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Abstract

Objective—Adverse changes in lipoprotein particle number and size are common with insulin
resistance and are associated with increased cardiovascular risk. Comprehensive information
regarding lipoprotein particle number and size, and how these parameters relate to body weight,
insulin resistance and hyperandrogenemia is lacking in PCOS. We tested the hypothesis that
PCOS is associated with atherogenic changes in lipoprotein profile independent of body weight
and examined the role of insulin resistance and androgens in these atherogenic changes.

Design—Case-control study performed at Clinical Research Center at an Academic Medical
Center in United States.

Patients and Measurements—~Fasting Blood was obtained from 25 PCOS and 25 control
women of similar age and BMI. Lipoprotein particle number and size was determined by nuclear
magnetic resonance and compared between the groups.

Results—The mean BMI for both groups was less than 30 kg/m? (P=0.33). Women with PCOS
had an increase in VLDL particle number (P=0.005), LDL particle number (P=0.02) and a
decrease in HDL size (P=0.04). LDL size was borderline decreased (P=0.09). These differences
persisted after adjustment for ethnicity, alcohol and tobacco intake and exercise. In stepwise
regression models, bioavailable testosterone was the only predictor of LDL cholesterol,
triglyceride, VLDL and LDL particle number. SHBG was the only predictor of LDL and HDL
size.

Conclusions—Independent of body weight, PCOS was associated with changes in lipoprotein
profile that increases risk for cardiovascular disease. These changes were present in a mostly non-
obese group of women and were more closely related to androgens than fasting insulin.
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Introduction

Dyslipidemia is one of the most frequent metabolic abnormalities in women with polycystic
ovary syndrome (PCOS). Conventional lipid assays have revealed an increase in triglyceride
and LDL cholesterol and a decrease in HDL cholesterol in women with PCOS compared to
weight-matched control women.1-4 These abnormalities have usually been attributed to
presence of insulin resistance in PCOS. The role of androgen elevation in the pathogenesis
of dyslipidemia in PCOS has not been examined. Most experts agree that hyperandrogenism
is the primary abnormality in PCOS5 and there are various pathways by which androgens
can lead to development of dyslipidemia such as by exacerbating insulin resistance, altering
body composition and even directly affecting adipose tissue.6

Not much is known about lipoprotein particle number and size in PCOS. Alterations in
lipoprotein particle number and size have a stronger association with atherosclerosis than
alterations in LDL and HDL cholesterol7, 8 and can not be detected on conventional lipid
panel. For example, insulin resistance is characterized by high triglyceride and low HDL
cholesterol with no alterations in LDL cholesterol on conventional lipid panel.9 However,
studies that have employed euglycemic hyperinsulinemic clamp the gold standard for
determination of insulin sensitivity have demonstrated that as insulin resistance becomes
more severe, there is an increase in total number of LDL particles as well as a reduction in
LDL particle size.9 This is important because an increase in LDL particle number is
associated with significant increase in risk for coronary artery disease that is independent of
LDL cholesterol concentration.10, 11

A few studies have revealed that PCOS is associated with a decrease in LDL size.12-14
However, these studies have utilized gradient gel electrophoresis, and do not provide
information on LDL particle number and mostly lack simultaneous measurement for VLDL
and HDL particle number and size. Nuclear magnetic resonance (NMR) is a validated
method that allows for detailed simultaneous analyses of particle number and size for all
three major lipoproteins. This technique has demonstrated alterations in all 3 lipoprotein
subclass size and concentration in insulin resistant states such as type 2 diabetes. To our
knowledge this technique has never been utilized in women with PCOS. In this study, we
examined whether PCOS independent of body weight is associated with alterations in
lipoprotein particle number and size that are associated with increased risk for
cardiovascular disease. We also examined the relationship of body composition, androgens
and insulin resistance, independent of overall body weight to the atherogenic lipoprotein
profile in these women.

Subjects and Methods

Subjects

Fifty premenopausal women with PCOS (n=25) and without PCOS (n=25) were recruited
for the study. Women with PCOS were recruited from endocrinology or reproductive
endocrinology clinics at University of Illinois (n=10) or from local advertisements (n=15).
Eligible women were between 18 to 40 years of age who were free of chronic disease
including diabetes and hypertension and reported a history of menstrual irregularity and
androgen excess such as hirsutism, acne or androgenic alopecia. The diagnosis of PCOS was
confirmed based on the NIH criteria and defined by presence of oligomenorrhea (<6 menses
per year) and biochemical hyperandrogenism based on elevated total or bioavailable
testosterone levels (greater than two standard deviations above the mean value for the
assay).15 Thyroid hormone abnormalities, hyperprolactinemia and non-classical congenital
hyperplasia due to 21 hydroxylase deficiency were excluded by appropriate laboratory
testing in all women with PCOS. All women with PCOS underwent a history and physical
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exam by a physician investigator that included detailed questions regarding their
reproductive function. Women were considered to have oligomenorrhea if they had <6
menstrual cycles per year since menarche. We did not report hirsutism scores such as
Ferriman Gallwey scoring system since it has been demonstrated that these scores have too
much variation to be clinically useful and furthermore cosmetic removal of hair is common
amongst women with hirsutism.16 However, all of the women with PCOS had to have
elevated androgen levels to qualify for participation in the study. None of the women with
PCOS had received any oral contraceptive, other forms of hormonal contraception or
fertility treatments for at least 3 months prior to their participation nor had they received
progesterone for at least one month prior to their participation in the study. None of the
women had ever received any insulin sensitizing agents or metformin.

All of the control women were recruited from local advertisements. The control women
were recruited to be of comparable weight to women with PCOS. The selection criteria for
control women were: 1) regular 27-35 days menstrual cycles throughout their reproductive
life, 2) no clinical or biochemical evidence of hyperandrogenism and 3) no history of
hypertension or personal or family history of diabetes mellitus. All control women
underwent a history and physical exam by a physician investigator that included detailed
reproductive history as well as an assessment for hirsutism and other evidence for androgen
excess. All control women had to have normal total and bioavailable testosterone levels and
no clinical evidence for androgen excess. None of the control women have taken any
hormonal contraception for at least 3 months prior to their participation in the study.

Women (both PCOS and control) were excluded from participation if they were pregnant or
lactating, had any chronic disease including diabetes, hypertension, psychiatric disorder or
any surgical procedure on their ovaries and uterus. None of the subjects were receiving any
cholesterol, diabetes or anti-hypertension medications. The study was approved by the
institutional review board at University of Illinois and all subjects signed written informed
consent prior to their participation in the study.

Data Collection

All women were studied at the clinical research center at University of Illinois and
underwent a history and physical exam by a physician investigator that included detailed
menstrual and medical history as well as assessment for hirsutism and other signs of
hyperandrogenism. Standardized forms were used to obtain medical history including
information on exercise habits, alcohol and tobacco use. Height, weight and waist
measurements were determined on all subjects. Blood pressure was determined in the seated
position in the right arm as the average of 3 separate readings obtained 2 minutes apart after
a 5 minute rest. A morning blood sample was obtained after an overnight fast from all
subjects that included measurements of total and bioavailable testosterone, sex hormone
binding globulin, lipid, lipoprotein profile and glucose and insulin levels. Metabolic
syndrome was defined according to the updated National Cholesterol Education Program
Adult Treatment Panel (NCEP ATP) Il guidelines.17

Laboratory Methods

All laboratory evaluations with the exception of lipoprotein profile and insulin were
performed at Quest Diagnostics. Total testosterone was measured by turbulent flow liquid
chromatography mass spectrometry that has an assay sensitivity of 0.034 nmol/L and no
cross reactivity with 30 testosterone related compounds. Bioavailable testosterone was
calculated based on constants for the binding of testosterone to SHBG and albumin. SHBG
was measured by extraction, chromatography and radioimmunoassay and albumin was
measured by spectrophotometry. Total and HDL cholesterol and triglyceride levels were
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determined by spectrophotometry. The intra- and inter-assay coefficients of variation were
1.1 and 1.8% for total cholesterol respectively, 2.1 and 2.9% for HDL, 1.1 and 1.9% for
triglyceride. The LDL cholesterol was calculated using the Freidewald equation.18 Plasma
glucose was collected in a fluoride/oxalate tube and analyzed using spectrophotometry. The
intra- and inter-assay coefficient of variation for this assay was 1.1 and 1.5%. Insulin was
measured by a chemiluminescent sandwich immunoassay measuring to as low as 14 pmol/L.
The inter- and intra-assay coefficient of variation for this assay was 4 and 5%. Lipoproteins
were analyzed using NMR technology by LipoScience (Raleigh, NC). The intra- and inter-
assay coefficient of variation were 1.4 and 3.1% for VLDL particle number, 2.4 and 2.1%
for LDL particle number, 1.2 and 1.5% for HDL particle number, 0.8 and 1.8% for VLDL
size, 0.5 and 0.4% for LDL size and 0.5 and 0.6% for HDL size.19

Statistical Analyses

Results

We designed this study to detect at least a 25 percent difference in mean lipoprotein particle
number for VLDL and LDL levels between PCOS and control women by a two-sample
independent t-test. We expected at least 25% difference in VLDL and LDL particle numbers
based on previous studies that have shown a difference of ~25% in LDL levels between non-
obese PCOS and control women.2 A sample of 25 women in each group would provide the
study with a statistical power of 80 percent to detect this difference with a two-sided
significance level of 0.05. The homeostatic index of insulin resistance (HOMA IR) was
calculated according to the following formula: [fasting glucose (mmol/L) x fasting insulin
(nU/mL)] + 22.5].20 Mean and standard deviations were used to summarize continuous
data. Bioavailable testosterone, fasting insulin, HOMA IR and triglyceride were log-
transformed (log10) prior to all analyses because of skewed distributions. All other variables
were normally distributed based on histogram. Continuous variables were compared by
independent t-test. Analyses were repeated after adjustment for ethnicity, smoking, alcohol
and exercise history using general linear model. Categorical variables were compared using
chi-square statistics. Correlations were performed using Pearson’s correlation coefficients.
We then attempted to identify the independent predictors of lipids and lipoprotein
parameters. In particular we were interested to examine the impact of insulin resistance and
hyperandrogenism on triglyceride and LDL cholesterol as well as VLDL and LDL particle
number and LDL and HDL size, parameters that differed between PCOS and control
women. To accomplish this goal, stepwise multivariate linear regression models were used.
The independent variables for these analyses included age, waist circumference,
bioavailable testosterone, SHBG and fasting insulin levels. Bioavailable testosterone and
fasting insulin levels were chosen as surrogate measures for hyperandrogenism and insulin
resistance respectively. SHBG levels reflect a combined effect of both androgens and insulin
resistance. Age and waist circumference were included as independent variables since both
can impact lipids and lipoprotein profile. BMI was not chosen as an independent variable
since the two groups were matched for BMI by design. In separate stepwise analyses, we
included triglycerides and HDL cholesterol as additional predictors in the models for
lipoprotein parameters since these measures impact lipoprotein particle number and size.
Analyses were performed using the 18.0 PC package of SPSS statistical software (SPSS,
Inc., Chicago, IL). A P <0.05 was considered significant.

Baseline clinical and laboratory characteristics of women with PCOS and control women is
summarized in Table 1. The mean age for women with PCOS was 26 * 4 years that was
similar to control women at 27 + 6 years (P=0.24, Table 1). There was no difference in
distribution of race/ethnicity between the two groups (P=0.53, Table 1). Very few women in
the study smoke or drank alcohol in either group and there were no statistical differences
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between the two groups in regards to these two factors (Table 1). The mean BMI was 28.1 +
4.0 kg/m? for women with PCOS and 26.6 + 6.4 kg/m? for control women; differences that
were not significant (P=0.33, Table 1). The mean waist circumference was 82 + 9 cm for
women with PCOS and 77 + 13 cm for control women (p=0.20, Table 1). There was no
difference in blood pressure between the two groups (Table 1). As expected women with
PCOS had significantly higher bioavailable testosterone compared to control women
(P<0.001, Table 1) and significantly lower SHBG compared to control women (P=0.003,
Table 1). Fasting glucose levels were similar (P=0.55, Table 1) but fasting insulin levels
(P=.02, Table 1) and HOMA IR (P=0.03, Table 1) were significantly higher in women with
PCOS compared to control women. Only one woman in the PCOS group had metabolic
syndrome and none of the women in the control group had metabolic syndrome based on the
updated ATP I11 guidelines (data not shown).17

Women with PCOS had significantly higher LDL (P=0.04, Table 1) and triglyceride levels
(P=0.002, Table 1) compared to control women. HDL cholesterol was borderline higher in
control women compared to PCOS (P=0.09, Table 2). NMR analysis of lipoprotein particle
number and size demonstrated that women with PCOS had significantly higher VLDL
particle number (67 + 40 nmol/L vs. 40 + 22 nmol/L; P=0.005) (Figure 1) and LDL particle
number (1066 + 443 nmol/L vs. 829 + 203 nmol/L; P=0.02) (Figure 1) compared to weight-
matched control women. There was no difference in HDL particle number (30 + 5 nmol/L
vs. 30 £ 6 nmol/L; P=0.76) (data not shown). HDL size was significantly smaller (9.1 £ 0.4
nmvs. 9.4 £ 0.4 nm; P=0.04) (Figure 1) and LDL size was borderline smaller (21.2 £ 0.9
nm vs. 21.5 + 0.6 nm; P=0.09) (Figure 1) in women with PCOS compared to control
women. There was no difference in VLDL particle size between the two groups (46.2 + 7.1
nm vs. 46.7 + 9.3 nm; p=0.81) (data not shown). All of the above differences remained
significant after adjustments for race/ethnicity, alcohol and tobacco intake and exercise
history.

Table 2 represents relations of the lipids and lipoprotein parameters that significantly
differed between control and PCOS women (Table 2 and Figure 1) to age, BMI, waist
circumference, bioavailable testosterone, SHBG and fasting insulin levels using Pearson’s
correlation. These analyses included the entire group consisting of both control and women
with PCOS. A significant negative association of SHBG with triglyceride (P<0.01, Table 2),
VLDL (P< 0.05, Table 2) and LDL particle numbers (P<0.01, Table 2) was found. There
was positive association of SHBG with LDL size (P<0.001, Table 2) and HDL size
(P<0.001, Table 2). Bioavailable testosterone was positively correlated with LDL
cholesterol (P<0.05, Table 2), triglyceride (P<0.01, Table 2), VLDL particle number
(P<0.01, Table 2) and LDL particle number (P<0.05, Table 2) and negatively correlated
with HDL size (P<0.05, Table 2). Fasting insulin was negatively correlated with LDL size
(P<0.05, Table 2) and HDL size (P<0.05, Table 2). Waist circumference was more strongly
correlated to LDL particle number and size compared to BMI (Table 2).

Stepwise multivariable regression was used to identify the predictors of LDL, triglyceride
and lipoprotein subclass particle number and size that were different between the two
groups. The predictors for each model included age, waist circumference, bioavailable
testosterone, SHBG and fasting insulin. The results of these analyses are summarized in
Table 3. Bioavailable testosterone was the only independent predictor of LDL (P=0.005,
Table 3), log triglyceride (P=0.005), VLDL particle number (P<0.001, Table 3) and LDL
particle number (P=0.003, Table 3). SHBG was the only independent predictor of LDL size
(P<0.001, Table 3) and HDL size (P<0.001, Table 3). Stepwise multivariable models were
repeated for VLDL and LDL particle number and LDL and HDL size with additional
inclusion of triglycerides and HDL in the models. Bioavailable testosterone was still a
predictor for VLDL particle number (P=0.006, data not shown) and SHBG was still a
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predictor for both LDL and HDL size (P=0.02 for both, data not shown). Additionally,
triglyceride was an independent predictor of VLDL and LDL particle numbers (P<0.001
both, data not shown) and LDL and HDL size (P<0.001 and P=0.02 respectively, data not
shown). HDL cholesterol was an independent predictor of HDL size (p=0.003, data not
shown).

Discussion

Our Results show that women with PCOS had significantly higher LDL and triglyceride
levels on conventional lipid panel consistent with previous reports.1, 2 Our new findings
indicate that women with PCOS had significantly higher VLDL and LDL particle number
and significantly lower HDL size and borderline lower LDL size compared to weight-
matched control women. Our findings persisted after adjustment for several factors such as
ethnicity, exercise, smoking and alcohol use. To our knowledge this is the first report of
alterations in all three major lipoprotein subclass in women with PCOS independent of body
weight using a well validated technique. A decrease in HDL size has been associated with
metabolic disorders21 and with increased risk for atherosclerosis.22-24 An increase in small
dense LDL may carry greater risk for cardiovascular disease than an increase in LDL
cholesterol.7, 8, 10, 25 These data indicate that the risk for cardiovascular disease in women
with PCOS due to dyslipidemia maybe greater than presumed based on abnormalities on
conventional lipid panel. Another important aspect of our study is that these adverse
alterations in lipoprotein profile were present in a mostly non-obese group of women as the
average BMI in our women was less than 30 kg/m? in both groups.

Lower HDL cholesterol levels have been reported in women with PCOSL, 3, 4 but there is
no information regarding composition of HDL particles in these women. Our study is the
first to report a significant reduction in HDL particle size in women with PCOS compared to
control women of similar weight. HDL cholesterol is thought to be atheroprotective
primarily by its role in reverse cholesterol transport involving removal of cholesterol from
macrophages in the vessel wall back to the liver.26 HDL particles are heterogeneous in
regards to their ability to facilitate cholesterol transport with smaller HDL particles being
less effective in reverse cholesterol transport and hence less atheroprotective.9, 21
Individuals with similar HDL cholesterol level can differ substantially in terms of HDL size
distribution and particle concentration. Decreased HDL size has been associated with an
increase in atherosclerotic measures such as carotid intima media thickness, a surrogate
marker for cardiovascular disease.24 A decrease in HDL particle size in women with PCOS
could contribute to higher risk for cardiovascular disease.

In our study we also demonstrate an increase in LDL particle number and a borderline
decrease in LDL size. Previous studies in women with PCOS using techniques such as gel
gradient electrophoresis have shown that LDL particle size is reduced in women with
PCOS12, 14 but have not provided information regarding LDL particle number. Our
findings indicate adverse alteration in both LDL particle number and size. In a prospective
study of healthy middle-aged women, both LDL particle number and size measured by
NMR technique were strong predictors of development of cardiovascular disease
independent of LDL concentrations.27 This finding has been replicated in other
epidemiologic studies that have included both men and women.7 Our study is also the first
to report an increase in VLDL particle number in women with PCOS independent of body
weight. Again this abnormality has been strongly associated with increased risk for
cardiovascular disease.28

Another novel aspect of our study relates to examination of the association of androgens,
body composition and insulin resistance to lipids and lipoprotein abnormalities in PCOS.
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Traditionally, the lipid abnormalities in PCOS have been attributed to the presence of insulin
resistance.2, 3, 12 However, our findings suggest that androgens may play a more
significant role in pathogenesis of lipid abnormalities in PCOS. In our study, bioavailable
testosterone was the only independent predictor of the increase in LDL and triglyceride
levels as well as the increase in VLDL and LDL particle number. Fasting insulin levels,
BMI, waist circumference and SHBG were not independent predictors of any of the above
parameters. SHBG was an independent predictor of LDL and HDL size indicating perhaps
the combined effect of insulin resistance and hyperandrogenism as manifested by the
reduction in SHBG levels in women with PCOS.

The mechanism by which hyperandrogenism may contribute to development of lipid
abnormalities in PCOS is not clear. Since our study is cross-sectional in nature, it cannot
determine cause and effect in these associations or provide any possible mechanisms.
Hyperandrogenism may lead to the abnormalities in lipoprotein profile by working directly
at the liver or it may alter body composition by favoring central adiposity. We have shown
that in subjects with type 2 diabetes, the lipoprotein abnormalities such as increase in VLDL
and LDL particle number and reduction in LDL and HDL size correlate best with visceral
fat rather than overall adiposity or waist circumference.29 An increase in visceral fat depot
has been demonstrated by administration of androgens in female to male transsexuals30 as
well as after exogenous administration of androgens to postmenopausal women.31 It is
possible that prolonged exposure to higher androgen levels in women with PCOS can lead to
an increase in visceral fat depot and subsequently to the lipoprotein abnormalities noted in
our study.

Similar to previous studies, we also noted that women with PCOS are more insulin resistant.
32 Our population consisted of mostly non-obese women, our findings therefore reaffirm
that PCOS is associated with insulin resistance independent of body weight. In summary,
our results indicate that in addition to lipid abnormalities commonly observed on
conventional lipid panel, PCOS is associated with adverse alterations in all 3 major
lipoprotein subtypes independent of obesity. These abnormalities were present in a mostly
non-obese group of women and correlated strongly with hyperandrogenism. These
abnormalities could contribute to increased risk for cardiovascular disease in these women.
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Women with PCOS (n=25) had significantly higher VLDL particle number (P=0.005) and
LDL particle number (£P=0.02) compared to control women. HDL size was significantly
smaller (P=0.04) and LDL size was borderline smaller (P=0.09) in women with PCOS
compared to control women. All variables were compared by independent t- tests. Women

with PCOS, black bars; Control women, white bars.
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Table 1

Baseline clinical and laboratory characteristics

Variable PCOS(n=25) Control (n=25) P-value
Age, y 26+4 2746 0.24
Race/Ethnicity 0.53

Non-Hispanic White, (n) 8 6

Non-Hispanic Black 7 7

Hispanic 5 3

Asian 3 8

Other/mixed 2 1
Smokers 0.72

Never 22 22

Ex-smokers 1 1

Current 1 2
Alcohol 0.58

Never 15 18

Social (<2 drinks/week) 5 5

Moderate (3 to 7 drinks/week) 4 2

Heavy (>7 per week) 0 0
Exercise History

23 times/week 10 10 >0.99
BMI, kg/m? 28.1+4.0 26.6 +6.4 0.33
Waist, cm 82+9 77+13 0.20
Blood Pressure, mmHg

Systolic 112 +12 110+9 0.70

Diastolic 70+7 68+9 0.33
Bioavailable Testosterone, nmol/L 0.69 + 0.47 0.21 +0.06 <0.001
SHBG, nmol/L 28 +£13 42 £17 0.003
Fasting Glucose, mmol/L 4.4+0.3 45+04 0.55
Fasting Insulin, pmol/L 74+78 35+24 0.02
HOMA IR 21+21 1.1+08 0.03
Cholesterol, mmol/L 48+0.9 43+0.7 0.08
LDL, mmol/L 29+09 24+0.6 0.04
HDL, mmol/L 1.4+03 1604 0.09
Triglyceride, mmol/L 12+05 0.8+0.2 0.002

Page 11

Continuous data are presented as mean + SD. Continuous variables are compared by independent t-test. Bioavailable testosterone, fasting insulin,

HOMA IR and Triglycerides were log-transformed prior to the analyses. Categorical variables are compared using chi-square statistics.
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Table 3
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Predictors of lipids and lipoprotein particle number and size in women with PCOS (n=25) and control women

(n=25), based on stepwise multivariable regression

Variable R2 Entire Model Significant Predictors Effect Size (Cl) P-values

LDL 0.20 Bioavailable Testosterone®  0-09 (0.03) mmol/L 0.005

Log TG 0.31 Bioavailable Testosterone™  0-02(0.006) log units 0005

VLDL Particle Number 0.43 Bioavailable Testosterone™ 5 (1) nmol/L <0.001

LDL Particle Number 0.21 Bioavailable Testosterone™ 41 (13) nmol/L 0.003

LDL Size 0.28 sHBGT 0.25 (0.07) nm <0.001

HDL Size 0.38 sHBGT 0.16 (0.03) nm <0.001

The models included age, waist circumference, bioavailable testosterone, SHBG and fasting insulin levels as predictors.

*

For every 0.1 nmol/L increase in bioavailable testosterone,

Tfor every 10 nmol/L increase in SHBG.
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