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Abstract

Background and Objectives

The menopause transition is increasingly recognized as a time of importance for women’s brain
health. A growing body of work indicates that the classic menopausal symptom, vasomotor
symptom (VMS), may be associated with poorer cardiovascular health. Other work links VMS
to poorer cognition. We investigate whether VMS, when rigorously assessed using physiologic
measures, are associated with greater white matter hyperintensity volume (WMHYV) among
midlife women. We consider a range of potential explanatory factors in these associations and
explore whether VMS are associated with the spatial distribution of WMHV.

Methods

Women aged 45-67 years and free of hormone therapy underwent 24 hours of physiologic
VMS monitoring (sternal skin conductance), actigraphy assessment of sleep, physical measures,
phlebotomy, and 3 Tesla neuroimaging. Associations between VMS (24-hour, wake, and sleep
VMS, with wake and sleep intervals defined by actigraphy) and whole brain WMHV were
considered in linear regression models adjusted for age, race, education, smoking, body mass
index, blood pressure, insulin resistance, and lipids. Secondary models considered WMHYV in
specific brain regions (deep, periventricular, frontal, temporal, parietal, and occipital) and
additional covariates including sleep.

Results

The study sample included 226 women. Physiologically assessed VMS were associated with
greater whole brain WMHYV in multivariable models, with the strongest associations observed
for sleep VMS (24-hour VMS, B[SE] = 0.095 [0.045], p = 0.032; Wake VMS, B[SE] = 0.078
[0.046], p = 0.089, Sleep VMS, B[SE] = 0.173 [0.060], p = 0.004). Associations were not
accounted for by additional covariates including actigraphy-assessed sleep (wake after sleep
onset). When considering the spatial distribution of WMHYV, sleep VMS were associated with
both deep WMHYV, periventricular WMHYV, and frontal lobe WMHYV.

Discussion

VMS, particularly VMS occurring during sleep, were associated with greater WMHYV. Identi-
fication of female-specific midlife markers of poor brain health later in life is critical to identify
women who warrant early intervention and prevention. VMS have the potential to serve as
female-specific midlife markers of brain health in women.
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Glossary

BMI = body mass index; CVD = cardiovascular disease; DBP = diastolic blood pressure; FLAIR = fluid-attenuated inversion
recovery; FOV = field of view; HDL = high-density lipoprotein-cholesterol; hsCRP = high sensitivity C-reactive protein;
HOMA = homeostatic model assessment; IMT = intima-media thickness; MPRAGE = magnetization-prepared rapid gradient
echo; RSD = relative SD; SBP = systolic blood pressure; SNRI = serotonin norepinephrine reuptake inhibitor; SSRI = selective
serotonin reuptake inhibitor; TE = echo time; TI = inversion time; TR = repetition time; VMS = vasomotor symptom;
WASO = wake after sleep onset; WMHYV = white matter hyperintensities.

The menopause is an important reproductive transition for
many midlife women. The menopause is characterized by ir-
regularity and ultimately cessation of menses, changes in sex
steroid hormones and characteristic symptoms. The meno-
pause transition is increasingly appreciated to be important to
brain health and is accompanied by changes in cognitive
performance'™ and possibly brain structure and metabolism.*
Although prior work on the relationship of menopause to brain
health has largely focused on menopause-related changes in sex
hormones such as estradiol (E2),*° emerging data underscore
the importance of other menopause-related factors.®

Hot flashes and night sweats, collectively known as vasomotor
symptoms (VMS), are the classic menopause symptoms that are
experienced by over 70% of women.” For a third of women,
VMS are frequent or severe.”® Although VMS were once be-
lieved to last for only a few years, new data indicate that frequent
or moderate-severe VMS last on average 7-10 years and for
many women, much longer.”'® VMS have long been regarded as
midlife symptoms important to quality of life. However, a bur-
geoning body of data links them to physical health. For example,
multiple studies have found more frequent VMS associated with
an adverse cardiovascular disease (CVD) risk factor profile,
greater subclinical CVD, and increased risk of clinical CVD
events.'"™"® These associations are typically not explained by
endogenous sex steroid hormones such as estradiol (E2).

Some limited data suggest that VMS may also be linked to
markers of cerebrovascular health and specifically the volume
of brain white matter hyperintensities (WMHVs). Lesions in
the white matter appear as WMHs on T2-weighted MRIL
WMHs are a marker of cerebral small vessel damage believed
to develop because of small vessel disease and linked to later
cognitive decline, dementia, and mortality.'* Because they can
be detected decades before the onset of these brain
disorders,">'¢ they can serve as early markers for risk of de-
velopment of these brain disorders. We previously reported
the results of a pilot study of 20 women showing that VMS,
particularly physiologically assessed nocturnal VMS, are as-
sociated with greater WMHV."” However, because this was a
small pilot study, further investigation of VMS-WMH asso-
ciations in an adequately powered study with rigorous con-
sideration of confounders and mechanisms is warranted.

Thus, this study tested the primary research hypothesis that
more frequent VMS, particularly physiologically assessed
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VMS during sleep, would be associated with greater WMHYV.
We tested this hypothesis among 226 midlife women par-
ticipating in the MsBrain study. We used physiologic assess-
ments of VMS given prior findings demonstrating that links
between VMS and neurocognitive health were specific to
physiologically assessed VMS,'®'® particularly VMS during
sleep.”® We tested whether associations between VMS and
WMHYV persisted when adjusting for a range of potential
factors including CVD risk factors. Furthermore, because
prior data have suggested the potential for a differential eti-
ology or clinical implications of WMHs depending on their
spatial location,”" we explored associations between VMS and
WMHYV in specific brain regions. In additional models, we
considered other potential explanatory factors such as
actigraphy-assessed sleep, endogenous E2, depressive symp-
toms, and inflammation.

Methods

Sample

Women assigned female at birth and aged 45-67 years were
enrolled in the MsBrain Study, a study of menopause and brain
aging. Women were recruited between 2017 and 2020 from the
Allegheny County, PA community through advertisements in
local registries, fliers and brochures placed in community lo-
cations, listservs and electronic mailing lists, and from the
MsHeart study, a study of nonsmoking women free of clinical
CVD who were previously studied for menopause and car-
diovascular health.** Inclusion criteria were being aged 45-67
years, having a uterus and at least 1 ovary, and being late
perimenopausal or postmenopausal status (no menstrual pe-
riods in the past 2 months).”® Exclusion criteria included a
reported history of stroke or cerebrovascular accident, de-
mentia, seizure disorder, brain tumor, or Parkinson disease; a
history of head trauma with loss of consciousness for >60 mi-
nutes; contraindications to MRI; active substance use (estab-
lished through urine toxicology screen and interview); current
chemotherapy; pregnancy; a history of hysterectomy and/or
bilateral oophorectomy or other procedure that resulted in
permanent end of menses; current intrauterine device; and
current use of select medications affecting VMS, including
hormone therapy (oral or transdermal estrogen and/or pro-
gesterone), selective estrogen receptor modulators, aromatase
inhibitors, selective serotonin reuptake inhibitors (SSRIs), or
serotonin norepinephrine reuptake inhibitors (SNRIs).
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Standard Protocol Approvals, Registrations,
and Patient Consents

All study procedures were reviewed and approved by the
University of Pittsburgh Human Research Protection Office.
All participants provided written informed consent.

Participant Assessments

Screening, Physical Measures, and Questionnaires
Women responding to study advertisements or a recruitment
letter contacted this study and underwent telephone screen-
ing procedures with a trained staff member. Women who met
initial eligibility criteria through telephone subsequently came
to the study laboratory for further orientation and in-person
screening and consenting procedures. Conducted by a trained
study staff member, in-person screening procedures included
a medical history interview (medical, reproductive, and psy-
chiatric history, current medication use) and a urine toxicol-
ogy screen. Eligible participants subsequently completed
physical measures. Height was measured using a fixed stadi-
ometer and weight using a balance beam scale. Body mass
index (BMI) was calculated [weight (kg)/ height2 (m)].
Systolic blood pressure (SBP) and diastolic blood pressure
(DBP) were the average of 3 seated measurements taken
using a Dinamap v100. Women also completed written
questionnaires assessing demographics and health behaviors,
including smoking, alcohol use, and current and prior sub-
stance use. Race/ethnicity was self-reported. Educational at-
tainment was assessed as years of completed education
(classified as high school/vocational, college graduate, and
>college). Depressive symptoms were assessed using the
Center for Epidemiologic Studies Depression Scale.**

Ambulatory VMS Monitoring

Participants were equipped with a VMS monitor and VMS
diary to undergo 3 days of ambulatory VMS monitoring, the
first 24 hours of which included physiologic VMS monitoring.
The wearable VMS monitor (VU-AMS S fs, VU University
Amsterdam, the Netherlands) quantifies VMS through sternal
skin conductance, a validated physiologic measure of VMS.**
Participants wore the VU-AMS monitor for 24 hours, after
which time they removed it and stored it in a carrying case.
Women reported VMS on the monitor by completing an
electronic diary and pressing event mark buttons on the VU-
AMS monitor. For the remaining 2 days, women completed
the VMS diary (Moto GSS Plus 4 G LTE, Motorola, Chicago,
IL; MovisensXS software, movisens GmbH, Karlsruhe, Ger-
many), which provided a date-stamped and time-stamped
VMS report. After monitoring, VMS data were downloaded
and scored using UFI software (DPS; Morro Bay, CA)
according to validated methods that have demonstrated re-
liability, including in the present laboratory and for this study
(k = 0.89). Only physiologic VMS files with >70% of usable
data were included. VMS during wake and sleep were cate-
gorized based on actigraphy-defined wake and sleep times.
VMS rates were calculated as the number of VMS/monitoring
time and standardized to a 24-hour day (17 hours wake, 7
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hours sleep) to account for variations in monitoring durations
across women.

Actigraphy

For the 3 days of monitoring, women also wore a Actiwatch 2
wrist actigraph unit on the wrist of the nondominant hand
(Respironics, Inc., Murrysville, PA)*® and completed a sleep
diary.”” Actigraphy data were collected in 1-minute epochs
and analyzed with Philips Actiware v6.0.0 software, with a
wake threshold of 40 and the number of epochs of sleep/wake
for sleep onset/offset of 10. Wake after sleep onset (WASO;
minutes of wakefulness between actigraphy-defined sleep
onset time and actigraphy-defined final wake time) was our
primary sleep measure given its relationship to WMHYV in this
sample.”®

Phlebotomy

After the ambulatory monitoring period, participants returned
to the laboratory in the morning (approximately 6:00-10:00
AM) after an overnight fast and underwent phlebotomy.
Glucose, insulin, and lipids (high-density lipoprotein-
cholesterol [HDL-C], triglycerides) were assessed using an
enzymatic assay or immunoturbidimetric assay. Low-density
lipoprotein was calculated using the Friedewald equation.”
Homeostatic model assessment (HOMA) for insulin re-
sistance was calculated as [ (fasting insulin x fasting glucose)/
22.5].%° High-sensitivity C-reactive protein (hsCRP) was
assessed using ELISA (R&D Systems, DCRP00), with a
sensitivity of 0.10 pg/mL, interassay CV of 6.0%-7.0%, and
intra-assay CV of 3.8%-8.3%. E1 and E2 were measured at the
University of Pittsburgh’s Small Molecule Biomarker Core
using ultra-performance liquid chromatography-tandem mass
spectrometry, the reference method for the measurement of
estrogens in postmenopausal women.*"** The El and E2
assays had a lower limit of quantitation of 1.0 pg/mL; and for
E2, intraday errors <8.1% and relative SDs (RSDs) < 10.4%
and interday errors <5.0% and RSD <7.4%; and for El, in-
traday errors <15.0% and RSD < 11.2% and interday errors
<11.0% and RSD <10.9%. FSH was assessed using a com-
mercially available ELISA from Cayman Chemical Co.
(#500710; interassay CVs of 4.5%-8.9% and intra-assay CVs:
1.0%-4.5%). Genotypes for 2 APOE polymorphisms,
15429358 (APOE*4) and rs7412 (APOE*2), were determined
using TagMan genotyping assays.” Because of the strong linkage
disequilibrium between the 2 sites, this is also treated as a three-
allele APOE polymorphism: APOE*2, APOE*3, and APOE*4,
resulting in 6 genotypes (2/2, 2/3,2/4, 3/3, 3/4, 4/4). Partic-
ipants were classified as either APOE*4 positive (2/4, 3/4, 4/4)
or negative (2/2,2/3, 3/3) for analysis; we also considered this
categorization excluding women who were APOE*2 positive. As
findings were comparable, findings based on the full sample are
reported here.

Carotid Ultrasound

Participants also underwent a carotid ultrasound for assess-
ment of intima-media thickness (IMT). Sonographers at the
University of Pittsburgh’s Ultrasound Research Laboratory
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obtained bilateral carotid images through B-mode ultrasound
using a Sonoline Antares (Siemens, Malvern, PA) high-resolution
duplex scanner equipped with a VF10-5 transducer.”*** Digitized
images were obtained at end-diastole from 8 locations (4 loca-
tions each from the left and right carotid arteries): the near and far
walls of the distal common carotid artery, the far walls of the
carotid bulb, and the internal carotid artery. Images were read
using semiautomated reading software.*® IMT was the mean of
the readings across the 8 locations. Reproducibility was excellent
(intraclass correlation coefficient between sonographers >0.87,
between readers = 0.92).

MRI

Participants completed MRI scanning, which was performed
at the MR Research Center of the University of Pittsburgh at
an average of 11.37 days (SD = 7.32) from the VMS mea-
surements. A 3 T Siemens Tim Trio MR scanner was used,
with a Siemens 64-channel head coil. Two series of MR images
were analyzed for this study: a magnetization-prepared rapid
gradient echo (MPRAGE) T1-weighted sequence and T2-
weighted (T,w) fluid-attenuated inversion recovery (FLAIR)
sequence. MPRAGE images were acquired in the axial plane
using the following parameters: repetition time (TR) = 2,400
ms, echo time (TE) = 2.22 ms, inversion time (TI) = 1,000 ms,
flip angle = 8°, field of view (FOV) = 256 x 240 mm, slice
thickness = 0.8 mm, voxel size = 0.8 x 0.8 mm, matrix
size =320 x 300, and number of slices =208. FLAIR images
were acquired in the axial plane using the following parameters:
TR = 9,690 or 10000 ms, TE = 91 ms, TI = 2,500 ms, flip
angle = 135°, FOV = 256 x 256 mm, matrix = 320 x 320, slice
thickness = 1.6 mm, voxel size = 0.8 x 0.8 mm, and number of
slices = 104. The small change in TR from 9,690 to 10,000 was
performed 1 year into this study to meet the Specific Absorp-
tion Rate human safety guidelines for participants with a higher
BMI. This change slightly increased the time of acquisition but
had minimal effect on image contrast.

An automated pipeline was used to segment WMHs on the
T,w FLAIR images using methods developed previously.>”**
For each participant, cerebral and cerebellar white matter were
segmented on the T;w image and mapped into the T,w FLAIR
image space using SPM12 (filion.ucl.ac.uk/ spm/ ) and Free-
Surfer (version 7.1.1, surfer.nmr.mgh.harvard.edu/). Because
there were very few lesions in the cerebellum in our partici-
pants, cerebellar whiter matter represented normal appearing
white matter, and its intensity mean and standard deviation
were used for Z-transform of the T2w FLAIR image. Manual
inspection of each image was performed to rule out cerebellar
WMHs. A threshold of 2 was then applied on Z-transformed
FLAIR images. This method uses individual mean and standard
deviation from normal cerebellar white matter to standardize
individual FLAIR images, which avoids systematic bias in seed
selection between participants with significant cerebral WMHV
vs those with few WMHYV. Z-transformation also reduces in-
tensity variations across individual FLAIR images. In Free-
Surfer, white matter was also parcellated according to its
nearest cortex with the Desikan/Killiany atlas, which was used
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to generate the cortical white matter masks for the frontal,
temporal, parietal, and occipital lobes for the localization of
WMHUV. Specifically, white matter parcellations corresponding
to frontal cortex regions in the Desikan/Killiany atlas were
combined to create a frontal cortical white matter mask to
localize frontal WMH. Similarly, cortical white matter masks
were generated for temporal, parietal, and occipital lobes.
These lobular cortical white matter masks did not overlap each
other and were combined to create an overall cortical/deep
white matter mask. White matter surrounding the ventricles
that is not part of the cortical/deep white matter mask com-
prised the periventricular white matter mask. These lobular
cortical and periventricular white matter masks allow us to
investigate additional models of regional WMHYV. The total
and regional WMHYV (in cubic centimeters) were normalized
by intracranial volumes and log transformed for analysis.

Statistical Analysis

Variables were examined for distributions, outliers, and cell sizes.
WMHYV, BMI, WASO, El, and E2 were log transformed to
conform to model assumptions of normality. Bivariate relations
between study variables and WMHYV were examined using
Pearson and Spearman correlation coeflicients. We tested the
relation of VMS (total, sleep, and wake) to whole brain WMHV
separately in linear regression models. We next considered VMS
in relation to WMHY in specific brain regions (periventricular,
deep, and frontal, temporal, parietal, and occipital lobes). Select
covariates (age, race, and education) were a priori selected for
inclusion in models, and all other covariates were included based
on their relationship with the outcome at p < 0.10. Covariates
included CVD risk factors (smoking, BMI, SBP, antihyperten-
sive medications, triglycerides, HDL-C, and HOMA); only 1
blood pressure variable was included due to the high correlation
between SBP and DBP. In secondary models, we also considered
WASO, hormones (E1, E2, FSH), depressive symptoms,
hsCRP, and carotid IMT as additional covariates and mean ar-
terial pressure (MAP) as an alternate covariate to BP. Effect
modification of VMS-WMH relationships by APOE*4 status was
tested. All tests were 2-tailed with an alpha set to 0.05. Analyses
were conducted using SAS v9.4 (SAS Institute, Cary, NC).

Data Availability

The data and associated materials that support the findings of
this study are available from the corresponding author on
reasonable request.

Results

Of the 664 who underwent initial telephone screening, 274
women met eligibility criteria, were enrolled, and underwent
study procedures and 239 of these women also underwent
neuroimaging. The 239 women who underwent neuro-
imaging, relative to the 35 women who did not, had higher
education (16 years vs 14 years, p = 0.03) and a lower BMI
(27.12 vs 30.80, p = 0.04). Of these 239 women, 8 women
were excluded because of detection of brain tumor, stroke, or
seizure disorder and 5 because of a history of chemotherapy.
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Thus, the final sample for analysis was N = 226. Furthermore,
2 additional women missing phlebotomy data resulted in
N = 224 for models incorporating blood-based biomarkers.

Participants were on average age 59 years, overweight, and
normotensive (Table 1). The women had on average ap-
proximately S physiologically detected VMS over a 24-hour
period (approximately 3 during wake and 2 during sleep).

More frequent physiologic VMS were associated with greater
whole brain WMHYV (Table 2, Figures 1-2). When wake and
sleep VMS were considered separately, associations were
most pronounced for sleep VMS. Associations persisted after
adjustment for a range of covariates, including demographic
factors and CVD risk factors.

We next considered associations between physiologic VMS
and regional WMHYV. Physiologically detected VMS, partic-
ularly sleep VMS, were associated with both greater deep
WMHYV and greater periventricular WMHYV (Table 3). When
considering WMHYV in specific brain regions, VMS were most
consistently associated with frontal lobe WMHYV; this pattern
was observed across 24-hour, wake, and sleep VMS.

In additional models, we carefully considered WASO as a
covariate given the pronounced associations between sleep VMS
and WMHYV here and prior findings of links between WASO
and WMHYV in this cohort*® However, when adjusting for
WASO, the associations between sleep VMS and WMHYV per-
sisted (e.g,, sleep VMS and whole brain WMHYV, B[SE] = 0.174
[0.060], p = 0.004, controlling for age, race, education, CVD risk
factors, and WASQO). We also considered additional covariates
endogenous E2, E1, FSH, depressive symptoms, hsCRP, or ca-
rotid IMT in multivariable models, and associations between
VMS and WMHYV persisted (data not shown). Furthermore, we
considered MAP instead of SBP as a covariate in multivariable
models, and findings were similar (data not shown). Moreover,
21.2% (N = 48) of participants were APOE*4 allele carriers, and
we considered modification of associations between VMS and
WMHYV (whole brain and regional) by APOE*4 status. No
significant effect modification was observed (VMS and APOE*4
interaction p-values >0.21). Finally, we examined whether self-
reported VMS were associated with WMHYV. Self-reported
VMS were not significantly associated with WMHYV in mul-
tivariable models (e.g., 24-hour VMS, B[SE] = 0.035 [0.058],
p = 0.55; wake VMS, B[SE] = 0.054 [0.066], p = 0.41; sleep
VMS, B[SE] =-0.020 [0.104], p = 0.85, adjusted for age, race/
ethnicity, education, CVD risk factors).

Discussion

In this study of over 200 midlife women, those with more
physiologically detected VMS, particularly VMS occurring
during sleep, had greater brain WMHYV. These relationships
were not explained by CVD risk factors or by sleep (WASO)
nor by endogenous E2 levels or depressive symptoms.
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Table 1 Participant Characteristics

N 226

Age, M (SD), range 59.17 (4.27), 45.00-67.00

Race/ethnicity, N (%)

White 185 (81.86)
Black 30(13.27)
Asian or mixed race/ethnicity 11 (4.86)

Years of education, M (SD), range 15.77 (2.36), 10.00-20.00

BMI, median (IQR), range 26.74 (23.80, 31.87), 19.63-51.41

SBP, mm Hg, M (SD), range 118.55 (14.60), 89.67-199.33

DBP, mm Hg, M (SD), range 68.33 (8.91), 51.33-98.00

LDL, mg/dL, M (SD), range 119.64 (35.66), 39.20-258.20

HDL, mg/dL, M (SD), range 70.73 (20.80), 32.00-157.00

Triglycerides, mg/dL, median (IQR), range 91.00 (69.00, 122.50), 30.00-411.00

HOMA, Median (IQR), range 2.76 (1.21, 4.05), 0.001-43.67

Current smoking, N (%) 3(1.33)
Antihypertensive medication use, N (%) 41 (18.14)
Menopause stage, N (%)
Perimenopausal 2(0.88)
Postmenopausal 224(99.12)

Depressive symptoms (CESD Scores),
median (IQR), range

6.00 (3.00, 10.00), 0.00-42.00

Physiologic VMS,* median (IQR), range

24-hour 4.96 (1.00, 10.33), 0.00-28.99
Wake 2.75(0.00, 7.02), 0.00-23.10
Sleep 1.71(0.00, 3.78), 0.00-10.23

Self-report VMS,* median (IQR), range

24-hour 0.33(0.00, 2.33), 0.00-22.98
Wake 0.00 (0.00, 1.60), 0.00-15.23
Sleep 0.00 (0.00, 0.60), 0.00-7.95

WMHV, median (IQR), range

Whole brain 0.065 (0.043, 0.102), 0.012-0.563

Deep 0.013 (0.007, 0.026), 0.0006-0.221

Periventricular 0.050 (0.033, 0.078), 0.007-0.361

Frontal 0.003 (0.002, 0.006), 0.000-0.138
Parietal 0.0009 (0.0001, 0.003), 0.000-0.068
Temporal 0.003 (0.001, 0.006), 0.000-0.031
Occipital 0.003 (0.0008, 0.009), 0.000-0.146

Abbreviations: BMI = body mass index; CESD = Center for Epidemiologic
Studies of Depression Scale; DBP = diastolic blood pressure; HDL-C = high-
density lipoprotein-cholesterol; HOMA = homeostatic model assessment;
LDL = low-density lipoprotein; SBP = systolic blood pressure; VMS = vaso-
motor symptoms; WMHV = white matter hyperintensity volume.

@To account for variations in monitoring time, VMS expressed as the num-
ber of VMS/monitoring time and standardized to a 24-hour day (17 hours
wake, 7 hours sleep).

®WMHV expressed as cm®/intracranial volume.
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Table 2 Associations of Physiologically Assessed VMS to
Whole Brain WMHV

WMHV

Model 1 B(SE) Model 2 B(SE)

VMS
24-hour 0.087 (0.044)* 0.095 (0.044)*
Wake 0.078 (0.046)t 0.078 (0.046)t
Sleep 0.128 (0.060)* 0.173 (0.060)**

Abbreviations: BMI = body mass index; HDL-C = high-density lipoprotein-
cholesterol; HOMA = homeostatic model assessment; ICV = intracranial
volume; SBP = systolic blood pressure; VMS = vasomotor symptoms; WMHV
= white matter hyperintensity volume.

tp <.10, *p < .05, **p < .01.

Note: VMS expressed as number/monitoring time and standardized to a 24-
hour day (17 hours wake, 7 hours sleep), log transformed; WMHV normal-
ized by ICV, log transformed; BMI, HOMA, triglycerides log transformed.
Model 1: Adjusted for age, race/ethnicity, education; Model 2: Model 1 + BMI,
smoking, SBP, antihypertensive medications, HOMA, HDL-C, triglycerides.

Associations were observed for both deep and periventricular
WMHY yet were most pronounced for WMHYV in the frontal
lobe. These findings underscore the potential importance of
VMS, particularly nocturnal VMS, for women’s brain health.

Our findings are consistent with a growing body of literature
underscoring the potential significance of VMS to women’s
cardiovascular and brain health. A burgeoning literature

underscores the associations between VMS and CVD risk
factors as well as clinical CVD.''™3 Emerging data also show
VMS, particularly physiologically assessed VMS'® during
sleep,” related to poorer cognitive performance. Finally, our
pilot work links sleep physiologic VMS to WMHV.'” Thus,
our findings importantly add to this literature with the most
definitive study to date linking VMS to WMHY, with a large
sample size, state-of-the-art assessments of VMS, and rigorous
assessment of covariates and potential mechanisms.

Associations between VMS and WMHYV were observed for
physiologically detected VMS but not self-reported VMS.
Subjective reports of VMS are critical to understanding their
implications for quality of life. However, the importance of
assessing VMS physiologically when considering their impli-
cations for brain health has become increasingly clear. Prior
work has underscored the specificity of links between physi-
ologically assessed VMS, but not self-reported VMS and in-
dicators of brain health.’ The reasons for this pattern of
findings are likely multiple. It is well established that VMS are
underreported relative to physiologic assessments.”>*” The
accuracy of VMS reports during sleep is a particular challenge,
with these reports influenced by the quality of the sleep
itself*>*° Furthermore, self-reported VMS are subject to
multiple influences; for example, negative mood can increase
VMS reports41
to VMS reporting masquerade as the absence of subjective
VMS.* Therefore, self-reported VMS are important to

and poorer memory and nonadherence

Figure 1 Scatterplots of Residuals for Associations Between 24-Hour Vasomotor Symptoms (VMS) (A), Wake VMS (B), and
Sleep VMS (C) and White Matter Hyperintensity Volume (WMHV)
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Figure 2 MRI Scans of White Matter (WM) Hyperintensities in Representative Women With No, Medium, and High-Frequency

Vasomotor Symptoms (VMS).
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Lobular cortical WM masks of MHO12 are depicted: red/green—right/left frontal WM, blue/pink—right/left temporal WM, yellow/cyan—right/left parietal WM,

and white occipital WM.

understanding the subjective experience of VMS, but physi-
ologic assessments of VMS are vital to understanding their
potential mechanistic links to health.

We also considered whether VMS were associated with a specific
spatial distribution of WMHs. WMHs are heterogenous in origin,
and it has been postulated that their location may be relevant to
their etiology and dlinical implications.*" Associations between
VMS and WMHV were observed for both periventricular
WMHYV and deep WMHV. In this study, VMS were most asso-
ciated with frontal WMHYV. Some prior data indicate that WMHs
may emerge earlier in life (ie., the fifth decade of life) within the
frontal region compared with other locations.”! However, in this
study, the distributions of frontal lobe WMHYV were not strikingly
different than those in other brain regions. An increasing body of
research links greater frontal lobe WMHYV to adverse CVD risk
factors,** particularly hypertension.” Notably, we did observe that
associations between VMS and WMHYV (whole brain or frontal)
persisted after controlling for CVD risk factors, suggesting that

these risk factors, at least when assessed in midlife, do not fully
explain associations between VMS and frontal WMHYV. However,
the present findings are overall consistent with prior literature
linking VMS to cardiovascular health and expand these associa-

tions to indicators of cerebrovascular health.

Several mechanisms may link VMS to WMHs. We considered
both the standard and novel CVD risk factors such as blood
pressure, lipids, insulin resistance, hsCRP, and carotid athero-
sclerosis, which have been linked to VMS'> and WMHV*™*,
however, these factors did not explain associations between
VMS and WMH. We further considered endogenous E2 with
rigorous assessments of E2 sensitive to the low levels of E2
observed in postmenopausal women. We also considered E1,
an estrogen largely produced by body fat, and the gonado-
tropin FSH. However, neither E2, E1, nor FSH explained
VMS-WMHYV associations. We also considered depressive
symptoms, yet depressive symptoms played little role in as-
sociations. Finally, we carefully considered sleep for several

Table 3 Associations of Physiologically Assessed VMS to Regional WMHV

WMHV
Deep B(SE) Periventricular B(SE) Frontal B(SE) Parietal B(SE) Temporal B(SE) Occipital B(SE)
VMS
24-hour 0.135 (0.069)t 0.081 (0.043)t 0.238 (0.078)** 0.130 (0.125) 0.171 (0.085)* 0.147 (0.109)
Wake 0.131 (0.072)t 0.058 (0.045) 0.191 (0.082)* 0.072 (0.130) 0.153 (0.089)t 0.195 (0.114)t
Sleep 0.199 (0.094)* 0.164 (0.059)** 0.341 (0.107)** 0.310 (0.170)t 0.206 (0.117)t 0.143 (0.150)

Abbreviations: BMI = body mass index; HDL-C = high-density lipoprotein-cholesterol; HOMA = homeostatic model assessment; ICV = intracranial volume;
SBP = systolic blood pressure; VMS = vasomotor symptoms; WMHV = white matter hyperintensity volume.

tp <.10, *p < .05, **p <.01.

Note: VMS expressed as number/monitoring time and standardized to a 24-hour day (17 hours wake, 7 hours sleep), log transformed; WMHV normalized by

ICV, log transformed; BMI, HOMA, triglycerides log transformed.

Covariates: age, race/ethnicity, education, BMI, smoking, SBP, antihypertensive medications, HOMA, HDL-C, triglycerides.
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reasons. The most pronounced associations between VMS and
WMHY observed here and in prior work were for sleep VMS. In
this cohort, nocturnal VMS have been associated with wakening46
and WASO has been linked to greater WMHV.*® However, in
the present analysis, objective measures of sleep, particularly
WASO, did not explain associations between VMS and WMHV.
Taken together, these findings point to the potential of other
aspects of physiology, particularly nocturnal physiology, as po-
tential mechanisms linking VMS and WMHV.

This work had several limitations. Although the racial/ethnic
composition of the sample was reflective of the region in which
this study was conducted, future work should include more
racially/ethnically diverse samples, particularly greater represen-
tation of Black, Asian, and Hispanic women. This study was
conducted largely among postmenopausal women; future work
should consider a larger number of perimenopausal women who
tend to be among the most highly symptomatic with respect to
VMS. Furthermore, this study enrolled cisgender women; future
research should consider sex diverse cohorts. Women taking
SSRIs/SNRIs were excluded because of the impact of these agents
on VMS, and thus, women with certain mental health conditions
were likely underrepresented here and should be considered in
future work. Furthermore, we considered sex hormones relevant
to the menopause transition and VMS, including E2, E1, and
FSH, but other hormones such as progesterone, luteinizing hor-
mone, or testosterone may also warrant consideration in future
studies. Finally, because this was an observational study, it is
unknown whether sleep VMS play a causal role in WMHV.

This work has several strengths. This work was conducted in a
large sample of well-characterized women. VMS were
assessed through state-of-the-art physiologic measures. Total
and regional WMHYV were considered, lending insight into
any region-specific links with VMS. A range of potential
mechanisms and confounders were considered, including
standard and novel CVD risk factors, objectively assessed
sleep, and rigorously assessed estrogens.

In summary, we found that physiologic VMS, particularly oc-
curring during sleep, were associated with greater brain WMHV.
Findings were not explained by a range of potential confounders
or explanatory factors. These study results call into question the
perception of VMS as a benign midlife symptom of limited
clinical significance and underscore the potential links of VMS
to brain health. Women are at particular risk for poor brain
health as they age, including for stroke and dementia. Although
further work is needed to elucidate whether intervention on
VMS improves brain health, identification of midlife female-
specific markers of brain health hold promise in identifying
targets for early intervention and prevention. These findings
indicate that VMS have the potential to serve as a female-specific
midlife marker of later risk for brain health.
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