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SUMMARY - This study evaluated the relationship of cerebrovascular reactivity in young healthy
women with changes in concentrations of circulating ovarian hormones throughout the menstrual
cycle. Nineteen healthy nulliparous, right-handed, regularly menstruating women (age 23-25 years)
underwent color-coded duplex sonography of the common (CCA), internal (ICA) and external (ECA)
carotid arteries on both sides. Mean blood flow velocity values measured before and ten minutes
after intravenous administration of 1000 mg acetazolamide (ACE) were assessed in relation to the
serum concentration of estrogen and progesterone on days 5, 13 and 26 of the cycle. After ACE ad-
ministration flow velocity in the right CCA and ICA increased by 23% and 35% on day 5, 12% and
31% on day 13 and 30% and 47% on day 26 respectively, and the changes were significantly larger
on the right side (F=6.793 and F=4.098 respectively, both p<0.05). Changes in blood flow velocity
in the right CCA and ICA after ACE injection were significantly associated with ovarian hormone
concentrations (F=3.828, P=0.028 and F=3.671, P=0.032 respectively). We conclude that cerebrov-
ascular reactivity changes across the menstrual cycle are associated with ovarian steroid hormone
changes, and are asymmetric. The results imply that vasculature of the right hemisphere may un-
dergo cyclic vasodilation across the menstrual cycle and this effect should be considered in studies
of cerebrovascular reactivity in women with migraine and mood disorders.

Introduction

A higher prevalence of migraine and mood
disorders in young women compared to men
may imply that female sex hormones play a
role in their pathogenesis 2. Our knowledge of
the mechanisms of sex hormone action in the
human brain comes predominantly from lower-
order animal species and from in vitro studies
34 Extrapolations of results from studies of ani-
mals to humans, however, are frequently made
without a full appreciation that there are inher-
ent species differences. In vitro models, while
simplifying the cellular environment, do not
mimic the complexity of neurovascular and he-
modynamic interactions. A number of studies
have demonstrated changes in cerebral artery
function in postmenopausal women after long-

term exposure to constant doses of exogenous
estrogen and progestin *%, however, the results
of those studies are not necessary applicable to
younger premenopausal women, who receive
only intermittent pulses of gonadal hormones
during a menstrual cycle. The short-term effects
of estrogen (E2) and progesterone (PG) on cer-
ebral vessels, resulting from normal cyclic vari-
ations of these hormones across the menstrual
cycle in women, remain largely unknown.

The menstrual cycle provides a natural par-
adigm to investigate how steroid ovarian hor-
mones regulate brain vascular physiology "* be-
cause of natural substantial fluctuations of sex
hormone concentrations in the blood. In addi-
tion, the time of exposure to E2 and PG is more
than sufficient to produce non-genomic and ge-
nomic effects *?. Measurements of the ability of
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vessels to dilate in response to a vasodilatatory
stimulus such as acetazolamide (ACE), a car-
bonic anhydrase inhibitor 2, can provide infor-
mation on the actual level of vasodilatation of
brain vessels across the menstrual cycle >, We
hypothesize that this ability, named cerebrov-
ascular reactivity (CVR), varies substantially
throughout the menstrual cycle along with
changes in circulating ovarian hormones.

Subjects and methods

Study population

The University Ethics Committee approved
the study protocol, that was compliant with the
standards as described in the Declaration of
Helsinki and each volunteer gave informed con-
sent. We recruited 19 healthy nulliparous, right-
handed, regularly menstruating women (age
23-25 years), with at least six self-reported reg-
ular consecutive menstrual cycles ranging from
27 to 32 days. We applied the following exclu-
sion criteria: oral contraceptive use or any other
hormonal treatment in the past or present, any
other medication for at least three months before
and during the study period, history of any type
of migraine, premenstrual dysphoric syndrome,
any serious disease, particularly head trauma,
diabetes, psychiatric, cardiovascular or gyneco-
logical disorders, current smoking, alcohol or
coffee abuse. Subjects had to be strictly normal
on clinical examination by a physician. Their
body mass index was <25. Blood cell count, liver
function tests, and the concentrations of elec-
trolytes, blood glucose, cholesterol, triglyceride,
BUN and creatinine were within normal limits.

Testing

The cycles were counted from the first day
of menses and were standardized to a 28-day
period as described in our previous study ™.
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Subjects were examined on days 5, 13 and 26
of the cycle, and were asked to be fasting at
least 12 hours and abstain from vigorous ex-
ercise, alcohol intake, and caffeine-containing
beverages for at least 24 hours prior to test-
ing. Ultrasound examinations were carried
out in a quiet room, with subjects lying in a
supine position, after a 15-minute rest period.
To avoid inter-observer error and minimize the
effect of circadian rhythms on cerebral blood
flow, one experienced investigator performed
all ultrasonographic examinations between
6:00 am and 8:00 am. On each study day af-
ter the baseline sonographic examination, we
measured arterial blood pressure (ABP) and
heart rate (HR), and sampled 10 cm? of blood
to measure plasma E2 and PG concentrations,
using an automated chemiluminescence sys-
tem (ACS 180:PLUS immunoassay; Bayer,
Germany). Precision of measurements, ex-
pressed as coefficient of variation, provided by
the manufacturer for PG and E2 was less than
12% and 9% respectively. Thereafter, 1000 mg
acetazolamide (Diamox®, Lederle, USA) was
administered intravenously. We chose the dose
of 1000 mg to assure maximal vasodilatatory
response as the full inhibition of carbonic an-
hydrase can be obtained at a dose of 15 mg/
kg of body mass®. As none of our volunteers
weighed more than 65 kg, everyone received at
least 15.4 mg/kg. Ten minutes after injection
we repeated ultrasonographic examination,
ABP and HR measurements. Blood flow veloc-
ity increase after ACE injection was expressed
as a percentage of baseline value according to
a formula: A=(V,-V)*100/V, where V, and V,
indicate velocity before and after injection, re-
spectively.

Ultrasonographic examination

The common (CCA), internal (ICA) and ex-
ternal (ECA) carotid arteries were examined
on both sides with a gray-scale, and pulsed

Table 1 Fluctuations of systolic and diastolic arterial blood pressure (ABP), heart rate (HR), 17-beta estradiol (E2) and proges-
terone (PG) during the menstrual cycle in 19 young healthy women.

Parameter Day 5 Day 13 Day 26 P value, F statistic
Systolic ABP (mmHg) 117.8+6.2 120+7.6 118+6.9 0.814, 0.207
Diastolic ABP (mmHg) 77.2+5.0 77.1+4.9 80.9+5.8 0.326, 1.186

HR (min™) 74.4+8.5 74.7+4.9 70.3+5.8 0.400, 0.960

E2 (pg/ml) 33.0+32.6 105.5+77.6 59.1+45.3 p <0.05

PG (ng/ml) 0.9+0.57 1.3+£0.9 5.943.7 p <0.05

Data are: mean + standard deviation
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Figure 1 Baseline values of mean blood flow velocity in carotid arteries measured with Doppler-duplex ultrasound on days 5, 13
and 26® of the menstrual cycle in young healthy women (n=19) (A-C), and changes in mean blood flow velocity (A Vmean) after
intravenous injection of 1000 mg of acetazolamide (D-F) expressed as percentages of baseline value. Each circle and square repre-
sents mean values. Error bars indicate standard error of the mean. Baseline differences were not significant (repeated measures
ANOVA). * P=0.033; ** P=0.002; § P=0.023 — changes were significantly different than registered on day 13 (repeated measures

ANOVA followed by Newman-Keuls multiple comparison test).

Doppler imaging, using a 7.5 MHz linear ar-
ray transducer (Toshiba Aplio, Toshiba Medi-
cal System Division, Tokyo, Japan). The order
of ultrasound measurements as to the side was
randomized before and after ACE administra-
tion. The sample volume, adjusted to the size
of insonated vessels, was placed within the ICA
and ECA at 15 mm to 20 mm and 10 mm to 15
mm distal to the CCA bifurcation, respectively.
To obtain waveforms from the CCA, the sample
was placed at 10 mm to 20 mm below the bifur-
cation. The mean velocities were obtained by
manually tracing the maximum frequency en-
velope of the Doppler waveform over completed
cycles.

Statistical analyses

Data analysis was performed using SYS-
TAT12 statistical software (SYSTAT, Chicago,
IL. USA). We used parametric tests as the dis-
tribution of data was normal. To test hypoth-

eses regarding the homogeneity of hemody-
namic changes after ACE injection across the
cycle we used repeated-measures ANOVA with
post-hoc Newman-Keuls multiple comparisons
test. To quantify associations of E2 and PG
concentrations with velocity measurements,
we employed multivariable linear regression
analysis. HR and ABP values obtained before
and after ACE administration were compared
using paired ¢-test. Probability <0.05 was con-
sidered significant.

Results

As expected, PG concentration was low on
days 5 and 13 and high on day 26, while E2
concentration was low on day 5, very high on
day 13, and relatively high on day 26 (Table 1).
Fluctuations of ABP and HR during the cycle
were insignificant (Table 1). After ACE injec-
tion ABP remained unchanged.
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Table 2 Contribution of sex hormones to the variability of mean blood flow velocities changes (A values in cm/s) in carotid arter-
ies after acetazolamide administration in young healthy women during the menstrual cycle as determined by the multivariable

linear regression analysis.

Variable Regression model

A CCA RIGHT 1.668 PG (p=0.035) - 0.080 E2 (p=0.044) + 22.462
F=3.828; P=0.028

A CCA LEFT 0.371 PG (p=0.577) - 0.006 E2 (p=0.860) + 16.059
F=0.161; P=0.851

A ICA RIGHT 1.607 PG (p=0.054) - 0.088 E2 (p=0.035) + 39.340
F=3.671; P=0.032

A ICA LEFT —1.326 PG (p=0.178) - 0.043 E2 (p=0.379) + 38.489
F=1.560; P=0.219

A ECA RIGHT —0.876 PG (p=0.314) - 0.012 E2 (p=0.775) — 2,645
F=0.622; P=0.541

A ECA LEFT 1.328 PG (p=0.204) - 0.077 E2 (p=0.141) — 5.968
F=1.677, P=0.197

CCA, ICA, ECA — common, internal and external carotid arteries, respectively; E2 — 17B-estradiol (pg/ml), PG — progesterone (ng/ml),

F — Snedecor’s ratio, P — probability.

The change in baseline mean flow velocity in
carotid vessels of both sides was not significant
throughout the menstrual cycle (Figure 1A-C).
After ACE administration the velocity in the
CCA on the right side increased by 23% on day
5, 12% on day 13, and 30% on day 26. Velocity
changes (A values) on days 5 and 26 were signif-
icantly higher compared to the change on day
13, and compared to the change on the left side
(Figure 1D). By contrast, on the left side, fluc-
tuations of A values across the cycle were insig-
nificant. Velocities in the right ICA increased
after ACE injection on day 5 by 35%, on day 13
by 31% and on day 26 by 47 % (Figure 1E). The
increase in flow velocity on day 26 was signifi-
cantly higher than that on day 13, and the in-
crease in flow velocity on the left side on day 26.
The difference between days 5 and 13 showed a
trend toward significance (p=0.053). As in the
left CCA, the velocity change in the left ICA
after ACE was insignificant on all study days.

Contrary to the velocity in the ICA and CCA,
blood flow velocities in both ECAs dropped af-
ter ACE administration in all volunteers on
each study day (Figure 1F), but the differences
in A values were not significant.

Using multivariable regression analysis we
found significant associations between A values
of mean blood flow velocity in the right CCA
and ICA and E2 and PG concentrations; the re-
spective regression equations are given below:
A CCA right V.., = 1.67 PG (ng/ml, P=0.035) —
0.08 E2 (pg/ml, P=0.044) + 22.46;

A ICA right V. = 1.61 PG (ng/ml P=0.054) —
0.09 E2 (pg/ml, P=0.035) + 39.34.
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There was no significant relationship be-
tween E2 and PG concentration and A values
of mean blood flow velocity in the left CCA, left
ICA and both ECAs (Table 2).

Discussion

Our study showed that in young healthy
women CVR in the territory supplied by the
right internal carotid artery (ICA) varied sig-
nificantly during distinct phases of the men-
strual cycle. The CVR changes appear to be
associated with oscillations of circulating E2
and PG. As the distribution of receptors for sex
hormones in the vessels of both hemispheres is
most likely symmetrical, the observed unilat-
eral pattern of CVR changes strongly suggests
intermittent interhemispheric differences in
neuronal activity across the cycle. This argu-
ment is further supported by the lack of sig-
nificant fluctuations of systemic parameters
such as HR and ABP, and the fact that both
hemispheres had the same circulating ACE
and oxygen content.

One possible explanation for the observed lat-
erality of CVR across the menstrual cycle can
be linked to functional vascular adjustment in
metabolically demanding active brain regions
1617 Tt 1s tempting to conclude that our regres-
sion analysis findings reflect true alterations
in neural activity in the face of fluctuations of
circulating ovarian steroid hormones '®°. The
fact that significant CVR changes associated
with sex hormones were seen only in arteries
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on the right side speaks clearly against the hy-
pothesis of a purely vascular influence®, as we
would expect similar vascular changes in both
hemispheres, regardless of the stimulus and
mechanism of its action used to invoke them.
A possible disruption of the normal tight cou-
pling documented to exist among hemodynamic
response, neuronal metabolism and neuronal
activity %21 is a much less likely alternative
explanation in young healthy women with
regular menstrual cycles. The few instances in
which uncoupling between hemodynamic and
neuronal metabolism have been demonstrated
involved cases of extreme pathology, such as
cerebrovascular disease, increased intracranial
pressure, or stroke 2.

If these findings do represent a hormonal
modulation of neuronal activity, we should ex-
pect our findings to be consistent with asym-
metric behavior patterns associated with
modulation of cholinergic, serotonergic, no-
radrenergic, dopaminergic and GABA systems
by ovarian steroids *>?. It has been shown that
young women express relatively greater rest-
ing right frontal activity during the periovula-
tory phase compared to the menstrual phase
%, An electroencephalographic study has also
shown that the right hemisphere vigilance sys-
tem can be enhanced by hormonal therapy in
women with postmenopausal syndrome . Es-
trogenic effects were reported to occur in the
limbic-amygdala-hippocampal  structures ?,
which can modulate higher perseverance for
positive reward during the periovulatory phase
8, Estrogen seems to modulate predominantly
the right inferior frontal gyrus, pars opercula-
ris, right lateral occipital cortex, and superior
parietal lobule 2.

Our findings are also in agreement with re-
search studies suggesting relatively greater left
baseline anterior hemisphere activity during
the perimenstrual period (days 5 and 26) %3,
In addition, increased activation of the right
dorsolateral prefrontal and anterior cingulate
cortex was associated with E2 in response to
positive stimuli and decreased activation to
negative stimuli during the luteal phase?®. Our
findings are also congruent with other brain
imaging and mapping findings # suggesting
that estrogen and progesterone asymmetri-
cally modulate neuronal circuitry across the
menstrual cycle.

It is important to note that in many subjects
the days in the menstrual cycle selected for the
study did not correspond with homogenous hor-
mone states given that the length of each cycle
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varied from woman to woman and cycle to cy-
cle. Based on serial measurements of plasma
concentration of sex hormones, we showed that
even the standard model of the ovarian cycle
in humans, with regular mid-cycle ovulation is
inaccurate in predicting the actual plasma hor-
mone concentration . The spread of ovulation
across the cycle varies widely, and it is only
sometimes possible to determine the subjects’
accurate ovulation time by relying on the cal-
endar method alone. However, we had to select
particular days because serial day-to-day de-
termination of plasma hormone concentration
1s extremely inconvenient for healthy subjects.
Hence, we expected a higher variability in con-
centrations of steroid ovarian hormones across
the cycle and accordingly higher variability of
blood flow parameters. Our observations indi-
cate that average group findings cannot be ap-
plied to individual women, in whom the exact
hormonal make-up on a particular day can be
unpredictable. We stress the importance of ac-
tual determinations of steroid hormone concen-
trations in plasma when studying associations
with CVR measurements across the natural
menstrual cycle.

The ACE-induced blood flow velocity increase
in the ICA depends on the degree of baseline
peripheral vasodilatation assuming all other
rheological parameters remain constant 2. If
the peripheral vasculature was constricted
at baseline the ACE-induced vasodilatation
should substantially decrease the peripheral
vascular resistance and increase flow veloc-
ity 2, However, if at baseline the peripheral
vasculature was dilated the administration of
ACE should dilate the microvasculature rela-
tively less because its vasodilatatory capacity
had already been partly exhausted. Since blood
flow through a vessel is directly proportional to
the fourth power of its radius, the magnitude
of the ACE-induced velocity increase must be
a sensitive indicator of the baseline degree of
vasodilatation, assuming a constant pressure
gradient.

ACE specifically inhibits carbonic anhy-
drase that catalyzes the reversible hydration
of carbon dioxide to bicarbonate and protons,
and effectively links blood oxygen delivery to
metabolic carbon dioxide production from tis-
sue *. ACE increases the carbonic anhydrase-
catalyzed production of the potent vasodilator
nitric oxide from a readily available pool of ni-
trite *. This enhancing effect further explains
the strong vasodilating properties of ACE, al-
though it has to be noted that further vasodi-

417



Cerebrovascular Reactivity across the Menstrual Cycle in Young Healthy Women

lation is still possible during neuronal activa-
tion, even at the maximal vasodilatatory effect
of the applied dose of ACE *.

To demonstrate how sensitive the paradigm
with the use of ACE can be in disclosing the
baseline degree of vasodilatation, we describe
the following hypothetical situation. For in-
stance, if a 0.3 mm vessel diameter decreased
by 0.1 mm under influence of a hormone, the
blood flow through this vessel drops fivefold
accordingly. However, if a 0.2 mm vessel di-
ameter increased by 0.2 mm (i.e. under influ-
ence of ACE), the blood flow increases seven
times higher than the flow increase resulting
from dilation of a 0.3 mm vessel by 0.1 mm.
This means that without using ACE we would
have to study 153 women to detect the vasomo-
tor alterations at a power similar to that in our
study. Our study paradigm therefore enabled
us to detect small functional alterations of cer-
ebral micovasculature assuming that the ICA
diameter remained unchanged, which is very
likely because the ICA is a conductive vessel.
Furthermore, if ACE dilated the ICA at the
site of velocity sampling, the value of meas-
ured velocity should drop accordingly, contrary
to what we observed. A slight decrease of blood
flow velocity in the ECA after administration
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of ACE, probably due to redistribution of blood
flow from the high resistance vascular ECA
bed to the low resistance ICA bed, consistently
supports the observed pattern.

Conclusion

Our study showed asymmetric CVR changes
across the menstrual cycle in young healthy
women in those parts of the brain supplied by
the internal carotid arteries. The oscillations of
the CVR seemed to be associated with circulat-
ing levels of ovarian steroid hormones, E2 and
PG. Investigators should be aware of potential
substantial CVR changes across the menstrual
cycle when designing studies on cerebral reac-
tivity in women with migraine and other neu-
rovascular disorders.
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