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ABSTRACT

Objective: Despite an increased cerebrovascular disease risk, the impact of Polycystic Ovary Syndrome (PCOS) on cerebro-
vascular haemodynamics and function is unknown. This study characterised cerebrovascular haemodynamics and function in
women with PCOS versus healthy controls.

Design: Case-control study.

Patients: Fifteen women with PCOS (age: 31 + 6 years; body mass index (BMI): 31.8 +5.7kg/m?) and 16 controls (age:
30 + 7 years; BMI: 29.9 + 5.5 kg/m?).

Measurements: Resting global cerebral blood (CBF) was assessed by 3T MRI. Middle- and posterior cerebral artery blood
velocities (MCAv, PCAv) were measured by Doppler ultrasound and pulsatility index (MCAp;, PCAp) calculated. Neurovascular
coupling (NVC), internal carotid artery cerebrovascular reactivity (CVRco,) and dynamic cerebral autoregulation (dCA) direc-
tional sensitivity were assessed using a visual stimulus, 6% fixed-inspired CO, and repeated squat-stand manoeuvres, respectively.
Results: Resting CBF (PCOS: 57.2 + 7.5 ml/100 g/min; controls: 61.6 + 11.6 m1/100 g/min, p = 0.25) and MCAv, PCAv, MCAp;
and PCAp; (all p>0.05) were similar between groups. NVC (14 +4.9% vs. 13 +3.4%, p=0.45), CVRco, (5.1 £1.9% vs.
6.5+ 2.9%, p=0.20) and dCA directional sensitivity were similar between groups. However, women with PCOS had elevated
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relative PCAp; during NVC (PCOS: 12.0 + 5.6% vs. controls: 7.0 +3.8%, p =0.04), and impaired vasodilation of the internal
carotid artery during CVRco, (PCOS: —0.10 + 0.22 mm vs. controls: 0.18 + 0.24 mm, p < 0.01).

Conclusions: Cerebrovascular function is largely preserved in women with PCOS, although elevated arterial pulsatility and
impaired vasodilatory response to carbon dioxide may indicate early endothelial dysfunction in the cerebral vasculature. Larger
studies are needed to confirm this in view of our limited study power.

1 | Introduction

Polycystic Ovary Syndrome (PCOS) is a common endocrine
disorder characterised by hyperandrogenism, oligo-/
amenorrhoea, and polycystic ovarian morphology [1]. In addi-
tion to its effects on fertility, PCOS is now accepted as a
metabolic disorder associated with an increased risk of cardio-
vascular disease [2], driven by risk factors that include body
weight gain [3], insulin resistance [4], arterial hypertension [5],
arterial stiffness [6], and endothelial dysfunction [7]. PCOS is
also associated with an increased risk of cerebrovascular disease
[8], but the cause is unclear. Neuroimaging studies have dem-
onstrated a higher prevalence of markers of cerebral small
vessel disease in women with PCOS [9-12]. Whether these
markers reflect clinically relevant reductions in cerebral blood
flow (CBF) in PCOS is currently unclear, since previous studies
have been limited by measurement of CBF using Doppler
ultrasound [13, 14].

CBF and metabolism are tightly coupled in humans to ensure
adequate supply to match metabolic demand, and CBF is
controlled predominantly via neural, chemical, and auto-
regulatory factors [15]. Dynamic control of CBF, including
neurovascular coupling (NVC) and cerebrovascular reactivity
to carbon dioxide (CVRco,), is impaired in related metabolic
conditions [16-18]. These deficits in the dynamic control of
CBF may relate to endothelial dysfunction in the cerebral
vessels, possibly due to insulin resistance [19]. Hyperan-
drogenism may also impair cerebrovascular function, since
androgens promote vasoconstriction and reduce cerebro-
vascular responsiveness to elevations in blood pressure in
rodent models [20, 21], and increase cerebrovascular pulsa-
tility in postmenopausal women [22]. Women with PCOS
may therefore have androgen-mediated reductions in auto-
regulatory control of CBF. To date, dynamic regulation of
CBF in PCOS has only been assessed in a single study, where
the authors inferred that CVRco, was reduced; however,
standard indexes of CVRco, were not reported, and cohorts
were poorly matched [23]. Since impaired CVRco, and NVC
are associated with all-cause mortality [24] and future car-
diovascular disease risk [25], respectively, an understanding
of dynamic cerebrovascular responses in women with PCOS
has implications for the management of their long-term
health.

We hypothesised that resting CBF and dynamic cerebro-
vascular control of blood flow, including NVC, CVRcoa,
and dynamic cerebral autoregulation (dCA), would be
reduced in women with PCOS. We investigated this using a
comprehensive set of measures to interrogate control of
CBF at rest and during dynamic tests of cerebrovascular
function.

2 | Materials and Methods
2.1 | Participants

Women with PCOS (n=15), diagnosed by the Rotterdam
criteria, were recruited via endocrine clinics at the University
Hospital of Wales, a PCOS charity (Verity), and social media.
Participants with congenital adrenal hyperplasia, Cushing's
syndrome, thyroid disease, hyperprolactinaemia, and androgen-
secreting tumours were excluded by biochemical testing.
Female controls were matched for age and BMI (n =16) and
recruited through social media and word of mouth. PCOS and
control participants did not meet recommended physical
activity guidelines of 150 min of moderate, or 75 min of vigorous
physical activity per week [26], and were excluded if they were
pregnant or breastfeeding, had a known history of cardiovas-
cular disease, or had any absolute contraindications to MRI.
Participants taking insulin-sensitisers, oral contraceptives (OC),
or anti-depressants were required to be on a stable dose for at
least 3 months. Control participants were excluded if they had
clinical or biochemical evidence of hyperandrogenism (n=1).
The study was carried out in accordance with the principles of
the Declaration of Helsinki, received NHS Research Ethics
Committee (REC:19/WA/0093) and institutional ethical
approvals (Cardiff Metropolitan University: STA-9540; Cardiff
University: EC.19.12.10.5916 A), and was registered on Clin-
icalTrials. gov (NCT05394935). All participants gave written,
informed consent.

2.2 | Anthropometric and Biochemical
Measurements

Height, body mass, and hip and waist circumference were
measured according to our previously published protocol [27].
Blood samples were collected following an overnight fast.
Total testosterone and androstenedione were measured by
liquid chromatography-tandem mass spectrometry (Quattro
Premier XE triple quadrupole mass spectrometer). Sex hor-
mone binding globulin (SHBG) was measured using an Alinity
i immunoassay (Abbott Diagnostics, Illinois, USA). Glucose,
total cholesterol, HDL-cholesterol, LDL-cholesterol, and tri-
glycerides were measured using an Alinity ¢ immunoassay
(Abbott Diagnostics, Illinois, USA). Insulin was measured
using an immunometric assay specific for human insulin (Iso-
Insulin ELISA, Mercodia, Sweden). Free androgen index (FAI)
was calculated as Testosterone/SHBG*100. The homoeostatic
model assessment method (HOMAZ2-IR) was used to estimate
fasting insulin resistance [28]. The coefficient of variation
(CoV%) of all immunoassays was < 3.1%. CoV% of tandem
mass spectrometry was 3%-7%-9.5%.
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2.3 | MRI Assessment

Brain MRI data were acquired using a Siemens MAGNETOM
Prisma (Siemens Healthcare GmbH, Erlangen; 80 mT/m) 3T
scanner in 15 PCOS and 12 control participants to determine
global grey-matter CBF (gmCBF), in line with our previous
work [29]. See Supporting material for MRI acquisition meth-
ods, data processing, and analysis.

2.4 | Cerebrovascular Assessments
2.4.1 | Instrumentation

Participants were fitted with a fixed headband, where two
2MHz transcranial Doppler ultrasound (TCD) transducers
(Spencer Technologies, Seattle, WA) measured middle cerebral
artery (MCA) and posterior cerebral artery (PCA) blood velocity
(MCAv, PCAV) in accordance with guidelines [30]. Sonographer
(CTR) CoV% was 3.0% for MCAv and 3.1% for PCAv. Beat-by-
beat systolic blood pressure (SBP), diastolic blood pressure
(DBP), and mean arterial pressure (MAP) were measured via
height-corrected finger arterial clamping (NIBP, AD Instru-
ments, NSW, Australia). Stroke volume (SV) and cardiac output
(Q) were estimated using the Windkessel Model. Total arterial
compliance was calculated using the SV over pulse pressure
method. Pulsatility index (PI) of intracranial arteries (MCAp;
and PCAp;) was calculated as (peak systolic velocity - minimum
diastolic velocity)/mean velocity. Cerebrovascular conductance
(CVC) of the intracranial arteries (MCAcyc and PCAcyc) was
calculated as mean velocity/MAP. All data were collected
(Labchart Pro, V8.19, AD Instruments, New Zealand) and saved
for later offline analysis. Heart rate (HR) was measured using a
Polar monitor (H10, Polar Electro, Finland). Inspired (V'O, and
V'CO,) and expired respiratory gases (PgrCO, and PgrO,),
and minute ventilation (V'E) were measured using an auto-
mated breath-by-breath offline gas analyser (Vyntus, Vyaire
Medical, Illinois, USA).

2.4.2 | Dynamic Cerebral Autoregulation Directional
Sensitivity

dCA is defined as the ability of the cerebrovasculature to respond
to transient increases and decreases in MAP [31]. Accumulating
evidence suggests that dCA has directional sensitivity, where
changes in cerebral blood velocity are attenuated when MAP
increases compared with when MAP decreases [32]. Participants
completed 5-min sets of counterbalanced repeated squat-stand
manoeuvres at 0.10Hz (5s) and 0.05Hz (10s). This technique
provides an insight into the pressure-flow relationship between
the cerebral vasculature and MAP, by forcing cyclic oscillations
in MAP. Following a period of standing, participants were in-
structed to isometrically hold a 90° knee flexion angle during the
squat phase, then stand for the same duration (5s or 10s for each
assessment, respectively). MCAv was collected in participants
with PCOS (0.05Hz, n=14; 0.10 Hz, n = 14) and matched con-
trols (0.05Hz, n=15; 0.10Hz, n=16). All data were visually
inspected for noise before analysis. Data were excluded from one
control participant because of insufficient blood pressure re-
cordings. Directional sensitivity methods were used to analyse

each repeated squat-stand protocol [31]. Relative change in
MCAVv over time, divided by relative change in MAP over time,
was calculated for both increases and decreases in MAP (%
MCAvT/%MAPr). For step-by-step methodological guidance, see
Labrecque, and colleagues [31].

2.4.3 | Neurovascular Coupling

NVC is the matching of CBF to metabolic demand in the brain
[33]. Using TCD, we measured the PCAv response (a surrogate
for CBF response) to an increase in neural demand in the
cerebral cortex, elicited by a visual stimulus. Participants
completed the NVC assessment following 5 min of seated rest
within a darkened room. TCD was used to insonate the PCA.
An iPad (iPad Air, Apple, Republic of Ireland, 19cm x 15cm
display) was placed at eye level 30-35 cm from the participant.
This displayed visual stimulation (alternating checkerboard,
2 Hz) to increase neural demand localised to the occipital lobe
when participants opened their eyes and fixated on the visual
stimulus [33]. Participants completed a baseline 2-min period of
‘eyes closed’, followed by five cycles of 40 s of ‘eyes open’, fo-
cusing on the visual stimulation, preceded by 20s of ‘eyes
closed’. Throughout the protocol, PCAv, PCAcvyc, PCAp;, HR,
MAP, PrCO,; and PgrO, were collected. Changes from baseline
to peak response in PCAv, PCAcyc and PCAp; were expressed
in relative terms (%). Inadequate PCAv recordings collected
from participants with PCOS (n =2) and controls (n = 3) were
excluded from this analysis (see Supporting methods for data
processing and quality control).

2.4.4 | Cerebrovascular Reactivity to Carbon Dioxide

Cerebrovascular reactivity to carbon dioxide is a homoeostatic
function that helps regulate central pH in the brain. Hypercapnia
(induced by CO, inhalation) leads to vasodilation of the cerebral
blood vessels and a subsequent increase in CBF [15]. To assess
this, longitudinal B-mode ultrasound images were acquired in the
right internal carotid artery (ICA) using a 15 MHz multi-frequency
linear array duplex ultrasound transducer (Terason uSmart 3300,
Teratech, MA, USA). Following 5-min of supine rest, ICA peak
envelope velocity and diameter were measured, approximately
1.5cm distal to the carotid artery bifurcation to minimise the
impact of turbulent blood flow. ICA blood flow was calculated as:
peak envelope blood velocity/2 x [ x (0.5 x diameter)?] x 60.
Sonographer (CTR) CoV% was 5% and within recommended
thresholds for ultrasound acquisition [34].

A three-way non-rebreathe valve (Hans Rudolph, Shawnee, KS,
USA) attached to a mouthpiece allowed for adjustment from
ambient air to a gaseous mixture contained in a Douglas bag. A
2-min resting recording was measured, followed by inhalation
of a fixed concentration of 6% CO,, 21% O, and N, balance for
4 min. ICA blood flow and diameter, V'E, PgrCO,, PgrO,, HR,
SBP, DBP and MAP were measured throughout. CVR¢o, was
calculated as the maximum change in ICA blood flow per
mmHg change in PgrCO,. The change from baseline to peak
response during the final 30s of the assessment for ICA
diameter, MAP, HR, V'E, PxtCO, and Pr1O, are expressed as
absolute change. Three participants with PCOS and 1 control
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participant with inadequate image quality were excluded from
this analysis. A further 2 participants with PCOS chose not to
undergo this assessment. In 1 control participant, inadequate
respiratory gases were collected; hence, CVRcq, data from this
participant were not included.

2.4.5 | Statistical Analysis

Using the Prism GraphPad software (Version 9.5.1), the normal
distribution of all outcome variables was assessed using a
Shapiro-Wilk test. Group differences in normally distributed
data were assessed using independent samples t-tests and re-
ported as mean + SD. Group differences in non-normally dis-
tributed data were assessed using a Mann-Whitney U test and
reported as median [IQR]. A mixed model analysis of variance
(ANOVA) was used to assess the effects of within-, and
between-groups on dCA (%MCAvy/%MAPT) in response to
increases and decreases in MAP during repeated squat-stand
manoeuvres. Statistical significance was set as p < 0.05. Sample
size was determined based on an anticipated significant
increase in MCAv during exercise, as part of a wider study
design, which required 14 participants per group with a =0.05
and 8 =0.80. Retrospective power calculations are presented in
the Supporting data for outcomes of this study.

3 | Results
3.1 | Participant Characteristics

Table 1 summarises the participant characteristics. By design,
PCOS and controls were matched for age (PCOS: 31 + 6 years

vs. controls: 30 + 7 years, p =0.68) and BMI (31.8 + 5.7 kg/m?>
vs. 29.9 +5.5kg/m? p=0.36). As expected, participants with
PCOS had higher androstenedione (p =0.02) and testosterone
(p =0.02) concentrations, and free androgen index (FAI)
(p =0.01) compared to controls. Resting SBP, DBP, and MAP,
lipids, glucose, insulin, HOMAZ2-IR, waist and hip circumfer-
ence, and their ratio were not different between groups
(p > 0.05; Table 1). Oral contraceptives were taken by 2 controls
(13%). Anti-depressant/anxiety medication was prescribed in 4
PCOS (27%) and 4 control (25%) participants, respectively.
Metformin was prescribed to 1 (7%) individual with PCOS. A
retrospective sensitivity analysis was conducted to assess the
influence of medication on physiological outcome variables.
There were no statistically significant differences between in-
dividuals taking medication versus those not taking medication
(p > 0.05 for all variables).

3.2 | Resting Grey Matter Cerebral Blood Flow

Resting gmCBF was not significantly different between
women with PCOS and controls (57.2 +7.5ml/100 g/min vs.
61.6 +11.6 ml/100 g/min, p = 0.25, respectively).

3.3 | Resting Cardiovascular and Cerebrovascular
Haemodynamics

Resting HR, SBP, DBP, MAP, Q and total arterial compliance were
similar between PCOS and control participants (Table 2). MCAv
(PCOS: 58.3 + 6.9 cm/s vs. controls: 66.0 + 8.2 cm/s, p = 0.17), PCAv
(PCOS: 46.9+8.4cm/s vs. controls: 48.7+8.4cm/s, p=0.82),
MCAcvc, PCAcye, MCAp; and PCAp; were similar between groups
(Table 2).

TABLE 1 | Anthropometric and biochemical characteristics of the study population.

PCOS Control p value
Age (years) 31+6 30+7 0.68
Body mass index (kg/m?) 31.8+5.7 29.9+5.5 0.36
Hip circumference (cm) 115+ 11 108 + 14 0.12
Waist circumference (cm) 98 + 11 96 + 16 0.74
Waist: Hip ratio 0.85 +0.06 0.91+0.18 0.28
Androstenedione (nmol/L) 53+1.8 39+1.3 0.02
Sex hormone binding globulin (nmol/L) 41.5+15.7 56.3 +40.5 0.20
Testosterone (nmol/L) 1.4+0.5 1.0+0.3 0.02
Free androgen index (%) 36+14 24+1.2 0.01
Cholesterol (mmol/L) 5.0+0.9 4.5+0.9 0.17
Triglycerides (mmol/L) 1.0+04 0.9+0.3 0.24
HDL-cholesterol (mmol/L) 1.4+0.2 1.4+0.3 0.52
LDL-cholesterol (mmol/L) 31+0.8 2.7+0.7 0.11
Fasting glucose (mmol/L) 47+0.5 4.7+04 0.97
Fasting insulin (uU/mL) 10.0 +6.1 8.5+3.5 0.39
HOMAZ2-IR 1.3+0.8 1.1+04 0.36

Note: Data are reported as mean + SD in 15 women with PCOS and 16 matched controls.
Abbreviations: HDL, high-density lipoprotein; HOMAZ2-IR, Homoeostatic Model of Insulin Resistance; LDL, low-density lipoprotein.
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TABLE 2 | Cardiovascular and cerebrovascular characteristics at rest.
PCOS Control p value
Heart rate (beats/min) 74 +11 76 +9 0.40
Systolic blood pressure (mmHg) 119+ 6 120+ 10 0.79
Diastolic blood pressure (mmHg) 83+5 83+8 0.73
Mean arterial pressure (mmHg) 95+5 95+8 0.85
Cardiac output (L/min) 2.6 +0.6 2.7+0.7 0.58
Total arterial compliance (mL/mmHg) 1.0+0.2 1.0.+0.2 0.91
MCAv (cm/s) 58.3+6.9 66.0 + 8.2 0.17
MCAp; (AU) 0.7+0.1 0.8+0.1 0.29
MCAcvc (cm/s/mmHg) 0.6 +0.1 0.7+0.1 0.56
PCAv (cm/s) 469+ 8.4 48.7+8.4 0.82
PCAp; (AU) 0.8+0.1 0.8+0.1 0.97
PCAcyc (cm/s/mmHg) 0.5+0.1 0.5+0.1 0.89

Note: Data are reported as mean + SD in 15 women with PCOS and 16 matched controls.

Abbreviations: MCA, middle cerebral artery; MCAcyc, middle cerebral artery cerebrovascular conductance; MCAp;, middle cerebral artery pulsatility index; MCAv,
middle cerebral artery velocity; PCA, posterior cerebral artery; PCApy, posterior cerebral artery pulsatility index; PCAv, posterior cerebral artery velocity; PCAcvc,

posterior cerebral artery cerebrovascular conductance.

TABLE 3 | Relative directional sensitivity metrics to repeated squat-stand manoeuvres.
Direction of Frequency of %MCAvt/% %MCAv/% Group x
pressure repeated squat- MAP MAP Group Condition Condition
change stand manoeuvres PCOS Control (p value) (p value) (p value)
Increase 0.05 Hz 1.66 +0.5 1.61+0.4 0.82 0.41 0.55
Decrease 0.05 Hz 1.69+0.5 1.80+0.6
Increase 0.10 Hz 1.89+0.4 1.83+0.3 0.97 0.83 0.55
Decrease 0.10 Hz 1.80+0.5 1.87+0.5

Note: Data are reported as mean + SD in 14 individuals with PCOS and 15 matched controls. Group = PCOS vs.versus Control; Condition = Mean arterial pressure

increase vs.versus mean arterial pressure decrease.

Abbreviation: %AMCAvT/%AMAPr, the time-adjusted percentage change in MCAv divided by the time-adjusted percentage change in MAP.

3.4 | Dynamic Cerebral Autoregulation
Directional Sensitivity

For both 0.05Hz and 0.10 Hz repeated squat-stand manoeuvres,
there was no hysteresis-like pattern in the cerebral pressure-flow
relationship and no differences in relative #MCAvt/%MAP for
increases or decreases in MAP between groups (Table 3).

3.5 | Neurovascular Coupling

In response to the visual stimulus, participants with PCOS
achieved a similar relative change in PCAv compared with controls
(14.0 £ 4.9% vs. 13.0 & 3.4% respectively, p = 0.45). Relative change
in PCAcyc was also not different between groups (14.0 + 4.5% vs.
12.0 + 3.9%, p = 0.33). However, participants with PCOS exhibited
a significantly larger relative increase in PCAp; compared with
controls (12.0 + 5.6% vs. 7.0 + 3.8%, p = 0.04) (Figure 1).

3.6 | Cerebrovascular Reactivity to Carbon Dioxide

CVRo, Was similar between PCOS and controls (5.1 +1.9% vs.
6.5+ 2.9%, p = 0.20) (Figure 2). Absolute changes in MAP, HR,

V'E, PgrCO, and PgrO, were also similar between groups
(p>0.05) (Table 4). Absolute change in ICA diameter in
response to 6% CO, was lower in PCOS compared with controls
(—=0.10 £ 0.22 mm vs. 0.18 + 0.24 mm, p < 0.01) (Figure 2).

4 | Discussion

In this detailed study of cerebrovascular function, we found no
evidence of significant alterations in CBF at rest or in response
to a series of dynamic challenges in women with PCOS com-
pared to age- and BMI-matched controls. Whilst our findings
offer some reassurance that cerebrovascular function is largely
preserved in young women with PCOS, our observations of
increased PCA pulsatility during NVC and an impaired ICA
vasodilatory response to fixed-inspired carbon dioxide may
indicate early endothelial dysfunction in this population.

To our knowledge, this is the first study to provide a compre-
hensive assessment of cerebrovascular function in women with
PCOS, showing that neural, chemical, and autoregulatory
cerebrovascular function is preserved. Our findings contrast
with the only other study assessing dynamic cerebrovascular
responses in PCOS [23], in which an impaired vascular
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FIGURE 1 | Relative percentage change in posterior cerebral artery velocity (left), cerebrovascular conductance index (middle) and pulsatility

index (right) in response to a visual alternating checkerboard stimulus in individuals with PCOS (n =13) and matched controls (n =13).
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FIGURE 2 | Cerebrovascular reactivity (left) and change in internal

carotid artery diameter (right) in response to a 6% fixed inspired con-
centration of carbon dioxide in individuals with PCOS (n=10) and
controls (n =14).

reactivity response to a 5% carbon dioxide stimulus was shown
in women with PCOS compared with age-matched controls.
However, Lakhani et al. [23] failed to report the change in mean
blood flow (i.e., ‘CVRcoy’), and only reported reductions in
peak systolic velocity and increased resistance to blood flow.
More importantly, participants were not matched for BMI,
hence it is conceivable that group differences may have been
driven by differences in BMI, rather than PCOS per se, since
BMI has in its own right been shown to impair cerebrovascular
reactivity to carbon dioxide [35]. Our work extends the findings
of Lakhani et al. [23] by assessing the change in ICA blood flow
per unit change in PgrCO,, an index of the reactivity response
[30], and aligns with CVRcq, index values in other clinical
cohorts with increased risk of cerebrovascular disease, includ-
ing diabetes and arterial hypertension [36]. However, we found
a significantly attenuated ICA diameter response to the CVRcq;,
assessment in women with PCOS compared with controls,
which might indicate a smaller vasodilatory response [19]. In
disease states where endothelial dysfunction is apparent, both
peripheral and cerebral vascular reactivity to carbon dioxide are
impaired [19]. Therefore, while CVRcpo, Wwas comparable
between groups, the lower ICA diameter response may indicate
early endothelial dysfunction in women with PCOS that
includes the extra-cranial arteries. Considering endothelial
dysfunction may alter arterial wall structure [37] and can pro-
mote atherosclerotic risk [38], our findings may indicate ele-
vated long-term risk in PCOS. Our study is also the first to
examine global gmCBF in women with PCOS using MRI. We

TABLE 4 | Change in haemodynamic and respiratory responses to
inhalation of a fixed inspired concentration (6%) of carbon dioxide in
women with PCOS and controls.

PCOS Control p-value

A Mean Arterial 3+5 2+4 0.57
Pressure (mmHg)

A Heart Rate 4+5 8+8 0.28
(beats/min)

A PprCO, (mmHg) 106+22 102+18 0.61
A PO, (mmHg) 29.7+79 282+68 0.60
A Minute ventilation 11.9+4.5 15.3+5.2 0.10

(L/min)

Note: Data are reported as mean + SD in 10 women with PCOS and 15 matched
controls.

Abbreviations: PerCO,, partial pressure of end-tidal carbon dioxide; PrrO,, partial
pressure of end-tidal oxygen.

observed no differences in gmCBF in PCOS compared with age-
and BMI-matched controls, extending previous studies using
ultrasound-derived blood flow measurement of the intra- and
extra-cranial arteries [13, 14] by using MRI, widely accepted as
the ‘gold standard’ measure. Future studies should aim to
integrate assessments of cerebrovascular function, measures of
cognitive health, and cerebral microstructure in women with
PCOS, given the association between PCOS and altered white-
matter microstructure [10].

Endothelial function plays a pivotal role in the metabolic and
chemical control of CBF [19, 33]. Since peripheral endothelial
function is impaired in PCOS [7], we anticipated that cerebro-
vascular function that relies on endothelial-dependent mecha-
nisms might also be affected. Additionally, in central-insulin-
resistant rodent models, reduced basal levels of the excitatory
neurotransmitter, glutamate, have been observed in the hip-
pocampus compared with controls [39], which may reduce va-
sodilatory signalling and impair cerebrovascular function. In
support of this, NVC [17] and CVRco, [16, 18] are reduced in
diabetes and metabolic syndrome, related disorders in which
insulin resistance and endothelial dysfunction are almost uni-
versal. In our study, participants with PCOS had similar
HOMAZ2-IR values as controls, and markedly lower values than
typically reported in metabolic syndrome [40] and diabetes [41].
Therefore, it is possible that the degree of insulin resistance in
our cohort might have been insufficient to significantly affect

Clinical Endocrinology, 2025

95U8017 SUOUWIOD 8ATE.D) 9{cfedl|dde U Aq peusenob e ssppiie VO ‘85N J0 Sani o} Akeid 18Ul UO A8|IAN LD (SUORIPUOD-PUE-SWSILIOY" A8 | 1M Aledl U1 |Uo//:Sdny) SUORIPUOD pue swie | 8y} 89S *[5202/TT/92] Uo Aleiqiauljuo A8|IM ‘90Us|[BoXT 818D PUe UifEaH 10j@miisul euoteN ‘301N Aq 19002 USO/TTTT'OT/I0p/ W00 Ao 1M ARIq1jeul|uo//sdny Wwoly pepeojumoq ‘0 'S922S9ET



cerebrovascular endothelial function. In contrast, as antici-
pated, we were able to confirm hyperandrogenism in our PCOS
group. Testosterone levels have been correlated with impaired
endothelial function in women with PCOS, albeit only in lean
individuals [42]. Since our study population was overweight
(mean BMI 31.8kg/m?), our findings may reflect those of
Berbrier and colleagues [42], where the impact of androgens on
endothelial function was diminished at a greater BMI. Fur-
thermore, when non-endothelium-dependent mechanisms,
such as sympathetic activity, are controlled for, endothelial
function in the peripheral and cerebral circulation does not
appear to be correlated [43]. This may further account for our
findings of comparable NVC and CVRco, responses between
groups. Nevertheless, despite a preserved NVC response, and
similar PCAv, and PCAcvc, we observed a significantly elevated
PCAp; in women with PCOS compared with controls in
response to the NVC stimulus. Pulsatility index is a measure
of arterial stiffening, which has been demonstrated in the
peripheral [6] and extra-cranial vasculature [44] in women with
PCOS, and is correlated with hyperandrogenism. Our findings
may thus suggest that arterial stiffness in PCOS may extend to
the cerebral small vessels but is unmasked only during dynamic
stress. As the brain is a high-flow, low-impedance end-organ
[45], excessive pulsatile energy transmitted into the cerebral
small vessels can cause microvascular damage [45]. Given that
cerebrovascular pulsatility index is prognostic of recurrent
vascular events [46], cognitive impairment [45, 47], lower grey-
and white-matter volumes [45] and cerebral small vessel disease
[48], our findings may provide an early indication that the long-
term risk of cerebrovascular disease could be increased in
PCOS. However, in our cohort of women with PCOS, cerebro-
vascular function remains largely intact and clinical implica-
tions are likely limited at this stage. In addition, the average age
of participants in previous studies on other metabolic disorders
differs from our study. Typically, in metabolic conditions, the
age of participants spans middle-aged onwards, reflecting dec-
ades of exposure to metabolic dysfunction and its sequelae. In
diabetes, CVRco;, in patients within 10 years of diagnosis was
significantly greater than those with > 10 years of exposure [49].
Therefore, our population of young women with PCOS may not
have been exposed to the metabolic sequelae associated with
the condition for long enough to have a detrimental impact on
cerebrovascular function.

We hypothesised that dCA directional sensitivity might be
impaired in PCOS compared to controls, since androgens have
been shown to cause cerebral vasoconstriction and reduced
vascular responsiveness to fluctuations in blood pressure in
rodent models [20, 21], and increase cerebral vessel pulsatility
in postmenopausal women [22]. However, directional sensitiv-
ity in the cerebral pressure-flow relationship was not present in
these participants, and %MCAvy/%MAPt were similar between
groups, reflecting a similar capacity of the MCA to accommo-
date large fluctuations in MAP. The absence of a hysteresis-like
pattern at 0.10 Hz repeated squat-stands is surprising, consid-
ering that most of the work using this analytical method re-
ported dCA directional sensitivity at this frequency in healthy
participants. To our knowledge, this is the first study to assess
this method in a clinical population, including overweight
subjects. Previous work has highlighted that findings from ex-
isting studies may not necessarily translate to clinical

populations [50], and it is conceivable that differences in study
populations may explain our contrasting findings. Therefore,
further research is needed to determine whether a more sen-
sitive response when MAP acutely increases or a less sensitive
response when MAP acutely decreases is responsible for the
absence of dCA directional sensitivity in these participants.

Our study has several strengths, including a well-matched
control group and the comprehensive assessment of cerebro-
vascular function in both the resting state and following a series
of acute physiological challenges. Nevertheless, our study also
had some limitations. First, retrospective power calculations
indicated that our study had low power to detect differences
between women with PCOS and controls (Supplementary
Table 1). Therefore, larger population-scale studies are neces-
sary to understand whether our findings are generalisable to the
wider PCOS population. A further limitation is that we did not
adjust for multiple comparisons, potentially increasing the risk
of type 1 error; hence, significant results should be interpreted
with caution and considered exploratory at this stage. Second,
whilst TCD is an inexpensive and noninvasive method of
assessing cerebral blood velocity, it is a surrogate marker of CBF
and assumes that vessel diameter remains constant. Despite
this, TCD provides high-temporal resolution, enabling the
measurement of beat-by-beat changes in cerebrovascular func-
tion. Third, we included individuals who were currently taking
medication (including oral contraceptives, insulin-sensitizers
and anti-depressants). Whilst such a sample is more repre-
sentative of the clinical PCOS population at large, in whom
contraceptive, insulin-sensitising and anti-depressant medica-
tion use is common, we acknowledge that such medication
might have had an impact on our physiological measures
despite mandating a stable dose for at least 3 months before
recruitment. Therefore, we cannot clearly conclude that PCOS
status alone does not impact cerebral haemodynamics and
cerebrovascular function. Future studies should aim to under-
stand these outcomes in medication-naive cohorts. Fourth, we
recruited individuals with PCOS using the Rotterdam criteria,
in keeping with international recommendations [1]. Therefore,
our cohort of women with PCOS may represent a milder phe-
notype of the condition. Nevertheless, it is possible that differ-
ences between groups may have been demonstrated had we
selected patients with a more severe phenotype, such as that
based on NIH criteria, in whom cardiometabolic risk has been
shown to be more apparent [51]. Finally, we assessed dCA using
the directional sensitivity method [31] and not the traditional
method of transfer function analysis (TFA). Therefore, our
findings may not be directly comparable to other studies. We
believe this technique provides a more valid method of assess-
ing the cerebral pressure-flow relationship than TFA, given the
hysteresis-like pattern in the cerebral pressure-flow relationship
believed to occur in humans, and that TFA assumes a linear,
symmetrical cerebrovascular response to increases and
decreases in MAP [52]. While these assessments were con-
ducted in a resting state or following an acute stressor, future
work adopting a whole-body integrated stress challenge, such as
exercise, might be anticipated to unmask cerebrovascular dys-
function in this population.

In conclusion, our study demonstrates that individuals with
PCOS have largely comparable gmCBF, and cerebrovascular
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function to age- and BMI-matched controls. Our observations
offer some reassurance, with no major differences detected in
cerebrovascular function in young women with PCOS. How-
ever, longer-term studies are needed to determine whether the
increased arterial pulsatility and impaired carotid vasodilatory
responses to carbon dioxide challenge evident in our cohort
lead to an increased risk of cerebrovascular events in the future
or whether cerebrovascular function becomes impaired in
women with PCOS in later life.
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