W) Check for updates

@ Experimental
Physiology wiLEY

Arterial stiffness and blood pressure are similar in naturally
menstruating and oral contraceptive pill-using women
during the higher hormone phases
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Abstract
Elevations in blood pressure (BP) are understood as having a bidirectional relationship

Correspondence with stiffening of central and peripheral arteries. Arterial stiffness is mitigated by
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oestrogen, which aides in arterial vasorelaxation. To evaluate whether BP, stiffness, and
pressure waveforms were different between young healthy naturally menstruating

(non-OCP) and oral contraceptive pill (OCP)-using women, we measured brachial and
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University of Maryland, College Park aortic BPs, carotid-to-femoral pulse wave velocity, carotid §-stiffness, elastic modulus,

central augmentation index and augmentation index normalized to a heart rate of
Edited by: David Edwards 75 bpm, and forward and backward pressure waveforms in 22 women (22 (1) years,
OCP: n = 12). To assess phasic differences, women were studied during the early
follicular (<5 days of menstruation onset) and early luteal (4 (2) days post-ovulation)
phases of non-OCP and compared to the placebo pill (<5 days of onset) and active pill
(<5 days of highest-dose active pill) phases of OCP. During the lower hormone phases,
OCP users had significantly higher brachial systolic blood pressure (SBP) (119.3 (8.3)
vs. 110.2 (8.3) mmHg, P = 0.02) and aortic SBP (104.10 (7.44) vs. 96.80 (6.39) mmHg,
P =0.03) as compared to non-OCP users; however, during the higher hormone phases,
there were no differences in measures of brachial or aortic BP, arterial stiffness, or
indices of BP waveforms between OCP and non-OCP users (P > 0.05). In conclusion,
exogenous and endogenous hormones have similar influences on BP and arterial
stiffness; however, lower levels of exogenous hormones augment both central and

peripheral BPs.
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1 | INTRODUCTION

2016). The relationship between arterial stiffness and blood pressure
(BP) is currently understood as being bidirectional, whereby increased
Stiffening of the arterial walls is a hallmark mechanism in the onset and stiffening of arterial walls can heighten systemic BP, and inversely,

progression of many common cardiovascular diseases. Structurally, an increase in the vascular distension pressure can elicit increases

arterial stiffness is characterized by medial layer disorganization
and/or loss of the more pliable elastin fibres, with concomitant

accumulation of the more rigid collagen fibres (Palombo & Kozakova,
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in arterial stiffness (Fleenor & Berrones, 2015). However, arterial
stiffening is thought to occur prior to the manifestation of hypertension
(Vlachopoulos et al., 2015). Specifically, increases in arterial stiffness
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enhance the transmission velocity of both the forward traveling
pressure (P;) wave and the reflected pressure (P,) wave, causing the
P, wave to occur earlier at the site of the central aorta (Vyas et al.,
2007). Early arrival of the P, wave leads to augmented amplitude and
duration of the pressure wave, causing increases in aortic BP (Vyas
et al., 2007). Therefore, measures of arterial stiffness and indices of
pressure waveforms (P; and Py,) can be useful in the early recognition
and risk stratification for cardiovascular diseases (Vlachopoulos et al.,
2015).

While some groups have reported variations in measures of arterial
stiffness across the menstrual cycle (Giannattasio et al., 1999; Hayashi
et al., 2006; Williams et al., 2001), others report no significant
changes (Ounis-Skali et al., 2006; Priest et al., 2018; Yu et al., 2014).
Additionally, some studies have revealed an effect of exogenous
hormones, via oral contraceptive pill (OCP) use, on measures of arterial
stiffness and/or central and peripheral haemodynamics (DuPont et al.,
2019; Hickson et al.,, 2011; Seeland et al., 2020; Yu et al., 2014).
While fluctuating concentrations of oestrogen and progesterone
occurring across the natural menstrual cycles of premenopausal
women are understood to generally influence haemodynamics, arterial
stiffness, and indices of the pressure waveform, the specific hormone
phase-dependent effects on these parameters remain controversial.
Furthermore, there is a lack of data regarding measures of BP, arterial
stiffness and indices of the pressure waveform, especially during the
early luteal (EL) phase when concentrations of progesterone are rising
in the presence of oestrogen concentrations falling past their initial
peak (post-ovulation). Therefore, the current study investigates the
effects of natural and exogenous hormone fluctuations during different
phases of the menstrual (early follicular, EF; and early luteal, EL) and
OCP (placebo pill and active pill) cycle.

Specifically, the aim of this study was to evaluate differences in
measures of brachial and aortic BP, central (carotid-to-femoral pulse-
wave velocity (cfPWV)) and local (B-stiffness and pressure-strain
elastic modulus (E,)) arterial stiffness, and indices of pressure wave-
forms (augmentation index (Alx), Alx normalized to a HR of 75 bpm
(Alx75), Ps and P,) between young healthy, naturally menstruating (non-
OCP) and OCP-using women. Further, we sought to assess within-
group differences among the aforementioned measures between the
lower and higher oestrogen and progesterone phases of OCP and
non-OCP cycles. We hypothesized that young healthy OCP- and non-
OCP-using women would have higher central (aortic) and peripheral
(brachial) BPs during the lower hormone phases as compared to the
higher hormone phases. Between groups, we hypothesized that OCP
users would have higher central and peripheral BPs only during the
placebo pill (PP) phase as compared to non-OCP users during the EF
phase. Further, we hypothesized that among OCP and non-OCP users,
measures of both central (cfFPWV) and local (-stiffness and E,,) arterial
stiffness as well as indices of the pressure waveform (Alx, Alxzs, Ps and
P,) would be increased during the lower hormone phases as compared
to the higher hormone phases. Lastly, we hypothesized that OCP users
would have higher central and local arterial stiffness and indices of the
pressure waveform only during the PP phase as compared to non-OCP

users during the EF phase.

New Findings

* What is the central question of this study?

Are there differences in blood pressure, arterial
stiffness and indices of pressure waveforms
between young oral contraceptive pill-using and
naturally menstruating women during lower and
higher hormone phases of their cycles?

* What is the main finding and its importance?
Blood pressure, arterial stiffness and indices of
pressure waveforms are influenced similarly by
exogenous and endogenous hormones. However,
lower levels of exogenous hormones moderately
increase blood pressure among oral contraceptive

pill-using women.

2 | METHODS
2.1 | Ethical approval

This study’s protocol conformed to the most recent provisions of the
Declaration of Helsinki (except for registration in a database) and was
approved by the University of Maryland, Institutional Review Board
on 2 October 2018 (Reference number: 1290733). All participants

provided written informed consent.

2.2 | Participants

We recruited individuals in and around the University of Maryland,
College Park who self-reported as conforming to the following initial
inclusion criteria: (1) female sex; (2) between 18 and 39 years of age; (3)
body mass index (BMI) <30 kg/m?; (4) resting BP <140/90 mmHg; and
(5) non-users of tobacco or nicotine products. Twenty-five women met
the initial inclusion criteria to participate, of whom 22 completed the
study. On Visit 1, participants provided written informed consent then
completed a more detailed health history questionnaire to confirm no
present or past cardiac, pulmonary or metabolic conditions, cancer,
stroke, epilepsy, deep vein thrombosis, arthritis, pain or dizziness with
exercise, and/or use of insulin, anti-anginal, antihypertensive or thyroid
medications, and/or anticoagulation therapy. If a participant reported
presence or history with one of the above conditions, they were
excluded from further participation in the present study. Additionally,
to meet the inclusion parameters, participants confirmed that they
either (1) consistently used the same brand and formulation of OCPs,
or (2) experienced natural, regular menstruation for (at minimum)
the past 6 months. Regular menstruation was defined with the
following parameters: regularity of menses with variance of +4 days,

frequency of menses occurring every 24-38 days, and duration of
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<8 days of menstrual flow (Munro et al., 2018). All eligible women
also reported consistency in their menstrual or pill cycles, lack of
amenorrhea, and no possibility of pregnancy for (at minimum) the past
6 months. All participants confirmed that they had not used one-time
emergency contraceptive pills, intrauterine devices, hormonal patches,
shots, vaginal rings, or implants containing synthetic oestrogen or
progesterone for at least 6 months prior to the start of the study.

2.3 | Study procedures

Participants reported to the Human Integrative Physiology Laboratory
at The University of Maryland, College Park for three separate visits.
Participants were instructed to refrain from exercise and alcohol
consumption for >12 h and from non-regular medications (including
non-steroidal anti-inflammatory drugs) for >24 h before all study visits.
Prior to Visit 1, participants were requested to fast from all food and
drink (other than water) for >4 h, whereas prior to Visits 2 and 3,
participants were requested to fast for >12 h. For Visit 1, timing/phase
of the OCP or menstrual cycle was not controlled for.

Visit 2 occurred during the lower hormone phases of women; these
were defined as the placebo pill (PP) phase for OCP participants
and the EF phase for non-OCP participants. Visit 2 was scheduled
<5 days from OCP participants having started their placebo-pills
(i.e., withdrawal bleeding), or <5 days from the start of menstruation
(i.e., menstrual bleeding) for non-OCP participants. Visit 3 occurred
during the higher hormone phase, which was defined as the active
pill (AP) and early luteal (EL) phases for OCP users and non-OCP
participants, respectively. For OCP users, Visit 3 was scheduled during
the week of their OCP pack when participants were taking the highest
doses of exogenous oestrogen and progesterone. To schedule Visit
3 for non-OCP participants, the EL phase was determined using an
ovulation kit (Clearblue Advanced Digital Ovulation Test, Swiss Pre-
cision Diagnostics GmbH, Geneva, Switzerland). Non-OCP participants
were instructed to alert researchers as soon as a positive ovulationicon
appeared on the screen of the ovulation kit. Visit 3 was then scheduled
within an average of 4 (2) days from the positive ovulation test. For
all participants, Visit 3 was scheduled within an average of 20 (7) days
from Visit 2.

2.4 | Resting haemodynamics and anthropometrics

Upon arrival to the laboratory for Visit 1, participants rested seated for
>10 min before BP was measured twice on the right arm using an auto-
mated oscillometric device (Omron Corporation, Kyoto, Japan). If the
two sequential BP values differed by >5 mmHg, a third measurement
was taken. The average of the two closest BP values was recorded.
Resting heart rate (HR) was measured using a HR monitor (Polar
Electro, Woodbury, NY, USA). Participants’ height was measured using
a stadiometer and weight with a beam-balanced scale. Body mass
index (BMI) was calculated as weight (kg) divided by height (m)
squared.

25 | Vo,peak exercise test

Following haemodynamic and anthropometric measures, cardio-
vascular health and fitness were assessed with a cycle ergometer
vozpeak exercise test, as previously described (Eagan et al., 2021).
Briefly, Vngeak was determined using a graded exercise protocol
lasting until participants met volitional fatigue or failed to maintain
a cycling cadence of 75-80 rpm. Measures of exercising HR, brachial
BP and ratings of perceived exertion were collected in the last 15 s of
each 2-min stage. Continuous oxygen consumption was measured with
a breath-by-breath metabolic system (Parvo Medics, Salt Lake City,
UT, USA).

2.6 | Blood collection for analyses of oestrogen
and progesterone concentrations

Upon arrival for Visits 2 and 3, blood was drawn from an antecubital
vein into serum separator tubes, spun, pipetted and stored in
samples as described in a previous manuscript (Eagan et al., 2021).
Serum samples were comprehensively analysed using enzyme-linked
immunoassays to measure concentrations of endogenous oestrogen
and progesterone, respectively. Procedures for obtaining hormone
concentrations are described with greater detail in the previous

manuscript (Eagan et al., 2021).

2.7 | Central and peripheral blood pressure

Following the blood draw and at least 10 min of supine rest, BP
waveforms were obtained from participants using an oscillometric
cuff placed around the right brachial artery (Sphygmocor XCEL,
AtCor Medical, Sydney, Australia). The SphygmoCor XCEL software’s
proprietarily designed and validated computerized transfer function
reconstructs the peripheral BP waveforms into central BP wave-
forms - providing measures of brachial and aortic systolic (0SBP, aSBP),
diastolic (bDBP, aDBP) and mean arterial (bMAP, aMAP) pressures,

respectively.

2.8 | Indices of pressure waveforms

The augmentation index (Alx), defined as the difference between
the first and the second systolic peak of the central BP wave (P, -
P4), was calculated by SphygmoCor XCEL software and expressed as
a percentage of the pulse pressure based on the propagation time
delay of the reflected wave (as in Equation. 1). While measures of
Alx are contingent on the stiffness of the large arteries, they are also
influenced by peripheral resistance in the medium and small vessels,
and can be affected by parameters such as the participant’s resting
HR (Papaioannou et al., 2005, 2019). Thus, an Alx normalized to a HR
of 75 bpm (Alxy5) was used to account for potential differences

in HR between participants. To determine the aortic forward
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(P¢) and backward (P,) pressure waveform components, BP wave
separation analyses were also performed by the SphygmoCor XCEL
software.

(P2 — Pq)

A|X(%) = (SBP——DBP) x 100 (1)

2.9 | Central arterial stiffness

Central arterial stiffness was assessed via carotid-to-femoral PWV
(cfPWV). Two different pulse waves were recorded sequentially by
applanation tonometry; the first was measured at the pulse of the
right common carotid artery and the second was measured at the
pulse of the femoral artery. The distance travelled by the pressure
waves between the two sensors was estimated using a tape measure;
distances (m) between participants’ suprasternal notch to the pulse of
their femoral artery, the pulse of their carotid artery to their supra-
sternal notch, and from the site of the femoral pulse to the placement of
the thigh cuff were obtained and inputted into the SphygmoCor XCEL
software. Transit time of the pressure wave from the carotid artery
to the femoral artery was determined via automatic detection of the
diastolic foot at each pressure wave. cfPWV was calculated by the

SphygmoCor XCEL equipment:

Distance (m)

CIPWV = Transit Time (s)

2

2.10 | Local arterial stiffness

Local arterial stiffness was evaluated with a high-definition echo-
tracking ultrasound system equipped with a 7.5-MHz linear probe
placed ~10 cm proximal to the bifurcation of the right common carotid
artery (Alpha 10, Hitachi Aloka Medical, Mitaka-Shi, Tokyo, Japan).
Echo-tracking gates were manually set to read at the boundaries
between the tunica intima and tunica media of the anterior and post-
erior carotid arterial walls. The carotid arterial pressure-to-diameter
relationship is thought to be linear (Sugawara et al., 2000). Thus,
measures of brachial BP were utilized for the calculation of indices of
carotid arterial stiffness (-stiffness) and the pressure-strain elastic
modulus (E,). At least six consecutive beats were recorded and
averaged to obtain a representative waveform. The following indices
were calculated (as in Equations 3 and 4), where P and Py are carotid
arterial systolic and diastolic BPs, and Ds and Dy are carotid arterial

systolic and diastolic diameters, respectively:

BStiffness (AU) = In (%) « (DsD—dDd> 3
Ep (kPa) = M 4)

(55:)
Dg

2.11 | Statistical analyses

Data from all variables are reported as means (SD). Normality was
assessed using the Shapiro-Wilk test and outliers were identified
using the ROUT method (Q = 1%). An unpaired Student’s t-test
was used to compare baseline descriptive characteristics between
OCP and non-OCP users from Visit 1. Two-way repeated measures
analysis of variance (ANOVA) was used to assess the effects of group
(OCP vs. non-OCP), phase (PP and EF vs. AP and EL), and group
X phase interaction effects on measures of aortic and brachial SBP,
DBP and MAP, cfPWYV, g-stiffness, Ep, Alx, Alxys, Ps and Py. In the
event of a significant interaction effect or significant effect of group
detected on a variable, a planned comparisons post hoc Bonferoni’s
multiple comparisons test was performed to determine whether the
difference between OCP and non-OCP users was occurring during
the lower hormone (PP vs. EF) and/or higher hormone (AP vs. EL)
phases. Similarly, in the event of a significant interaction effect or
significant effect of phase detected on a variable, a planned comparison
post hoc Bonferoni’s multiple comparisons test was performed to
determine whether the difference between phases was occurring
between the lower and higher hormone phases of OCP (PP vs. AP)
and/or of non-OCP (EF vs. EL) use. The significance level for all
analyses was set at a P-value of <0.05. Magnitudes of comparisons

were assessed by calculating corrected effect sizes (Hedges's g),

1 1 3
/ —_ _ s —
Hedges's g = t“m + s ><<1 PP nz)—9> (5)

where t corresponds to the t-value and n corresponds to the dataset’s

asin:

sample size (Lakens, 2013). Effects were considered small when
Hedges’s g < 0.2, medium when Hedges's g = 0.5, and large when
Hedges's g > 0.8 (Lakens, 2013). All statistical analyses were performed
using GraphPad Prism (Version 8, GraphPad Software, San Diego, CA,

USA), except for effect sizes.

3 | RESULTS
3.1 | Participant characteristics

A total of twenty-two participants (OCP, n = 12) completed the study.
Baseline characteristics for young healthy OCP and non-OCP women
are presented in Table 1. All participant characteristics from Visit 1
were statistically similar between OCP and non-OCP users except
bDBP, which was significantly higher in OCP as compared to non-
OCP users (P = 0.0196, Hedges's g = 1.05; Table 1). The number of
OCP participants using first, second or third generation and mono-
phasic, biphasic or triphasic pill formulations are provided in Table 2.
No participants were using OCPs classified as fourth generation
pills.
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TABLE 1 Participant characteristics compared between OCP
(n=12) and non-OCP (n = 10) participants using independent t-tests

OCP Non-OCP
Characteristic (n=12) (n=10)
Age (years) 22 (3) 22(2)
BMI (kg/m?) 23(3) 24 (2)
Resting HR (bpm) 70(11) 74 (8)
Resting bSBP (mmHg) 117 (9) 110(6)
Resting bDBP (mmHg) 74 (10) 65 (6)*
Vo, peak (Ml/kg/min) 37 (6) 32(7)

Data are means (SD). *P < 0.05. BMI, body mass index; HR, heart rate; SBP,
systolic blood pressure; DBP, diastolic blood pressure

TABLE 2 Generation and formulation of OCPs used by
participants

Formulation
Monophasic Biphasic Triphasic Total
Generation (n) (n) (n) (n)
First (n) 5 0 0 5
Second (n) 2 1 0 4
Third (n) 2 1 1
Total (n) 9 2 1 12

First generation pills included norethindrone (n = 5), second generation pills
included desogestrel (n = 2) or levonorgestrel (n = 3), and third generation
pills included norgestimate (n = 3)

3.2 | Oestrogen and progesterone

Among OCP users, serum concentrations of oestrogen and
progesterone were similar between the PP and AP phases (oestrogen:
57.12 (29.10) vs. 53.0 (28.8) pg/ml; progesterone: 1.4 (1.0) vs. 1.2
(0.9) ng/ml), as previously reported (Eagan et al., 2021). Contrastingly,
among non-OCP users, serum concentrations of oestrogen and
progesterone were significantly lower in the EF phase as compared
to the EL phase (oestrogen: 91.8 (34.5) vs. 120.9 (32.6) pg/ml;
progesterone: 1.4 (0.6) vs. 5.1 (3.6) ng/ml) (Eagan et al., 2021).

Between groups, concentrations of oestrogen are significantly
lower among OCP users during the PP and AP phases as compared to
non-OCP users during the EF and EL phases, respectively (Eagan et al.,
2021). Concentrations of progesterone are also significantly lower
among OCP users during the AP phase as compared to non-OCP users
during the EL phase, but are statistically similar between groups during
the PP and EF phases (Eagan et al., 2021).

3.3 | Central and peripheral blood pressure

There were significant group x phase interaction effects on bSBP,
bMAP, aSBP, aDBP and aMAP (interaction effects: P = 0.036, 0.036,
0.008, 0.005 and 0.010, respectively, Table 3). There were significant
effects of group on bSBP (main effect of group: P = 0.043), and

significant effects of phase on bDBP, aDBP and aMAP (main effect of
phase: P=0.041,0.005 and 0.037, respectively; Table 3).

During the lower hormone phases (PP vs. EF), OCP users had
significantly higher bSBP and aSBP as compared to non-OCP users
(bSBP: P = 0.019, Hedges's g = 1.06, Figure 1a; aSBP: P = 0.021,
Hedges’s g = 1.01, Figure 1c).

Among OCP participants, bDBP, bMAP, aSBP, aDBP and aMAP were
significantly higher during the PP phase as compared to the AP phase
(bDBP: P = 0.017, Hedges’s g = 0.90, Figure 1b; bMAP: P = 0.012,
Hedges’'sg=0.77;aSBP: P=0.008, Hedges’s g = 0.54, Figure 1d; aDBP:
P = 0.0003, Hedges's g = 1.19, Figure 1e; aMAP: P = 0.003, Hedges's
g=0.85, Figure 1f).

Among non-OCP participants, bSBP, bDBP, bMAP, aSBP, aDBP and
aMAP were statistically similar between the EF and EL phases (bSBP:
P = 0.346, Hedges's g = 0.29 bDBP: P > 0.999, Hedges's g = 0.09;
bMAP: P > 0.999, Hedges's g = 0.06; aSBP: P = 0.624, Hedges’s
g = 0.26; aDBP: P > 0.999, Hedges's g = 0.00; aMAP: P > 0.999,
Hedges'sg=0.12).

3.4 | Indices of pressure waveforms

There were no significant effects of group, phase or interaction on
measures of Alx, Alxss or Py, (Table 3). Similarly, there were no effects
of group or interaction on P; (Table 3), although, there were significant
effects of phase on measures of P; (P = 0.020; Table 3). However,
planned comparisons with post hoc Bonferoni’s multiple comparisons
test reveal no significant differences between the higher and lower
hormone phases of OCP users (P = 0.121) nor the higher and lower
hormone phases of non-OCP users (P =0.227).

3.5 | Central arterial stiffness

There were no significant effects of group (P=0.499), phase (P=0.682)
or interaction (P = 0.364) on measures of central arterial stiffness as
assessed via cfPWYV, as shown in Figure 2a.

3.6 | Local arterial stiffness

There were no significant effects of group (B-stiffness: P = 0.253, E;:
P =0.177), phase (-stiffness: P = 0.893, E,: P = 0.815), or interaction
(-stiffness: P = 0.190, E,: P = 0.092) on measures of §-stiffness or E,
(Figure 2).

4 | DISCUSSION

A novel finding from this study is that young healthy non-OCP women
have similar central and peripheral blood pressures between the
lower (EF) and higher (EL) hormone phases of a single menstrual

cycle, whereas their OCP counterparts experience augmented blood
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TABLE 3 Results of two-way ANOVA tests on measures of brachial systolic blood pressure (bSBP), brachial diastolic blood pressure (bDBP),
brachial mean arterial pressure (bMAP), aortic systolic blood pressure (aSBP), aortic diastolic blood pressure (aDBP), aortic mean arterial pressure
(aMAP), augmentation index (Alx), augmentation index standardized to a heart rate of 75 beats per minute (Alxss), forward traveling wave (P) and
backward traveling wave (P,) during the lower hormone phases (PP, n = 12 and EF, n = 10) and higher hormone phases (AP,n = 12 and EL, n = 10)
of OCP and non-OCP participants

OCP Non-OCP
Effect of Effect of Group X
PP AP EF EL group phase Phase
bSBP (mmHg) 119.3(8.3) 116.9(8.7) 110.2(8.3) 112.3(5.0) 0.043* 0.877 0.036*
bDBP (mmHg) 70.9(5.1) 66.5(4.3) 68.1(5.6) 67.6(4.8) 0.639 0.041* 0.096
bMAP (mmHg) 87.2(4.6) 83.3(5.3) 82.2(5.9) 82.5(4.4) 0.157 0.069 0.036*
aSBP (mmHg) 104.1(7.4) 100.1(6.9) 96.8 (6.4) 98.2(3.7) 0.089 0.170 0.008*
aDBP (mmHg) 73.3(5.9) 67.0(4.1) 68.6(5.6) 68.6 (4.5) 0.442 0.005* 0.005*
aMAP (mmHg) 84.3(6.9) 79.2(4.7) 80.0(5.3) 80.6 (4.3) 0.493 0.037* 0.010*
Alx (%) 2.4(10.9) 2.1(9.3) 6.2(8.5) 5.6(8.8) 0.355 0.713 0.916
Alxzs (%) —6.7(12.8) -6.9(9.3) 1.5(9.0) 1.1(10.4) 0.068 0.825 0.959
P; (mmHg) 26.5(3.8) 28.2(5.0) 24.2 (3.0) 25.7 (2.4) 0.125 0.020* 0.896
Py, (mmHg) 12.5(2.9) 12.3(3.3) 10.7 (1.1) 11.3(1.2) 0.178 0.606 0.218
Data are means (SD). *P < 0.05. AP, active pill; EF, early follicular; EL, early luteal; OCP, oral contraceptive pill; PP, placebo pill.
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pressures (aSBP, bDBP, aDBP, bMAP and aMAP) in the lower hormone
phase (PP) as compared to the higher hormone phase (AP). Further,
results from the present study provide evidence to suggest that during
the lower hormone phases (PP vs. EF), OCP users have higher central
and peripheral SBP and peripheral MAP as compared to non-OCP

users.

4.1 | Blood pressure changes

Significantly higher brachial SBP in OCP users during the PP phase,

as compared to non-OCP users during the EF phase, as presented in

the current study, is consistent with some (Harvey et al., 2015) but
not all (Adler et al., 2018; Yu et al., 2014), of the existing literature.
While the mechanisms leading to the increase in BP among OCP users,
in general, are still incompletely understood, evidence suggests that
exogenous hormones found in the combined OCP (ethinyl-oestradiol
and progestin) may play a role (Enea et al., 2021). Compared to end-
ogenous oestrogen, ethinyl-oestradiol, particularly when administered
in high concentrations, exerts a stronger effect on elevating levels of
coagulation factors and activation markers (Kluft & Lansink, 1997;
Middeldorp et al., 2000). Elevated coagulation factors can theoretically
produce prothrombotic environments that favour increases in BP.

However, in combination-OCPs, various types of progestins may have
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the ability to counteract and/or modulate the effects of ethinyl-
oestradiol on coagulation (Middeldorp et al., 2000; Raps et al., 2013).
Interestingly, in the present study, the significantly higher brachial
and aortic SBPs observed among OCP as compared to non-OCP users
occurred only when OCP participants were withdrawn from active
exogenous hormones (PP phase). This dichotomy may suggest that
even in the presence of higher concentrations of ethinyl-oestradiol (as
in the AP phase of OCPs), OCP use in young healthy women does not
induce significantly higher BPs when compared to those of the higher
hormone (EL) phase of young healthy non-OCP women. On the other
hand, a potential explanation for the higher BPs among OCP users
in the lower hormone phase could be supported by the hypothesis
that exogenous hormones in OCPs may linger into the PP phase in
those using hormonal contraception (Haaland et al., 2017; Wenner
& Stachenfeld, 2020). Contrarily, the increase in ethinyl-oestradiol
exposure occurring in the AP phase of OCP users does not seem to
have a prolonging increased effect on BP. Taken together, these data
may suggest that the relatively quicker clearing rate of endogenous
oestrogen could suppress phasic variation in BP as compared to the

potentially idled effects of ethinyl-oestradiol across phases.

42 | Arterial stiffness

While cfPWV is a reliable index of stiffening occurring at the aorta, the
measure is inherently reflective of the stiffness across several arterial
segments, having diverse elastic properties (Mancia et al., 2013; The
Reference Values for Arterial Stiffness’ Collaboration, 2010; Uejima
etal., 2020). Despite reported differences in central and peripheral BPs
between OCP and non-OCP users during the lower hormone phases,
the data from the current study support a more consistent finding in
the literature that central arterial stiffness is not affected by OCP use
(Enea et al., 2021; Priest et al., 2018; Seeland et al., 2020; Yu et al.,
2014) or by pill or menstrual cycle phase (Adkisson et al., 2010; Ounis-
Skali et al., 2006; Priest et al., 2018; Williams et al., 2001). Results from
the present study are also consistent with findings from a study by
Priest et al. (2018) in terms of both central (cfPWV) and carotid arterial
(B-stiffness) stiffness between OCP and non-OCP users. A noteworthy
difference between the current study and Priest et al.’s study is the
timing in which the non-OCP women were evaluated; while we were
interested in the effects of rapidly rising levels of progesterone in
the presence of increasing levels of oestrogen of non-OCP users (EL

phase), Priest et al. studied women during the mid-luteal phase when

(EL)

it is more challenging to control for peak levels of progesterone (Priest
et al.,, 2018). Further, the present study consisted of a cohort of OCP
women using various formulations of OCPs (Table 2), whereas, in
the study by Priest et al., OCP users were only using monophasic
formulations (Priest et al., 2018). Taken together, these findings may
suggest that various types of combined OCP formulations (i.e., mono-
phasic, biphasic and triphasic) have similarly null effects on central and
local carotid arterial stiffness. Our data, however, contrast with those
of Hickson et al. (2011), who report increased measures of central
arterial stiffness in OCP as compared to their non-OCP counterparts.
A potential explanation for the contrasting findings could be that they
did not control for menstrual cycle phase, nor report when (i.e., placebo
or active pill phase) vascular measures were acquired in OCP users
(Hickson et al.,2011).

4.3 | Indices of pressure waveforms

Our finding of similar measures of Alx between OCP and non-OCP
users is consistent with some (Hickson et al., 2011) but not all (Enea
et al.,, 2021; Seeland et al., 2020) of the existing literature. Contrary
to our results, Robb et al. reported differences in Alx across the
menstrual cycle of non-OCP users (Robb et al., 2009); however, these
differences were noted between the late follicular and mid-luteal
phases, which do not account for the EL surge in progesterone. Robb
et al. also report that there were no significant correlations between
Alx and concentrations of oestrogen or progesterone (Robb et al,
2009). Therefore, it is possible that oestrogen and progesterone may
not directly affect the Alx within an arterial system even though
the hormones have a profound effect on the vasodilatory capacity
of an artery. Interestingly, OCP participants have displayed higher
Alx as compared to their non-OCP counterparts suggesting that
concentrations of endogenous oestrogen are negatively correlated
with measures of Alx (Seeland et al., 2020). However, two important
factors need to be considered while comparing the results of Seeland
et al.’s study with the present study: (1) over ~10% of premenopausal
OCP participants in the former investigation had identified as ‘current
smokers’ in comparison to their non-OCP counterparts and (2)
participants with current/past CVDs were not excluded from the
analyses (Seeland et al., 2020). In contrast, in the present study,
the cohort of premenopausal women were all healthy non-smokers,
thus potentially explaining the differences between measures of Alx

between Seeland et al.’s findings and those of the present study.
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4.4 | Experimental considerations

Ideally, we would have liked to study women at various points in
the menstrual and pill cycles to assess the effects of fluctuating
hormones on the variables assessed in this study. However, feasibly,
we were only equipped to measure women twice in one cycle.
Additionally, in this study, we classified OCP use as consisting of a large
range of pharmacological characteristics but narrowed our participant
inclusion to include low-dose, 28-day cycle pills only. While the pre-
sent study was not sufficiently powered to evaluate whether there
are varying effects of different types of OCPs on haemodynamics,
measures of arterial stiffness, or indices of the pressure waveform, we
recognize that there are important differences among various OCP
formulations and the diverse pharmacokinetic effects they may have
among individuals (Goldzieher & Stanczyk, 2008). Additionally, we did
not assess how differences in the duration of OCP use may or may not
influence haemodynamics, parameters of arterial stiffness, or indices
of the pressure waveform. However, in a recent study by Priest and
colleagues (2018), no significant associations were observed between
duration of OCP use and §3-stiffness, or between duration of OCP use
and cfPWV.

5 | CONCLUSION

Blood pressure, arterial stiffness and indices of the pressure wave-
form are influenced similarly with exogenous hormones (OCP users) as
compared to endogenous hormones (non-OCP users). However, lower
levels of exogenous hormones increase central and peripheral blood

pressures.

ACKNOWLEDGEMENTS

We would like to thank Maes Zietowski, Kaitlyn Welsh, Sarika Walia
and the other undergraduate students in the Human Integrative
Physiology Laboratory for their time and thoughtful contributions to
the study. This study was funded by a Tier 1 Seed Grant (Pilot fund,
University of Maryland; to S.M.R.).

COMPETING INTERESTS
There are no competing interests.

AUTHOR CONTRIBUTIONS

S.M.R, L.E.E. and C.A.C. designed the research; L.E.E., CA.C.and S.E.M.
collected the data; L.E.E. analysed the data and prepared the figures;
L.E.E., SEE.M. and S.M.R. interpreted the results; L.E.E. and S.M.R.
drafted the manuscript; all authors edited and revised the manuscript,
approved the final version and agree to be held accountable for all
aspects of the work and in ensuring that questions related to the
accuracy or integrity of any part of the work are appropriately
investigated and resolved. All persons designated as authors
qualify for authorship, with all those qualifying for authorship being
listed.

DATA AVAILABILITY STATEMENT
The data supporting findings from this study are available from upon
reasonable request from the corresponding author.

ORCID
Lauren E. Eagan "2 https://orcid.org/0000-0003-4746-7540
https://orcid.org/0000-0002-2845-4544

https://orcid.org/0000-0003-1674-4285

Sara E. Mascone
Sushant M. Ranadive

REFERENCES

Adkisson, E. J., Casey, D. P, Beck, D. T., Gurovich, A. N., Martin, J. S., & Braith,
R. W. (2010). Central, peripheral and resistance arterial reactivity:
Fluctuates during the phases of the menstrual cycle. Experimental Biology
and Medlicine, 235,111-118. https://doi.org/10.1258/ebm.2009.009186

Adler, T. E., Usselman, C. W., Takamata, A., & Stachenfeld, N. S. (2018).
Blood pressure predicts endothelial function and the effects of ethinyl
estradiol exposure in young women. American Journal of Physiology. Heart
and Circulatory Physiology, 315, H925-H933. https://doi.org/10.1152/
ajpheart.00188.2018

DuPont, J. J., Kenney, R. M., Patel, A. R., & Jaffe, . Z. (2019). Sex differences
in mechanisms of arterial stiffness. British Journal of Pharmacology, 176,
4208-4225. https://doi.org/10.1111/bph.14624

Eagan, L. E., Chesney, C. A, Mascone, S. E., Shenouda, N., & Ranadive,
S. M. (2021). Interleukin-6 is higher in naturally menstruating women
as compared to oral contraceptive pill users during the low hormone
phase. Journal of Applied Physiology, 131, 544-552. https://doi.org/10.
1152/japplphysiol.00921.2020

Enea, C., Laffetas, P, Pichon, A., & Delpech, N. (2021). Arterial stiffness and
hemodynamics in young women: The effects of oral contraceptive intake
and physical habits. International Journal of Environmental Research and
Public Health, 18, 3393. https://doi.org/10.3390/ijerph18073393

Fleenor, B. S., & Berrones, A. J. (2015). Arterial stiffness: implications and
interventions. SpringerBriefs in Physiology. Cham: Springer. https://doi.
org/10.1007/978-3-319-24844-8_3

Giannattasio, C., Failla, M., Grappiolo, A,, Stella, M. L., Del Bo, A., Colombo,
M., & Mancia, G. (1999). Fluctuations of radial artery distensibility
throughout the menstrual cycle. Arteriosclerosis, Thrombosis, and Vascular
Biology, 19, 1925-1929. https://doi.org/10.1161/01.ATV.19.8.1925

Goldzieher, J.W.,, & Stanczyk, F. Z.(2008). Oral contraceptives and individual
variability of circulating levels of ethinyl estradiol and progestins. Contra-
ception, 78, 4-9. https://doi.org/10.1016/j.contraception.2008.02.020

Haaland, R. E., Holder, A., Evans-Strickfaden, T., Nyagol, B., Makanga, M.,
Oyaro, B., Humwa, F., Williams, T., McLellan-Lemal, E., Desai, M., & Huey,
M. J. (2017). Residual hormone levels in used contraceptive rings as a
measurement of adherence to vaginal ring use. Contraception, 95, 602-
604. https://doi.org/10.1016/j.contraception.2017.03.011

Harvey, R. E., Hart, E. C., Charkoudian, N., Curry, T. B,, Carter, J. R, Fu, Q,,
Minson, C. T, Joyner, M. J.,, & Barnes, J. N. (2015). Oral contraceptive
use, muscle sympathetic nerve activity, and systemic hemodynamics
in young women. Hypertension, 66, 590-597. https://doi.org/10.1161/
HYPERTENSIONAHA.115.05179

Hayashi, K., Miyachi, M., Seno, N., Takahashi, K., Yamazaki, K., Sugawara, J.,
Yokoi, T., Onodera, S., & Mesaki, N. (2006). Variations in carotid arterial
compliance during the menstrual cycle in young women. Experimental
Physiology, 91, 465-472. https://doi.org/10.1113/expphysiol.2005.
032011

Hickson, S. S., Miles, K. L., McDonnell, B. J., Yasmin, C. J. R., Wilkinson, I.
B., & McEniery, C. M.; ENIGMA Study Investigators (2011). Use of the
oral contraceptive pill is associated with increased large artery stiffness
in young women: The ENIGMA study. Journal of Hypertension, 29, 1155-
1159. https://doi.org/10.1097/HJH.0b013e328346a5af

Kluft, C., & Lansink, M. (1997). Effect of oral contraceptives on haemostasis
variables. Thrombosis and Haemostasis, 78, 315-326.

85U8017 SUOWILLIOD @A 181D 3|qeol[dde 8Ly Aq peusenob ae sapoie YO ‘8sh JO Sa|n 10} ARIq1T8UIUO AB]IM UO (SUONIPUOD-PUR-SWBIAL0D" A3 | 1M Ae.ql 18Ul JUO//:SANL) SUORIPUOD PUe SWia | 8u1 89S *[7202/90/8T] Uo AriqiTauliuo A8|im ‘puelAren JO AiseAun Aq TSTO60d3/ETTT OT/I0p/Au00" A8 |IM Alelq 1 Bulu0-d0sAyd//:sdny Wwo.y pepeoiumod ‘v ‘2202 ‘XStre9vT


https://orcid.org/0000-0003-4746-7540
https://orcid.org/0000-0003-4746-7540
https://orcid.org/0000-0002-2845-4544
https://orcid.org/0000-0002-2845-4544
https://orcid.org/0000-0003-1674-4285
https://orcid.org/0000-0003-1674-4285
https://doi.org/10.1258/ebm.2009.009186
https://doi.org/10.1152/ajpheart.00188.2018
https://doi.org/10.1152/ajpheart.00188.2018
https://doi.org/10.1111/bph.14624
https://doi.org/10.1152/japplphysiol.00921.2020
https://doi.org/10.1152/japplphysiol.00921.2020
https://doi.org/10.3390/ijerph18073393
https://doi.org/10.1007/978-3-319-24844-8_3
https://doi.org/10.1007/978-3-319-24844-8_3
https://doi.org/10.1161/01.ATV.19.8.1925
https://doi.org/10.1016/j.contraception.2008.02.020
https://doi.org/10.1016/j.contraception.2017.03.011
https://doi.org/10.1161/HYPERTENSIONAHA.115.05179
https://doi.org/10.1161/HYPERTENSIONAHA.115.05179
https://doi.org/10.1113/expphysiol.2005.032011
https://doi.org/10.1113/expphysiol.2005.032011
https://doi.org/10.1097/HJH.0b013e328346a5af

EAGAN ET AL.

*® | WILEY

Lakens, D. (2013). Calculating and reporting effect sizes to facilitate
cumulative science: A practical primer for t-tests and ANOVAs. Frontiers
in Psychology, 4, 863. https://doi.org/10.3389/fpsyg.2013.00863

Mancia, G., Fagard, R., Narkiewicz, K., Redan, J., Zanchetti, A., Bchm, M.,
Christiaens, T., Cifkova, R., De Backer, G., Dominiczak, A., Galderisi,
M., Grobbee, D. E., Jaarsma, T., Kirchof, P, Kjeldsen, S. E., Laurent, S.,
Manolis, A. J., Nilsson, P. M., Ruilope, L. M., ... Zannad, F. (2013). 2013
Practice guidelines for the management of arterial hypertension of the
European Society of Hypertension (ESH) and the European Society of
Cardiology (ESC): ESH/ESC Task Force for the Management of Arterial
Hypertension. Journal of Hypertension, 31, 1925-1938. https://doi.org/
10.1097/HJH.0b013e328364cadc

Middeldorp, S., Meijers, J. C., van den Ende, A. E., van Enk, A., Bouma, B.
N., Tans, G., Rosing, J., Prins, M. H., & Biller, H. R. (2000). Effects on
coagulation of levonorgestrel- and desogestrel-containing low dose oral
contraceptives: A cross-over study. Thrombosis and Haemostasis, 84, 4-8.

Munro, M. G,, Critchley,H.O.D., & Fraser, I.S.(2018). The two FIGO systems
for normal and abnormal uterine bleeding symptoms and classification
of causes of abnormal uterine bleeding in the reproductive years: 2018
revisions. International Journal of Gynecology and Obstetrics, 143, 393-
408. https://doi.org/10.1002/ijgo.12666

Ounis-Skali, N., Mitchell, G. F.,, Solomon, C. G., Solomon, S. D., & Seely, E.
W. (2006). Changes in central arterial pressure waveforms during the
normal menstrual cycle. Journal of Investigative Medicine, 54, 321-326.
https://doi.org/10.2310/6650.2006.05055

Palombo, C., & Kozakova, M. (2016). Arterial stiffness, atherosclerosis and
cardiovascular risk: Pathophysiologic mechanisms and emerging clinical
indications. Vascular Pharmacology, 77, 1-7. https://doi.org/10.1016/i.
vph.2015.11.083

Papaioannou, T. G., Oikonomou, E., Lazaros, G., Christoforatou, E., Vogiatzi,
G., Tsalamandris, S., Chasikidis, C., Kalambogias, A., Mystakidi, V.-X.,
Galiatsatos, N., Santouri, M., Latsios, G., Deftereos, S., & Tousoulis,
D. (2019). The influence of resting heart rate on pulse wave velocity
measurement is mediated by blood pressure and depends on aortic
stiffness levels: Insights from the Corinthia study. Physiological
Measurement, 40,055005. https://doi.org/10.1088/1361-6579/ab165f

Papaioannou, T. G., Protogerou, A., Papamichael, C., Mathioulakis, D.,
Tsangaris, S., Karatzis, E., Toumanidis, S., Zakopoulos, N., & Lekakis, J.
(2005). Experimental and clinical study of the combined effect of arterial
stiffness and heart rate on pulse pressure: Differences between central
and peripheral arteries. Clinical and Experimental Pharmacology & Physio-
logy, 32,210-217.

Priest, S. E., Shenouda, N., & MacDonald, M. J. (2018). Effect of sex,
menstrual cycle phase, and monophasic oral contraceptive pill use on
local and central arterial stiffness in young adults. American Journal of
Physiology. Heart and Circulatory Physiology, 315, H357-H365. https://doi.
org/10.1152/ajpheart.00039.2018

Raps, M., Helmerhorst, F. M., Fleischer, K., Hylckama, V. A. V., Stegeman, B.
H., Thomassen, S., Rosendaal, F. R, Rosing, J., Ballieux, B., & Van Vliet, H.
(2013). Sex hormone-binding globulin as a marker for the thrombotic risk
of hormonal contraceptives: Reply to arebuttal. Journal of Thrombosis and
Haemostasis, 11, 396-397. https://doi.org/10.1111/jth.12080

Robb, A. O, Mills, N. L., Din, J. N., Smith, I. B. J., Paterson, F., Newby, D.
E., & Denison, F. C. (2009). Influence of the menstrual cycle, pregnancy,
and preeclampsia on arterial stiffness. Hypertension, 53, 952-958. https:
//doi.org/10.1161/HYPERTENSIONAHA.109.130898

Seeland, U., Demuth, I., Regitz-Zagrosek, V., Steinhagen-Thiessen, E., &
Koénig, M. (2020). Sex differences in arterial wave reflection and the
role of exogenous and endogenous sex hormones: Results of the Berlin
Aging Study 1. Journal of Hypertension, 38, 1040-1046. https://doi.org/
10.1097/HJH.0000000000002386

Sugawara, M., Niki, K., Furuhata, H., Ohnishi, S., & Suzuki, S. (2000).
Relationship between the pressure and diameter of the carotid artery
in humans. Heart and Vessels, 15, 49-51. https://doi.org/10.1007/
PLO0007261

The Reference Values for Arterial Stiffness’ Collaboration (2010).
Determinants of pulse wave velocity in healthy people and in
the presence of cardiovascular risk factors: ‘establishing normal
and reference values’. European Heart Journal, 31, 2338-2350.
https://doi.org/10.1093/eurheartj/ehq165

Uejima, T., Dunstan, F. D., Arbustini, E., toboz-Grudzien, K., Hughes, A.
D., Carerj, S., Favalli, V., Antonini-Canterin, F.,, Vriz, O., Vinereanu, D.,
Zamorano, J. L., Popescu, B. A, Evangelista, A,, Lancellotti, P, Lefthériotis,
G., Kozakova, M., Palombo, C., & Fraser, A. G. (2020). Age-specific
reference values for carotid arterial stiffness estimated by ultrasonic
wall tracking. Journal of Human Hypertension, 34, 214-222. https://doi.
org/10.1038/s41371-019-0228-5

Vlachopoulos, C., Xaplanteris, P, Aboyans, V., Brodmann, M., Cifkova, R,,
Cosentino, F.,, De Carlo, M., Gallino, A., Landmesser, U., Laurent, S.,
Lekakis, J., Mikhailidis, D. P, Naka, K. K., Protogerou, A. D., Rizzoni,
D., Schmidt-Trucksass, A., Van Bortel, L., Weber, T., Yamashina, A,, ...
Townsend, R. R. (2015). The role of vascular biomarkers for primary
and secondary prevention. A position paper from the European Society
of Cardiology Working Group on peripheral circulation: Endorsed by
the Association for Research into Arterial Structure and Physiology
(ARTERY) Society. Atherosclerosis, 241, 507-532.

Vyas, M., 1zzojr, J., Lacourciere, Y., Arnold, J., Dunlap, M., Amato, J., Pfeffer,
M., & Mitchell, G. (2007). Augmentation index and central aortic stiffness
in middle-aged to elderly individuals. American Journal of Hypertension,
20, 642-647. https://doi.org/10.1016/j.amjhyper.2007.01.008

Wenner, M. M., & Stachenfeld, N. S. (2020). Point: Investigators should
control for menstrual cycle phase when performing studies of vascular
control that include women. Journal of Applied Physiology, 129, 1114~
1116. https://doi.org/10.1152/japplphysiol.00443.2020

Williams, M., Westerman, R., Kingwell, B., Paige, J., Blombery, P, Sudhir, K.,
& Komesaroff, P. (2001). Variations in endothelial function and arterial
compliance during the menstrual cycle. Journal of Clinical Endocrinology
and Metabolism, 86, 5389-5395. https://doi.org/10.1210/jcem.86.11.
8013

Yu, A., Giannone, T., Scheffler, P, Doonan, R. J., Egiziano, G., Gomez, Y.-
H., Papaioannou, T. G., & Daskalopoulou, S. S. (2014). The effect of oral
Contraceptive pills and the natural menstrual cYCLe on arterial stiffness
and hemodynamlICs (CYCLIC). Journal of Hypertension, 32, 100-107.
https://doi.org/10.1097/HJH.0000000000000012

SUPPORTING INFORMATION
Additional supporting information may be found in the online version

of the article at the publisher’s website.

How to cite this article: Eagan, L. E., Chesney, C. A., Mascone,
S.E., &Ranadive, S. M. (2022). Arterial stiffness and blood
pressure are similar in naturally menstruating and oral
contraceptive pill-using women during the higher hormone
phases. Experimental Physiology, 107, 374-382.
https://doi.org/10.1113/EP090151

85U8017 SUOWILLIOD @A 181D 3|qeol[dde 8Ly Aq peusenob ae sapoie YO ‘8sh JO Sa|n 10} ARIq1T8UIUO AB]IM UO (SUONIPUOD-PUR-SWBIAL0D" A3 | 1M Ae.ql 18Ul JUO//:SANL) SUORIPUOD PUe SWia | 8u1 89S *[7202/90/8T] Uo AriqiTauliuo A8|im ‘puelAren JO AiseAun Aq TSTO60d3/ETTT OT/I0p/Au00" A8 |IM Alelq 1 Bulu0-d0sAyd//:sdny Wwo.y pepeoiumod ‘v ‘2202 ‘XStre9vT


https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.1097/HJH.0b013e328364ca4c
https://doi.org/10.1097/HJH.0b013e328364ca4c
https://doi.org/10.1002/ijgo.12666
https://doi.org/10.2310/6650.2006.05055
https://doi.org/10.1016/j.vph.2015.11.083
https://doi.org/10.1016/j.vph.2015.11.083
https://doi.org/10.1088/1361-6579/ab165f
https://doi.org/10.1152/ajpheart.00039.2018
https://doi.org/10.1152/ajpheart.00039.2018
https://doi.org/10.1111/jth.12080
https://doi.org/10.1161/HYPERTENSIONAHA.109.130898
https://doi.org/10.1161/HYPERTENSIONAHA.109.130898
https://doi.org/10.1097/HJH.0000000000002386
https://doi.org/10.1097/HJH.0000000000002386
https://doi.org/10.1007/PL00007261
https://doi.org/10.1007/PL00007261
https://doi.org/10.1093/eurheartj/ehq165
https://doi.org/10.1038/s41371-019-0228-5
https://doi.org/10.1038/s41371-019-0228-5
https://doi.org/10.1016/j.amjhyper.2007.01.008
https://doi.org/10.1152/japplphysiol.00443.2020
https://doi.org/10.1210/jcem.86.11.8013
https://doi.org/10.1210/jcem.86.11.8013
https://doi.org/10.1097/HJH.0000000000000012
https://doi.org/10.1113/EP090151

	Arterial stiffness and blood pressure are similar in naturally menstruating and oral contraceptive pill-using women during the higher hormone phases
	Abstract
	1 | INTRODUCTION
	New Findings
	2 | METHODS
	2.1 | Ethical approval
	2.2 | Participants
	2.3 | Study procedures
	2.4 | Resting haemodynamics and anthropometrics
	2.5 | exercise test
	2.6 | Blood collection for analyses of oestrogen and progesterone concentrations
	2.7 | Central and peripheral blood pressure
	2.8 | Indices of pressure waveforms
	2.9 | Central arterial stiffness
	2.10 | Local arterial stiffness
	2.11 | Statistical analyses

	3 | RESULTS
	3.1 | Participant characteristics
	3.2 | Oestrogen and progesterone
	3.3 | Central and peripheral blood pressure
	3.4 | Indices of pressure waveforms
	3.5 | Central arterial stiffness
	3.6 | Local arterial stiffness

	4 | DISCUSSION
	4.1 | Blood pressure changes
	4.2 | Arterial stiffness
	4.3 | Indices of pressure waveforms
	4.4 | Experimental considerations

	5 | CONCLUSION
	ACKNOWLEDGEMENTS
	COMPETING INTERESTS
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


