-Eastern

Mixed-race

Missing (no codes found in Medical or AHD file)

30.2(7.4)

13865 (18.0%)
12716 (16.5%)
15072 (19.6%)
14498 (18.8%)
10223 (13.3%)
10 604 (13.8%)
28.6(7.6)

25739 (33.4%)
15065 (19.6%)
24139 (31.4%)
12 035 (15.6%)

56 105 (72.9%)
17 383 (22.6%)
3490 (4.5%)

1694 (2.2%)
2325 (3.0%)
2987 (3.9%)

446 (0.6%)

36670 (47.6%)
1692 (2.2%)
3929 (5.1%)
1013 (1.3%)

715 (0.9%)

32959 (42.8%)

30.4(7.3)

25951 (18.1%)
23910 (16.7%)
28172 (19.7%)
27341 (19.1%)
19675 (13.8%)
18028 (12.6%)
27.4(6.4)

52 666 (36.8%)
29 682 (20.8%)
37585 (26.3%)
23 144 (16.2%)

101 370 (70.8%)
32778 (22.9%)
8929 (6.2%)

1449 (1.0%)
2805 (2.0%)
3228 (2.3%)

368 (0.3%)

58 182 (40.7%)
3222 (2.3%)
4266 (3.0%)
1781 (1.2%)
1008 (0.7%)

74 618 (52.2%)

*Townsend score - presented as quintiles with 1 least deprived and 5 most deprived. f(Includes impaired fasting glucose and impaired glucose

tolerance).

controls (HR =2.46, 95% CI: 2.07-2.93, P < 0.001). Women
with PCOS remained at increased risk of developing OSA
compared to women without PCOS following adjustment
for age, Townsend score, BMI, hypothyroidism at baseline,
baseline and incident diabetes/IGR (adjusted HR = 2.26,
95% CI: 1.89 to 2.69, P<0.001) (Table 3).

In addition to PCOS, we identified older age,
increasing BMI and the presence of hypothyroidism at
baseline as independent predictors of incident OSA (see
Supplementary Table E2).

Sensitivity analysis

Limiting the analysis to incident cases of PCOS (adjusted
HR=2.20, 95% CI: 1.58-3.06, P<0.001) or PCOS Read
Codes only (adjusted HR=2.93, 95% CI: 2.15-3.99,
P <0.001) resulted in similar point estimates to those found
in the analysis of the whole study population (Table 3).
Adding ethnicity as an additional covariate did not alter our
findings (adjusted HR 2.21, 95% CI: 1.85-2.64, P<0.001).

Analysis to assess if risk of OSA among women
with PCOS is independent of BMI

Increasing BMI was associated with increasing OSA
incidence in women with and without PCOS, but the HRs
were greater in women with PCOS vs control in all BMI
categories (see Fig. 2 and Supplementary Table E2). When
compared to women without PCOS, women with PCOS
showed a higher risk (adjusted HR (95% CI)) of developing
OSA in all three BMI (kg/m?) categories (BMI <25: 1.91
(0.92-3.97), P=0.081; BMI 25-29.99: 2.25 (1.33-3.81),
P=0.003; BMI >230: 2.10 (1.72-2.56), P<0.001) (see Fig. 2
and Supplementary Table E3).

Analysis to assess the role of factors other than
BMIin OSA among PCOS women

In addition to older age, increasing BMI and presence
of hypothyroidism, we identified anovulation (adjusted
HR (95% CI) 1.33 (1.05-1.69), P=0.02), hirsutism
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Table 2 PCOS diagnostic features and use of medication. Data are presented as n (%)

Characteristics

With PCOS (n=76 978) Without PCOS (n =143 077)

PCOS features at baseline
Anovulation
Any clinical androgen excess feature
Acne
Alopecia
Hirsutism
Polycystic ovaries
Medications
Oral Contraceptive Pill (OCP) including an anti-androgenic
progestin component*
Cyproterone
Drospirenone
Other antiandrogen
Metformin

20 106 (26.1)
21974 (28.6)
14589 (19.0)

10 463 (7.3)
23231 (16.3)
19371 (13.5)

2749 (3.6) 3820 (2.7)
7748 (10.1) 1269 (0.9)
58 099 (75.5) 0(0)

22798 (29.6) 17 005 (11.9)

17 346 (22.5) 9381 (6.6)
9685 (12.6) 10280 (7.2)
192(0.2) 14 (0.0)

18 571 (24.1) 2925 (2.0)

*Use of either cyproterone acetate or drospirenone. Since some patients were prescribed both cyproterone and drospirenone during the period
covered, the number of OCP users is slightly smaller than the arithmetic sum of the numbers of cyproterone and drospirenone users.

(1.37 (1.05-1.80), P=0.02) and treatment with metformin
(1.69, 1.28-2.22, P<0.001) as predictors of incident
OSA (Table 4).

Discussion

This is the first large longitudinal study assessing the
temporal relationship between PCOS and OSA in a
European population and that accounted for the role
of obesity and adjusted for a large number of potential
confounders. We found that women with PCOS were
at increased risk of developing OSA compared women
without PCOS regardless of the severity of obesity and
independent of a wide range of potential confounders.
We also found that hirsutism and chronic anovulation,
clinical features of androgen excess, which is closely

linked to insulin resistance in the context of PCOS, were
independent predictors of OSA development in women
with PCOS.

A recent study from Taiwan also found an increase
OSA incidence in women with PCOS, but was of much
smaller sample size (n=9190 vs 220 055) and did not match
for BMI; in addition, the adjustment for confounders
was limited and did not explore the possible underlying
mechanisms (22).

The prevalence of OSA in women with PCOS has been
investigated in several small-scale cross-sectional studies
(9). Two recent meta-analyses showed an estimated OSA
prevalence (based on polysomnography or portable level
II devices) of 36.1% (95% CI: 22.4-51.0%) and 32% (95%
CI: 13-55%) in women with PCOS (23, 24). However, the
prevalence of OSA in women with PCOS varied widely
from 0 to 69% (9). This big variation in OSA prevalence

Table 3 Risk of women with PCOS developing OSA compared to women without PCOS.

Primary analysis

Sensitivity analysis (incident cases)

Sensitivity analysis (PCOS specific
Read Codes only)

Exposed Unexposed Exposed Unexposed Exposed Unexposed
Total number of patients 76 978 143 077 23 349 43 106 24 603 44 991
Incident OSA n (%) 298 (0.39) 222 (0.16) 86 (0.37) 60 (0.14) 115 (0.47) 63 (0.14)
Person years 368 203 680011 112 290 193 646 107 959 187 801
Incidence rates per 10 000 8.1 3.3 7.7 3.1 10.7 3.4

person years

Hazard ratio (95% ClI) 2.46 (2.07-2.93)

P-value <0.001
Adjusted hazard ratio (95% CI)* 2.26 (1.89-2.69)

P-value <0.001
Adjusted hazard ratio (95% CI)* 2.23 (1.87-2.66)

P-value <0.001

2.44 (1.76-3.40) 3.11 (2.29-4.23)

<0.001 <0.001
2.20 (1.58-3.06) 2.93 (2.15-3.99)

<0.001 <0.001
2.14 (1.53-2.99) 2.87 (2.10-3.92)

<0.001 <0.001

*Adjusted for age, Townsend score, BMI, diabetes or impaired glucose regulation at baseline and hypothyroidism at baseline. TAdjusted for age,
Townsend score, BMI, diabetes or impaired glucose regulation up to end of follow-up and hypothyroidism at baseline.
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BMI < 25 kg/m? HR=1.91 (95%Cl: 0.92-3.97)

BMI 25 - 29.99 kg/m? —_— HR=2.25 {95%Cl: 1.33-3.81)
BMI 2 30 kg/m?* —_— HR=2.10 (95%C]: 1.72-2.56)
0.60 1
Hazard ratio (95% confidence interval)
Figure 2

Impact of BMI on the hazard of obstructive sleep apnoea
(OSA). Women in both PCOS and control cohorts were
subcategorized into lean, overweight and obese groups. The
hazard of developing OSA among PCOS cohort in comparison
to control cohort was assessed for each BMI sub groups.

between studies is attributed to multiple factors, including
the application of different AHI cut-offs to diagnose OSA,
small sample sizes, variation in obesity prevalence and
potential selection bias due to recruitment from specialized
clinics, raising the possibility that the results many not
be generalizable (9). Our current study addresses many of
these gaps by conducting a population-based longitudinal
study of a large sample size that included patients with
normal, overweight and obese BMI categories. The impact
of PCOS on risk of OSA was stronger in overweight than
in obese women; however, this needs to be interpreted
with caution given the confidence intervals of effect
sizes overlap.

studies that showed low
prevalence rates of OSA in women with PCOS were

The cross-sectional

mainly carried out in leaner cohorts, hence suggesting
that the high prevalence of OSA in women with PCOS was
only applicable to women with obesity. Whether women
with PCOS were truly at increased risk of OSA compared
to women with similar obesity but without PCOS was
unclear (9, 23, 24). Our study addressed this limitation
of earlier studies by including a control group of women
matched for BMI amongst other important covariates,
and our results show clearly that women with PCOS were
at increased risk OSA compared to women without PCOS.
In addition, we have shown that this increased risk of OSA
in women with PCOS was evident irrespective of whether
patients were normal weight, overweight or have obesity.
However, the observed relationships were stronger in
women who were overweight or had obesity.

Several mechanisms might explain the link between
PCOS and OSA and explain the findings of this study

(9, 25). Androgen excess is a cardinal feature of PCOS
and androgens are implicated in the pathogenesis of
OSA as they affect upper airway stability and ventilatory
drive (9). OSA is consistently more common in men than
women (26, 27), which may also point to androgens
as a contributing factor. Our data support this notion
as a documented diagnosis of hirsutism, a clinical
manifestation of androgen excess, was an independent
predictor of incident OSA. In addition to androgen
excess, oxidative stress and low progesterone might play a
role in the observed relationship between PCOS and OSA
(25). Oxidative stress can contribute to the pathogenesis
of OSA by causing dysfunction in the carotid body
chemoreceptors resulting in ventilatory instability (28).
Progesterone is a respiratory stimulant and can result in
lowering upper respiratory resistance (29). Furthermore,
OSA is associated with lower progesterone in women (30)
and low progesterone affects the ventilatory drive (9, 31,
32). Our results also support this potential mechanism as
anovulation predicted incident OSA. Insulin resistance,
a feature of OSA and a predictor of incident apnoea can
also contribute to the observed relationships in this
study (33, 34).

OSA

including road traffic accidents, hypertension, T2D, CVD,

is associated with multiple comorbidities

Table 4 Predictors of OSA in women with PCOS (n =76 978).

Hazard 95% confidence
Covariates ratio interval P value
Age 1.06 (1.04-1.07) <0.001
Townsend
1 1.00 (Reference level)
2 1.26 (0.83-1.89) 0.27
3 1.41 (0.95-2.08) 0.08
4 1.58 (1.07-2.33) 0.02
5 1.67 (1.10-2.53) 0.02
Missing 1.23 (0.77-1.97) 0.38
BMI category
<25 kg/m? 1.00 (Reference level)
25-29.99 kg/m? 3.01 (1.60-5.69) 0.001
>30 kg/m? 12.50 (7.24-21.58)  <0.001
Missing 3.64 (1.91-6.95) <0.001
Diabetes or IGR* 0.72 (0.44-1.18) 0.19
Hypothyroidism 1.76 (1.20-2.58) 0.004
Anovulation 1.33 (1.05-1.69) 0.02
Androgen excess features
Hirsutism 1.37 (1.05-1.80) 0.02
Acne 0.85 (0.61-1.19) 0.35
Alopecia 0.97 (0.64-1.46) 0.89
Metformin 1.69 (1.28-2.22) <0.001
Antiandrogen drug 0.77 (0.57-1.05) 0.10

*Impaired glucose response (includes impaired fasting glucose and
impaired glucose tolerance). Values in boldface indicate statistical
significance.
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and mortality, which are similar to PCOS comorbidities
(except the road traffic accidents). However, whether OSA
increases the risk of these comorbidities in women with
PCOS is largely unknown. A recent systematic review
and meta-analysis showed that women with both PCOS
and OSA are more likely to have hirsutism, hypertension,
insulin resistance, hyperlipidaemia, and dysglycaemia
than women with PCOS only (24). However, these
findings were based on small-scale cross-sectional studies
with a high risk of bias (9). Hence, longitudinal and
interventional studies to assess the temporal relationship
and causation are needed.

The findings of our study need to be interpreted
within the context of the limitations. We carried out an
observational cohort study using data from primary care
and hence we did not have access to the results of the
polysomnography, polygraphy or oximetry such as the
AHI, oxygen desaturation index and other hypoxemic
measures. In addition, since we and other studies (14,
17) have observed a much lower prevalence of PCOS and
OSA in electronic medical records, it is possible that many
patients with PCOS and OSA remained undiagnosed. This
may be due lack of diagnosis or incomplete recording
of PCOS and OSA diagnosis in primary care setting. It is
possible that patients with PCOS who come to the attention
of the treating clinician represented the more severe
phenotype which may have resulted in an overestimate
of the effect size. This may limit the generalizability of our
findings to patients with milder form of disease. On the
other hand, the unexposed population may have patients
with undiagnosed PCOS which could potentially lead to
an underestimation of the effect size.

Nevertheless, our study has several strengths including
the large sample size, the longitudinal nature of the study,
the matched controlled design and the adjustment for a
wide range of confounders including BMI. In addition, this
was a population-based study rather than data from tertiary
centres and hence the findings are much more generalizable.
The longitudinal design of the study also allowed us to
assess the predictors of OSA in women with PCOS.

We conclude that women with PCOS are at increased
risk of developing OSA compared to women without PCOS
independent of obesity and other potential cofounders.
This increased risk was present in patients with normal
weight, overweight and obesity. Clinicians treating
women with PCOS should have a low threshold to test
for OSA. In addition, our findings suggest that clinical
features of hyperandrogenism and low progesterone may
contribute to the increased risk of OSA in women with
PCOS. Whether OSA worsens the long-term sequelae

PCOS and OSA 180:4 268

of PCOS and whether CPAP treatment has favourable
impacts on women with PCOS and OSA remains to be
examined.

Supplementary data
This is linked to the online version of the paper at https://doi.org/10.1530/
EJE-18-0693.
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Visual representation of study timeline and selection process (Identification of the exposed group (individuals with PCOS/PCO Read codes) and their controls
(without PCOS/PCO) matched 1:2 by age at index date, BMI and general practice)

Study start 1% ndex D Exit D Study End 15"
January 2000 ndex Date Xit Date May 2017
T T Observation Period T
PCOS/PCO
/PO o
group
Exit date is OSA
Index data is Date of diagnosis of PCOS/PCO First documentation diagnosis date or
(new diagnosis) or date patient became of Read codes for transfer date or death
eligible* to take part if diagnosis is already OSA during the study date or date of last
present. (prevalent cases) exists Diagnosis of period collection from practice
PCOS/PCO prior to the index date control patient
Without

PCOS/PCO [
group l

Controls selected at index date of
corresponding exposed patient to
mitigate immortality time bias

* To ensure good quality data, a patient is eligible to take part one year after the latest of the following dates: 1) registration with the general practice (registration date); 2) introduction of VISION Electronic
Medical Record (VISION date); and 3) Acceptable Mortality Recording (AMR) date. AMR is an indicator when practices started to record information consistently and in a timely manner™?, One year latent

period is applied to ensure there was sufficient time to record all important covariates.

1. Maguire A, Blak BT, Thompson M. The importance of defining periods of complete mortality reporting for research using automated data from primary care. Pharmacoepidemiol Drug Saf 2009; 18(1): 76-83.
2. Horsfall L, Walters K, Petersen I. Identifying periods of acceptable computer usage in primary care research databases. Pharmacoepidemiol Drug Saf 2013; 22(1): 64-9.

Figure E.1: Visual presentation of study selection process



Detailed methodology

Study design and setting

We conducted a matched-controlled retrospective cohort study using data from UK general
practices contributing to The Health Improvement Network (THIN) electronic database, that
was used previously in multiple studies of similar design to the current study [1-3]. It
contains longitudinal records of clinical, laboratory and therapeutic information of each
encounter with the patients registered with these practices using a hierarchical clinical ‘Read
Code’ system [4] THIN covers around 6% of UK population (3.7 million) from 763 practices
representatively scattered around the UK [5] The generalizability of THIN has been validated
for pharmaco-epidemiological research [6] and THIN has been used previously in studies
examining PCOS [7] and OSA [8] .
Study population

The open cohort extended from the 1t January 2000 (study start date) to the 15" May 2017
(study end date). All individuals were required to be registered at their practice at least for a
year before entry into the study in order to ascertain documentation of concomitant diseases.
Their practice was also required to have been using their computer system (Vision) for at
least one year prior to the index date (the date at which each participant joined the cohort)

and have an acceptable mortality reporting in order to ensure good data quality [9].

All women who fulfilled the above-mentioned criteria and who were aged 18-50 years at the
index date and had a documentation of PCOS at any time during the study period were
included in the exposed group. Patients with any documentation of OSA prior to the index
date were excluded. Women without documented PCOS at any time during the study period
were included in the unexposed (control) arm. The index date was defined as the date of first

documentation of PCOS for newly diagnosed cases and from the date patient became eligible

if the first documentation of PCOS was prior to the eligibility date (for existing cases) (see

Figure E1 in the online data supplement.).



Each exposed patient was randomly matched to 2 unexposed patients (1:2 ratio) for general
practice, age at index date (+ one year) and BMI (+ 2 kg/m?). Matching variables were
chosen based on their strong association with PCOS and OSA [8] [10] When more than 2
participants in the unexposed cohort were available to be matched with a participant in the

exposed cohort, two were randomly selected.

To minimize the immortal time bias, each randomly matched eligible unexposed patient was
assigned the same index date as their corresponding exposed patient [11]. Follow up end date
(exit date) was determined from the earliest occurrence of: the first documentation of OSA,

transfer to another practice, death or study-end.
Selection of Read Codes and PCOS definition

Read Codes to define PCOS, OSA and covariates (see Tables E1 to E17 in the online data
supplement.) were compiled using a methodical Read Code search strategy (see Panel E1 in
the online data supplement.) [12] including codes used in other studies [7] [8]. Since there is
a possibility of misclassification between PCOS and Polycystic ovaries (PCO) due to the
resemblance of codes during data entry, they have been combined in prevalence studies using

general practice electronic databases [7].

Grouping of quantitative variables

BMI (in kg/m?) was categorized into normal (<25), overweight (25 to 29.99) and obese (>30)
[13]. Impaired glucose regulation (IGR) included impaired fasting glucose (IFG; fasting
plasma glucose 6.1-6.9 mmol/L) and impaired glucose tolerance (IGT; plasma glucose 7.8-
11.1 mmol/L measured 120min after ingestion of 75g glucose in the oral glucose tolerance

test).
Statistical analysis

Potential confounders and covariates were chosen based on biological plausibility and links
to the exposure and outcome of interest (PCOS and OSA respectively). These included: age,

Townsend social deprivation index [8], BMI, smoking status, diabetes mellitus, impaired



glucose regulation [14] hypertension [15], hypothyroidism, antiandrogen medication, and
metformin. Baseline characteristics were summarized considering the distribution of data and
without statistical testing to comply with the statistical guidelines [16] [17] . The critical
value for statistical significance was set at 5% and therefore 95% confidence intervals were
used in the population estimate of hazard ratios. Further analysis included calculating the
number and percentage of incident cases, person years, and incidence rates. Unadjusted and
adjusted hazard ratios were estimated using Cox regression models. The initial adjusted
model included age, Townsend score, BMI, diabetes or IGR and hypothyroidism at baseline
as covariates. Sensitivity analysis was carried out to assess selection bias due to case
definition (PCOS and PCO vs PCOS only) and survival bias due to inclusion of prevalent
cases (who had the documentation of PCOS prior to becoming eligible for the study) [18].
Another model confined to PCOS cases (excluding controls) was used to assess the
association of PCOS with OSA while considering PCOS phenotypes and antiandrogen
medication as covariates. STATA MP version 14.2 was used for data cleaning and analysis

[19] 21.
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Options for methodical selection of Read codes

e System based grouping

e Use of flags in prioritizing codes into difference hierarchy based
on relevance

e Read codes cited in previous studies

e Read codes listed in Clinical codes.org

e Read codes corresponding to Quality Outcome Framework (QoF)

e Applying search for key words

e Discussion within the team (First attempt)

e Discussion with GPs

Panel E1. Options for methodical selection of Read codes

Table E1: Read codes used to identify polycystic ovary syndrome

Read Code

Description

Polycystic ovary syndrome

C164.11
C164.12
C165.00
7E25300

Iso-sexual virilisation

Stein - Leventhal syndrome
Polycystic ovarian syndrome
Endoscopic drilling of ovary

Polycystic ovaries

C164.00
C164.13

Polycystic ovaries
Multi-cystic ovaries

Sleep apnoea

Fy03.00
Fy03.11
Fy04.11
H5B..00
H5B0.00
R005100
R005300
RO05311

R005312
R060400

Sleep apnoea

Obstructive sleep apnoea

Ondine's curse

Sleep apnoea

Obstructive sleep apnoea
[D]Insomnia with sleep apnoea
[D]Hypersomnia with sleep apnoea
[D]Sleep apnoea syndrome

[D]Syndrome sleep apnoea
[D]Apnoea




E2 Table: Regression model estimates for hazard of women with PCOS to develop OSA

compared to women without PCOS (n=220,055)

Hazard 95% Confidence
Covariate ratio interval P-value
PCOS 2.26 (1.89 2.69) <0.001
Age 1.05 (1.04 1.06) <0.001

Townsend score®

1 1.00 (Reference category)
2 1.22 (0.89 1.66) 0.220
3 1.29 (0.95 1.73) 0.100
4 1.51 (1.12 2.03) 0.007
5 1.76 (1.30 2.40) <0.001
Missing or implausible data 1.43 (1.01 2.01) 0.044
BMI Category (kg/m?)
<25 1.00 (Reference level)
25-29.99 2.94 (1.88 4.60) <0.001
>30 13.69 (9.37 20.0) <0.001
Missing or implausible data 2.34 (2.41 3.87) 0.001
Diabetes or Impaired glucose regulation* 1.26 (0.87 1.81) 0.223
Hypothyroidism 2.02 (2.50 2.71) <0.001

# Townsend score — presented as quintiles with 1 least deprived and 5 most deprived

* (includes Impaired Fasting Glucose and Impaired Glucose Tolerance)



E3 Table: Subgroup analysis for hazard of women with PCOS to develop OSA compared to women without PCOS stratified by BMI

category
BMI <25kg/m2 25-29.99 Kg/m2 >30Kg/m2
PCOS Controls PCOS Controls PCOS Controls
(Exposed)  (Unexposed) (Exposed) (Unexposed) (Exposed) (Unexposed)
Total number of participants 25,725 52,651 15,035 29,656 23,912 37,409
Person years 117,924 243,863 72,979 144,545 117,242 186,177
Incident OSA n (%) 14 (0.05) 15 (0.03) 30 (0.20) 26 (0.09) 227 (0.94) 176 (0.47)
Incidence rates per 10,000 person years 1.19 0.62 4.1 1.80 194 9.45
Hazard Ratio (95% ClI) 1.92 (0.92 - 3.97) 2.25(1.33 - 3.81) 2.05 (1.68 - 2.49)
p-value 0.080 0.002 <0.001
Adjusted Hazard Ratio (95% CI)* 1.91 (0.92 - 3.97) 2.25(1.33 - 3.81) 2.10 (1.72 - 2.56)
p-value 0.081 0.003 <0.001

* Adjusted for age, Townsend score, BMI, diabetes or impaired glucose regulation and hypothyroidism at baseline
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Polycystic Ovary Syndrome,
Combined Oral Contraceptives,
and the Risk of Dysglycemia:
A Population-Based Cohort
Study With a Nested
Pharmacoepidemiological
Case-Control Study

Diabetes Care 2021,44:2758-2766 | https.//doi.org/10.2337/dc21-0437

OBJECTIVE

Irregular menstrual cycles are associated with increased cardiovascular mortality.
Polycystic ovary syndrome (PCOS) is characterized by androgen excess and irregu-
lar menses; androgens are drivers of increased metabolic risk in women with
PCOS. Combined oral contraceptive pills (COCPs) are used in PCOS both for cycle regu-
lation and to reduce the biologically active androgen fraction. We examined COCP use
and risk of dysglycemia (prediabetes and type 2 diabetes) in women with PCOS.

RESEARCH DESIGN AND METHODS

Using a large U.K. primary care database (The Health Improvement Network
[THIN]; 3.7 million patients from 787 practices), we carried out a retrospective
population-based cohort study to determine dysglycemia risk (64,051 women
with PCOS and 123,545 matched control subjects), as well as a nested pharma-
coepidemiological case-control study to investigate COCP use in relation to dys-
glycemia risk (2,407 women with PCOS with [case subjects] and without [control
subjects] a diagnosis of dysglycemia during follow-up). Cox models were used to
estimate the unadjusted and adjusted hazard ratio, and conditional logistic
regression was used to obtain adjusted odds ratios (aORs).

RESULTS

The adjusted hazard ratio for dysglycemia in women with PCOS was 1.87 (95% CI
1.78-1.97, P < 0.001; adjustment for age, social deprivation, BMI, ethnicity, and
smoking), with increased rates of dysglycemia in all BMI subgroups. Women with
PCOS and COCP use had a reduced dysglycemia risk (aOR 0.72, 95% Cl 0.59-0.87).

CONCLUSIONS

In this study, limited by its retrospective nature and the use of routinely collected elec-
tronic general practice record data, which does not allow for exclusion of the impact
of prescription-by-indication bias, women with PCOS exposed to COCPs had a reduced
risk of dysglycemia across all BMI subgroups. Future prospective studies should be
considered for further understanding of these observations and potential causality.

Diabetes Care Volume 44, December 2021

|
\
Check for i

updates |
L |

Balachandran Kumarendran,*2

Michael W. O’Reilly,34

Anuradhaa Subramanian,? Dana §umilo,1
Konstantinos Toulis,!

Krishna M. Gokhale,!

Chandrika N. Wijeratne,®

Arri Coomarasamy,* Abd A. Tahrani,*
Laurent Azoulay,® Wiebke Arlt,%7 and
Krishnarajah Nirantharakumar®#

nstitute of Applied Health Research, University
of Birmingham, Edgbaston, Birmingham, U.K.
’Department of Community and Family
Medicine, Faculty of Medicine, University of
Jaffna, Kokkuvil, Sri Lanka

3Department of Medicine, Royal College of
Surgeons in Ireland, University of Medicine and
Health Sciences, Dublin, Republic of Ireland
“Institute of Metabolism and Systems Research,
University of Birmingham, Birmingham, U.K.
*Department of Obstetrics and Gynecology,
Faculty of Medicine, University of Colombo,
Colombo, Sri Lanka

SDepartment of Epidemiology, Biostatistics and
Occupational Health and Gerald Bronfman
Department of Oncology, McGill University,
Toronto, Canada

’NIHR Birmingham  Biomedical — Research
Centre, University of Birmingham and University
Hospitals Birmingham NHS Foundation Trust,
Birmingham, U.K.

Corresponding author: Wiebke Arlt, w.arlt@
bham.ac.uk, or Krishnarajah Nirantharakumar,
k.nirantharan@bham.ac.uk

Received 22 February 2021 and accepted
8 September 2021

This article contains supplementary material online
at https://doi.org/10.2337/figshare.16608068.

B.K., M.\W.O., and A.S. contributed equally to this
work.

W.A. and K.N. are joint senior authors.

© 2021 by the American Diabetes Association.
Readers may use this article as long as the
work is properly cited, the use is educational
and not for profit, and the work is not altered.
More information is available at https.//www.
diabetesjournals.org/content/license.

220z Arenuer 8T uo 1sanb Aq ypd°LE0TZOP/L6GTEY/BSLZ/ZT Y /iPd-8lonie/ared;/bi0 s[euInolsaiagelp//:dny woly papeojumoq


mailto:w.arlt@bham.ac.uk
mailto:w.arlt@bham.ac.uk
mailto:k.nirantharan@bham.ac.uk
mailto:k.nirantharan@bham.ac.uk
https://doi.org/10.2337/figshare.16608068
https://www.diabetesjournals.org/content/license
https://www.diabetesjournals.org/content/license
http://diabetesjournals.org/care/article-pdf/44/12/2758/631597/dc210437.pdf

care.diabetesjournals.org

Polycystic ovary syndrome (PCOS) is the
most prevalent endocrine disorder in
women of reproductive age (1) and is
defined by irregular menses and andro-
gen excess. While previously mostly per-
ceived as a reproductive disorder, PCOS
is now recognized as a lifelong metabolic
disorder with an increased prevalence
of the cardiovascular risk factors insulin
resistance, dyslipidemia, and hyperten-
sion (2—4). An increased risk of type 2
diabetes in women with PCOS has been
described in both cross-sectional (5) and
cohort studies (5,6), the latter reporting
a two- to fourfold increased risk, with
type 2 diabetes diagnosed on average 4
years earlier in women with PCOS than
in the background population (7). In a
population-based cohort study, women
with PCOS were also found to have an
increased risk of nonalcoholic fatty liver
disease (NAFLD), a significant hepatic
complication of metabolic syndrome (3).
In a recently published prospective cohort
study (8) of nearly 80,000 women with a
follow-up period of 24 years, investigators
described an increased risk of premature
mortality, primarily due to cardiovascular
disease, in women with irregular and long
menstrual cycles, suggestive of PCOS as
the major underlying risk factor.
Androgen excess is a cardinal feature
of PCOS (1), and its severity has been
shown to correlate with insulin resistance
in cross-sectional studies (9—11). In the
general population, type 2 diabetes risk in
women increases with circulating andro-
gen concentrations and decreasing con-
centrations of sex hormone binding
globulin (SHBG) (12-15). Endogenous
androgen concentrations in women have
also been identified as a risk factor for
the development of NAFLD in PCOS, inde-
pendent of body weight (3). Combined
oral contraceptive pills (COCPs) are widely
prescribed in women with PCOS for men-
strual cycle regulation. In addition, COCPs
can exert antiandrogen effects through
two distinct mechanisms. The estrogen
component in COCPs increases the pro-
duction of SHBG in the liver, thereby
reducing the concentration of free testos-
terone capable of binding and activating
the androgen receptor in target tissues of
androgen action (16). Furthermore, some
progestins used in COCPs can convey
additional antiandrogenic action through
androgen receptor blockade, namely,
cyproterone and drospirenone, while

other progestins are proandrogenic or
exert no effect on the androgen receptor.

Data on the impact of COCP prescrip-
tion on glucose metabolism in women
are conflicting. Clinicians have previously
raised concerns that COCP intake may
adversely impact on glucose metabolism
(17); however, available evidence is lim-
ited by a lack of prospective studies and
by the confounding issue of higher ethi-
nylestradiol content in historical formula-
tions. Furthermore, a wide diversity of
combined oral contraceptive formula-
tions available, including differences in
progestin components, makes an accu-
rate assessment of the impact of COCP
prescription on glycemia very challenging.
In a recent Cochrane library review the
authors concluded that current evidence
suggests no significant impact on carbo-
hydrate metabolism in women without
PCOS, highlighting a paucity of large-scale
prospective studies to adequately address
the question (18). Conversely, it has been
hypothesized that the impact of COCP on
carbohydrate metabolism may be protec-
tive against incident dysglycemia, due to
the impact both of raising SHBG levels
and of partial androgen receptor block-
ade in selected formulations containing
antiandrogenic progestins.

Here we tested the hypothesis that
the use of COCPs decreases the risk of
type 2 diabetes in women with PCOS.
To this end, undertaking a population-
based cohort study, we first determined
the risk of incident dysglycemia, i.e., a
composite outcome combining prediabe-
tes and type 2 diabetes, in women with
PCOS and then examined in a nested
pharmacoepidemiological case-control
study whether COCP intake impacts on
this risk.

RESEARCH DESIGN AND METHODS

Data Source

Data sets were derived from a U.K. pri-
mary care database. There are >17 mil-
lion patient records from 787 general
practices in the IQVIA Medical Research
Data (also known as The Health Improve-
ment Network [THIN] database) (19).
THIN uses Read codes, a hierarchical cod-
ing system for recording symptoms and
diagnoses, and is highly suited for
assessment of chronic health conditions
(3,12,20).

Kumarendran and Associates

Study Population

Our study population was comprised of
women aged 18-50 years during the
study period (1 January 2000—31 January
2017). Women were eligible 1 year after
registration with their general practice or
from the time their practice became eligi-
ble for THIN participation (3).

Study Designs

PCOS and Incident Dysglycemia

This matched cohort study considered
women with PCOS as exposed. Expo-
sure was ascertained by Read codes for
“Polycystic ovary syndrome (PCOS)” or
“Polycystic ovaries (PCO)” (3), as this
composite code list reflects community
prevalence (21). Each exposed woman
was matched with up to two women
without PCOS within the same general
practice for age (+2 years) and BMI (2
kg/m?) (22,23).

Follow-up start date or the index date
for the exposed patients was set to PCOS
diagnosis date for incident PCOS patients
or patient eligibility date for prevalent
PCOS patients (patients with a diagnosis
ahead of cohort entry). The index date for
a matched control subject was set to the
corresponding index date of the exposed
patient to mitigate immortality time bias
(24). Follow-up occurred until the earliest
occurrence of 1) outcome, 2) study end, or
3) patient censorship denoted by death,
deregistration from the practice, or prac-
tice withdrawing from the THIN database.

Outcomes were type 2 diabetes and
dysglycemia, with the latter defined as
the composite outcome of prediabetes
and type 2 diabetes, which were ascer-
tained by Read codes and laboratory
results (type 2 diabetes, HbA:. $6.5%
[48 mmol/mol], fasting blood glucose
$7 mmol/L; dysglycemia, HbA;. $6.0%
(42 mmol/mol), fasting blood glucose
$6 mmol/L, random blood glucose
$11.1 mmol/L, and 2-h oral glucose tol-
erance test [OGTT] result indicated as
“abnormal” or “high”). Patients with a
recording of the outcome of interest (dys-
glycemia) or glucose-lowering drug pre-
scription at baseline were not eligible.

Risk Factors of Type 2 Diabetes and Dysgly-
cemia Among Women With PCOS

To identify potential risk factors for the
development of type 2 diabetes and
dysglycemia within the PCOS cohort, we
examined demographic risk factors,
BM, clinical features of androgen excess,
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and prescription of COCPs at baseline as
candidate risk factors.

Combined Oral Contraceptives and Incident
Dysglycemia Among Women With PCOS

To define the impact of COCPs on dysgly-
cemia risk, we conducted a nested case-
control study. Women who developed
dysglycemia during the follow-up period
were case subjects, and the remaining
women were potential control subjects.
One control subject per case subject was
randomly selected after matching for age
(2 years), BMI (+2 kg/m?), PCOS diagno-
sis date (2 years), and whether PCOS
was diagnosed before or after the patient
became eligible to take part in the study.
Index date was assigned as the date of
diagnosis of dysglycemia for the case sub-
jects, and the same date was assigned to
the corresponding control, ensuring a com-
parable exposure window for matched
case-control pairs and, therefore, avoiding
time-window bias (25).

The exposure window was prespeci-
fied and extended from 1 year prior to
cohort entry, to avoid disregarding valid
prescriptions in the immediate period
after patient registration, and 6 months
prior to index date, to exclude prescrip-
tions that cannot be validly attributed
to the development of dysglycemia.

COCP prescription was initially consid-
ered as a binary variable. COCP prescrip-
tion was then categorized according to
whether the respective progestin compo-
nent exerts antiandrogen activity. Patients
with no prescription of COCP formed the
reference groups for both the categorical
exposure variables.

Analysis

Crude incidence rates of the primary and
secondary composite outcome (type 2
diabetes and dysglycemia) were esti-
mated per 10,000 person-years. Unad-
justed and adjusted hazard ratios were
obtained using Cox models. Covariates for
adjustment were selected based on bio-
logical plausibility for confounding. Covari-
ates include age, BMI, socioeconomic
status, ethnicity, smoking status, and
record of hypertension, hypothyroidism,
and prescription of lipid-lowering medica-
tions. Socioeconomic status was pre-
sented with use of Townsend score
(26—28). Ethnicity was categorized based
on U.K. 2011 census classification. Smok-
ing status was categorized as currently
smoking, discontinued, and never smoked.

Selection of Read code lists exposure, out-
come, and covariates was based on meth-
ods and codes set out in previous
publications (3,12,20,29) (Supplementary
Table 1). BMI was categorized as per
World Health Organization guidelines,
with nonstandard BMI categorization of
South Asian women as per the recom-
mended guidelines (30).

Sensitivity Analyses

Sensitivity analyses were performed to
assess the extent of misclassification and
survival bias. The exposure was restricted,
firstly, to women with PCOS-specific diag-
nostic codes and, secondly, to those with
a PCOS diagnosis during the study period
(incident patients) (31).

In addition, in the nested-case control
study, we investigated whether control
selection based on risk set sampling
altered our findings, allowing a patient
to serve as a control subject for multi-
ple patients diagnosed with dysglyce-
mia, while patients not diagnosed with
dysglycemia at a similar time of follow-
up could serve as control subjects
before they developed dysglycemia.

Subgroup Analyses

To check whether risks of type 2 diabe-
tes and dysglycemia are independent of
BMI status, we conducted subgroup
analyses within each BMI category.

Analyses for Predictors of Dysglycemia

In the cohort restricted to women with
PCOS, Cox regression analysis was used to
identify statistically significant predictors
of type 2 diabetes and dysglycemia. In
addition to covariates mentioned in the
primary analysis, prescription of COCPs
and variables characteristic of androgen
excess and prescription of antiandrogen
therapy with single agent drugs were also
considered as candidate predictors.

Analysis of Nested Case-Control Study
Conditional logistic regression was per-
formed to obtain unadjusted and adjusted
ORs for dysglycemia based on exposure to
COCP. The adjusted model included all
covariates in the primary analysis, plus pre-
scription of metformin and antiandrogen
therapy.

RESULTS

Study Population Characteristics
A total of 64,051 women with PCOS and
123,545 women without PCOS and
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matched for age, sex, and general practice
were included in the study (Supplemen-
tary Fig. 1 and Table 1). The median fol-
low-up period was 3.5 years (interquartile
range [IQR] 1.4-7.2). Mean (SD) age of
the whole cohort was 30.5 (7.1) years and
median BMI 25.6 kg/m? (IQR 22.1-31.4).
Age, BMI, deprivation quintiles (Townsend
index), and smoking status had no appar-
ent imbalance in distribution between the
two groups. Women with PCOS were
more likely to be documented as South
Asian (4.8% vs. 2.9%), hypothyroid (3.4%
vs. 2.1%), and hypertensive (2.2% vs.
1.6%) at baseline (Table 1). COCPs were
prescribed for 43.4% of the PCOS-exposed
women before the index date; 22.5% of
the women with PCOS were prescribed
COCPs with an antiandrogenic progestin
component (drospirenone or cyproterone
acetate) (Table 1).

Risk of Type 2 Diabetes and
Dysglycemia

In the primary analysis, the incidence
rate of type 2 diabetes among the
exposed and the unexposed was 48.7
and 22.8 per 10,000 person-years dur-
ing a median follow-up of 3.39 years
(IQR 1.34-7.16) and 3.47 years (IQR
1.39-7.18), respectively, equating to a
doubling in risk of type 2 diabetes
among women with PCOS (hazard ratio
2.13, 95% Cl 1.98-2.29, P < 0.001).
Adjustment for age, deprivation quin-
tiles, BMI category, ethnicity, smoking
status, and hypothyroidism did not alter
the estimated hazard ratio (adjusted haz-
ard ratio [aHR] 2.04, 95% Cl 1.89-2.20,
P < 0.001) (Supplementary Table 2).

In analysis of the effect of PCOS on
the composite outcome (dysglycemia), a
similar effect was observed (aHR 1.87,
95% Cl 1.78-1.97, P < 0.001). The inci-
dence rates of dysglycemia were 96.3
and 49.4 per 10,000 person-years among
women with and without PCOS during a
median follow-up of 3.32 years (IQR
1.32—7.03) and 3.44 years (IQR 1.38-7.11),
respectively (Supplementary Table 2).

Sensitivity Analysis

The strength of association between
PCOS and type 2 diabetes did not
decrease when the analysis was restricted
to women with incident diagnosis of PCOS
(aHR 1.98, 95% Cl 1.70-2.31, P < 0.001)
and to women with PCOS-specific codes
(aHR 2.17, 95% Cl 1.88—2.51, P < 0.001).
This was similarly observed for dysglycemia
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Table 1—Baseline characteristics of participants of the population-based cohort study, with stratification by PCOS ex osure

status

Age, years, mean (SD)
BMI, kg/m?, median (IQR)

BMI categories, n (%)*
Normal/underweight
Overweight
Obese
Missing

Smoking status, n (%)
Nonsmoker
Discontinued
Smoker
Missing

Ethnicity, n (%)
Caucasian
Black
Chinese
South Asian
Mixed race
Missing

Townsend deprivation score, n (%)
1 (least deprived)

2

3

4

5 (most deprived)
Missing

Baseline comorbidity, n (%)
Hypothyroidism
Hypertension

Baseline medication, n (%)
Any COCP
COCP without antiandrogenic progestin
COCP with antiandrogenic progestin
Drospirenone
Cyproterone
Single-agent antiandrogen therapyt
Cyproterone
Other antiandrogen drugs®
Lipid-lowering medication

Women with PCOS (n = 64,051)

30.4 (7.0)
25.9 (22.2-31.9)

23,490 (36.6)
12,734 (19.8)
17,591 (27.5)
10,236 (16.0)

37,311 (58.3)
9,044 (14.1)
14,674 (22.9)
3,022 (4.7)

30,597 (47.8)
1,464 (2.3)
582 (0.91)
3,085 (4.8)
897 (1.4)

27,426 (42.8)

11,270 (17.6)
10,280 (16.1)
12,064 (18.8)
11,530 (18.0)
8,182 (12.8)
10,725 (16.7)

2,172 (3.4)
1,420 (2.22)

27,768 (43.4)
25,481 (39.8)
14,437 (22.5)
4,944 (7.7)
11,069 (17.3)

444 (0.69)
42 (0.07)
410 (0.64)

Women without PCOS (n = 123,545)

30.5 (7.1)
25.4 (22.0-30.8)

48,360 (39.1)
25,229 (20.4)
29,907 (24.2)
20,049 (16.2)

71,114 (57.6)

16,285 (13.2)

28,284 (22.9)
7,862 (6.4)

50,206 (40.6)
2,636 (2.1)
883 (0.7)
3,517 (2.9)
1,645 (1.3)

64,658 (52.3)

21,839 (17.7)
19,866 (16.1)
23,471 (19.0)
22,623 (18.3)
16,186 (13.1)
19,560 (15.8)

2,585 (2.1)
2,030 (1.64)

66,332 (53.7)

64,157 (51.9)

12,336 (10.0)
6,550 (5.3)
7,305 (5.9)

534 (0.43)

*Normal/underweight, <23.5 kg/m? for patients of South Asian ethnicity and <25 kg/m? for patients of all other ethnic groups; overweight,
23.5-27.5 kg/m? for patients of South Asian ethnicity and 25—-30 kg/m? for patients of all other ethnic groups; and obese, $27.5 kg/m? for
patients of South Asian ethnicity and $30 kg/m? for patients of all other ethnic groups. Ancludes dutasteride, enzalutamide, finasteride, flu-

tamide, and spironolactone. fPCOS-relevant variables summarized only for the PCOS-exposed cohort; note that patients with impaired glu-
cose regulation or glucose-lowering drug prescription at baseline were not included in the cohort.

(incident cohort, aHR 1.95, 95% Cl 1.76-2.16,
P < 0.001; PCOS-specific cohort, aHR 1.93,
95% Cl 1.75-2.13, P < 0.001) (Supplementary
Table 2).

Subgroup Analysis With Stratification
by BMI

In subgroup analyses, women with PCOS
had an increased risk of type 2 diabetes
in all BMI categories compared with
women without PCOS in the same BMI
category (normal/underweight category,

BMI <23 kg/m? among women of South
Asian ethnicity and <25 kg/m? among
women of all other ethnic groups, aHR
1.88, 95% Cl 1.42—2.51, P < 0.001; over-
weight category, BMI 23-27.5 kg/m?
among women of South Asian ethnicity
and 25-29.9 kg/m? among women of all
other ethnic groups, aHR1.92, 95% ClI
1.56-2.35, P < 0.001; and obesity cate-
gory, BMI $27.5 kg/m? among women
of South Asian ethnicity and $30 kg/m?
among women of all other ethnic groups,

aHR 1.88, 95% Cl 1.72—2.06, P < 0.001)
(Fig. 1A). Similar findings were observed
for the composite outcome (dysglycemia)
(Fig. 1A).

Risk Factors for Type 2 Diabetes and
Dysglycemia Among Women With
PCOS

In analysis of the cohort of women with
PCOS to identify risk factors for type 2
diabetes, PCOS-specific variables emerged as
significant risk factors, namely, anovulation
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Risk of type 2 diabetes and dysglycemia within BMI subgroups aHR (95% Cl)

Risk of type 2 diabetes
Normal/Underweight 1.88 [1.41, 2.50]
1.92 [1.56, 2.36]

1.88 [1.72, 2.06]

Overweight
Obese : ——
Risk of dysglycemia

Normal/Underweight 1.44[1.24, 1.68]

Overweight f —_ 1.87 [1.65, 2.12]
Obese : - 1.81[1.69, 1.93]

0.40 1.00 2.50
COCP exposure and risk of dysglycemia aOR (95% CI)
Prescription of COCP within the exposure window —— 0.74 [0.65, 0.85]

Dose response relationship: Categorization by median prescription count (3) :
No prescription of COCP within the exposure window ] Ref

COCP prescription count =3 within the exposure window

COCP prescription count >3 within the exposure window

Categorization by type of progestin component

No prescription of COCP

Prescription of COCP without anti-androgenic progestin component

Prescription of COCP with anti-androgenic progestin component

0.80[0.67, 0.96]
0.67 [0.55, 0.81]

Ref
0.72 [0.59, 0.87]
0.76 [0.63, 0.91]

Figure 1—Risk of type 2 diabetes and dysglycemia among 64,051 women with PCOS compared with 123,545 matched control subjects and accord-
ing to BMI subgroup (population-based cohort study [A]). aOR for risk of dysglycemia according to the prescription of COCPs (B) overall and accord-
ing to prescription counts and type of progestin component, respectively, in the nested pharmacoepidemiological case-control study (2,407
women with PCOS with a diagnosis of dysglycemia during follow-up [case subjects] and 2,407 women with PCOS without a diagnosis of dysglyce-
mia [control subjects]). Normal/underweight, <23.5 kg/m? for patients of South Asian ethnicity and <25 kg/m? for patients of all other ethnic
groups; overweight, 23.5-27.5 kg/m? for patients of South Asian ethnicity and 25—30 kg/m? for patients of all other ethnic groups; and obese,
$27.5 kg/m? for patients of South Asian ethnicity and $30 kg/m? for patients of all other ethnic groups. Ref, reference.

(aHR 1.21, 95% Cl 1.08-1.35, P = 0.001) and
hirsutism (aHR 1.20, 95% Cl 1.05-1.36, P =
0.007). Conversely, prescription of COCPs
emerged as a protective factor, with similar
effects observed for COCPs with (aHR 0.84,
95% Cl 0.73—0.97, P = 0.020) and without
(@aHR 0.83,95% Cl 0.72—0.94, P = 0.005) an
antiandrogenic progestin component. The
same risk factors and protective factors were
observed for the composite dysglycemia out-
come (Supplementary Table 3).

Nested Case-Control Analysis: The
Effect of Oral Contraceptives on Risk
of Dysglycemia

Of the 64,051 women with PCOS in the
base cohort, 0.45% (n = 2,885) devel-
oped dysglycemia during follow-up, who
were assigned as the case subjects in
the nested case-control study (Table 2).
The remaining 61,166 (95.5%) women
were considered as potential control
subjects. A total of 478 case subjects
could not be matched to a control sub-
ject on the basis of age, BMI, PCOS

diagnosis date, and incident/prevalent
status of PCOS diagnosis. Therefore, our
final analysis included 2,407 case sub-
jects and corresponding 2,407 matched
control subjects.

Mean (SD) age at index date was
38.9 (8.3) years and mean age at PCOS
diagnosis was 28.8 (14.4) years, which
were similar between case subjects and
control subjects. BMI at cohort entry
was similarly distributed between case
and control subjects (mean [SD] 32.7
[7.0] vs. 32.6 [7.0] kg/m?). Compared
with control subjects, case subjects
were more likely to be from a deprived
background (Townsend deprivation score
level 5 [deprived]: 17.0% vs. 12.3%),
smokers (26.6% vs. 20.8%), and of South
Asian ethnicity (10.0% vs. 3.2%). At
cohort entry, there was also a higher pro-
portion of case subjects with concurrent
hypothyroidism (10.6% vs. 7.8% of control
subjects). Altogether, 679 case subjects
(28.2%) and 815 control subjects (33.9%)
were prescribed COCPs during the

exposure window. Among those pre-
scribed COCPs, the median COCP pre-
scription count per person during the
exposure window was 3 (IQR 1-7).

With adjustment for age, smoking
status, BMI category, ethnicity, Town-
send score, baseline hypothyroidism,
hypertension, and prescription of iso-
lated antiandrogen drugs, metformin,
and lipid-lowering medication at base-
line, women with PCOS exposed to
COCP were seen to have a reduced risk
of dysglycemia (adjusted odds ratio
[aOR] 0.74, 95% CI 0.65-0.85, P <
0.001). For every issued COCP prescrip-
tion recorded within the exposure win-
dow, there was a 2% reduction in the
odds of dysglycemia (aOR 0.98, 95% ClI
0.96-0.99, P = 0.004) (Fig. 1B).

When COCP prescription issue count
was categorized as 1) no prescription,
2) prescription count of three or fewer,
and 3) prescription count of more than
three within the exposure window, a
dose-responsive reduction in the risk of
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Table 2—Baseline characteristics of women with PCOS included in the nested case-control study

Variable

Age at index date (dysglycemia diagnosis for
cases), years, mean (SD)

Age at PCOS diagnosis, years, mean (SD)
BMI, kg/m?, mean (SD)

BMI categories, n (%)
Normal/underweight
Overweight
Obese
Missing

Townsend deprivation score, n (%)
1 (least deprived)

2

3

4

5 (most deprived)
Missing

Smoking status, n (%)
Nonsmoker
Discontinued
Smoker
Missing

Ethnicity, n (%)

Caucasian

Mixed race

Chinese/Middle Eastern/other
Black

South Asian

Missing

Concurrent conditions at baseline, n (%)
Hypothyroidism
Hypertension

Prescription of drugs within the exposure
time window, n (%)
Contraceptives
No pill
COCP without antiandrogenic progestin
COCP with antiandrogenic progestin*
Single-agent antiandrogen therapy”
Metformin
Lipid-lowering medication

Women with PCOS and a diagnosis of
dysglycemia (case subjects), n = 2,407

38.89 (8.32)
28.84 (14.43)
32.72 (6.98)

270 (11.2)
439 (18.2)
1,322 (54.9)
376 (15.6)

351 (14.6)
359 (14.9)
473 (19.7)
471 (19.6)
408 (17.0)
345 (14.3)

1,306 (54.3)
295 (12.3)
639 (26.6)
167 (6.9)

999 (41.5)
38 (1.6)
21 (0.87)
80 (3.3)

241 (10.0)

1,028 (42.7)

256 (10.6)
623 (25.88)

1,728 (71.8)
301 (12.5)
378 (15.7)
41 (1.7)
417 (17.3)
150 (6.23)

Women with PCOS and without a diagnosis
of dysglycemia (control subjects), n = 2,407

38.84 (8.27)
28.76 (14.00)
32.59 (7.03)

305 (12.7)
437 (18.2)
1,289 (53.5)
376 (15.6)

481 (20.0)
436 (18.1)
457 (19.0)
420 (17.5)
295 (12.3)
318 (13.2)

1,354 (56.3)
362 (15.0)
501 (20.8)
190 (7.9)

1,099 (45.7)
21 (0.87)
13 (0.54)
40 (1.7)
77 (3.2)

1,157 (48.1)

188 (7.8)
179 (11.59)

1,592 (66.1)
389 (16.2)
426 (17.7)
23 (0.96)
330 (13.7)
119 (4.94)

Case and control subjects are matched women with and without a diagnosis of dysglycemia during follow-up, respectively. *Normal/underweight, <23.5
kg/m? for patients of South Asian ethnicity and <25 kg/m? for patients of all other ethnic groups; overweight, 23.5-27.5 kg/m? for patients
of South Asian ethnicity and 25—30 kg/m? for patients of all other ethnic groups; obese, $27.5 kg/m? for patients of South Asian ethnicity
and $30 kg/m? for patients of all other ethnic groups. *Cyproterone acetate/drospirenone. ACyproterone acetate/flutamide/finasteride.

dysglycemia was observed (in reference
to no prescription of COCP, aOR of dys-
glycemia with prescription count of
three or fewer = 0.80, 95% Cl 0.67—0.96,
P = 0.017, and aOR with prescription
count of more than three = 0.67, 95% ClI
0.55-0.81, P < 0.001) (Fig. 1B).

Women with PCOS exposed to COCPs
had a reduced risk of dysglycemia
irrespective of the type of progestin com-
ponent (COCPs with antiandrogenic pro-
gestin, aOR 0.76, 95% Cl 0.63—0.91, P =
0.003; COCPs with progestin without

antiandrogen activity, aOR 0.72, 95% CI
0.59-0.87; P < 0.001) (Fig. 1B and
Supplementary Table 4).

Metformin prescription within the
exposure window period was associated
with increased risk of dysglycemia (aOR
1.50, 95% Cl 1.24-1.81, P < 0.001), sug-
gestive of possible prescription-by-indi-
cation bias for those at increased risk.
Findings in the sensitivity analysis with
incorporation of a risk set sampling
approach showed a similar result (aOR
0.76, 95% Cl 0.63—0.91, P = 0.003).

CONCLUSIONS

With use of a rigorous nested case-con-
trol pharmacoepidemiological analysis,
we found that women with PCOS
exposed to COCPs had a reduced risk of
developing dysglycemia across all BMI
subgroups. Our study is also the largest
with reporting of glycemic outcomes in a
primary care cohort of women with
PCOS, demonstrating a twofold increased
risk of incident type 2 diabetes and dys-
glycemia in women with PCOS of any
BMI.
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Our finding of an increased type 2
diabetes risk in women with PCOS is
consistent with results of recent popula-
tion studies from Denmark and Finland
(7,32) and hospitalization data from
Australia (33), all reporting a two- to
fourfold increased type 2 diabetes risk
in PCOS. Using the Australian Longitudi-
nal Study on Women’s Health, Kakoly
et al. (34) demonstrated that a diagno-
sis of PCOS was one of the most influ-
ential predictors of incident type 2
diabetes in women, even after adjusting
for BMI and family history. Few popula-
tion studies have looked specifically at
the composite outcome of dysglycemia,
which takes into account a spectrum
of impaired glucose regulation ranging
from impaired glucose tolerance and
impaired fasting glucose through to
overt hyperglycemia (35,36). Crucially,
our data highlight that normal-weight
women with PCOS were also at increased
risk of type 2 diabetes and dysglycemia.
This parallels our previous finding of
increased NAFLD risk in normal-weight
women with PCOS (3), further challenging
the notion that PCOS-related metabolic
complications are only relevant in the
context of obesity.

These data suggest that, rather than
obesity in isolation, PCOS-specific factors,
including androgen excess, underpin the
increased metabolic risk. We found that
those women with PCOS and hirsutism, a
clinical feature of androgen excess, had a
further increased risk of dysglycemia. In a
population-based cohort study, using the
same primary care population database,
we previously documented an indepen-
dent link between serum testosterone
and incident diabetes risk in women (12).
We demonstrated that the risk of incident
type 2 diabetes increased significantly in
women with serum testosterone level
>1.5 nmol/L compared with the refer-
ence cohort with levels <1 nmol/L; the
risk was twofold higher in women with
serum testosterone values >3.5 nmol/L.
We also demonstrated in a small cross-
sectional cohort study that women with
increased circulating androgen concentra-
tions had a higher risk of an abnormal
OGTT result, with the OGTT-derived insu-
lin sensitivity index correlating inversely
with circulating androgen burden (9). In a
recent meta-analysis (37) it was demon-
strated that women with increased serum
testosterone had a 60% higher risk of
type 2 diabetes than women with normal

testosterone levels. Furthermore, a recent
large-scale genome association study in
425,097 participants of the UK Biobank
demonstrated that the risk of type 2 dia-
betes in women increased in line with
increasing circulating testosterone concen-
trations (15).

The association of female androgen
excess, insulin resistance, and type 2 dia-
betes is undoubtedly complex. Insulin
resistance promotes androgen excess by
upregulating ovarian androgen genera-
tion and peripheral androgen activation
in adipose tissue (38,39); the latter
increases lipid accumulation in the adipo-
cyte and, once adipocyte lipid storage
capacity is exhausted, fatty acid overspill
(39), which is intricately linked to meta-
bolic dysfunction. Abnormalities in skele-
tal muscle metabolic function have also
been described in PCOS, with altered
muscle mitochondrial energy biogenesis
in the context of androgen excess likely
to drive disturbances in glucose metabo-
lism (40,41). Rodent-based studies also
support a direct role for androgens in
pancreatic b-cell dysfunction, driving
insulin hypersecretion, oxidative injury,
and consequent b-cell failure (42). These
data have recently been underpinned by
a study using human pancreatic islets,
demonstrating that intracrine activation
of testosterone to the most potent andro-
gen, 5a-dihydrotestosterone, increases
glucose-stimulated insulin secretion (43).

A recent cohort study (8) in nearly
80,000 women with a follow-up period of
24 years described an increased risk of
premature mortality, primarily due to car-
diovascular disease, in women with irreg-
ular cycles. COCPs are routinely used for
menstrual cycle regulation in women
with PCOS. Our study is the first popula-
tion-based study investigating the hypoth-
esis that COCPs might mitigate the risk of
dysglycemia in women with PCOS, with
antiandrogen activity conferred by an
estrogen-mediated increase in SHBG as
the proposed mechanism. Studies exam-
ining the impact of COCPs on glucose
metabolism have reported conflicting
results, and most are limited by small par-
ticipant numbers and significant hetero-
geneity in COCP use. In a 2016 Korean
population study of 6,554 postmeno-
pausal women, investigators found that
those who took the COCP during their
reproductive years for >6 months had a
37% increased risk of type 2 diabetes
(44). However, in a more recent study
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with examination of the National Health
and Nutrition Examination Survey (NHANES)
database between 2007 and 2018 it was
found that COCP use in >6,000 women
aged 35-50 years who met matching crite-
ria was associated with a 29% reduced risk
of type 2 diabetes compared with the risk
of never users (45). A further limitation is
the tendency in previous studies to extrapo-
late data from otherwise healthy female
patient groups to women with PCOS, who
are likely to manifest a biologically distinct
set of risk factors for dysglycemia. For the
first cohort of the Nurses’ Health Study,
2,276 healthy women were followed for a
median of 12 years from 1976, with findings
that risk of type 2 diabetes was increased
by 10% in women with previous COCP use
compared with those who never took the
medication (46); however, these data reflect
the use of older COCP preparations with
higher ethinylestradiol concentrations
between the 1970s and 1990s. In a recent
Cochrane Library review no convincing evi-
dence was found of glycemic risk associated
with COCP prescription among women
without PCOS (18), while a 2011 meta-anal-
ysis of the limited evidence in women with
PCOS suggested neither adverse nor benefi-
cial impact of COCPs on glucose homeosta-
sis (47). A 2017 systematic review and
meta-analysis highlighted the urgent need
for further studies to understand the rela-
tionship between glucose metabolism and
COCP use in both lean and obese women
with PCOS (48). The results of our study
improve our understanding in this regard
and indicate the need for prospective, ran-
domized controlled trials on the impact of
COCPs on the risk of type 2 diabetes and
dysglycemia. We found that following
adjustment for confounding factors, women
with PCOS and COCP use had a 27% reduc-
tion in the relative risk of incident dysglyce-
mia, with the highest reduction in patients
receiving higher numbers of COCP prescrip-
tions. When analyzed separately, women
with PCOS and COCP use had a similarly
reduced risk of dysglycemia when exposed
to COCPs with and without antiandrogenic
progestin components, suggesting that the
estrogen-induced increase in SHBG may be
the primary driver of the risk-mitigating
effect. However, this finding is potentially
limited by the lower number of patients
receiving antiandrogenic COCPs. Cyproter-
one acetate and drospirenone are proges-
tins with antiandrogenic properties, as
opposed to progestins such as desogestrel
or levonorgestrel, which have neutral or
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proandrogenic effects (49). While cyproter-
one acetate and drospirenone exert antian-
drogen activity via androgen receptor
blockade, their antiandrogen activity is con-
siderably lesser than that of recently
approved novel antiandrogens mainly used
in the treatment of prostate cancer (50).

Our finding that women using metfor-
min and women using single-agent anti-
androgen therapy had an increased risk
of incident dysglycemia is very likely
reflective of a confounding-by-indication
bias (51). Accordingly, the women with
PCOS at highest risk of dysglycemia
based on metabolic or androgen pheno-
type may have been systematically pre-
scribed metformin and single agent
antiandrogen therapy. It is possible that
our observation of reduced dysglycemia
risk in women with PCOS on COCPs may
also reflect a prescription-by-indication
bias, whereby those women with cardio-
vascular risk factors such as obesity, dys-
lipidemia, and hypertension were less
likely to have been prescribed the COCP.
However, we believe that this is less
likely from closer review of the data; in
our nested pharmacoepidemiological
study, 26% of women had a BMI in the
obese range and one-quarter of women
with a BMI >35 kg/m? took COCPs dur-
ing the follow-up period. We also care-
fully adjusted our analysis for metabolic
phenotype by including BMI, hyperten-
sion, and dyslipidemia as variables.

Our study has a number of notable
limitations, including the above-men-
tioned prescription-by-indication bias
issues and others that are common to
studies of retrospective data with use of
electronic general practice databases.
The definition of women with no PCOS
was based on the absence of any Read
code in relation to PCOS and not on sys-
tematic diagnostic assessment to exclude
PCOS. Therefore, the proportion of women
with PCOS was also much lower than the
published community prevalence data for
PCOS (52). Another limitation is that we
used the Read code for polycystic ovaries
(PCO) as indicative of PCOS. However, in a
sensitivity analysis limited to women with
PCOS Read codes, we documented similar
findings, excluding the use of the PCO
Read code as a significant limitation.
Higher testing rates for type 2 diabetes
among women with PCOS may also have
resulted in overestimating the effect size;
however, the effect size observed for type
2 diabetes in our study is similar to that of

existing literature (53). It was also not pos-
sible to adjust for more specific lifestyle
factors such as physical activity, energy
intake, or fiber consumption within a large
population database as used in the current
study. To explore the possibility of right
censoring bias, the median follow-up and
the loss to follow-up pattern was com-
pared between patients with and without
PCOS. There was no systematic difference
observed between the two groups, and
therefore the assumption of noninforma-
tive censoring was reasonable for the
time-to-event analysis in this study, limiting
the possibility of right censoring bias.

In conclusion, we demonstrated that
women with PCOS have a significantly
increased risk of dysglycemia that persisted
after adjustment for BMI, corroborating the
recommendation that women with PCOS
should be systematically screened for type
2 diabetes irrespective of body weight cate-
gory. In our nested pharmacoepidemiology
study, we found that women with PCOS
and exposure to COCPs had a lower risk of
incident dysglycemia. Though the limitations
of our study design preclude ascertainment
of causality, we hypothesize that a benefi-
cial effect of COCPs might be conveyed by
an estrogen-induced increase in hepatic
SHBG production. This increase would result
in a decrease in the biologically active,
unbound circulating androgen fraction, and
this reduction in androgen excess could
have metabolically beneficial effects includ-
ing a decrease in risk of dysglycemia. How-
ever, to definitively establish causality a
large-scale randomized trial evaluating the
efficacy of COCPs in reducing the risk of
dysglycemia in women with PCOS would
be required, with careful comparison of the
potential additional benefit of COCPs con-
taining antiandrogenic progestin components.
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Suppl. Table 1: Read codes used in data extraction

Condition Read Code | Description
Polycystic ovary syndrome C164.12 Stein - Leventhal syndrome
C165.00 Polycystic ovarian syndrome
7E25300 Endoscopic drilling of ovary
Polycystic ovaries C164.00 Polycystic ovaries
C164.13 Multi-cystic ovaries
Ovulatory dysfunction 1571 H/O: amenorrhoea
K590.00 Absence of menstruation
K590.11 Amenorrhoea
K590100 Secondary amenorrhoea
K590z00 Amenorrhoea NOS
K591.00 Scanty or infrequent menstruation
K591.11 Infrequent menstruation
K591000 Hypomenorrhoea
K591100 Oligomenorrhoea
K591300 Secondary oligomenorrhoea
K591z00 Scanty or infrequent menstruation NOS
K5B0.00 Female infertility of anovulatory origin
K5B0.11 Anowvular cycle
K5B0100 Secondary anovulatory infertility
K5B0z00 Female infertility of anovulatory origin NOS
Alopecia Myu6300 [X]Other androgenic alopecia
M240.00 Alopecia
M240z00 Alopecia NOS
M240H00 | Alopeciaseborrhoeica
M240000 Alopecia unspecified
1N02.00 C/O: hair loss
M240300 Frontal alopecia of women
M240012 Hair loss
M240200 Male pattern alopecia
M240D00 | Marginal alopecia
22D7.11 O/E - alopecia
22D4.00 O/E - loss of hair
Hirsutism 22D8.00 O/E — hirsutism
22D8000 O/E - facial hair
M241.00 Hirsutism - hypertrichosis




Suppl. Table 1 (Continued)

Condition Read Code Description

Type 2 diabetes C106100 Diabetes mellitus, adult onset, + neurological manifestation

mellitus C109611 | Type Il diabetes mellitus with retinopathy
C10K000 Type A insulin resistance without complication
C109.13 Type Il diabetes mellitus
C109.12 Type 2 diabetes mellitus
C104.00 Diabetes mellitus with renal manifestation
C10FQO00 Type 2 diabetes mellitus with exudative maculopathy
C109.11 NIDDM - Non-insulin dependent diabetes mellitus
C10F111 Type Il diabetes mellitus with ophthalmic complications
C109F00 Non-insulin-dependent d m with peripheral angiopath
C10F911 Type Il diabetes mellitus without complication
C10FAll Type Il diabetes mellitus with mononeuropathy
C105y00 Other specified diabetes mellitus with ophthalmic complicatn
C100112 Non-insulin dependent diabetes mellitus
C107200 Diabetes mellitus, adult with gangrene
C109500 Non-insulin dependent diabetes mellitus with gangrene
C10FJ11 Insulin treated Type Il diabetes mellitus
C104.11 Diabetic nephropathy
C10FR11 Type Il diabetes mellitus with gastroparesis
C10z.00 Diabetes mellitus with unspecified complication
C109F12 Type 2 diabetes mellitus with peripheral angiopathy
C10D.00 Diabetes mellitus autosomal dominant type 2
C10F100 Type 2 diabetes mellitus with ophthalmic complications
C109F11 Type Il diabetes mellitus with peripheral angiopathy
C10F900 Type 2 diabetes mellitus without complication
C10FA00 Type 2 diabetes mellitus with mononeuropathy
C106z00 Diabetes mellitus NOS with neurological manifestation
C109612 Type 2 diabetes mellitus with retinopathy
C109511 Type Il diabetes mellitus with gangrene
C10FHO00 Type 2 diabetes mellitus with neuropathic arthropathy
C109512 Type 2 diabetes mellitus with gangrene
C10FP0OO Type 2 diabetes mellitus with ketoacidotic coma
C10F011 Type Il diabetes mellitus with renal complications
C101z00 Diabetes mellitus NOS with ketoacidosis
C109E00 Non-insulin depend diabetes mellitus with diabetic cataract




Suppl. Table 1 (Continued)

No. Read Code Description

Type 2 Diabetes C10F811 Metabolic syndrome X

Mellitus C107100 Diabetes mellitus, adult, + peripheral circulatory disorder
C109400 Non-insulin dependent diabetes mellitus with ulcer
C105.00 Diabetes mellitus with ophthalmic manifestation
C10FQ11 Type Il diabetes mellitus with exudative maculopathy
C10F000 Type 2 diabetes mellitus with renal complications
C109E11 Type Il diabetes mellitus with diabetic cataract
C109E12 Type 2 diabetes mellitus with diabetic cataract
C106y00 Other specified diabetes mellitus with neurological comps
C10FKO00 Hyperosmolar non-ketotic state in type 2 diabetes mellitus
C109012 Type 2 diabetes mellitus with renal complications
C109011 Type Il diabetes mellitus with renal complications
C10FS00 Maternally inherited diabetes mellitus
C10F311 Type Il diabetes mellitus with multiple complications
C10y.00 Diabetes mellitus with other specified manifestation
C109H00 Non-insulin dependent d m with neuropathic arthropathy
C10C.00 Diabetes mellitus autosomal dominant
C10FC11 Type Il diabetes mellitus with nephropathy
C10zy00 Other specified diabetes mellitus with unspecified comps
C105100 Diabetes mellitus, adult onset, + ophthalmic manifestation
C107400 NIDDM with peripheral circulatory disorder
C10FD11 Type Il diabetes mellitus with hypoglycaemic coma
C109H12 Type 2 diabetes mellitus with neuropathic arthropathy
C10F300 Type 2 diabetes mellitus with multiple complications
C10FL11 Type Il diabetes mellitus with persistent proteinuria
C10H.00 Diabetes mellitus induced by non-steroid drugs
C109H11 Type Il diabetes mellitus with neuropathic arthropathy
C104y00 Other specified diabetes mellitus with renal complications
C10FCO00 Type 2 diabetes mellitus with nephropathy
C10FJ00 Insulin treated Type 2 diabetes mellitus
C10FRO0 Type 2 diabetes mellitus with gastroparesis
C10P111 Type 2 diabetes mellitus in remission
C10F211 Type Il diabetes mellitus with neurological complications
C109G00 Non-insulin dependent diabetes mellitus with arthropathy
C105z00 Diabetes mellitus NOS with ophthalmic manifestation
C10FB11 Type Il diabetes mellitus with polyneuropathy
C109700 Non-insulin dependent diabetes mellitus - poor control




Suppl. Table 1 (Continued)

No. Read Code Description
Type 2 C109600 Non-insulin-dependent diabetes mellitus with retinopathy
Diabetes | C10FK11 Hyperosmolar non-ketotic state in type 11 diabetes mellitus
Mellitus  ["C10N.00 Secondary diabetes mellitus
C109.00 Non-insulin dependent diabetes mellitus
C10P100 Type Il diabetes mellitus in remission
C10F200 Type 2 diabetes mellitus with neurological complications
C109G11 Type Il diabetes mellitus with arthropathy
C109G12 Type 2 diabetes mellitus with arthropathy
C100z00 Diabetes mellitus NOS with no mention of complication
C10..00 Diabetes mellitus
C100100 Diabetes mellitus, adult onset, no mention of complication
C10FBO0O Type 2 diabetes mellitus with polyneuropathy
C109711 Type Il diabetes mellitus - poor control
C109712 Type 2 diabetes mellitus - poor control
C109212 Type 2 diabetes mellitus with neurological complications
C109211 Type Il diabetes mellitus with neurological complications
C10FEOOQ Type 2 diabetes mellitus with diabetic cataract
C109J00 Insulin treated Type 2 diabetes mellitus
C10FMO0 | Type 2 diabetes mellitus with persistent microalbuminuria
C10G.00 Secondary pancreatic diabetes mellitus
C10F511 Type Il diabetes mellitus with gangrene
C103z00 Diabetes mellitus NOS with ketoacidotic coma
C109B00 Non-insulin dependent diabetes mellitus with polyneuropathy
C10A500 Malnutritn-relat diabetes melitus wth periph circul complctn
C103100 Diabetes mellitus, adult onset, with ketoacidotic coma
C10L.00 Fibrocalculous pancreatopathy
C10N100 Cystic fibrosis related diabetes mellitus
C107.00 Diabetes mellitus with peripheral circulatory disorder
C109100 Non-insulin-dependent diabetes mellitus with ophthalm comps
C10FF11 Type Il diabetes mellitus with peripheral angiopathy
C109J12 Insulin treated Type Il diabetes mellitus
C109J11 Insulin treated non-insulin dependent diabetes mellitus
C10A.11 Jamaica type diabetes
C10FN11 Type Il diabetes mellitus with ketoacidosis
C10H000 DM induced by non-steroid drugs without complication
C109B12 Type 2 diabetes mellitus with polyneuropathy
C10F500 Type 2 diabetes mellitus with gangrene
C109B11 Type Il diabetes mellitus with polyneuropathy
C108y00 Other specified diabetes mellitus with multiple comps




Suppl. Table 1 (Continued)

No. Read Code Description

Type 2 Diabetes | C10yz00 Diabetes mellitus NOS with other specified manifestation

Mellitus C102.00 Diabetes mellitus with hyperosmolar coma
C104100 Diabetes mellitus, adult onset, with renal manifestation
C107.11 Diabetes mellitus with gangrene
C109111 Type Il diabetes mellitus with ophthalmic complications
C10FDO00 Type 2 diabetes mellitus with hypoglycaemic coma
C10M.00 Lipoatrophic diabetes mellitus
C109112 Type 2 diabetes mellitus with ophthalmic complications
C107.12 Diabetes with gangrene
C10FLO00 Type 2 diabetes mellitus with persistent proteinuria
C10F411 Type Il diabetes mellitus with ulcer
C103y00 Other specified diabetes mellitus with coma
C109A00 Non-insulin dependent diabetes mellitus with mononeuropathy
C109900 Non-insulin-dependent diabetes mellitus without complication
C10zz00 Diabetes mellitus NOS with unspecified complication
C10z100 Diabetes mellitus, adult onset, + unspecified complication
C10NO000 Secondary diabetes mellitus without complication
C10FE11 Type Il diabetes mellitus with diabetic cataract
C109000 Non-insulin-dependent diabetes mellitus with renal comps
C10B.00 Diabetes mellitus induced by steroids
C10FM11 | Type Il diabetes mellitus with persistent microalbuminuria
C10F400 Type 2 diabetes mellitus with ulcer
C104z00 Diabetes mellitus with nephropathy NOS
C109A11 Type 1l diabetes mellitus with mononeuropathy
C109A12 Type 2 diabetes mellitus with mononeuropathy
C109911 Type Il diabetes mellitus without complication
C109912 Type 2 diabetes mellitus without complication
C10yy00 Other specified diabetes mellitus with other spec comps
C109412 Type 2 diabetes mellitus with ulcer
C109411 Type Il diabetes mellitus with ulcer
C10K.00 Type A insulin resistance
C10FG00 Type 2 diabetes mellitus with arthropathy
C10G000 Secondary pancreatic diabetes mellitus without complication
C109D00 Non-insulin dependent diabetes mellitus with hypoglyca coma
C10F711 Type Il diabetes mellitus - poor control
C107z00 Diabetes mellitus NOS with peripheral circulatory disorder
C10FH11 Type Il diabetes mellitus with neuropathic arthropathy




Suppl. Table 1 (Continued)

No. Read Code Description
Type 2 Diabetes C109300 Non-insulin-dependent diabetes mellitus with multiple comps
Mellitus C10FP11 | Type Il diabetes mellitus with ketoacidotic coma
C10P.00 Diabetes mellitus in remission
C109D12 Type 2 diabetes mellitus with hypoglycaemic coma
C102z00 Diabetes mellitus NOS with hyperosmolar coma
C109D11 Type Il diabetes mellitus with hypoglycaemic coma
C10F700 Type 2 diabetes mellitus - poor control
C100.00 Diabetes mellitus with no mention of complication
C102100 Diabetes mellitus, adult onset, with hyperosmolar coma
C10y100 Diabetes mellitus, adult, + other specified manifestation
C109311 Type Il diabetes mellitus with multiple complications
C109312 Type 2 diabetes mellitus with multiple complications
C106.00 Diabetes mellitus with neurological manifestation
C10FF00 Type 2 diabetes mellitus with peripheral angiopathy
C10F.11 Type 1l diabetes mellitus
C109K00 Hyperosmolar non-ketotic state in type 2 diabetes mellitus
C10FNOO Type 2 diabetes mellitus with ketoacidosis
C109C00 Non-insulin dependent diabetes mellitus with nephropathy
C10F611 Type Il diabetes mellitus with retinopathy
C107y00 Other specified diabetes mellitus with periph circ comps
C106.13 Diabetes mellitus with polyneuropathy
C101.00 Diabetes mellitus with ketoacidosis
C109200 Non-insulin-dependent diabetes mellitus with neuro comps
C106.11 Diabetic amyotrophy
C106.12 Diabetes mellitus with neuropathy
C10FG11 Type Il diabetes mellitus with arthropathy
C10F.00 Type 2 diabetes mellitus
C109C11 Type Il diabetes mellitus with nephropathy
C10B000 Steroid induced diabetes mellitus without complication
C109C12 Type 2 diabetes mellitus with nephropathy
C10F600 Type 2 diabetes mellitus with retinopathy
C108z00 Unspecified diabetes mellitus with multiple complications
44Vv2.00 Glucose tolerance test impaired
Impaired glucose 8HIS.00 Referral for management of impaired glucose tolerance
regulation 9NS0400 Referral for impaired glucose tolerance management offered
9mX3.00 Impaired glucose regulation monitoring telephone invitation
9mX4.00 Impaired glucose regulation monitoring verbal invitation
9mX0.00 Impaired glucose regulation monitoring invitation 1st letter

C313500

Glucose intolerance




9mX2.00

Impaired glucose regulation monitoring invitation 3rd letter

9mX1.00 Impaired glucose regulation monitoring invitation 2nd letter
C11y300 Impaired fasting glycaemia

9mX..00 Impaired glucose regulation monitoring invitation
C11y200 Impaired glucose tolerance

R102.11 [D]Prediabetes

C11y500 Pre-diabetes

R102.12 [D]Impaired glucose tolerance test

C11y400 Impaired glucose regulation

R10E.00 [D]Impaired glucose tolerance

R10D000 [D]Impaired fasting glycaemia

R10D011 [D]Impaired fasting glucose
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Suppl. Table 2: Risk of type 2 diabetes and dysglycemia (composite outcome combining prediabetes and type 2 diabetes) in women with PCOS

compared to population-based controls matched for sex, age, BMI and location of general practice.

Type 2 Diabetes Dysglycemia
Women with PCOS Controls Women with PCOS Controls
Outcome events, n (%) 1483 (2.32) 1348 (1.09) 2885 (4.51) 2894 (2.34)
Person-years 304379 590335 299,551 585,307
Crude Incidence Rate/10,000 person years 48.7 22.8 96.3 49.4

Follow-up years, Median (IQR)
Unadjusted hazard Rate ratio (95% CI)
Adjusted hazard Rate ratio (95% CI)
Adjusted hazard Rate ratio (95% CI)*

Adjusted hazard Rate ratio (95% CI)-

3.39 (1.34-7.16) 3.47 (1.39-7.18)

3.32 (1.32-7.03) 3.44 (1.38-7.11)

2.13 (1.98-2.29); p<0.001
2.04 (1.89-2.20); p<0.001
1.98 (1.70-2.31); p<0.001

2.17 (1.88-2.51); p<0.001

1.95 (1.85-2.05); p<0.001
1.87 (1.78-1.97); p<0.001
1.95 (1.76-2.16); p<0.001

1.93 (1.75-2.13); p<0.001

Adjustments for age, ethnicity, Townsend deprivation quintile, BMI category, smoking status and baseline diagnosis of hypothyroidism,

hypertension and prescription of lipid lowering drugs

*Sensitivity Analysis 1: Analysis of women with incident diagnosis of PCOS and their corresponding controls

=Sensitivity Analysis 2: Analysis of women with PCOS-specific diagnosis and their corresponding controls



Suppl. Table 3: Risk factors of type 2 diabetes and dysglycemia (composite outcome combining
prediabetes and type 2 diabetes) among women with PCOS (n=64,051).

Risk factors

Type 2 Diabetes

Dysglycemia

Age

1.06 (1.05-1.07); p<0.001

1.06 (1.05-1.06); p<0.001

BMI Categories*
Underweight/Normal weight
Overweight

Obese

Missing

Ref
3.10 (2.41-3.99); p<0.001

11.74 (9.46-14.57); p<0.001

4.97 (3.85-6.42); p<0.001

Ref
2.68 (2.31-3.11); p<0.001
7.13 (6.27-8.10); p<0.001
3.15 (2.68-3.70); p<0.001

Townsend deprivation score category
1 (least deprived)
2
3
4
5 (most deprived)
Missing

Ref
1.17 (0.97-1.42); p=0.103
1.47 (1.23-1.75); p<0.001
1.54 (1.28-1.84); p<0.001
1.89 (1.54-2.24); p<0.001
1.37 (1.12-1.66); p=0.002

Ref
1.14 (1.00-1.30); p=0.054
1.27 (1.12-1.44); p<0.001
1.39 (1.22-1.58); p<0.001
1.67 (1.46-1.91); p<0.001
1.28 (1.11-1.46); p<0.001

Smoker categories
Non-Smoker
Discontinued
Smoker
Missing

Ref
1.06 (0.91-1.25); p=0.440
1.36 (1.20-1.54); p<0.001
0.97 (0.78-1.22); p=0.816

Ref
1.05 (0.93-1.17); p=0.430
1.30 (1.19-1.42); p<0.001
0.86 (0.73-1.02); p=0.093

Ethnicity
Caucasian
Mixed Race
Chinese/middle eastern/others
Black
South Asian
Missing

Ref
1.75 (1.09-2.81); p=0.019
1.27 (0.68-2.37); p=0.456
1.15 (0.82-1.61); p=0.408
1.92 (1.56-2.37); p<0.001
1.00 (0.89-1.11); p=0.945

Ref
1.93 (1.40-2.66); p<0.001
1.57 (1.04-2.35); p=0.030
1.66 (1.35-2.05); p<0.001
2.41 (2.09-2.78); p<0.001
1.01 (0.93-1.09); p=0.866

Concurrent Conditions at baseline
Hypothyroidism
Hypertension

PCOS relevant variables
Anovulation
Hirsutism
Hair loss

1.07 (0.85-1.34); p=0.560
2.11 (1.79-2.49); p<0.001

1.21 (1.08-1.35); p=0.001
1.20 (1.05-1.36); p=0.007
0.93(0.77-1.13); p=0.493

1.17 (1.00-1.37); p=0.056
1.99 (1.76-2.26); p<0.001

1.17 (1.08-1.27); p<0.001
1.15 (1.05-1.27); p=0.004
0.97 (0.85-1.11); p=0.687

Prescriptions at baseline
Contraceptives
No Pill
COCP without anti-androgen
COCP with anti-androgenic progestin*
Single agent anti-androgen therapy”
Lipid lowering drugs

Ref
0.83 (0.72-0.94); p=0.005
0.84 (0.73-0.97); p=0.020
1.20 (0.84-1.71); p=0.314
1.37 (0.95-1.96); p<0.001

Ref
0.77 (0.70-0.85); p<0.001
0.85 (0.77-0.94); p=0.002
0.99 (0.74-1.31); p=0.926
1.35(1.02-1.77); p=0.036




*Normal/Underweight: <23.5 kg/m? for patients of South Asian ethnicity & <25 kg/m? for patients of all
other ethnic groups

Overweight: 23.5-27.5 kg/m? for patients of South Asian ethnicity & 25-30 kg/m? for patients of all other
ethnic groups

Obese = >27.5 kg/m? for patients of South Asian ethnicity & >30 kg/m? for patients of all other ethnic
groups

*cyproterone acetate/drospirenone

Acyproterone acetate/flutamide/finasteride



Suppl. Table 4. Risk and protective factors among 2407 women with dysglycemia and 2407 matched

controls (n=4814)

Covariates Adjusted OR (95% CI)
Combined oral contraceptive use
No COCP Ref

COCP without anti-androgen

COCP with anti-androgenic progestin*

0.72 (0.59-0.87); p<0.001
0.76 (0.63-0.91); p=0.003

Age

1.05 (0.99-1.12); p=0.106

Smoking Status
Non-Smoker
Discontinued Smoker
Smoker
Missing

Ref
0.96 (0.79-1.16); p=0.663
1.46 (1.25-1.71); p<0.001
0.93 (0.69-1.24); p=0.613

BMI category*
Normal Weight
Overweight
Obese
Missing

Ref
1.45 (0.91-2.31); p=0.118
1.72 (0.93-3.16); p=0.082

Ethnicity
Caucasian
Mixed Race
Others
Black
South Asians
Missing

Ref
2.40 (1.33-4.34); p=0.009
1.71 (0.83-3.53); p=0.107
2.03 (1.32-3.12); p<0.001
3.39 (2.51-4.59); p<0.001
0.98 (0.85-1.12); p=0.854

Townsend deprivation score category

1 (least deprived)
2

3

4

5 (most deprived)
Missing

Ref
1.19 (0.96-1.46); p=0.111
1.40 (1.14-1.73); p=0.001
1.41 (1.14-1.74); p=0.001
1.75 (1.39-2.20); p<0.001
1.53 (1.22-1.92); p<0.001

Concurrent Conditions at baseline
Hypothyroidism
Hypertension

1.35 (1.09-1.68); p=0.006
2.97 (2.48-3.56); p<0.001

Prescriptions at baseline
Metformin
Single agent anti-androgen therapy”
Lipid lowering medication

1.50 (1.24-1.81); p<0.001

1.74 (0.97-3.13); p=0.063
1.21 (0.58-2.52); p=0.607

*Normal/Underweight: <23.5 kg/m? for patients of South Asian ethnicity & <25 kg/m? for patients of all

other ethnic groups

Overweight: 23.5-27.5 kg/m? for patients of South Asian ethnicity & 25-30 kg/m? for patients of all other

ethnic groups



Obese = >27.5 kg/m2 for patients of South Asian ethnicity & >30 kg/m?2 for patients of all other ethnic
groups

*cyproterone acetate/drospirenone

Acyproterone acetate/flutamide/finasteride
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Suppl. Figure 1: Flowchart

Patients available in THIN (n= 15,011,524 from 787 general practices)

1 |

Practice Eligibility criteria:
(1) minimum 1 year after acceptable mortality rates reporting
(2) Minimum 1 year usage of VISION system for recording patient medical records
Patient Eligibility criteria:
(1) Patients with registered with eligible general practices for more than 12 months between 2000 to 2017 (n=8,501,382)

l

Women of reproductive age (18-50) with a Read Code record of exposure before or during the study

Exclusion of patients with a ReadCode record of dysglycaemia at baseline |qu

Exclusion of patients with a record of HbA1c > 42 mmol/mol, fasting
blood glucose = 6 mmol/L, random blood glucose = 11.1 mmol/L 2h OGTT [s==
> 7.8 mmol/L and OGTT qualifier indicating abnormality at baseline

Exclusion of patients with a prescription of metformin, insulin or any
other oral diabetes drugs at baseline

-

Women exposed to PCOS (included in the analysis) (n=64,051)
Exposure restriction 1: diagnosis after study entry (n=20,333) | Exposure restriction 2: PCOS specific Read Codes only (n=18,780) I

> Age (+ 2 years),BMI (+ 2 kg/m2) and GP practice matched controls (n=123,545)
Analysis of risk factors for dysglycaemia [up to 2 controls per case]
including PCOS specific covariates Corresponding controls for exposure Corresponding controls for exposure
- restriction 1 patients (n=38,989) restriction 2 patients (n=35,938)
PCO/PCOS exposed women with a record of serum ¥
testosterone measurement before or during follow-up (before PCO/PCOS women with a record of dysglycaemia
any diagnosis of dysglycaemia or prescription of during follow-up (n=2,885)
insulin/diabetes drugs) (n=10,572)

[ Dysglycaemia cases that could be matched to a control based on the matched
criteria: (1) age (£ 2 years), (2) BMI (+ 2 kg/m2), (3) PCOS diagnosis date (+ 1
year) and (4) ‘incidence status’ of PCOS matched controls (n=2,407)

Analysis of serum testosterone as a risk factor for dysglycaemia
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Chapter 6 : General Discussion

6.1. Summary of findings

In this thesis, | primarily aimed to determine the risk of NAFLD, OSA, and dysglycemia
among women with PCOS compared to women without PCOS using routinely collected UK

electronic general practice open retrospective cohort data.

In my article published in PLOS Medicine on the risk of NAFLD, | aimed 1) to determine the
unadjusted risk of prevalent and incident NAFLD among women with PCOS when compared
with women without PCOS and to derive the risk estimates adjusted for age, Townsend score,
BMI, diabetes or impaired glucose regulation up to end of follow-up, and hypothyroidism at
baseline, 2) To determine if the risk is independent of their BMI status, 3) to determine the
factors associated with risk of NAFLD among the women with PCOS, 4) to determine the

risk of NAFLD by different levels of serum testosterone and SHBG in independent cohorts.

My article published in the European Journal of Endocrinology on the risk of OSA, | aimed
1) to determine the unadjusted risk of prevalent and incident OSA among women with PCOS
when compared with women without PCOS and to derive the risk estimates adjusted for age,
Townsend score, BMI, diabetes or impaired glucose regulation up to end of follow- up, and
hypothyroidism at baseline. 2) to determine if the risk is independent of their BMI status and

3) to determine the factors associated with risk of OSA among the women with PCOS.

In my article published in Diabetes Care, | aimed 1) To determine the unadjusted risk of
prevalent and incident dysglycaemia among women with PCOS when compared with
women without PCOS and to derive the risk estimates adjusted for age, Townsend score,
BMI, ethnicity, smoking status, hypothyroidism, hypothyroidism, and prescription with lipid

lowering medications. 2) To determine if the risk is independent of their BMI status, 3) To
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determine the factors associated with risk of dysglycaemia among the women with PCOS. 4)
To determine the risk of dysglycaemia by different levels of testosterone and SHBG in

independent cohorts.

6.2. Comparison with literature

6.2.1. The risk of NAFLD among women with PCOS

A meta-analysis of 17 studies found that women with PCOS have an increased risk of
NAFLD (hazard ratio [HR] = 2.23, 95% CI 1.86 to 2.66) and a higher prevalence of NAFLD
(odds ratio [OR] = 2.54, 95% CI 2.19 to 2.95) compared to women without PCOS (Rocha et
al., 2017). Another meta-analysis of 17 observational studies found that women with PCOS
had a higher risk of NAFLD (odds ratio [OR] = 2.25, 95% CI 1.95 to 2.60) compared to
women without PCOS, even after adjusting for potential confounding factors (Wu et al.,
2018). Another meta-analysis which included 7148 subjects from 23 studies (Shengir et al.,
2021) estimated 2.5 times higher risk of NAFLD (OR=2.49, 95% CI: 2.20-2.82) among
women with PCOS compared to their controls. Increased risk of NAFLD among women
with PCOS is also proven in a histopathological study (Sarkar et al., 2020) observing severe
hepatocyte ballooning (OR=3.4, 95% CI: 1.1-10.6) and advanced fibrosis (OR=7.1, 95% CI:
1.3-39) following adjustment for age and BMI. These findings support our own observation

of an increased risk of NAFLD among women with PCOS.

6.2.2. The risk of OSA among women with PCOS

The pathophysiological plausibility of the role of PCOS in the development of OSA in our
study is supported by the findings of a study by Simon et al. (2019) that assessed the
circadian rhythm and metabolic function in adolescent girls with PCOS. Compared to
controls, the girls with PCOS had a later offset timing of morning melatonin. Although the
confidence interval was wide, suggesting that the study was underpowered, VVgontzas et al.
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(2001) found that sleep disordered breathing was nearly 30 times more common in women
with PCOS (OR = 30.6, 95% CI: 7.2-139.4) than in women without PCOS. The Apnoea
Hypopnea Index (AHI), an index that quantifies the severity of sleep disordered breathing,
was also significantly higher in 18 women with PCOS (22.5 + 6.0 vs 6.7 = 1.0) than in their

age- and BMI-matched controls (Fogel et al., 2011).

6.2.3. The risk of dysglycaemia among women with PCOS

A meta-analysis of 23 observational studies found that obese women with PCOS had a 3.85
times higher risk of developing type 2 diabetes than non-obese women with PCOS. The
study included 319,780 participants, of whom 60,336 had PCOS and 8847 had type 2

diabetes (Anagnostis et al., 2021).

PCOS was included as a risk factor for type 2 diabetes in the 2017 update of NICE
guidelines and in the 2018 version of QDiabetes-2018, a revised prediction algorithm to
predict 10-year risk of diabetes. This supports our findings, which are also consistent with a
systematic review and meta-regression of 40 studies that found an increased prevalence of
impaired glucose tolerance (3.26, 95% CI: 2.17-4.90) and type 2 diabetes (OR=2.87, 95%
Cl: 1.44-5.72) in women with PCOS. The higher estimate in the meta-regression compared
to our study may be due to the inclusion of global data with a higher risk of diabetes, such as
Asians, the higher degree of heterogeneity in the meta-analysis (1°=85.9%), systematic
differences in the diagnosis of PCOS and dysglycemia in the general practice data, and the
potential selection of women with high risk of diabetes, such as those with obesity or

subfertility. Additionally, the primary studies did not adjust for confounders.

A 24-year follow-up of 27 women with PCOS and 94 controls in Sweden observed an
elevated prevalence of T2DM among women with PCOS (19%) compared with women
without PCOS (1%). The authors attributed this to the selection of women with subfertility

or hirsutism and the smaller sample size. (Forslund et al., 2020).
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6.2.4. The role of BMI in the NAFLD, OSA and dysglycaemia among

women with PCOS

We demonstrated that the risk of NAFLD, OSA, and dysglycemia was independent of BMI
in women with PCOS. However, the risk of these conditions was higher in women with
PCOS and higher BMI than in women with PCOS and lower BMI. This association was
independent of BMI and increased with increasing BMI, as supported by other studies. For
example, a mediation analysis in a 25-year cohort found that visceral adipose tissue volume,
as measured by year-25 CT scan, accounted for 41.0% of the association between free
testosterone and prevalent NAFLD. Similarly, a meta-analysis of 17 observational studies
found that women with PCOS and obesity had a 3.01 times higher risk of NAFLD than
women with PCOS but without obesity. Finally, waist-hip ratio was significantly associated
with Apnoea Hypopnea Index (AHI) in 18 women with PCOS, when compared with their

age and BMI matched controls.

6.2.5. Role of androgen excess in NAFLD, and dysglycaemia among women

with PCOS

The pathological plausibility of the role of sex hormones in the development of NAFLD in
our study is supported by the findings of a nonhuman primate polycystic ovary syndrome
model (Roy et al., 2022). This model showed that hepato-specific androgen receptors
contribute to hepatic steatosis; androgen levels affect hepatic genes and metabolic pathways;

the hepatic circadian timing system is affected by epigenetic modification.

Our findings on the role of androgen excess in the development of NAFLD are supported by

many primary studies and meta-analyses. For example, Jones et al. (2012) found that women
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with hyperandrogenic PCOS had a significantly higher hepatic fat percentage (% CH2/H20)
than women with PCOS without hyperandrogenic features or women without PCOS.
Similarly, a meta-analysis of 12 studies found that the prevalence of NAFLD was nearly
twice as high in postmenopausal women as in premenopausal women after adjusting for age

and metabolic factors (Jaroenlapnopparat et al., 2023).

Studies have shown that hyperandrogenism is a major risk factor for NAFLD in women with
PCOS. A meta-analysis of 17 studies found that women with both NAFLD and PCOS had
significantly higher levels of total testosterone and Free Androgen Index (FAI) than women
with PCOS without NAFLD (Rocha et al., 2017). Similarly, another meta-analysis of 17
studies found that women with hyperandrogenism and PCOS had a 3.31 times higher risk of
NAFLD than women with PCOS and no hyperandrogenism (Wu et al., 2018). These
findings were supported by a study of adolescent girls with PCOS, which found that

hyperandrogenism was significantly associated with NAFLD (Kara et al., 2023).

A cohort study with a 72% retention rate after 25 years of follow-up found that free
testosterone levels measured in year 2 were associated with an increased prevalence of
NAFLD in year 25. This association remained significant after adjusting for baseline and
changes in waist circumference, HOMA-IR, and triglycerides. Even after excluding women
who met the criteria for hyperandrogenism, the association between free testosterone and
NAFLD was still significant, suggesting that testosterone may play a role in the
development of NAFLD in women without androgen excess likely through raising insulin
resistance, inflammation and oxidative stress and increased expression of sex hormone
receptors in liver cells would adversely affect liver health even in the absence of

hyperandrogenism even with low grade androgen signalling (Jaruvongvanich et al., 2017).

A positive correlation was observed between melatonin variables (later offset timing of

morning melatonin and longer duration of melatonin secretion) and serum testosterone
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concentrations in adolescent girls with PCOS, as compared to age-, activity-, and BMI-
matched controls (Simon et al., 2019).

A positive correlation was observed between the severity of androgen phenotype and
dysglycaemia in women with PCOS (O’Reilly et al.,

2014).

Although combined oral contraceptive pills reduced the risk of dysglycaemia, the reason for not
observing a larger effect size for would be due to unadjusted confounders such as lifestyle

factors.

6.2.6. Interrelationships between NAFLD, OSA, and Dysglycemia in PCOS and

Non-PCOS Women

In this section, | delve into the intricate interrelationships between NAFLD, OSA,
dysglycemia, and androgen excess, exploring their connections not only within the context
of PCOS but also among women without PCOS, with a focus on the underlying

pathophysiological basis.

Sex hormones, oxidative stress, endothelial dysfunction, sympathetic activity, obesity,
insulin  resistance, hyper-insulinemia, androgen excess, microbiome, and genetic
susceptibility are all believed to contribute to NAFLD in women with PCOS (Kahal et al.,
2017). Steroids such as androgens, oestrogen, and progesterone, as well as body fat, are
thought to contribute to OSA in women with PCOS (Doycheva & Ehrmann, 2022). A
positive correlation was found between melatonin variables (later offset timing of morning
melatonin and longer duration of melatonin secretion) and markers of insulin resistance
(HOMA-IR) in adolescent girls with PCOS when compared to age, activity, and BMI-
matched controls (Simon et al., 2019). Inadequate sleep duration was associated with an
increased risk of NAFLD in a meta-analysis of 261,554 people (Yang et al., 2022) and

another meta-analysis (Wijarnpreecha et al., 2022).
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NAFLD has a bidirectional relationship with cardiovascular diseases, acting as both a risk
factor and an outcome. A study by Targher et al. (2008) found that the risk of cardiovascular
disease was 2.2 times higher among persons with NAFLD independent of age, sex, adiposity
measures, and other common metabolic risk factors. Mantovani et al. (2021) also found a
causal relationship between NAFLD and incident diabetes, with the risk of diabetes being
2.2 times higher among persons with NAFLD. Patel-Sanchez et al. (2023) found that the
prevalence of NAFLD was 2.5 times higher among adolescent women with
obesity/overweight, T2DM, and PCOS when compared with adolescent women with

obesity/overweight and PCOS but not with T2DM. In line with the findings of these studies,

we observed an increased risk of dysglycemia among women with NAFLD when compared
with women without NAFLD. The hazard ratio (aHR) was 2.57, with a 95% confidence

interval of 1.65 to 4.01.

Our findings are also supported by a multivariable Mendelian randomisation analysis (Liu et
al., 2023) among women with PCOS, which found a causal association between NAFLD
(OR=1.11, 95% CI: 1.05 to 1.17), fasting insulin (OR=3.11, 95% CI: 1.68 to 5.76), and
serum bioavailable testosterone (OR=1.90, 95% CI: 1.27 to 2.85). Similarly, a meta-analysis
and meta-regression of 2120 participants (Jullian-Desayes et al., 2021) found that age, apnea-
hypopnea index (AHI) > 5/h, body mass index (BMI) > 26 kg/m2, and type 2 diabetes are
risk factors for steatosis. These findings support our study's findings of an interplay between
NAFLD, OSA, and dysglycaemia. Resembling to our study, a meta-analysis and meta-
regression among women with PCOS (Manzano-Nunez et al., 2023) estimated similar risk
factors for NAFLD namely, BMI (OR=1.35, 95%CI. 1.28 to 1.43), Free androgen index

(OR=1.06, 95%CI: 1.03 to 1.1) and hyperandrogenism (OR=1.35, 95%CI: 1.28 to 1.43).

The association of tamoxifen use with incident and prevalent non-alcoholic fatty liver

disease (NAFLD) (Lee et al., 2020) is worth considering, as tamoxifen is one of the agents
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used for ovulation induction in women with polycystic ovary syndrome (PCOS) (Ignatov &

Ortmann, 2020).

The potential interaction of insulin resistance in the association between polycystic ovary
syndrome (PCOS) and non-alcoholic fatty liver disease (NAFLD) (Sarkar et al., 2017) was
accounted for in our analysis. This is because our adjusted estimates included diabetes or
impaired glucose regulation. In addition, among women with PCOS, fasting plasma insulin
levels were significantly higher (306 + 52 vs. 177 = 18 pmol/L) in those with sleep
disordered breathing (SDB) when compared with those without SDB (Vgontzas et al., 2001).

These findings support the need to adjust for diabetes or impaired glucose regulation when

determining the association between PCOS and OSA.

6.3. The implications of this research for practice and policy

Our research has important implications for the prevention of NAFLD, OSA, and

dysglycemia in women with PCOS across all levels of care.

Our research findings could help raise awareness among the public, primary care staff,
health administrators, and policy makers. Specific awareness of the additional risk of high
BMI, higher levels of serum testosterone, and lower levels of serum SHBG could be useful
in designing targeted interventions for these high-risk categories. Creating awareness about
PCOS, NAFLD, OSA, and dysglycemia could help with early detection, increased
motivation for lifestyle changes, improved health literacy, reduced stigma, improved health-
seeking behavior, personalized care plans, enhanced training for healthcare staff, public
health initiatives, improved quality of life, integration of health policy, and research and
innovation. The interrelationship of these conditions underscores the need for a
multidisciplinary team approach to their detection and management and clinical practice

guidelines for PCOS can consider broader complications of PCOS.
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The observations of our study are relevant to improving documentation in general practices
in the UK, as they reveal that BMI is missing in one in six women and ethnicity codes in

half of the sample.

6.4. The impact of this research

The impact of this research is evident in the widespread citation of this study in clinical
guidelines, overviews, meta-analyses, narrative reviews, expert committee reports, cohort

studies, book chapters, and other articles.

One of the clinical guidelines, which cites our study, includes diabetes as a complication of

polycystic ovary syndrome (PCOS). The guideline recommends screening for diabetes at
baseline and follow-up screening at intervals of one to three years, depending on the level of

risk (Teede et al., 2018).

Our article on the risk of NAFLD in PCOS has been cited 155 times, including in overviews
(Muthiah et al., 2022), systematic reviews (Shahbaz et al., 2022; Teede et al., 2023; Zaman
et al., 2022), meta-analyses (Lavrentaki et al., 2019; Liao & Cao, 2020; Ramezani Tehrani et
al., 2021), narrative reviews (Allen et al., 2022; Glintborg & Andersen, 2020), expert

committee reports, and clinical practice guidelines.

The clinical practice guidelines that cited our article include the American Association of
Clinical Endocrinology (AACE) Clinical Practice Guideline for the Diagnosis and
Management of Non-alcoholic Fatty Liver Disease in Primary Care and Endocrinology
Clinical Settings (also known as the AASLD guidelines) (Cusi et al., 2022) and the Korean
Association for the Study of the Liver (KASL) clinical practice guidelines for the
management of non-alcoholic fatty liver disease (Kang et al., 2021). The Multidisciplinary

Androgen Excess and PCOS Committee report on female adult acne and androgen excess
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(Carmina et al., 2022), an expert committee report, also cited our study.

Our paper on the risk of OSA in PCOS has been cited 155 times including in systematic
review and meta-analysis (Delanerolle et al., 2022; Ramezani Tehrani et al., 2021; J.
Zhang et al., 2022), overview (Hirsch & Gaultney, 2023), narrative reviews (Barber et al.,
2019; Barber & Franks, 2021; Islam et al., 2022; Sam & Ehrmann, 2019; Witchel et al.,
2020), expert committee report such as Multidisciplinary Androgen Excess and PCOS
Committee (Carmina et al., 2022), cohort studies (Subramanian et al., 2021) and chapter in a

book (Shaib& Attarian, 2023).

Our paper on risk of dysglycaemia among women with PCOS has five citations (Gunn,

2022;McDonnell et al., 2022; Singh et al., 2022; Subramanian et al., 2022).

While these citations would have predominantly reached researchers and health workers,
wider publicity in the lay media would have contributed sensitisation among policy makers
and improvement in health literacy and health seeking behaviour among the patients and

public.

6.5. Strengths and limitations

We followed the Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) guidelines (von Elm et al., 2007) in preparing our three articles. We chose to use
a retrospective cohort design (Talari & Goyal, 2020), which is the best possible study design
to use in general practice data. We minimized the limitations of this design by 1) matching
comparators by age, BMI, and practice, 2) using stringent selection criteria, such as age
range for recruitment and follow-up start and end dates, 3) selecting various data sources
within the THIN database, namely patient, therapy, medical, and additional health data
(AHD) files (Turner, 2016), 4) relying on documentation on electronic records throughout

the follow-up period, rather than on recall from the participants in conventional retrospective
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cohort studies, 5) performing sensitivity analysis based on different case definitions and

prevalent versus incident cases, rather than filling the missing variables using approximation
or assumptions, and 6) matching controls with the same general practice and age to
minimize discrepancy in the care provider and care protocol, including systematic difference

in referral over the follow-up period.

Despite these measures to minimise the limitations, our study is still likely to have the
limitations of retrospective cohort studies such as 1) systematic differences in health
seeking, including severity of PCOS, to a general practice, 2) changes in the diagnostic
criteria and clinical guidelines over the follow-up period, and 3) the inability to generalize to

community-based selection of participants.

Although general practices in the UK are generally situated within a 20-minute walk on
average (Todd et al., 2015), there are still considerable spatial accessibility issues (Bauer et
al., 2018). These include barriers to registration, such as the perceived lack of proof of
address (Hodson et al., 2019), limited access during routine office hours (Reilly et al., 2020),
and barriers for access by specific groups, such as homeless people (Hirst & Cuthill, 2021),
vulnerable migrants (Blane & Ciftci, 2022), commercial sex workers (Potter et al., 2022),
ethnic minorities (Magadi & Magadi, 2022), young adults (Davey et al., 2013), and women
(Dixon et al., 2021). Ethnicity is documented for only half of the participants. Among those
with recorded ethnicity, the relatively higher Caucasian among women with PCOS (47.6%)
compared to the control group (40.7%) could be attributed to Caucasians having
systematically increased prevalence of PCOS, health seeking behaviour, healthcare provision
such as establishing diagnosis or follow-up care, chance of getting documented of their

ethnicity by their GP.

We derived the data from the 'The Health Improvement Network' (THIN) database (Cai et

al., 2012), which has been used in 760 publications listed in PubMed. The use of general
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practice data can have many limitations, especially in the context of PCOS. For example, an
Australian retrospective cohort study tracing a birth cohort noted that only one in three
(32%) women with PCOS had a prior diagnosis of PCOS (March et al., 2010). This suggests
that general practice data may miss women with milder forms of PCOS, especially those
with polycystic morphology.

The THIN database is generated from routine general practice data and is not specific for
research purposes. This means that it is possible that some women with PCOS may have
been missed, as the database does not include all the information necessary to make a
diagnosis. For example, polycystic ovaries are one of the three criteria used to diagnose
PCOS, but this requires an ultrasound scan, which may not have been performed in all cases.
Sensitivity analysis based on the PCOS phenotypes could not be performed due to potential
missing data required to construct phenotypes of PCOS. Therefore, | provided sensitivity
analysis based on individual features, namely, anovulation, clinical androgen excess, and

polycystic ovaries.

Our findings of 12.9% hirsutism among women with PCOS are comparable with the
estimates of 13% (95% CI: 10 to 17) and 13% (95% CI: 8 to 20) in two meta-analyses
(Amiri et al., 2022; Bozdag et al., 2016). However, our observation of 76.5% polycystic
ovaries is slightly lower than the estimate of 82.5% among women with PCOS who were
recruited from a specialist endocrine clinic in Sri Lanka (Wijeyaratne et al., 2011). This
difference is likely due to the fact that some women with PCOS may have been missed in

the THIN database, as they may not have undergone an ultrasound scan.

Overall, our findings suggest that the THIN database is a valuable resource for research on
PCQOS, but it is important to be aware of its limitations. Further research is needed to
confirm our findings and to investigate the reasons for the differences in prevalence of

polycystic ovaries between the THIN database and other studies.
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The adverse impact on the estimates of this study would be relatively lower, as this study
does not aim to estimate the prevalence of PCOS. The estimates may be generalisable to
women with PCOS who are routinely diagnosed in general practice or in hospitals, as
hospital-based care is accessed through referrals from general practice (Grosios et al., 2010;

Madan et al., 2017).

Constructing a case definition of PCOS using Read codes from general practice data had
some constraints. Although codes to represent androgen excess, anovulation, and polycystic

ovaries would likely have been entered separately, Read codes specific to the diagnosis of

PCOS might not have been entered. Additionally, there is a likelihood that codes with close
resemblance would be chosen interchangeably, such as Read Code PCOS (Polycystic ovary
syndrome) and Read Code PCO (Polycystic ovaries), when selecting an appropriate code

from a drop-down list.

Therefore, we developed two case definitions, namely, 1) "PCOS," which includes a broader

category that includes polycystic ovaries and 2) "PCOS specific Read codes only".

We performed sensitivity analysis for scenario-based analysis. A similar approach was used
by Ding et al. in their study on the diagnosis and management of PCOS in the UK using the
THIN database, in which they derived case definitions separately for diagnosed cases and

probable cases (Ding et al., 2016).

Despite these limitations, general practice data can provide real-world evidence to obtain the
best possible estimates. Models developed using routinely available variables were able to
infer the likelihood of NASH or advanced fibrosis in adult diabetic patients with NAFLD

with a sensitivity of 90% but a specificity of 57% (Bazick et al., 2015).

Another important strength of our study is the larger sample size, with women with possible
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PCOS (around 60,000 possible PCOS, 20,000 with PCOS Read codes, and 20,000 incident
cases) and more than 120,000 women without PCOS. The study also included a relatively
larger number of outcomes, namely, NAFLD (n=496), OSA (n=520), T2DM (n=2831), and
Dysglycaemia (n=5779). This larger sample size enabled us to perform sensitivity and

stratified analyses to assess the role of bias and confounders.

We excluded participants who had documented evidence of excessive alcohol consumption,
as per the guidance on the diagnosis of NAFLD (Westfall et al., 2020), to minimize
sampling bias. Controls were randomly matched to women with PCOS at a ratio of 2:1 to

increase the power of the study (Setia, 2016). The median follow-up was around 3.5 years

for both groups of women in our study, which is believed to be sufficient for the

development of the outcome.

For the reporting of follow-up time, we reported only the median follow-up. However,
recent evidence suggests that the measure with the narrower confidence interval should be
chosen. A retrospective cohort study in Korea with 3-year median follow-up (Won et al.,
2021) observed metabolic syndrome and hyperandrogenism as risk factors for NAFLD
among women with PCOS. A Taiwanese study (Lin et al., 2017) with a slightly longer
median follow-up of 4.5 and 5.2 years, respectively, found an adjusted estimate for the risk
of OSA of 2.63 (95% CI: 1.57 to 4.04). This is closer to the risk estimates of 2.87 (2.10-

3.92) in our study.

A study in Hong Kong, China (Ng et al., 2023) with 6.3-year follow-up estimated an
adjusted hazard ratio of 4.4 (95% CI. 3.9-5.0) for diabetes. Another study conducted in Iran
(Kazemi Jaliseh et al., 2017) with a median follow-up of 12.9 years estimated adjusted
hazard ratios of 4.9 (95% CI. 2.5-9.3) for diabetes and 1.7 (95% CI. 1.1-2.6) for OSA. The
higher hazard ratios in these two studies could be attributed to longer duration of follow-up

and ethnic differences. For example, Iranian and Chinese women have a higher risk of
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diabetes than women in other countries (Peykari et al., 2023; W. Yang et al., 2010). The
median age of participants in our study (30 years, IQR 25 £ 35 years) indicates that the
majority of the participants had follow-up before 40 years. This is because the risk of
diabetes among women with PCOS sharply declines closer to the level of women without

PCOS when the age increases above 40 years (Kazemi Jaliseh et al., 2017).

We performed a baseline comparison of age, BMI, medical conditions, smoking, and
Townsend index. Age is an important risk factor for the development of NAFLD (Doycheva
et al., 2017). A retrospective analysis of whole-night polysomnography of 23,806 patients in

Israel (Gabbay & Lavie, 2012) revealed a linear increase in OSA with increasing age and

BMI. The prevalence of OSA among women with PCOS increases with advancing age
(Kahal et al., 2020). Among women stratified by age (18-24, 25-29, and 30-34 years), the
hazard ratio of developing T2DM attributable to PCOS decreased from 10.4 to 5.3 to 4.1,
respectively (W.-T. Liao et al., 2022). BMI is a risk factor for NAFLD (Schwimmer et al.,
2005) and T2DM (Kakoly et al., 2019). Smoking is a risk factor for NAFLD (Rezayat et al.,
2018) and OSA (Zeng et al., 2023). There is no gender-based difference in the risk of T2DM
(Yuan et al., 2019). Hypertension shows a bidirectional association with NAFLD (Hu et al.,
2023), OSA (Floras, 2015), and T2DM (Sun et al., 2019). Hypothyroidism is associated with
NAFLD (Ludwig et al., 2015), OSA (Thavaraputta et al., 2019; M. Zhang et al., 2016), and
T2DM (Rong et al., 2021). Diabetes or impaired glucose regulation is associated with
NAFLD (Hazlehurst et al., 2016) and OSA (Subramanian et al., 2019). Social deprivation is
associated with NAFLD (Cho et al., 2021), OSA (Etindele Sosso & Matos, 2021), and

T2DM (Derks et al., 2017).

Although using BMI at baseline in this retrospective cohort with 3.5 years of median follow-
up would increase the likelihood of misclassification bias, the impact would have been

lower, as there is lack of evidence for effective weight reduction programs in the UK based
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on women’s experience (Hillman et al., 2020) and a national survey on management of

weight reduction in the UK (Sharma et al., 2010).

With regards to the evaluation of outcome, general practice data lacked documentation of
severity of NAFLD and OSA and we could not determine the factors associated with the
phenotypes of NAFLD and OSA. Although ascertainment bias due to systematically
increased case detection of NAFLD, OSA and T2DM among women with higher BMI
(Katrina Loomis et al., 2016), this bias would have been minimised by matching based on
BMI, analysis stratified by BMI and adjustment for BMI in regression analysis. Quality of

documentation could also be a limitation as one in seven practices were found to have poor

quality documentation of diabetes related codes (Tate et al., 2017).

Limitations in obtaining ethnicity data in PCOS studies are relatively common. A meta-
analysis of 40 studies noted that most studies did not include ethnicity/race data (Kakoly et

al., 2018).

With regards to the risk measures in our study, an underestimate is possible due to the
inclusion of women with Read codes for polycystic ovaries under women with PCOS in the
primary analysis, and the inclusion of women with undiagnosed outcomes (NAFLD, OSA,
or T2DM) in the general practice setting.

An overestimate is possible due to women withmild forms of PCOS either not seeking care
or not being diagnosed, or their diagnosis not being documented in the general practice. The
approach to mitigate the issue of missing the diagnoses among those with mild PCOS would
involve conducting a prospective cohort study with a random sample from community.
However, such a study would be resource intensive and require longer duration to achieve

adequate statistical power.

6.6. Future investigations
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Future research could focus on determining the effectiveness of antiandrogen medication in
reducing NAFLD, OSA, and T2DM in women with PCOS. This could be done initially
through nested case-control based pharmaco-epidemiological studies, and if the evidence is
convincing, through randomised controlled trials. Similarly, the role of lipid-lowering drugs
in reducing the risk of T2DM in women with PCOS could be explored. The role of androgen
excess on the severity of hepatic manifestations and OSA in women with PCOS could also be
investigated. The effectiveness of existing prevention and treatment interventions in women
with PCOS could be compared with women without PCOS. Determining the multimorbidity
of NAFLD, OSA, and T2DM in women with PCOS in a single cohort would help to

understand the interlink between these conditions.

6.7. Conclusion

Women with polycystic ovary syndrome have a two-fold increased risk of developing

complications namely, NAFLD, OSA and T2DM/Dysglycaemia. Contrary to the common

belief that complications of PCOS are only seen in women with increased BMI, we found

that women with PCOS and normal BMI are also at an increased risk of developing these

complications. Hence, the risk for these complications is independent of BMI.

Considering women without PCOS and with BMI <25 kg/m? as the reference category,
women with PCOS had a higher risk of developing NAFLD regardless of BMI category. The
risk was incrementally higher in each BMI category respectively. Among the women with
PCOS, risk factor for NAFLD include not only increasing age, higher BMI and
dysglycaemia, but also anovulation and clinical features of androgen excess namely alopecia
and hirsutism but not acne. Among the women with PCOS, risk factors for OSA include
increasing age, higher BMI, hypothyroidism, anovulation, hirsutism, and metformin, which is

a possible marker of severity of PCOS. Among the women with PCOS, risk for T2DM and
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dysglycaemia was increased by increasing age, higher BMI, hypertension, anovulation, non-
Caucasian ethnicities, anovulation and hirsutism and reduced by prescription with combined
oral contraceptives and lipid lowering drugs. Like clinical androgen excess, women with
biochemical androgen excess (high testosterone, low SHBG) had an increased rate of
NAFLD and dysglycaemia with a gradient. Overall, androgen excess emerges as an
overarching risk factor for NAFLD, OSA and dysglycaemia among women with PCOS

independent of their BMI.

We recommend adopting a lower threshold for screening for NAFLD, OSA and T2DM

among women with PCOS irrespective of their BMI.
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