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Abstract

Objective: Women who are currently using menopausal hormone therapy (MHT) have higher
cerebrovascular reactivity when compared with postmenopausal women who are not taking MHT;
however the effect of cessation of MHT on cerebrovascular reactivity is not known. Given that
MHT can have structural and activational effects on vascular function, this study was performed to
characterize cerebrovascular reactivity following cessation of MHT in women at low risk for
cerebrovascular disease.

Methods: Cerebrovascular reactivity measured in a subset of women from the Kronos Early
Estrogen Prevention Study (KEEPS) three years after the cessation of the study drug [oral
conjugated equine estrogen (0CEE); transdermal 17-p estradiol (tE2); or placebo (PLA)].

Results: Age, body mass index, and blood pressure were comparable among groups. At rest,
middle cerebral artery velocity (MCAV), cerebrovascular conductance index (CVCi), mean arterial
pressure (MAP) and cerebral pulsatility index did not differ among groups. Slope-based summary
measures of cerebrovascular reactivity did not differ significantly among groups. However,
utilizing repeated measures modeling, there was a significant upward shift in MCAv responses
(p=0.029) in the combined MHT group compared with PLA group.

Conclusion: MHT has a marginal sustained effect on cerebrovascular reactivity when measured

three years after cessation of hormone treatment.
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Introduction

The cerebrovasculature is highly sensitive to changes in partial pressure of carbon dioxide
(COy), vasodilating in response to hypercapnia, while vasoconstricting in response to
hypocapnia. Cerebrovascular reactivity to hypercapnia is often used to estimate cerebral
vascular responsiveness and has implications for cerebrovascular health.[1] Cross-sectional
studies have shown that women experience an age-related decline in cerebrovascular
reactivity after the 51 decade of life; however, this age-associated decline in cerebrovascular
reactivity in women was attenuated in postmenopausal women using menopausal hormone
therapy (MHT).[2] Previous studies that evaluated cerebral blood flow regulation in women
in response to MHT used a short-term intervention or included a variety of MHT
formulations in the same study. Long-term MHT use could affect the structure of blood
vessels reflecting nuclear-directed changes in gene translation, gene transcription, and
protein expression as well as activational effects on cerebrovascular endothelial or vascular
smooth muscle cells through rapid membrane-associated receptor or enzyme systems.[3, 4]
Therefore, these effects might be sustained to influence cerebral blood flow regulation
following cessation of long-term MHT use. It is unclear whether MHT alters cerebral blood
flow regulation beyond the years of hormonal treatment. Thus, the purpose of this study was
to characterize cerebrovascular reactivity and cerebral pulsatility index (PI) three years after
cessation of two different formulations of MHT in a well-characterized cohort of women
who participated in the Kronos Early Estrogen Prevention Study (KEEPS).

Materials and Methods

Participants

Screening

In order to participate in KEEPS with randomization into treatment groups, women were
required to be six months and three years past menopause (defined by serum measures of
17p estradiol and follicular stimulating hormone) and without prior cardiovascular events.
Full inclusion criteria and clinical data for these participants are reported elsewhere. [5, 6]
Postmenopausal women (n=74) who had participated in KEEPS at Mayo Clinic were invited
to participate in the present follow-up study three years after their exit from the KEEPS.
Inclusion criterial are included in the Supplement.

Sixty women qualified for and participated in the current study: 15 from the oral conjugated
equine estrogen (0CEE) group, 22 from the transdermal 17- estradiol (tE2) group, and 23
from the placebo (PLA) group. Data from two women in the tE2 group were excluded due to
an unreliable Transcranial Doppler signal, resulting in a total of 58 women with complete
data. All procedures were approved by the Institutional Review Board at the Mayo Clinic
and were performed according to the Declaration of Helsinki. All participants gave written
informed consent.

Blood samples were obtained after a 12-hour fast and analyzed for blood glucose,
cholesterol, triglycerides, and high sensitivity C-reactive protein (hs-CRP) by the Clinical
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Laboratories at Mayo Clinic as previously described. [5] Prescription and over-the-counter
medications were reviewed by a physician prior to the study day.

Experimental Protocol

Participants arrived at the Clinical Research Unit after a four-hour fast. They were asked to
abstain from alcohol, caffeine, and chocolate for 24 hours prior to the study. After 10
minutes of rest, supine brachial cuff blood pressure was measured in triplicate (the means of
these measures are reported in Table 1). Heart rate (HR) from a standard 3-lead ECG and
oxygen saturation using pulse oximetry were monitored continuously throughout the study
(Cardiocap/5, Datex-Ohmeda, Louisville, CO, USA). Beat-to-beat recording of mean arterial
blood pressure (MAP) was monitored non-invasively using finger photoplethysmography
(Nexfin, Edwards Lifesciences, Irvine, CA, USA). During stepped hypercapnia, breath-by-
breath end-tidal CO, (ETCO5) was measured using a nasal cannula.

Cerebral Blood Flow Velocity

To estimate middle cerebral artery (MCA) blood velocity and cerebral Pl, the basal portion
of the right MCA was insonated by placing the probe (2-MHz Doppler probe from
Transcranial Doppler, Neurovision System, Multigon, Yonkers, NY, USA) over the temporal
bone just above the zygomatic arch between the frontal process and the front of the ear.
Once the optimal signal was determined, the probe was secured with a headband device to
maintain proper position and angle throughout the protocol.

Hypercapnia Breathing Challenge

Cerebral blood flow velocity responses to hypercapnia were assessed using a steady state,
open circuit technique.[7] Participants were positioned supine on a hospital bed with a mask
covering the nose and mouth. The mask was attached to one-way Hans Rudolph valves to
prevent rebreathing. After breathing room air for three minutes, stepwise CO, elevations
were applied by adding 2%, 4%, and 6% CO,, while the oxygen content was maintained at
21% and balanced by nitrogen.[1] The CO, was elevated for three minutes at each level
followed by a three-minute recovery period (breathing room air). Cerebrovascular reactivity
was calculated from the slope of the relationship between MCA blood velocity (MCAv) and
ETCO,. The coefficient of variation in calculated cerebrovascular reactivity between trials
was 15+4%.[8] To minimize the effects of blood pressure on our MCAv measurements, we
also calculated cerebrovascular conductance index (CVCi). To better understand the
sympathoexciatory effects of hypercapnia, we also calculated MAP reactivity as the slope of
the relationship between MAP and ETCO,. Because some quantitative information is lost
when converting serial MCAv, CVCi, and MAP measurement into slopes, analysis of
reactivity was considered using the raw measurements in repeated measures modeling.

Data Analysis and Statistics

Data was collected at 250Hz, stored on a laboratory computer and analyzed off-line with

signal processing software (WinDag, DATAQ Instruments, Akron, OH, USA). All variables
of interest were continuously monitored throughout the hypercapnia trials. Beat-by-beat and
breath-by breath measurements (MCAv, MAP, and ETCO,) were averaged over the final 60
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seconds of room air breathing, at each level of hypercapnia, and during the last minute of
recovery. CVCi was calculated as MCAV/MAP. Cerebral Pl, a measure of the variability of
blood velocity in a vessel within each cardiac cycle, was calculated as (systolic MCAv-
diastolic MCAv) /mean MCAv for each stage of the breathing protocol. The linear slopes of
the relationships between ETCO, and MCAv, ETCO, and CVCi, and ETCO, and MAP
were calculated as described below.

Data were analyzed with SAS statistical software, version 9.4 (SAS Institute, Cary, NC).
Participant demographics and clinical characteristics were compared between prior
treatments (PLA vs. 0CEE vs. tE2) using one-way ANOVA. HsCRP values were skewed and
log-transformed before analysis to satisfy normality assumptions. For our primary outcome
variables, paired #tests were used to compare response measurements at each level of
hypercapnia with corresponding baseline measurement. Between-group differences in
responses were also assessed separately by stage, with baseline differences analyzed via
ANOVA and baseline-adjusted differences in response analyzed via ANCOVA.

For our primary analyses, repeated measurements for MCAv, CVCi, and MAP were reduced
to single responses of cerebrovascular reactivity, each assuming a linear relationship
between the raw measure and ETCO, during hypercapnia and compared using one-way
ANOVA tests. Additional statistical analysis is available in the Supplement.

Clinical characteristics on the 58 participants are reported in Table 1 according to
randomized treatment assignment from the previous KEEPS trial. At the time of the present
study, the three groups were similar demographically, with comparable levels of cholesterol
and blood pressure. Despite lower height in women previously randomized to oCEE, there
were no significant differences in weight, BMI, or waist circumference among the groups.

At baseline (room air condition), MCAv, CVCi, MAP, and cerebral PI did not differ among
the three groups (Supplemental Table 1), although the sensitivity analysis combining the
hormone treatment groups showed a trend toward higher baseline MCAv, CVCi, and
cerebral PI in the combined MHT group compared with PLA (Supplemental Table 2).
Compared to baseline, MCAv, CVCi, and MAP increased in response to hypercapnia, with
significant increases achieved during initial stages (2% or 4% hypercapnia) and continuing
through the final stage (6% hypercapnia) for all groups. Cerebral P1 decreased from baseline
to 4% and 6% hypercapnia in the hormone groups and from baseline to 6% hypercapnia in
the PLA group. With respect to the magnitude of change in these variables, there were no
differences among the groups when analyzed separately by stage with adjustment for
baseline values.

There were no differences in the single summary measures of MCAv or CVCi reactivity
among the groups (Figure 1 & 2; Table 2), nor were there differences from the sensitivity
analysis with the two MHT formulations combined (Table 2). Although the pattern of non-
parallel lines suggests possible differences by treatment, there were no differences in MAP
reactivity among groups (Figure 3; Table 2).
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In the repeated measures analysis, there was a trend for an interaction between treatment
groups and MCAv both when analyzed with both distinct and pooled MHT formulations
(Table 2). Additionally, there was marginal evidence of an overall shift in MCAv reactivity
due to treatment group (P = 0.064), with overall higher MCAv levels in the combined MHT
group (P = 0.029). A comparison of the CVCi response revealed no treatment interaction in
agreement with the pattern of parallel lines in Figure 2A. However, there was a trend
towards an overall higher CVCi in the combined MHT group (Table 2).

The repeated measures analysis also revealed a trend for a treatment interaction with MAP
reactivity, indicating progressively larger MAP responses with increasing ETCO> in the
MHT group, particularly in oCEE, vs. the PLA group (Table 2). In addition, cerebral PI
responses to hypercapnia, which declined quadratically with escalating CO, level, showed a
trend toward a treatment interaction suggesting progressively lower cerebral Pl in the oCEE
group (Supplemental Figure).

Discussion

Menopausal treatment with oCEE or tE2, when initiated early in menopause, appears to
marginally impact cerebrovascular reactivity to hypercapnia years after cessation of
treatment. For the summary indices of cerebrovascular reactivity, the effect of prior
treatment group was not significant; however, in the repeated measures analysis, MCAv was
overall statistically greater in the combined MHT group, and there were trends towards
increased CVCi and overall MAP responses in the MHT groups. Similar trends were noted
when comparisons were performed on all three groups, although no significant differences
were detected. Taken together, these analyses suggest that MHT had marginal effects on
cerebrovascular responses to hypercapnia when evaluated three years after treatment
cessation. Importantly, this is the first study to evaluate the potential effect of MHT on
cerebrovascular variables years after MHT use.

Following the publication of results from the Women’s Health Initiative in 2002, MHT was
not recommended for the prevention of CV disease.[9] However, the major criticism of that
study was that participants included women who were over a decade beyond the onset of
menopause, many of whom had already developed atherosclerosis.[10, 11] Additionally, the
generalization of results to all women regardless of age and MHT formulation was not
appropriate. [12] Since then, additional analyses and studies suggest that MHT is not
associated with an increase in absolute CV disease risk if used early after menopause, prior
to the development of atherosclerosis, and at a low dose for a short duration.[11, 13] In
addition, clinical trials on MHT, when initiated early in the menopausal transition,
demonstrated an improvement in cardiovascular and neurological clinical outcomes in some
women.[14, 15, 16]

The KEEPS was a randomized, placebo-controlled trial that was initiated to evaluate effects
of MHT on progression of atherosclerosis when initiated within 3 years of menopause. The
women of the present study participated in KEEPS at Mayo Clinic and a subset from this
group were invited to participate in this follow-up study. We were specifically interested in
whether or not previous use of MHT was associated with a significant effect on cerebral
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circulation in the women who previously participated in the KEEPS trial. Previous studies
indicate that postmenopausal women have lower cerebrovascular reactivity than
premenopausal women with similar biological age.[17] Furthermore, when postmenopausal
women who were taking MHT were compared with those who had never taken MHT, those
taking MHT had similar cerebrovascular reactivity to young premenopausal women.[2] Yet,
a short-term intervention with two MHT formulations in postmenopausal women determined
no difference in cerebrovascular reactivity.[18] To date, there is limited information
regarding the long-term outcomes of MHT use, and that any potential MHT effects are
activational, i.e. reversed in the absence of therapy. Thus, our study provides novel
information regarding the effects of cessation of two different formulations of MHT and
suggests that there is only a marginal sustained effect of the treatments after three years.

Estrogen causes dilation of blood vessels by enhancing the production of endothelial-derived
nitric oxide (NO) and prostacyclin (PGl,) through an increase in the expression and activity
of the enzymes endothelial NO synthase, cyclooxygenase, and PGI, synthase [19, 20, 21,
22]. These estrogen-derived changes lead to a decrease in cerebral vascular tone in and an
increase in cerebral blood flow.[20, 21, 22, 23] For example, estrogen administered in
perimenopausal rats led to less vasoconstriction and increased dilation of the MCA,;
however, estrogen treatment in older reproductively senescent rats had the opposite effect.
[20] Thus, estrogen administration in rats could have a negative consequences in the
cerebrovasculature if administered late after menopause which is consistent with the “timing
hypothesis™.[24] Importantly, MHT was initiated early in menopause (six months to three
years) in KEEPS.

In addition to the vasodilatory response to hypercapnia, we also investigated cerebral PI. A
higher cerebral Pl reflects greater pulsatile flow in the cerebral circulation and may
contribute to cerebral small vessel disease.[25] [26] Previous studies have reported that six
months of MHT reduced cerebral Pl with reversal of the effect within three months of
cessation of MHT.[27] [28] Therefore, it seems that any beneficial decrease in cerebral Pl
that may occur during MHT treatment are not sustained long-term, and may even shift to
higher PI. These results are consistent with the findings of the present study that showed no
difference in baseline cerebral Pl (room air condition) among groups in primary or
secondary analysis. We did report an interesting trend for progressively lower cerebral Pl in
the oCEE group during hypercapnia, but these results should be interpreted with caution due
to high heart rates during 6% hypercapnia.

Our data in the present study may have relevance for migraine. Migraine headaches are
common in young women and the menopausal transition may increase migraine frequency.
[29] Therefore, hormone therapy has been suggested for the management of migraine in
postmenopausal women.[30] Yet, there are studies that report worsening migraine symptoms
after MHT in postmenopausal women.[31] This controversy may be related to the study
population (i.e. women with history of migraine vs. no history of migraine) or due to the
acute and chronic effects of MHT on the cerebral circulation. Chronic effects of estrogen on
the cerebral blood vessels may take several weeks [32] or several months.[33] In contrast, a
single dose of intranasal estrogen may increase cerebral blood flow over several hours,
suggesting that non-genomic mechanisms may be responsible for this transient change in
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cerebral hemodynamics.[34, 35]. Because we did not observe sustained differences in
cerebral hemodynamics in the women treated with hormones, our study would suggest that
effects of MHT may not sustain to alter migraine incidence or severity. However, additional
studies are needed to determine the impact of MHT on cerebral hemodynamics in women
with a history of migraine.

There are several methodological considerations with our experimental approach. First,
transcranial Doppler was used to measure cerebrovascular reactivity, and therefore, blood
velocity to was used to estimate blood flow of the MCA. Measuring MCAv using Doppler is
an ideal approach to determine the beat-by-beat changes during hypercapnia. Changes in
MCAV correspond to hypercapnia-related changes in cerebral blood flow to hypercapnia
measured using other techniques [36, 37, 38]. Blood velocity is a reliable indicator of flow
when diameter or cross-sectional area of the insonated vessel is constant. Accordingly, there
are minimal changes in MCA cross-sectional area during hypercapnia when measured using
MRI or angiography,[37, 39, 40, 41] although more recent studies have shown that
vasodilation of the MCA may occur with large increases in ETCO,.[42] Furthermore,
altered arterial CO, (during hypercapnia) induces changes in the microvasculature
downstream from the MCA allowing the use of MCA velocity as an indicator of cerebral
blood flow.[37, 40] A previous study showed differences in the magnitude of change in
MCA diameter between young and older adults, so it is important to note that the women in
our study were of similar ages.[43]

In our analysis, we used the summary statistic approach tested on slope-based reactivity
measures and repeated measures models fit for each outcome to further assess potential
differences in cerebrovascular reactivity and examine the robustness of our results. Because
these two analytic techniques result in slightly different conclusions for the combined MHT
group, both are presented in detail (see Supplement). One explanation for the difference in
statistical results is due to our small sample size, given that tests from repeated measures
models are more sensitive than tests comparing univariate statistics for the hypercapnia
responses. Reducing the four serial measurements to a single slope estimate per participant
will inevitably result in loss of (potentially important) quantitative information. The repeated
measures statistical analysis makes complete use of the available data and is considered
more statistically efficient. An additional advantage of the repeated measures approach is the
ability to test, not only whether reactivity differed among MHT groups, but also to test for
an overall shift in the cerebrovascular measure (before and during hypercapnia) due to prior
MHT use.

This study was a cross-sectional design as cerebrovascular measurements were not collected
in participants either prior to or immediately after 48 months of MHT. While this
information as part of a randomized control would be helpful to clarify the effect of current
use of MHT, the information presented still allows us explore whether any effects of these
lower dose MHT formulations persists up to three years beyond the treatment window.

Cerebral blood flow and its regulation is an important marker of future risk of stroke and
lower cerebrovascular reactivity is associated with an increased risk of stroke and mortality,
[44, 45] as well as cognitive decline.[46, 47, 48] Changes in cerebrovascular reactivity in

Climacteric. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Barnes et al.

Page 8

women around menopause may contribute to the increased risk of stroke that is seen in
postmenopausal women.[49] While MHT may increase cerebrovascular reactivity in
postmenopausal women similar to that seen in premenopausal women,[2] the results of the
present study show that in women who were part of the KEEPS, cerebrovascular reactivity
to hypercapnia is only marginally sustained three years after discontinuation of two different
formulations of MHT compared to placebo. Thus, the effect of previous use of MHT, when
initiated recently after menopause, does not affect cerebrovascular variables years after
cessation of treatment. Importantly, these findings may be especially relevant to cognition
because many of the risk factors for cognitive decline (e.g. hypertension, diabetes,
dyslipidemia, and physical inactivity) are augmented in the postmenopausal stage and are
known to affect the microcirculation across several vascular beds. Thus, studies are thus
needed to: 1) explore mechanisms that may lead to the age-dependent responses to MHT;
and 2) incorporate new interventions that improve and maintain cerebral blood flow
regulation in women after menopause.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

The relationship between end-tidal CO, (ETCO5,) and middle cerebral artery velocity
(MCAV) stratified by prior MHT assignment (Panel A) among 58 postmenopausal women
(mean values and error bars showing 95% confidence intervals). There were no differences
among the groups in MCAV reactivity (p=0.165; Panel B). The grey diamond indicates the
mean and the grey bar indicates the median value on Figure 1B. oCEE = oral conjugated
equine estrogen (green); PLA = placebo (blue); tE2 = transdermal 17-p estradiol (red).
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Figure 2.

The relationship between end-tidal CO, (ETCO5) and cerebrovascular conductance index
(CVCi) stratified by prior MHT assignment (Panel A) among 58 postmenopausal women
(mean values and error bars showing 95% confidence intervals). There were no differences
among the groups in CVCi reactivity (p=0.675; Panel B). The grey diamond indicates the
mean and the grey bar indicates the median value on Figure 2B. oCEE = oral conjugated
equine estrogen (green); PLA = placebo (blue); tE2 = transdermal 17-p estradiol (red).
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Figure 3.

The relationship between end-tidal CO, (ETCO5) and mean arterial pressure (MAP)
stratified by prior MHT assignment (Panel A) among 58 postmenopausal women (mean
values and error bars showing 95% confidence intervals). There was a modest, yet
nonsignificant trend for a difference in MAP Reactivity between groups when analyzed with
repeated measures modeling (p=0.051). The grey diamond indicates the mean and the grey
bar indicates the median value on Figure 3B. oCEE = oral conjugated equine estrogen
(green); PLA = placebo (blue); tE2 = transdermal 17-f estradiol (red).
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Table 1.
Participant Characteristics
PLA tE2 oCEE p +
(n=23) (n=20) (n=15) -value
Age, yr 60 +3 60 £3 60 3 0.930
Height, cm 165+ 4 166 + 4 161+6 0.008
Weight, kg 77+10 73+15 7212 0.410
BMI, kg/m? 284 275 28+4 0.440
Waist circumference, cm 91+£10 87 +12 90+11 0.373
Systolic BP, mmHg 125+ 13 125+ 11 124 + 16 0.976
Diastolic BP, mmHg 77+9 7+7 77+8 0.995
Mean BP, mmHg 93+10 93+8 93+11 0.994
Fasting glucose, mg/dL 93+9 95+8 96 + 6 0.685
Total cholesterol, mg/dL 210 + 26 201 + 30 208 +24 0.515
HDL cholesterol, mg/dL 64 £19 65+13 67 £19 0.901
LDL cholesterol, mg/dL 126 + 25 116 £ 31 117+ 19 0.401
Triglycerides, mg/dL 98 + 32 96 + 39 119 + 69 0.293
hs-CRP, mg/dL 0.16+0.16 0.17+0.15 0.31+0.25 0.087%

Mean + SD. BMI = body mass index; BP = blood pressure; HDL = high density lipoprotein; LDL = low density lipoprotein; oCEE = oral
conjugated equine estrogen; PLA = placebo; tE2 = transdermal 17-f estradiol.

fP-vaIue from one-way ANOVA. Participant characteristics were comparable among groups except for lower height in the oCEE group compared
with PLA and tE2 groups (overall test P=0.008; oCEE vs. PLA, P=0.014; oCEE vs. tE2, P=0.003).

’thsCRP values were log-transformed prior to statistical testing to satisfy normality assumptions.
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Table 2.

Cerebrovascular Reactivity Measures According to Prior Treatment Group

Page 16

Summary Statistic Analysis Repeated M easures
Analysis
MHT
’ T P-value
Variable PLA tE2 oCEE value|  P-value ;
P-value (slope) (shift)
M CAv Reactivity, cm/sYmmHg
Primary: PLA vs. tE2 vs. oCEE 1.44+095 1.74+0.098 0.165 0.094*  00647F
1.18+£0.71
Secondary: PLA vs. MHT 1.57 £ 0.96 0.107 0.070 0.029
CVCi Reactivity, cm/SmmHg/mmHg
Primary: PLA vs. tE2 vs. oCEE 068 + 0.57 0.82+0.70 0.85%0.75 0.675 0.853 0.192
.68 + 0.
Secondary: PLA vs. MHT 0.83+0.71 0.378 0.574 0.075
MAP Reactivity, mmHg/mmHg
Primary: PLA vs. tE2 vs. o0CEE 0.77+£0.64 1.09x0.70 0.342 0.0517% 0.742
0.77£0.83
Secondary: PLA vs. MHT 0.91+0.67 0.493 0.063 0.946

Mean + SD. MCAv=middle cerebral artery velocity; CVCi=cerebrovascular conductance index; MAP=mean arterial blood pressure; MHT=
menopausal hormone therapy; oCEE = oral conjugated equine estrogen; PLA = placebo; tE2 = transdermal 17-f estradiol.

fP—vaIue from ANOVA of the differences in slope.

*

Individual contrast of oCEE vs. PLA was significant (P<0.05). Both the summary statistic (primary analysis) and the repeated measures
(sensitivity analysis) methods were used to test for a difference in slopes (reactivity) across treatments. There were no significant differences in
slope using the summary approach whereas the modeling approach, which capitalizes on the full information of repeated measurements, showed
trends toward treatment-varying reactivity for MCAv and MAP. Furthermore, the repeated measure models provided tests for an overall shift effect
from a treatment effect, demonstrating a borderline to significant overall effect in MCAv (overall 3-group comparison, £=0.064; 2-group
comparison, £=0.029), and a trend toward an overall shift in CVVCi in the PLA vs. MHT contrast (P=0.075).
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