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Abstract

Obijective: Insulin resistance (IR) and compensatory hyperinsulinemia result in
hyperandrogenism (HA) and oligo-ovulation in women with Polycystic Ovary Syndrome
(PCOS), who can present with either apparent eumenorrhea or overt menstrual dysfunction (i.e.
oligomenorrhea/amenorrhea). However, the determinants of the degree of menstrual dysfunction
is unclear. The objective of this study was to examine the relation of abnormalities in menstrual
cyclicity to HA and dynamic state IR in oligo-ovulatory PCOS women.

Design: Prospective cross-sectional study.
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Setting: Tertiary-care academic center.

Patients: Fifty-seven participants with PCOS (by NIH 1990 criteria) and 57 body mass index
(BMI)-matched healthy controls.

Interventions: The short insulin tolerance test (ITT).

Main Outcome Measure(s): Menstrual cyclicity, SHBG, measures of HA (i.e. modified
Ferriman-Gallwey [mF-G] score, total and free testosterone, DHEAS), and KITT derived from
the short ITT.

Main results: Adjusting for age, BMI and ethnicity, mean androgen measures were higher

and SHBG trended lower, KITT was lower and the prevalence of IR higher, in PCOS than
controls, independent of menstrual cyclicity. Optimal cut-off point for IR was set at KITT value of
3.57%/min or lower. Overall, 79% of PCOS had IR. To control further for the effect of ethnicity,
a subgroup of 46 non-Hispanic white PCOS participants were studied; those who exhibited
amenorrhea (n=15) or oligomenorrhea (n=19) had or tended towards having a lower kITT and a
higher prevalence of IR than women with PCOS and oligoovulatory eumenorrhea (n=12). kITT
trended lower and prevalence of IR higher in PCOS women with amenorrhea than those with
oligomenorrhea. SHBG and HA measures were similar across the three menstrual groups.

Conclusions: Oligo-ovulatory PCOS women with overt oligo/amenorrhea have greater degrees
of IR, but not HA, compared to oligo-ovulatory eumenorrheic PCOS women, suggesting that IR
and hyperinsulinemia, but not HA, play a role in determining the degree of menstrual dysfunction,
which can be used as a clinical marker for the degree of IR in oligo-ovulatory PCOS.
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INTRODUCTION

The Polycystic Ovary Syndrome (PCOS) is the most common endocrine-medical disorder
in reproductive-aged women with a prevalence of 10-15%, and is characterized by
hyperandrogenism (HA), ovulatory dysfunction (OD), and polycystic ovarian morphology
(PCOM) (1). The disorder is associated with insulin resistance (IR), and compensatory
hyperinsulinemia (2—4), which increase their risks of type 2 diabetes (T2DM) and
cardiovascular disease (CVD). (1). IR also underlies, alone or in combination with HA,
many of the reproductive features of the disorder, although surprisingly little has been
done to define the phenotype of IR. Considering the high prevalence of PCOS and the
associated metabolic dysfunction, the economic burden of the disorder is significant. For
example, considering only reproductive age complications the economic burden of PCOS
in the U.S. alone approximates 6 billion in current dollars, not considering obstetrical and
pregnancy-related morbidities or complications in the post-menopausal period (5).

Given the high prevalence of IR, its associated morbidities in PCOS, the high economic
burden, and the need to focus resources to those at the greatest risks of these morbidities,

it would be useful to be able to readily identify PCOS women with the greatest risk of IR.
Unfortunately, current direct measures of IR are expensive and cumbersome. Consequently,
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many studies of IR in PCOS have relied on fasting insulin and glucose levels, homeostasis
model assessment of IR (HOMA-IR), quantitative insulin sensitivity check index (QUICKI),
and oral glucose stimulated insulin sensitivity (e.g. Matsuda index) (68), understanding that
these surrogate markers are of limited sensitivity and specificity (9).

One possible ready marker for IR in PCOS may be the phenotypic presentation of PCOS,
which we currently can classify into A through D (i.e., phenotype A: HA+OD+PCOM;
phenotype B: HA+OD; phenotype C: HA+PCOM; and phenotype D: PCOM+QOD). IR

and its associated morbidities are linked to PCOS phenotypes: the severity of IR and HA
and cardiometabolic risks decrease with each successive PCOS phenotype, with classical
phenotype (phenotype A or B) being the most affected, and those with non-hyperandrogenic
PCOS (phenotype D) being least affected (10-14). Another marker may be the degree

of menstrual dysfunction, as oligo-ovulatory or anovulatory PCOS women can present
with either apparent eumenorrhea or overt menstrual dysfunction. Indeed, previous studies
(6-8), including our own (15), have demonstrated a relationship between the degree of
menstrual dysfunction and surrogate markers of IR. However, the relationship of the degree
of menstrual dysfunction in PCOS to IR assessed directly and dynamically is not known.

The “gold standard’ test for the determination of IR is the euglycemic hyperinsulinemic
clamp (16). However, this method is expensive and complex, prompting the use of other
direct measures of /n vivoinsulin sensitivity, including the modified frequently sampled
intravenous glucose tolerance test (MFSIVGTT) (17) and the short insulin tolerance test
(ITT) (18-19), which have been shown to correlate with each other and with the euglycemic
hyperinsulinemic clamp in the general population (17-20). However, the ITT is simpler,
less expensive, and more convenient than either euglycemic hyperinsulinemic clamp or
mFSIVGTT when performing large scale or epidemiologic studies and requires only six to
eight blood samples for determination of the plasma glucose disappearance rate constant
(KITT) (18-19). Despite these advantages, there are limited data on the use of ITT in PCOS
(21-24).

We undertook the present study to test the hypothesis that the severity of menstrual
dysfunction was associated with HA and dynamic state whole-body IR in women with
PCOS. In line with this hypothesis, PCOS women with more severe degrees of OD and HA
were expected to have higher degrees of IR.

SUBJECTS AND METHODS

Study population and protocol

One hundred and fourteen (57 healthy control and 57 PCOS) reproductive-aged participants
were prospectively and consecutively recruited for the study. The two groups were matched
for body mass index (BMI). The diagnosis of PCOS was based on the presence of oligo-
ovulation, and clinical or biochemical hyperandrogenism, including a modified Ferriman—
Gallwey (mF-G) hirsutism score (i.e., mF-G score = 6) and hyperandrogenemia (i.e., total
testosterone [T], free T and dehydroepiandrosterone sulfate [DHEAS] above normal) (25—
26). Because we were interested in studying metabolic dysfunction, we selected for study
those PCOS participants who met the 1990 National Institutes of Health consensus criteria,
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corresponding to Phenotypes A and B of the Rotterdam criteria (11), excluding other known
endocrinopathies as previously described (25). A control group of healthy premenopausal
women with long-term eumenorrhea and no evidence of hyperandrogenism or endocrine
disorders were also prospectively recruited.

Study exclusion criteria included pregnancy state, other endocrine disorders, inability to
assess menstruation or ovulation status (e.g. prior hysterectomy, bilateral oophorectomy,
vaginal agenesis, postmenopausal or premenarcheal state) or use of any hormonal
medication (including oral contraceptives, insulin-sensitizing agents, anti-diabetic
medications, antiandrogens, or glucocorticoids) for at least 3 months preceding the
evaluation. All subjects had normal thyroid-stimulating hormone, 17-hydroxyprogesterone,
and prolactin levels, and underwent a standard 75-g oral glucose tolerance test to exclude
type 2 diabetes mellitus (T2DM). Screening for Cushing’s syndrome and androgen-secreting
neoplasms was performed if clinically indicated.

Research subjects were recruited through advertisements or, for PCOS, the clinical and
research practice of reproductive endocrinology clinic (to R.A.) at the University of
Alabama at Birmingham (UAB). To ensure comparable groups matched as closely as
possible, we began to prospectively recruit PCOS subjects first, and matching controls were
subsequently and prospectively recruited. An attempt was made to closely match PCOS
participants and control participants within narrow ranges (i.e. +3 kg/M?2 in body mass index
[BMI], £5 years in age, and similar race) as previously described (27). Both the PCOS
patients and controls were recruited over a similar period of time.

All subjects completed a uniform questionnaire providing information regarding age, race,
and menstrual history. Participants with PCOS were grouped according to the interval
between episodes of vaginal bleeding (15). Women with 26- to 34-day bleeding intervals
were considered eumenorrheic and their ovulatory function assessed by measuring a
menstrual cycle day 22—-24 progesterone (P4) level. Those women with a P4 level less
than 4 ng/mL were considered oligo-ovulatory (i.e., classified as d 26-34, oligo-ovulatory
eumenorrhea), whereas the remainder were considered to be ovulatory (i.e., classified

as d 26-34, ovulatory eumenorrhea) (15; 28). PCOS women with 35 days to 3-month
bleeding intervals were classified as oligomenorrheic and those with cycles >3 months as
amenorrheic (25). All the PCOS subjects in this study were oligo-ovulatory, irrespective of
their menstrual cyclicity.

Fasting baseline blood samples were obtained in all subjects in the follicular or pre-
ovulatory phase of the cycle, unless amenorrheic when the sample was obtained at random.
In addition to history, all subjects underwent a physical examination with blood sampling
for hormone measurements, as previously described (25; 29), and were normoglycemic.

In addition to height, weight, and modified Ferriman-Gallwey (mF-G) score, waist
circumference (WC) was measured at the narrowest portion of the torso approximately
midway between the lower costal margin and the iliac crest, and the hip circumference was
measured over the widest portion of the gluteal and greater trochanteric region. The BMI
and waist to hip ratio (WHR) were then calculated.
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Fasting blood samples for circulating total T, free T, DHEAS, sex hormone binding

globulin (SHBG), insulin, and glucose concentrations were obtained on days 3 through

8 (i.e. the follicular phase) of a spontaneous menstrual cycle or a Prometrium® (Solvay
Pharmaceuticals, Marietta, GA)-induced withdrawal bleed. The study protocol was approved
by the Institutional Review Board of UAB. All subjects provided written informed consent
prior to participating in the study.

All subjects underwent an ITT between 8:00 and 9:00 am on days 3-8 of a spontaneous
or induced withdrawal bleed. In brief, after an overnight fast, an intravenous (iv) catheter
was placed in each forearm, one for blood sampling and a second for insulin injection.
After 15 min. of rest, iv blood samples were drawn at —20, —15, and 0 min. ThereaUer,

a bolus of 0.1 U/kg regular insulin (Humulin-R, Lilly, Indianapolis, IN) was injected iv at
time O min. Venous samples were then drawn at +3, +6, +9, +12, 15 mins. Subjects were
monitored continuously and closely for signs of significant hypoglycemia during the entire
test and for 30 min. thereafter. Immediately after the test, or sooner if signs of significant
hypoglycemia developed, a bolus 50 cc dose of 50% dextrose solution was administered
iv. Plasma samples were collected into prechilled tubes containing EDTA (for insulin) or
sodium fluoride potassium oxalate (for glucose). The plasma glucose and insulin levels at
-20, -15 and 0 min. were averaged to yield respective fasting values.

Whole-body glucose/insulin kinetics were determined using the KITT (%/min) (i.e. the

first order rate constant for plasma glucose disposal), as previously described (18; 30). To
determine KITT values, plasma glucose levels were converted into their natural logarithm
(Ln), and the slope during the first 3 — 15 minutes after insulin injection was then calculated
using linear regression (Ln [glucose]) x time) and multiplied by 100 to obtain the constant
rate of glucose decay per minute (%/minute) during the ITT (i.e., KITT) (18; 30). Overall,
the smaller the KITT value the greater the degree of IR.

Hormonal and Biochemical analysis

For the ITT, plasma glucose levels were determined immediately after sampling using a
Beckman glucose analyzer 1l (Beckman Inc., Brea, CA) and plasma insulin levels were
determined by radioimmunoassay (RIA) (Medical Research Laboratories, Inc., Highland
Heights, KY) as previously described (25). Serum samples were analyzed for total T, SHBG,
DHEAS, and P4, per protocol. Total T was measured by an in-house radioimmunoassay
[RIA] method after serum extraction, as previously described (31). SHBG binding activity
was measured by diffusion equilibrium dialysis, using Sephadex G25 (Sigma-Aldrich
Corp., St. Louis, MO) and [3H]T as the ligand, and the free T was calculated, as

previously described (31 — 32). DHEAS and P4, were measured by direct RIA, using
commercially available kits (DHEAS and P4 from Diagnostic Products Corp., Los Angeles,
CA), as previously described (33). Samples were batched at regular intervals for analysis

to minimize the impact of interassay variability and provide study subjects with timely
information. The intra- and interassay variations for total T, SHBG, DHEAS, and P4 have
been previously reported (25).
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Statistical analysis

RESULTS

The Shapiro-Wilks W-test was used to determine whether continuous variables were
normally distributed. All continuous variables, except for the mF-G score, reasonably
followed a parametric distribution. For the analysis of menstrual dysfunction, participants
with PCOS were divided into three groups (oligo-ovulatory eumenorrheic with cycles

d. 26-34; oligomenorrheic with cycles d. 35 to 3 months, and amenorrheic with cycles

>3 months. Intergroup differences were evaluated using the unpaired ftest for normally
distributed continuous variables (i.e. PCOS vs. controls) or ANOVA and Tukey for post
hoc ANOVA test for multiple comparisons of normally distributed continuous variables (i.e.
eumenorrheic vs. oligomenorrheic vs. amenorrheic groups), and the Wilcoxon rank-sum
test for mF-G score. Values for comparing proportions were computed with the XZ test
with Yates correction or Fisher’s exact test as appropriate. Bivariate correlations between
variables were analyzed using the Pearson correlation coefficient for all variables. Linear
regression was used to adjust for differences in age, BMI and race. A receiver-operating-
characteristic (ROC) curve was used, and the area under the curve (AUC) estimated, to
assess the discrimination ability and to determine the optimal (in terms of sensitivity and
specificity) threshold level of KITT that defined IR, as previously described (9). Based on
our previous studies (15), a power analysis with a pooled standard deviation of 2.16, a p =
0.20, and an a. = 0.05, based on t testing, indicated that a sample size of 20 participants per
group was sufficient to detect a mean difference of 2 (%/min) (i.e. 20% change) in KITT
value between PCOS women with amenorrhea and healthy control participants. Data were
expressed as mean + SE (standard error) or geometrical mean (range) if log transformed
unless otherwise stated. A two-sided p <0.05 was considered statistically significant. All
statistical analyses were conducted using the Stats Direct statistics software package, version
3.2.10 2020 (Cheshire, UK).

Baseline features of the study groups in all PCOS versus all controls

In all, we studied 114 non-diabetic consecutive subjects, 57 participants with PCOS (i.e.
Phenotypes A and B of the Rotterdam criteria (11) and 57 healthy control participants
(Table 1, Fig. 1, and Supplemental Table 1). The basic demographic, anthropometric, and
endocrine characteristics of the PCOS and control participants are depicted in Table 1.
Despite a proactive matching strategy, controls were slightly but significantly older than
PCOS participants (31.3+0.9 yrs. vs. 25.2+1.0 yrs.; P=<0.001), and differences existed

in racial composition between the two groups. Most of the PCOS participants (80.7%)
were non-Hispanic White (non-HW), whereas fewer PCOS participants were of African
American (AA) ancestry (19.3%) compared to controls (56;1% and 43.9%, respectively), a
significant difference (£=0.009). By design, there was no difference in mean BMI between
PCOS participants and control participants but the former group was numerically greater in
weight, with the BMI in PCOS being 35.2+1.0 Kg/m2 compared to 32.5 Kg/m? in controls
(P=0.089). Therefore, the outcome variables were adjusted for age, BMI, and race.

As expected, women with PCOS had significantly higher mF-G scores and baseline mean
serum total T, free T, DHEAS levels than control, both before and after adjustment for
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age, BMI and race. Serum SHBG levels trended towards being lower by 26.4% in PCOS
compared to control participants, although the difference did not reach significance. All 57
controls presented with normal ovulatory menstrual patterns (cycle length 26-34+ days).
Of the 57 oligo-ovulatory PCOS women studied, 12 (26.1%) manifested clinically apparent
eumenorrhea (cycle length 26-34 days), 24 (31.3%) oligomenorrhea (cycle length >35 days
to 3 months), and 21 (32.6%) amenorrhea (cycles > 3 month) (Table 2, and Supplemental
Tables 1 and 3).

Metabolic function and relation to menstrual dysfunction in all PCOS versus all controls

The metabolic characteristics of the participants are depicted in Table 1 and Fig. 1. Fasting
plasma glucose levels were similar between the groups, consistent with a nondiabetic
population, and fasting insulin levels (INSg ) were higher in PCOS women than controls,
both before and further adjustment for age, BMI, and race (Table 1).

Based on the ROC curve, the optimal cut-off value for KITT (i.e. the KITT cut-off value
with highest sensitivity and specificity for diagnosing IR) was 3.57 %/min, which yielded
a specificity of 79.7% and a sensitivity of 82.5% in discriminating between PCOS and
controls (AUC=0.85 [95% CI = 0.78 to 0.92]) (Figs. 1A and 1B). Consequently, a kITT
value at or below 3.57 %/min was considered IR in our study, a value that is close to the
median KITT value for PCOS and controls combined, i.e. 3.65 %/min (Figs. 1A and 1B).
Mean KITT values were lower (by 36.9%) in PCOS than controls, both before and after
adjustment for age, BMI, and race (Table 1 and Fig. 1B). The prevalence of IR assessed by
the KITT was higher (by 61.5%) in PCOS than among controls (P < 0.001) (Table 1 and
Supplemental Figs. 1A).

Compared with controls, mean KITT values were lower in all PCOS menstrual dysfunction
subgroups (i.e. oligo-ovulatory eumenorrhea, oligomenorrhea, and amenorrhea), both before
and after adjustment for age and BMI (Figs. 1C, 1D and 1E; Supplemental Table 1).
Similarly, the prevalence of IR was higher in PCOS than controls, regardless of menstrual
cyclicity (Figs. 1F; Supplemental Table 1).

We studied the influence of obesity on KITT values and prevalence of IR in PCOS and
control participants (Supplemental Table 2). The prevalence of IR was 57.1% among the
lean, 62.5% overweight, and 85.7% obese PCOS participants as compared with 15.4%,
14.3% and 30% of control participants, respectively. Similarly, mean kITT values were
lower in obese and non-obese PCOS vs. controls (2.17+0.22 vs. 4.80+0.42 %/min; P=
<0.001 and 3.56+0.44 vs. 6.1+0.43 %/min; A< 0.001, respectively). Overall, IR was greater
in PCOS women, independent of BMI, although the increased IR in PCOS was exacerbated
by obesity.

Metabolic function and relation to menstrual dysfunction in all PCOS

Basic, endocrine, and metabolic parameters for the entire PCOS cohort are depicted

in Table 2, Figs. 2A and Supplemental Table 3). All the participants with apparent
eumenorrhea (n=12) were of nonHispanic White (NHW) race. Among the participants with
oligomenorrhea (n=24), 20.8% were of AA and 79.2% were of NHW ethnic background, as
compared with those with amenorrhea (n=21) where 28.6% were AA and 74.4% NHW.
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A comparison of the androgen measures between the three menstrual groups revealed no
difference in mean mF-G score and circulating androgens levels, before and after adjusting
for age and BMI (Supplemental Table 3), except that the difference in DHEAS levels
became significantly higher in PCOS participants with amenorrhea than those with apparent
eumenorrhea, after adjustment for age and BMI. Circulating SHBG levels were similar
across the three menstrual groups (Table 2).

With respect to metabolic risk factors, the mean fasting glucose levels and INSg were
similar across the three menstrual groups (Table 2), while mean KITT value was lower

(both before and after adjusting for age and BMI (Table 2, Figs. 2A and Supplemental
Table 3) and prevalence of IR higher in oligo-ovulatory PCOS participants with amenorrhea
than eumenorrheic participants (Table 2 and Supplemental Figs. 2A). Mean KITT value and
prevalence of IR did not differ between PCOS participants with amenorrhea and those with
oligomenorrhea (Table 2, Figs. 2A, and Supplemental Table 3 and Figs. 2A).

The correlation of age, BMI, WHR, SHBG, and measures of clinical and biochemical

HA with KITT across the three menstrual groups are depicted in Supplemental Table 4.

In bivalent analysis, KITT value was associated with BMI (i.e., eumenorrhea [r=—0.63;
P=0.028], oligomenorrhea [r=—0.59; P=0.003], and amenorrhea [r=—0.47; P=0.030), but

not with age or mF-G, in all three PCOS menstrual subgroups. KITT value was positively
associated with SHBG (r= 0.57; P=0.009), but only in participants with amenorrhea. The
association of KITT negatively with free T (r=—0.76; P=0.004) and total T (r=-0.76;
P=0.004), and positively and weakly with DHEAS (r=0.56; P=0.056) levels was observed in
PCOS participants with apparent eumenorrhea only.

Metabolic function and relation to menstrual dysfunction in NHW PCOS

As noted, PCOS participants were more likely to be of non-Hispanic White (NHW)
ancestry than controls (Table 1), and all PCOS participants who exhibited oligo-ovulatory
eumenorrhea were NHW. To control for any possible confounding effects of race/ethnicity,
the relation of menstrual dysfunction with insulin sensitivity and HA was re-assessed in the
subgroup of 46 non-Hispanic white (NHW) oligoovulatory PCOS women, 12 (26.1%) of
whom had apparent eumenorrhea, 19 (41.3%) oligomenorrhea, and 15 (32.6%) amenorrhea
(Table 2, Figs. 2B, and Supplemental Table 5 and Figs. 2B ). There was no significant
difference between participants with oligo-ovulatory PCOS and apparent eumenorrhea,
oligomenorrhea, or amenorrhea in terms of mean age, BMI, WHR, fasting glucose levels,
INSp, mF-G score, and circulating levels of SHBG, total and free T, before and after
adjustment for age and BMI (Table 2 and Supplemental Table 5). In contrast to what was
obtained when the entire 57 PCOS cohort was considered, circulating DHEAS levels were
similar across the three menstrual groups.

Compared to PCOS participants with oligo-ovulatory eumenorrhea, mean KITT value was
lower (by 45.7%) and prevalence of IR higher (by 35.0%) among those with amenorrhea
(Table 2, Figs. 2B and Supplemental Table 5 and Figs. 2B), consistent with the results
obtained when the entire 57 PCOS cohort (unadjusted for race) instead of the 46 NHW
PCOS participants was considered. There was a trend towards a lower mean KITT value (by
18.3%) and higher prevalence of IR (by 15.4%) among those with oligomenorrhea (Table 2,
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Figs. 2B and Supplemental Table 5 and Figs. 2B). Similarly, NHW PCQOS participants with
amenorrhea tended towards having lower KITT (by 33.5%) and higher prevalence of IR than
those with oligomenorrhea (by 19.6%).

The association of age, BMI, WHR, SHBG, and measures of clinical and biochemical HA
with KITT value across the three menstrual groups are depicted in Supplemental Table 4. As
expected, KITT value was strongly and negatively correlated with total T (r=-0.76; P=0.004)
and free T (r=—0.76; P=0.004), and positively and weakly with DHEAS (r=-0.56; P=0.056),
but only in PCOS participants with apparent eumenorrhea (Supplemental Table 4). The
KITT value was associated with BMI (ie. eumenorrhea [r=—0.63; P=0.028]; oligomenorrhea
[r=—0.67; P=0.002]; and amenorrhea [r=-0.47; P=0.038), but not with age or mF-G in

all three PCOS menstrual subgroups. In contrast to the results obtained when all the 57
PCOS participants (unadjusted for race) instead of the 46 NHW PCOS participants were
considered, circulating SHBG levels were similar across the three menstrual groups. Overall,
severity of menstrual cyclicity did not track with measures androgenicity in PCOS.

DISCUSSION

The primary hypothesis of this cross-sectional prospective study was to investigate whether
the severity of menstrual dysfunction is associated with dynamic state IR and HA in PCOS.
Consistent with our hypothesis, we found that the severity of menstrual dysfunction tracked
with the prevalence and degree of dynamic state insulin resistance (IR), after adjustment
for factors known to predispose to IR, including age, BMI and race, confirming our prior
observation using markers of basal state whole-body IR (i.e. HOMA-IR) and bridging a
knowledge gap by studying insulin sensitivity in physiologic state. In terms of adverse
metabolic risks, oligo-ovulatory PCOS women exhibiting amenorrhea had the worst insulin
sensitivity (i.e. lowest mean kITT values) and highest prevalence of IR, followed by those
presenting with oligomenorrhea; PCOS women with oligo-ovulatory eumenorrhea had the
best insulin sensitivity (i.e. highest KITT values) and lowest prevalence of IR. Nonetheless,
when compared with their respective healthy normoandrogenic, ovulatory and eumenorrheic
control participants, all women with PCOS exhibited lower mean KITT values and higher
prevalence of IR, regardless of whether they presented with amenorrhea, oligomenorrhea or
clinically apparent eumenorrhea.

Contrary to our hypothesis, the severity of menstrual abnormalities did not track with the
degree of HA -- the mean measures of HA (i.e. mF-G, and circulating levels of DHEAS,
total and free T, and SHBG levels) were similar across the three menstrual groups. Although
bivariate analysis revealed that insulin sensitivity was associated negatively with circulating
total and free T levels, and positively with DHEAS levels, this association was observed in
PCOS women with oligo-ovulatory eumenorrhea only. Cupisti et al. also did not observe

an association between HA measures and the degree of menstrual dysfunction in PCOS

(7), although our results contrast with those of Strowitzki et al., who reported higher free
androgen index (FAI) and total T in amenorrheic than eumenorrheic PCOS (8). Collectively,
our study indicates that menstrual pattern tracks with dynamic state IR rather than HA.
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Consistent with previous studies, we confirmed that IR is very common in PCOS,
independent of age, race, and adiposity (3, 21-24, 27, 34-35). The high prevalence of

IR observed in 79% of the PCOS population in our study using a threshold kKITT value

of 3.57 %/min determined by the ROC curve is similar to the value of 85% reported in a
study of women with PCOS defined by Rotterdam criteria assessed using the euglycemic
hyperinsulinemic clamp (35), but higher than the 66% for clamp based studies (3), 53% for
mFSIVGTT (35), and 65% - 69% for the few studies that used the ITT to assess IR (21,

24) in PCOS meeting the NIH-based criteria (i.e. Rotterdam A and B). Overall, the variance
in the prevalence of IR perhaps reflect differences in the prevalence of obesity and racial
composition of the participants studied, PCOS diagnosis, and disparities in methodologies or
cut-off points of the variables used to define IR in these studies.

Our current study expands on the findings from previous reports (15) and more clearly
addresses the question of whether the severity of menstrual dysfunction can predict IR in
PCOS. Abnormalities in menstrual cycles are readily measurable and are frequently used
as accurate surrogate markers of oligo-ovulation in reproductive-aged women in clinical
settings. As many as 85% of PCOS women demonstrate overt menstrual abnormalities,
although some oligo-ovulatory PCOS women can present with apparent eumenorrhea (1).
These findings have significant potential public health implications, as they focus our
attention on the value of the menstrual cycle, which is easy and inexpensive to obtain,

to predict IR, which is more cumbersome to obtain, in PCOS.

Only a few studies have assessed the relationship between menstrual dysfunction and IR in
PCOS. In our previous study of abnormal menstrual cycle in PCOS (by Rotterdam criteria),
comparing PCOS women with menstrual dysfunction (polymenorrhea, ovulatory and non-
ovulatory eumenorrhea, 35- to 45-day cycle intervals, oligomenorrhea and amenorrhea),
using HOMA-IR as the measure of IR and healthy normoandrogenic women as the reference
cohort, we found that only PCOS women with oligomenorrhea and amenorrhea, who
comprise about 80% of study group, had higher mean HOMA-IR levels than controls,

with those exhibiting amenorrhea having the highest HOMA-IR values (15). Panidis

et al reported similar results using HOMA-IR and QUICK) (6). Others confirmed this
association only in hyperandrogenic women with amenorrhea, but not oligomenorrhea,
when compared with participants with eumenorrhea and PCOM using HOMA-IR (8) or
insulin levels, QUICKI, and the glucose-insulin ratio (7) as measures of IR. These studies
were fundamentally limited by the use of surrogate markers to estimate IR. In our current
study, we focused on studying the relation of menstrual dysfunction to the magnitude and
prevalence of dynamic state whole-body IR measured directly.

We could only find one study that have assessed the relationship between menstrual pattern
and IR in dynamic state, but this was in the context of evaluating insulin sensitivity and
menstrual pattern in women with PCOM (22). In that study, the investigators found that
insulin sensitivity was reduced in 53 participants with HA presenting with oligomenorrhea/
amenorrhea (and PCOM), compared to 19 subjects with HA exhibiting eumenorrhea (and
PCOM) or 31 healthy controls (22). Both studies used the kKITT, as we did, to determine
insulin sensitivity and found that women with oligomenorrhea/amenorrhea had lower
insulin sensitivity than control participants. Additionally, fasting insulin, glucose, total T,
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and SHBG levels did not differ significantly between hyperandrogenic participants with
oligo/amenorrhea vs. those with eumenorrhea. Unlike our current study, the focus of that
study was on women with HA+PCOM, the prevalence of IR was not assessed, those with
amenorrhea and oligomenorrhea were combined as one group, and the participants with
eumenorrhea were not hormonally screened for evidence of oligo-ovulation.

From mechanistic perspectives, our hypothesis that menstrual cycle pattern could track
with IR and HA was based on the evidence that compensatory hyperinsulinemia from

IR plays an important role in the pathophysiology of HA and ovulatory dysfunction in
PCOS (14). Further, it was based on evidence gathered from the study of nonhuman
primate models of PCOS (36), whereby a reduction in HA increases insulin sensitivity

and ovulatory function in young adult female nonhuman primate (37). The findings of our
current study that abnormalities in menstrual dysfunction tracked with IR and, by inference,
hyperinsulinemia, but not HA, is supported by reports demonstrating that therapies that
improve insulin sensitivity, whether via diet and exercise (38-39), insulin sensitizers
(metformin, D-chiroinositol and peroxisome proliferator-activated receptor gamma [PPARy]
agonists) (40-41), bariatric surgery (42-43) or glucagon-like peptide-1 (GLP-1) analogs
(44), significantly reduce circulating insulin levels and improve ovulation rates and
menstrual irregularity. Our findings are further supported by the evidence that flutamide,

an androgen receptor antagonist, decreased androgen levels but failed to improve insulin
sensitivity in non-obese women with PCOS (45). Finally, it should be noted that wholebody
IR is also associated with IR in the endometrium (46; 47), although whether whole-body or
endometrial IR adversely affect menstrual cyclicity remains to be established.

The strengths of our study include use of well-phenotyped, matched PCOS and control
participants, and measuring whole-body insulin-mediated glucose uptake directly using a
robust method (i.e. ITT). The reported concerns about the use of the ITT due to frequent
episodes of hypoglycemia and surges of counter regulatory hormones (e.g. glucagon,
catecholamine, growth hormone and cortisol), which have the potential to reduce glucose
disposal from plasma into insulin target tissues are addressed by our study’s use of the short
(15 mins.) version of ITT used in this study, since hypoglycemia generally appears after 15
mins and the surge of counter regulatory hormones at 20—30 mins post insulin injection (18—
19). Our study was limited by its cross-sectional nature, which made it difficult to determine
the cause-effect relationship between menstrual dysfunction and IR or HA. Additionally, as
we studied PCOS as defined by the 1990 NIH consensus criteria (i.e. Phenotypes A and B
of the Rotterdam criteria (11) because of our focus on the metabolic aspects of the disorder,
the results of this study cannot be readily generalized to other phenotypes of PCOS (i.e.
phenotypes C and D). Furthermore, the sample size of subjects in different menstrual groups
will need to be increased in future studies.

Overall, our results indicate that women with classic PCOS demonstrated higher prevalence
and greater degree of dynamic state IR than matched controls overall, regardless of
menstrual pattern or adiposity. Furthermore, PCOS women with overt oligo/amenorrhea had
greater degrees of IR, but not HA, compared to oligo-ovulatory PCOS women with apparent
eumenorrhea. These data suggest that: a) IR and hyperinsulinemia, but not HA, play a role in
determining the degree of menstrual dysfunction in oligo-ovulatory women with PCOS; and
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b) the degree of menstrual dysfunction in oligo-ovulatory PCOS women could be used as a
marker for the degree of IR in these women. Further studies will be required to determine
the role of IR on endometrial integrity in PCOS and whether abnormalities in menstrual
cyclicity can help define PCOS women at greater risk for metabolic complications, such as
T2DM.
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AA African American
AUC Area under the curve
BMI body mass index
DHEAS dehydroepiandrosterone sulfate
HA hyperandrogenism
HOMA-B% homeostasis model of B-cell function
HOMA-B% homeostasis model of B-cell function
KITT the rate constant for plasma glucose disappearance
mF-G modified Ferriman-Gallwey hirsutism score
NHW non-Hispanic white
oD ovulatory dysfunction
PCOS polycystic ovary syndrome
ITT short insulin tolerance test
T testosterone
T2DM type 2 diabetes mellitus
WHR waist to hip ratio
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Fig. 1. Differences in measures of in vivo whole-body IR between PCOS and controls.
Subjects in the all cohort (57 PCOS and 57 BMI-matched controls adjusted for age, BMI

and race) are depicted. IR was estimated by KITT (%/min) after a short insulin tolerance
test. ROC plot of KITT values in PCOS (-ve) and controls (+ve), with the optimal cut-off
value for KITT of 3.57 (%/min) (horizontal line) providing 79.7% specificity and 81.5%
sensitivity in discriminating between PCQOS and control participants (Fig. 1A, Fig. 1B). A
scatter plot of differences in mean KITT values between PCOS and control participants for
all the cohort (57 PCOS and 57 BMI-matched controls adjusted for age, BMI and race) (Fig.
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1B), and for all the cohort subdivided according to menstrual categories (Fig. 1C, 1D and

1E for oligo-ovulatory eumenorrheic, oligomenorrheic and amenorrheic PCOS groups vs.
respective ovulatory eumenorrheic groups, respectively) are also depicted. The prevalence of
IR between each menstrual subtype of PCOS vs. respective ovulatory eumenorrheic groups
is also shown (Fig. 1F).

AUC is area-under-the-curve; KITT is the rate constant for glucose disappearance during
short ITT, and ROC is receiver operating characteristics (Fig. 1A).

**P=0.049 and *~<0.001 (Fig. 1F).
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Fig. 2. Insulin sensitivity among women with PCOS, categorized by menstrual cyclicity (oligo-
ovulatory eumenorrhea, oligomenorrhea and amenorrhea), are depicted.

The degree of insulin resistance (IR) estimated by mean kITT (adjusted for age and BMI) in
all PCOS subjects (Fig. 2A), and a subgroup of NHW PCOS subjects (Fig. 2B) are shown.
(a) Median values are represented by dark diamond, and median by the horizontal lines in
the boxes.

(b) The heights of the boxes denote the 25t to 75™ ranges

(c) The upper and lower frames represent the maximal and minimal values, respectively.
The differences were adjusted for age and BMI
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