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Abstract
Objective—To examine changes in brachial artery conductance (BAC) during reactive
hyperemia in women with polycystic ovary syndrome (PCOS) compared to controls.

Study Design—This is a pilot case-control study performed at a single academic medical center.
Changes in BAC during reactive hyperemia were evaluated in 31 women with PCOS and 11
healthy control women. Fasting glucose, insulin, lipids and androgen levels were also determined.
A mixed-effects model was used to compare the PCOS curve to the control curve for change in
BAC from baseline during reactive hyperemia.

Results—Body mass index (BMI) and testosterone levels were significantly increased in the
PCOS group compared to controls (P < 0.05). In addition, the PCOS group had higher total and
LDL cholesterol levels (P = 0.05 and 0.09, respectively). Change in BAC from baseline during
reactive hyperemia was significantly increased in the PCOS group compared to controls even after
adjusting for age, BMI and LDL cholesterol levels (P < 0.0001). There were no significant
differences between the two groups in age, blood pressure, or fasting glucose or insulin levels.

Conclusions—Brachial artery conductance during reactive hyperemia is significantly increased
in women with PCOS compared to controls and may be a novel early indicator of increased
cardiovascular risk in women with PCOS.
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Introduction
Polycystic Ovary Syndrome (PCOS) is a common endocrine disorder that affects up to 10%
of reproductive-age women (1). PCOS is characterized by oligoanovulation and
hyperandrogenism. This disorder is associated with multiple independent cardiometabolic
risk factors, including central obesity, insulin resistance, dyslipidemia, subclinical
atherosclerosis, and inflammation (2–7). These cardiovascular risk factors can manifest
themselves in the earliest stages of endothelial dysfunction, a precursor to atherosclerosis
that may be present years before structural atherosclerotic disease becomes clinically evident
(8). Several studies have demonstrated endothelial dysfunction in young, otherwise healthy,
women with PCOS (9–11). This suggests that women with PCOS are at increased risk for
early onset cardiovascular disease. However, the evidence for a cause-effect relationship
between PCOS and cardiovascular disease remains limited (12). Therefore, early vascular
dysfunction needs to be better characterized in women with PCOS. These studies will
improve our understanding of the nature and implications of cardiovascular risk in women
with PCOS.

Vascular dysfunction can be non-invasively characterized by the assessment of brachial
artery responses to reactive hyperemia (13). Reactive hyperemia is the transient increase in
blood flow that occurs following relief from a brief period of arterial occlusion. Mediated by
neurogenic, myogenic, and endothelial factors in resistance vessels, reactive hyperemia has
been recognized as an important research tool for assessing vascular function (14,15). A
number of factors that typify the reactive hyperemic response have been linked to
atherosclerosis and cardiovascular risk (16). For example, decreased brachial artery reactive
hyperemic blood flow has been shown to independently predict all-cause mortality in
patients with end-stage renal disease (17).

Several studies have reported that reactive hyperemic brachial artery flow-mediated dilation
(FMD), the percent change in brachial artery diameter during reactive hyperemia, is reduced
in women with PCOS compared to controls (9–11). During reactive hyperemia, the change
in brachial artery diameter is preceded by, and may be dependent on, a change in brachial
artery conductance (BAC), an index of limb vasodilator capacity that takes into account
differences in blood pressure (16). However, BAC during reactive hyperemia has not been
characterized in women with PCOS.

Women with PCOS who have altered vascular reactivity may be at increased risk for early
cardiovascular disease. Abnormal changes in reactive hyperemic brachial artery diameter
have been reported in women with PCOS, but it is not known whether there are also
alterations in BAC during reactive hyperemia. The objective of this study was to examine
changes in BAC during reactive hyperemia in women with PCOS compared to controls.

Materials and Methods
We studied 31 women with PCOS and 11 healthy control women, recruited through the
Obstetrics and Gynecology and Endocrinology clinics of Penn State Hershey Medical
Center. PCOS was defined using the 1990 National Institutes of Health criteria: 1)
spontaneous intermenstrual periods of ≥ 45 days or ≤ 8 periods per year, and 2) serum total
testosterone >50 ng/dL or unbound testosterone >10 ng/dL, while off of oral contraceptives.
Complete evaluation for secondary causes included measurements of thyroid stimulating
hormone (TSH), prolactin, dehydroepiandrosterone sulfate (DHEAS) and 17-
hydroxyprogesterone. Control subjects were women with regular menses and no signs of
androgen excess. All participants were off of metformin for 3 months prior to screening and
enrollment. Patients on oral cyclic progestins underwent a one-month washout period. Only
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one woman with PCOS was on an oral contraceptive. None of the control women were on
oral contraceptives. None of the subjects were on lipid-lowering or antihypertensive
medications, none were smokers and none had hypertension, diabetes or known
cardiovascular disease. None of the subjects were pregnant. The research protocol was
approved by the Institutional Review Board at the Penn State Hershey Medical Center.
Written informed consent was obtained from all participants.

Participants presented in a 12-hour fasting state, having abstained from caffeine and
chocolate for at least 24 hours. After excluding pregnancy, participants completed a medical
history questionnaire and underwent measurements of height, weight, waist circumference,
and Ferriman-Gallwey hirsutism score (18). Fasting blood was obtained to measure
hormonal and metabolic parameters. A pelvic ultrasound was performed using a 6.5 MHz
probe of an ATL 400 machine to characterize ovarian size and morphology (19). When a
control had a dominant follicle, the ovary with the dominant follicle was excluded and the
other ovary was used to determine the ovarian volume.

To minimize the effects of mood and emotion, participants were studied in a calm
environment and when they were not under any acute stress. Participants were placed in a
supine position in a quiet, dimly lit room. Heart rate (HR) and rhythm and blood pressure
were continuously recorded. A large pneumatic cuff was placed on the upper part of the
experimental arm above the antecubital fossa. A second cuff was placed around the wrist of
the same arm to exclude any potential effects of hand blood flow on BAC. The brachial
artery was imaged by using an ATL Doppler ultrasound probe (5–12MHz linear array
scanhead, HDI 5000, Advanced Technology Laboratories, Bothell, WA). Mean blood flow
velocity (MBV) and brachial artery diameter (BAD) were recorded at baseline and used to
calculate baseline conductance (MBV/MAP) and flow ((π)(BAD/2)2(MBV)(60)).

Prior to inducing reactive hyperemia, a priming procedure was performed. Both cuffs were
inflated to suprasystolic pressure for one to two minutes and then released. This priming
conditions the blood vessels to vasodilate and generates more reproducible results. After the
priming, there was a 10-minute period of rest so that the blood vessels returned to baseline.
Then the wrist cuff was re-inflated. After a minute, the arm cuff was re-inflated for 10
minutes and then released. Upon release of the arm cuff, we continuously measured MBV
and intermittently measured BAD by Doppler ultrasound for up to 5 minutes. We then
calculated BAC at specific time points: at peak MBV and 15, 30, 45, 60, 75, 90, 105, 120,
150, and 180 seconds after release of the arm cuff. We used one sonographer who was
experienced in the assessment of brachial artery reactive hyperemia. The sonographer was
not blinded.

All blood samples were analyzed in either the General Clinical Research Center or Core
Endocrine Laboratory at the Penn State Hershey Medical Center using validated assays.
Plasma glucose was measured by a glucose oxidase method (YSI 2300 Stat Plus, Yellow
Springs, Ohio). Insulin was measured using a double antibody/polyethylene glycol
radioimmunoassay (RIA) that utilizes 125I-labeled human insulin and human insulin
antiserum obtained from Linco Research (St. Charles, Missouri). Total testosterone was
measured with a solid-phase RIA which utilizes testosterone-specific antibodies that are
immobilized to the wall of polypropylene tubes and 125I-labeled testosterone. Free and
weakly bound testosterone was determined using a 3H-testosterone exchange equilibrium
assay. Total and HDL cholesterol were measured spectrophotometrically using a cholesterol
esterase method while triglycerides were measured enzymatically on an Olympus AU5400
chemistry analyzer. LDL-cholesterol was calculated using the Friedewald equation (20).
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As this was a pilot study, we did not have previous reactive hyperemia data for women with
PCOS so the sample size was based on standardized effect size. We calculated that a sample
size of 40 subjects (20 PCOS and 20 controls) would provide at least 85% power to detect a
standardized effect size of 1.0 using a two-sided, two-sample t-test with a significance level
of 5%. This sample size estimate incorporated an anticipated 5% subject dropout. The
software package nQuery Advisor 5.0 (Statistical Solutions Ltd.) was utilized to perform the
sample size estimate.

To account for potential confounding, all analyses comparing the PCOS group to the control
group were adjusted for age, BMI and LDL-cholesterol by including these variables as
continuous covariates in the statistical models. Analysis of covariance (ANCOVA) model
was used to compare the clinical characteristics and metabolic profiles of the two groups. At
each time point during reactive hyperemia, the change in BAC from baseline was compared
between PCOS and controls, using a mixed-effects model to account for the correlation
inherent among repeated measurements in a single subject (21). Linear and quadratic
contrasts were constructed from the mixed-effects model to compare the PCOS curve to the
control curve for change in BAC from baseline. Residual diagnostics were used to assure
modeling assumptions, such as normality, were met. For completeness we also explored
nonparametric analysis of the data, but the inference did not change from those obtained
from the parametric methods (e.g., ANCOVA model). No corrections were made for
multiple comparisons because analyses were exploratory in nature. We considered a p-value
< 0.05 to be significant for the primary factor of interest, i.e., group status (PCOS versus
control). All hypothesis tests were two-sided and all analyses were performed using SAS
software, version 9.1 (SAS Institute Inc., Cary, NC).

Results
For the PCOS group, we screened 50 women, and 15 were excluded due to labs, 2 were lost
to follow-up, 1 chose to participate in another study and 1 went on metformin. Women in
the control group were selected from a pool of control women who had participated in our
genetics study. We selected the controls based on their BMI in an attempt to obtain a similar
BMI distribution as the PCOS group. We enrolled relatively more PCOS women than
controls because many controls did not have a high enough BMI to match the more obese
PCOS women.

The reproductive and metabolic characteristics of the PCOS and control groups are shown in
Table 1. The PCOS group had a significantly greater body mass index (BMI) but a similar
age compared to the control group. After adjusting for age and BMI, Total and LDL
cholesterol appeared to be higher in the PCOS group compared to the control group (P =
0.05 and 0.09, respectively). As expected, testosterone levels and the Ferriman-Gallwey
scores were significantly higher in the PCOS group compared to controls (P < 0.01 for all).
There were no significant differences in blood pressure, fasting glucose or insulin between
the two groups. Polycystic ovary morphology, defined as the presence of 12 or more antral
follicles in either ovary, was present in 26 PCOS women and one control (19). Ovarian
volume was > 10 cm3 in only 36% of controls.

Change in BAC from baseline during reactive hyperemia was significantly higher in the
PCOS group compared to controls, even after adjusting for age, BMI and LDL-cholesterol
(P < 0.0001) (Fig. 1). Baseline flow, baseline BAD and baseline and peak MBV were
similar in the two groups.
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Comment
This study demonstrates that change in BAC from baseline during reactive hyperemia is
significantly higher in women with PCOS compared to controls, after adjusting for age,
BMI, and LDL-cholesterol. To the best of our knowledge, this is the first study to
characterize changes in BAC during reactive hyperemia in women with PCOS.

Previous studies have reported alterations in brachial artery diameter during reactive
hyperemia in women with PCOS, but these studies did not evaluate conductance (9–
11,22,23). Changes in conductance may be more important because they precede and may
ultimately determine changes in brachial artery diameter following reactive hyperemia (16).
We noted significant differences in BAC despite similar MBV in PCOS and controls. Thus,
increased BAC during reactive hyperemia may be an early indicator of vascular dysfunction
among otherwise healthy women with PCOS, even in the setting of preserved brachial artery
blood flow velocity.

Whether vascular dysfunction in PCOS is primarily due to insulin resistance, dyslipidemia,
obesity, hyperandrogenism, or a combination of these factors is currently a subject of
controversy in the literature (24,25). Blood pressure, glucose and insulin levels were similar
in our PCOS and control groups and do not explain the increased BAC observed in the
PCOS group. Although dyslipidemia and obesity may contribute to greater change in BAC
from baseline, the increase in BAC in women with PCOS remained significant even after
adjusting for LDL-cholesterol and BMI. After adjusting for age, BMI and LDL-cholesterol,
we observed that androgen levels remained significantly elevated while BAC was
significantly increased in our PCOS group compared to controls. This suggests that
hyperandrogenism may contribute to the increased BAC observed in women with PCOS.
Even though we accounted for major potential confounders, it is still possible that some
unknown factor may have affected our measurement of BAC.

A potential limitation of our study is that our PCOS sample may not be representative of the
general PCOS population. Many women with PCOS have insulin resistance, however the
glucose and insulin levels between our PCOS group and controls were comparable (3,26). In
addition, our control group may not be representative of the general healthy population as
36% of controls had increased ovarian volume. Since polycystic ovaries can result from
increased ovarian sympathetic nerve activity (27), and increased sympathetic tone adversely
affects blood flow (28), heightened sympathetic tone could have adversely affected BAC in
the controls. Even if the measurement of BAC in the control group was affected by the
presence of increased ovarian volume in some of the controls, this would be expected to
decrease any differences between the two groups so our conclusion that BAC is increased in
PCOS would still be valid. Furthermore, isolated polycystic ovaries have been demonstrated
in normal healthy women and are only rarely associated with subtle metabolic abnormalities
(29–31). Another limitation is that we only measured BAC in one randomly selected arm
and there may be differences within an individual depending on the arm used (32).

Measuring BAC in additional healthy participants at various ages would have allowed us to
further evaluate whether age influences BAC. We recognize this as a potential weakness.
However, we do not have the resources to study additional controls. We sufficiently adjusted
for age in all our analyses and the literature does not support age as a significant
cardiovascular factor in women less than 50 years old (33–35). Therefore, we believe our
finding that BAC is increased in women with PCOS is novel and adds to the existing
literature (9–11,22,23).

In conclusion, we have demonstrated a statistically significant increase in the change in
BAC from baseline during reactive hyperemia in women with PCOS compared to controls.
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Our findings could have important public health implications as PCOS is a prevalent
disorder, affecting up to 10% of reproductive-age women. Changes in BAC from baseline
during reactive hyperemia can be assessed noninvasively and could prove useful for
characterizing early vascular dysfunction in young women with PCOS. Early identification
and reversal of increased BAC during reactive hyperemia could be an important target for
therapeutic interventions aimed at improving cardiovascular health in women with PCOS.
Future research should confirm these findings in a larger study population, determine
whether the degree of increase in BAC reflects the severity of the vascular dysfunction, and
clarify up to what age BAC may be effectively applied in the cardiovascular risk assessment
of women with PCOS. Although BAC has the potential to become a useful clinical tool for
the diagnosis of early vascular dysfunction in women who have PCOS, at this time it would
be premature to apply BAC to patients in the clinical setting. Until further study, BAC
should only be applied in the research setting for the investigation of vascular dysfunction.
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Figure 1.
Mean change (two standard errors above the mean change for women with PCOS; two
standard errors below the mean change for healthy control women) in brachial artery
conductance from baseline during reactive hyperemia in women with PCOS (■) and healthy
control women (●), adjusted for age, BMI and LDL-cholesterol.
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Table 1

Reproductive and metabolic characteristics of the PCOS and control groups.

PCOS
(n=31)

Controls
(n=11)

P-value

Demographics

Age (years) 30.5 ± 5.5 32.1 ± 7.5 0.45

Body mass index (kg/m2) 36.8 ± 10.6 28.6 ± 5.5 0.02

Waist-hip ratio 0.87 ± 0.06 0.82 ± 0.05 0.39*

Reproductive characteristics

Testosterone (ng/dl) 77.8 ± 37.3 30.9 ± 9.3 <0.01*

Free and Weakly bound Testosterone (ng/dl) 21.2 ± 9.7 7.5 ± 3.4 <0.01*

Ferriman-Gallwey score 14.6 ± 6.5 3.4 ± 4.7 <0.01*

Mean ovarian volume (cm3) 17.9 ± 11.6 7.1 ± 4.2 0.02*

Prevalence of polycystic ovary morphology† 26 (93%) 1 (9%) <0.01*

Metabolic characteristics

Systolic blood pressure (mmHg) 116.7 ± 14.0 114.8 ± 9.5 0.75*

Diastolic blood pressure (mmHg) 67.1 ± 11.0 65.7 ± 7.3 0.32*

Total cholesterol (mg/dl) 195.5 ± 35.2 172.5 ± 37.3 0.05**

LDL Cholesterol (mg/dl) 122.7 ± 28.4 104.0 ± 32.1 0.09**

HDL Cholesterol (mg/dl) 45.7 ± 10.9 48.5 ± 9.1 0.92*

Triglycerides (mg/dl) 136.0 ± 67.2 99.6 ± 50.1 0.24*

Fasting glucose (mg/dl) 86.8 ± 8.6 86.0 ± 6.5 0.44*

Fasting insulin (uU/ml) 19.6 ± 15.2 14.0 ± 5.3 0.69*

Fasting glucose-Insulin ratio 6.6 ± 3.9 7.0 ± 2.7 0.67*

Data are presented as mean ± SD, unadjusted;

*
ANCOVA, adjusted for age, BMI, and LDL cholesterol;

**
ANCOVA, only adjusted for age and BMI.

†
Polycystic ovary morphology is defined as the presence of ≥ 12 follicles measuring 2–9 mm in either ovary. N (%) and Fisher’s Exact test are

reported.
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