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Abstract
Study Objectives:  To evaluate how change in menopausal status related to spectral analysis and polysomnographic measures of sleep 
characteristics.

Methods:  The Study of Women’s Health Across the Nation (SWAN) Ancillary Sleep Study evaluated sleep characteristics of 159 women who 
were initially pre- or early perimenopausal and repeated the assessment about 3½ years later when 38 were pre- or early perimenopausal, 
31 late perimenopausal, and 90 postmenopausal. Participants underwent in-home ambulatory polysomnography for two to three nights. 
Average EEG power in the delta and beta frequency bands was calculated during NREM and REM sleep, and sleep duration, wake after sleep 
onset (WASO), and apnea hypopnea index (AHI) were based on visually-scored sleep.

Results:  The women who transitioned to postmenopause had increased beta NREM EEG power at the second assessment, compared to 
women who remained pre-or early premenopausal; no other sleep measures varied by change in menopausal status. In multivariate models 
the associations remained; statistical controls for self-reported hot flashes did not explain findings. In secondary analysis, NREM beta power 
at the second assessment was greater among women who transitioned into the postmenopause after adjustments for initial NREM beta 
power.

Conclusions:  Sleep duration and WASO did not vary by menopause transition group across assessments. Consistent with prior cross-
sectional analysis, elevated beta EEG power in NREM sleep was apparent among women who transitioned to postmenopause, suggesting that 
independent of self-reported hot flashes, the menopausal transition is associated with physiological hyperarousal during sleep.
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Statement of Significance

This longitudinal study is unique in showing that independent of self-reported hot flashes the transition to postmenopause is associated 
with increased EEG NREM beta power without concomitant changes in PSG-assessed indices of sleep duration or continuity. The pattern of 
increased cortical arousal absent differences in visually-scored sleep is similar to sleep patterns often observed in patients with insomnia.

XX

XXXX

XXXX

https://orcid.org/0000-0001-8013-783X
https://orcid.org/0000-0002-7035-8249
https://orcid.org/0000-0002-1720-1760
https://orcid.org/0000-0002-9146-7890
https://orcid.org/0000-0003-0642-2098
mailto:matthewska@upmc.edu?subject=


2  |  SLEEPJ, 2021, Vol. 44, No. 11

Introduction

The menopausal transition is a reproductive milestone in women 
marked by changes in reproductive hormones and menstrual 
patterns, culminating in the complete cessation of menses. The 
transition is often accompanied by increased vasomotor symp-
toms, negative mood, and sleep complaints [1]. Women report 
increasing sleep disturbance, defined as trouble falling asleep, 
waking up several times, and waking up earlier than planned 
during the transition [2–4]. However, increasing sleep disturb-
ance during the transition is not universal. A  longitudinal 
analysis from the Study of Women’s Health Across the Nation 
(SWAN) showed that about 15% of women reported increasing 
problems staying asleep at least three times per week around 
the natural (i.e. non-surgical) menopause, the time of follicular 
exhaustion and the cessation of menses, although other women 
in the analysis showed either stable sleep symptoms over the 
transition or linear increases across the follow-up period, con-
sistent with age-related increases in sleep complaints [5].

Sleep patterns measured by polysomnography (PSG) 
paint a more complex picture. In the Wisconsin Sleep Study, 
postmenopausal women had more slow-wave sleep and longer 
sleep time, compared to premenopausal women, but also re-
ported being more dissatisfied with their sleep [6]. In 60 pre-
menopausal Finnish women followed for 6  years, elevated 
follicle stimulating hormone (FSH), a marker of menopausal 
status, was related to increased slow wave sleep but no other 
PSG parameters [7]. Similarly, rapid increases in FSH in the seven 
years prior to the SWAN Ancillary Sleep Study were associated 
with greater slow wave sleep and longer total sleep time, yet 
poorer self-reported sleep quality [8]. A  cross-sectional ana-
lysis in the SWAN Ancillary Sleep Study compared menopausal 
groups on delta and beta power based on spectral analysis of 
the electroencephalogram (EEG) [9]. Women who were late peri-
menopausal or postmenopausal had greater EEG beta power 
than premenopausal women, in part due to vasomotor symp-
toms, but the groups did not differ in percent time in various 
sleep stages, total sleep time, or EEG delta power.

Women enrolled in the SWAN Ancillary Sleep Study were in-
vited to participate in a second sleep assessment approximately 
3½ years after their initial assessment. Given the paucity of lon-
gitudinal data using PSG-assessed sleep measured during the 
menopausal transition, we evaluated changes in sleep param-
eters among the women who were initially pre- or early peri-
menopause in relation to their menopausal status at the second 
assessment. We hypothesized that compared to women who 
remained pre- or early peri-menopausal at the second assess-
ment, women who transitioned to late perimenopause or to 
postmenopause would exhibit increased EEG beta power but 
would not differ in EEG delta power, sleep duration, or sleep 
continuity. In addition, we explored whether race/ethnicity im-
pacted the pattern of results.

Methods

Study sample

Women were participants in the Study of Women’s Health 
Across the Nation (SWAN), a longitudinal study of midlife 
women’s transition through the menopause [10]. Each of seven 
sites recruited White women and a minority group; of the 7 

sites, 4 sites participated in the SWAN Ancillary Sleep Study 
[11]. These sites recruited Black, Chinese, and White women. 
In 2002–2005, 370 women were recruited to participate in a 
month-long study of sleep, with 344 women providing PSG 
data while not using hormone therapy. Exclusion criteria were 
having had a hysterectomy or bilateral oophorectomy, use of 
hormone therapy, ongoing cancer treatment, current oral cor-
ticosteroid use, regular consumption of >4 alcoholic drinks/day, 
noncompliance with core SWAN procedures, and regular night 
shift work. Approximately 3½ years later, in 2006–2008, 274 of 
these women with PSG data agreed to participate in a second 
sleep assessment. There were no exclusionary criteria for the 
second assessment. The present sample focused on 159 women 
who had PSG data at both time periods, were not using hormone 
therapy at either time point, were categorized as pre- (N = 17) 
or early peri-menopause (N = 142) at the first sleep assessment, 
and did not have a bilateral oophorectomy after the first sleep 
assessment (see Figure 1).

Ancillary sleep study protocol

Subjective and objective sleep data were collected using question-
naires, daily diaries, actigraphy, and PSG [8, 11]. For women who 
were still menstruating, the sleep protocol began within 7 days of 
the onset of a menstrual period. For three consecutive days, PSG 
data were recorded at the participant’s home with a Vitaport 3 PSG 
recorder (Temec; Keerkade, Netherlands). All three nights the PSG 
montage included EEG recorded at C3 and C4 referred to linked 
mastoids, bilateral electrooculogram (EOG), and bipolar submental 

Figure 1.  Flow diagram of participants in the analytic sample. AQ9



Matthews et al.  |  3

electromyogram (EMG). Night 1 included additional measures to 
evaluate sleep disordered breathing with oral-nasal temperature 
probes evaluating airflow, impedance plethysmography measuring 
chest and abdominal effort, and finger-tip oximetry measuring 
oxygen saturation. To eliminate possible first night effects, only 
PSG from nights 2 and 3 were used and averaged if both available 
(135 women had two nights, 24 had 1 night) [12]. A similar protocol 
was used at the second sleep study assessment, including assess-
ment of sleep-disordered breathing on night 1, but only two nights 
of PSG data were recorded. The second night of PSG was used in 
the analysis for 150 women, and the first night for nine women 
(who did not have a second night.)

The Vitaport 3 digitized the EEG at 256 Hz. Low frequency 
hardware filters were set at 0.3 Hz, and high frequency hard-
ware filters were set at 70 Hz. Digitized data were decimated to 
128 Hz and then analyzed with fast Fourier transformation with 
4-second Hanning tapered windows. Four-second windows with 
artifacts identified by methods of Brunner et al. were eliminated 
[13]. EEG power was averaged separately across all artifact-free 
epochs of NREM and REM sleep for the delta (0.5–4 Hz) band and 
the beta (16–32 Hz) band. These bands were chosen based on 
our previous cross-sectional analyses [9]. Data collected at the 
C3 electrode were used in the analysis across both assessments.

Based on visual scoring of each 20-s epoch, total sleep time 
and minutes awake after sleep onset (WASO) were calculated 
and averaged across the two nights at each of the two assess-
ments. The apnea-hypopnea index (AHI) was determined by the 
number of apneas and hypopneas on night 1 and because of the 
distributions and precedent were coded into categories of 0 to 
<15 and ≥15.

Diaries were completed in the morning upon awakening and 
evening prior to bedtime. The diaries included questions about 
whether or not night sweats or hot flashes had occurred. Based 
on PSG nights only recorded in the morning diary, data were 
coded into any reports of vasomotor symptoms, yes/no. Women 
completed a 13- item insomnia questionnaire, which yields a 
clinical score, yes/no insomnia symptoms [14].

Menopausal status and other participant 
characteristics

Menopausal status was defined using menstrual bleeding cri-
teria and was determined at the annual visit closest to the time 
of the sleep studies. Premenopause was defined as menstrual 
bleeding in the prior three months with no change in regularity; 
early perimenopause as menstrual bleeding in the prior three 
months with change in regularity; perimenopause as menstrual 
bleeding within the last year but not in the prior three months; 
and postmenopause as 12 months or more of amenorrhea not 
due to surgical menopause. Note that the SWAN categories were 
based on the definitions of perimenopause and best measure-
ment approaches available in 1995 when SWAN began [15]. These 
definitions preceded those later established by 2001 Stages of 
Reproductive Aging Workshop (STRAW), which were updated in 
2011, and differ somewhat from STRAW that relied principally 
on bleeding patterns and regularity and included supportive 
biochemical and physiological parameters and symptoms typ-
ically associated with stages of the menopausal transition [16].

As part of the core SWAN visits, a serum sample was 
obtained in the morning after an overnight fast targeted for 

days 2–7 of a menstrual cycle; if a timed sample could not be 
obtained a fasting sample was taken within 90 days of the core 
visit. Hormones assays were conducted using an ACS-180 auto-
mated analyzer (Bayer Diagnostics Corp, Norwood, MA) at the 
University of Michigan. For follicular stimulating hormone (FSH) 
a two-site chemiluminometric immunoassay was employed; the 
inter-assay coefficient of variation was 12.0%, the intra-assay co-
efficient of variation was 6.0%. For estradiol, assays were con-
ducted in duplicate, with inter-assay coefficient of variation of 
10.6% and intra-assay coefficient of variation of 6.4%.

At the core visits, women were asked their age, race/eth-
nicity, and educational attainment. At each annual visit they 
reported number of health problems on a specified list and cur-
rent medication use. The latter was also updated at the sleep 
study visits and coded yes/no any medications that affect sleep 
during the sleep study protocol. These included any of the 
following medication classes identified by the World Health 
Organization Anatomical Therapeutic Chemical classifica-
tions: opioids (NO2A), antiepileptics (NO3A), anxiolytics (NO5B), 
hypnotics and sedatives (NO5C), antidepressives (NO6A), and 
antihistamines for systemic use (NO6A) (www.whocc.no/
atcddd. Accessed December 10, 2007). Body mass index (BMI) 
was measured by stadiometer and scales in clinic. Center for 
Epidemiologic Studies Depression Scale (CES-D) was adminis-
tered [17]; the single item measuring restless sleep was removed 
for formal analysis. At each core visit, sleep complaints were re-
ported, including difficulty initiating and maintaining sleep, and 
early awakening; data were recoded into yes/no reporting any of 
the sleep complaints at least three nights per week.

Statistical approach

Because of skewness, WASO was log (ln) transformed, as done 
in the prior cross-sectional analysis [9]. EEG delta and beta 
power were transformed by log10. Participants’ characteristics 
at the first sleep assessment were compared according to the 
menopausal transition group by analysis of variance and chi 
squares. The primary analysis was a multiple regression mixed 
model with AR1 covariance structure predicting level of the 
sleep characteristic at the first and second assessment with a 
trichotomous variable. The three groups were (1) women who 
transitioned from pre-/early peri-menopause to late perimeno-
pause (N = 31); (2) women who transitioned from pre-/early peri-
menopause to postmenopause (N  =  90); and (3) (the referent 
group) women who were pre-/early peri-menopausal and did 
not transition (i.e. remained in that group at the second assess-
ment (N = 38). The basic models included menopause transition 
group, duration between the two sleep assessments, site, race/
ethnicity, age at first sleep study, within-woman sleep character-
istic at each assessment (time) and the interaction of transition 
group by time.

Only when the interaction term was a significant predictor, 
the next step was to address whether any potential covariates 
accounted for the associations. Potential covariates were a priori 
identified based on prior SWAN analyses and the sleep literature. 
Those covariates that were associated with sleep characteristics, 
p  <  0.20, in models that included duration between the two as-
sessments, site, race/ethnicity, age at first sleep study, and sleep 
characteristic at time 1 and 2 were added to the basic model. The 
potential time-varying covariates included measures collected at 
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the closest SWAN core visits: number of health problems, BMI, 
CES-D scores (without the sleep item); and during the ancillary 
sleep protocol, any vasomotor symptoms reported in diaries con-
current with PSG assessment nights, any medications that affect 
sleep, and AHI ≥15 (yes/no). Exploratory analyses tested for inter-
actions between race/ethnicity, transition group, and time in Black 
and White non-Hispanic women only; there were too few Chinese 
women in each transition group to conduct these analyses.

Because 22–24 women were missing EEG beta and delta 
power data (due to artifacts in the sleep EEG), we compared 
the women with EEG power data to those without and found 
no differences in site, race/ethnicity, menopausal status group, 
duration between assessments, BMI, depressive symptoms, in-
somnia, AHI group, sleep duration, and WASO. Women without 
EEG data were about a year younger and reported less than one 
fewer health problem.

Comparison of the 159 participants with the 51 women who 
were pre- (N = 3) or early perimenopausal (N = 48) at the first 
sleep assessment and did not participate in the second sleep 
assessment showed that the two groups had similar propor-
tions of each race/ethnic group, and similar ages, BMI, number 
of health problems, sleep duration, depression, and insomnia 
scores. The 159 participants had nonsignificantly lower WASO 
scores, p = 0.06, and higher NREM, p = 0.06, and REM beta power, 
p = 0.09. Analyses were conducted using SAS 9.4.

Results
Table 1 shows the women’s characteristics at the first sleep as-
sessment and Table 2 shows the women’s sleep characteristics 
during the sleep 1 and 2 assessments. The sample was around 

51  years of age at the first assessment and was comprised of 
a majority of white, followed by Black, and Chinese women. 
The women had few health problems and moderate depressive 
symptoms (including the one item regarding restless sleep) and 
were overweight. On average women slept over 6 h and had al-
most 50 min of WASO, as previously reported [11]. Percentage of 
women with AHI scores ≥ 15 was 12.5%, and 36% reported any 
vasomotor symptoms concurrent with PSG studies.

Comparison of the three transition groups showed no signifi-
cant differences at the first assessment, with three exceptions. 
Post hoc tests showed that women who subsequently tran-
sitioned to postmenopause were about a year older and more 
likely to report vasomotor symptoms during the PSG protocol; 
they also had higher FSH but not estradiol levels relative to the 
other groups. There were no significant group differences in the 
length of time between the two assessments, p  =  0.38; mean 
(SD) length of time for the sample was 3.58  years (SD  =  0.72). 
Paired t-tests on the (unadjusted) sleep characteristics showed 
that WASO, REM delta power, and NREM and REM beta power 
increased across time, ps <0.05.

Influence of menopausal transition group on PSG-
assessed sleep

In the models including age at first sleep assessment, site, race/
ethnicity, duration between assessments, transition groups, 
time, and the interaction of transition groups by time, the tran-
sition groups did not differ in the levels of sleep duration, WASO, 
EEG delta power during NREM or REM sleep, and EEG beta power 
during REM sleep from the first to second sleep assessment 
(Table 3).

Table 1.  Characteristics at the first sleep assessment of the full sample when all women were pre- or early peri-menopausal and for each 
menopause transition group based on menopausal status at the second sleep assessment

N
Full  
sample

Pre/early  
peri-menopause 
(N = 38)

Pre/early  
peri-menopause  
to late peri-menopause  
(N = 31)

Pre/early  
peri-menopause to 
postmenopause (N = 90)

p-value for group 
differences at first 
assessment

Age, mean (SD) 159 50.95 (1.86) 50.37 (1.68) 50.32 (1.72) 51.41 (1.86) 0.001
Racial group, N (%) 159     0.47
 White  80 (50.31) 23 (60.53) 16 (51.61) 41 (45.56)  
 Black  51 (32.08) 8 (21.05) 11 (35.48) 32 (35.56)  
 Chinese  28 (17.61) 7 (18.42) 4 (12.90) 17 (18.89)  
E2 pg/ml 149 80.58 (97.26) 82.50 (92.79) 65.60 (74.28) 84.51 (105.74) 0.59
FSH IU/l 150 40.65 (39.40) 17.07 (16.64) 39.32 (35.33) 51.36 (43.28) <0.001
Body mass index,  

mean (SD)
153 29.14 (7.15) 27.80 (5.12) 30.50 (6.30) 29.23 (8.09) 0.30

No. health problems, 
mean (SD)

159 0.78 (1.05) 0.47 (0.65) 0.77 (1.02) 0.91 (1.18) 0.10

CES-Depression  
scores, mean (SD)

157 7.05 (7.50) 5.21 (5.81) 7.72 (7.36) 7.61 (8.09) 0.14

CES-Depression scores 
16 or greater, N (%)

157 22 (14.01) 3 (7.89) 4 (13.79) 15 (16.67) 0.47

Use of medications  
that affect sleep,  
yes, N (%)

158 46 (29.11) 11 (29.73) 9 (29.03) 26 (28.89) 0.99

Hot flashes during  
PSG protocol, yes, 
N (%)

156 56 (35.90) 7 (18.92) 10 (32.26) 39 (44.32) 0.02

Any sleep complaints, 
yes N (%)

157 65 (41.4) 10 (26.3) 15 (48.4) 40 (44.9) 0.09

Insomnia, yes N(%) 158 20 (12.7) 5 (13.2) 2 (6.5) 13 (14.6) 0.58
AHI 15 or greater, N (%) 152 19 (12.50) 7 (18.42) 2 (6.67) 10 (11.90) 0.38
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On the other hand, the transition group by time interaction 
term was significant for EEG beta power during NREM sleep. 
Further evaluation of the interaction term revealed that the 
group differences were apparent at the second sleep assessment, 
F = 4.249, p = 0.016. At the second sleep assessment, women who 
transitioned to postmenopause had elevated EEG beta power, 
estimate = 0.117 (0.04), p = 0.005, compared to women remaining 
pre/early perimenopausal, whereas women who transitioned 
to late perimenopause did not differ from the referent group, 
estimate = 0.061 (0.053), p = 0.251 (see Figure 2). Adding to the 
basic model the only covariate related to NREM EEG beta power 
at the threshold of p ≤ 0.20, any vasomotor symptoms during 
the PSG study, the pattern of results remained the same. The 
overall effect for transition group by time remained signifi-
cant, F = 3.867, p = 0.02. The interaction effect was apparent at 
the second sleep assessment, F  =  3.945, p  =  0.02, with the es-
timate of NREM EEG beta power for women who transitioned 
to postmenopause greater relative to the referent group, esti-
mate = 0.118 (0.042), p = 0.006.

We conducted a secondary analysis predicting time 2 
NREM EEG beta power, adjusting for time 1 NREM EEG beta 
power, age, race/ethnicity, site, and time interval between 
assessments. Results showed an overall effect for transition 
group, F = 3.222, p = 0.04, with only the group who transitioned 

to postmenopause showing higher NREM EEG beta power at 
the second assessment, compared to the referent group of 
women who remained pre- or early peri-menopause, estimate 
(SE) = 0.089 (0.04), p = 0.029.

Influence of race/ethnicity on sleep measures

Consistent with a previous report from the first sleep study [11], 
across both assessments, Black women had shorter sleep dur-
ation and more WASO compared to Whites; Chinese women 
tended to have shorter sleep duration than Whites (Table 3). 
Tests for the three-way interaction with Black/White, transition 
group, and time showed one significant three-way interaction 
term for REM delta, p = 0.01, in the full model including AHI as 
a covariate because it was related to REM delta, p < 0.20. Further 
evaluation showed that the three-way effect was apparent at the 
second sleep assessment: Whites had higher REM delta values 
than Blacks in the late perimenopausal group only.

Discussion
The present paper evaluated PSG-assessed sleep characteris-
tics at two timepoints of 159 women, all who were pre- or early 

Table 2.  Sleep characteristics at the first and second assessment of the full sample when all women were pre- or early peri-menopausal and 
for each menopause transition group based on menopausal status at the second sleep assessment

Time N
Full  

sample

Pre/early  
peri-menopause 
(N = 38)

Pre/early peri-menopause  
to late peri-menopause 
(N = 31)

Pre/early  
peri-menopause to 
postmenopause (N = 90)

p-value for group 
differences at first 
assessment

Sleep duration, 
mean hours (SD) 

1 159 6.39 (0.89) 6.67 (0.84) 6.41 (0.76) 6.26 (0.92) 0.06
2 159 6.42 (1.02) 6.50 (1.20) 6.62 (1.15) 6.32 (0.88)  

Wake after sleep 
onset, mean  
minutes (SD)

1 159 47.41 (30.22) 45.92 (26.53) 46.25 (27.03) 48.43 (32.86) 0.99
2 159 60.27 (43.93) 49.66 (30.85) 58.25 (38.72) 65.44 (49.48)  

Log NREM Delta EEG 
power, mean (SD)

1 136 2.19 (0.19) 2.18 (0.18) 2.22 (0.24) 2.19 (0.17) 0.68
2 136 2.22 (0.22) 2.20 (0.20) 2.21 (0.25) 2.23 (0.22)  

Log NREM Beta EEG 
power, mean (SD)

1 136 0.51 (0.20) 0.46 (0.17) 0.58 (0.28) 0.51 (0.17) 0.07
2 136 0.57 (0.20) 0.50 (0.16) 0.55 (0.23) 0.61 (0.21)  

Log REM Delta EEG 
power, mean (SD)

1 133 1.58 (0.15) 1.55 (0.13) 1.61 (0.16) 1.58 (0.16) 0.26
2 133 1.61 (0.20) 1.58 (0.20) 1.59 (0.21) 1.62 (0.19)  

Log REM Beta EEG 
power, mean (SD)

1 135 0.55 (0.19) 0.54 (0.21) 0.57 (0.17) 0.55 (0.19) 0.83
2 135 0.63 (0.20) 0.63 (0.24) 0.61 (0.21) 0.64 (0.18)  

Table 3.  Estimates (standard errors) from the mixed models predicting the relationships with PSG-assessed sleep and menopause transition 
groups

Sleep duration WASO

NREM EEG  

delta power NREM EEG beta power REM EEG delta power REM EEG beta power

Estimate (SE) p value Estimate (SE) p value Estimate (SE) p value Estimate (SE) p value Estimate (SE) p value Estimate (SE) p value

Age at sleep 1 −0.042 (0.033) 0.216 0.037 (0.022) 0.090 −0.013 (0.009) 0.140 −0.008 (0.008) .291 −0.013 (0.007) .072 −0.005 (0.009) 0.565

Race (White referent)  0.016  0.017  0.096  .476  .280  0.936

 Black −0.325 (0.148) 0.030 0.281 (0.097) 0.015 −0.063 (0.040) 0.118 −0.004 (0.037) .919 −0.046 (0.035) .187 0.013 (0.042) 0.765

 Chinese −0.381 (0.200) 0.059 −0.054 (0.131) 0.680 −0.076 (0.050) 0.135 −0.057 (0.047) .226 −0.040 (0.044) .367 0.011 (0.053) 0.836

Duration between sleep studies 0.104 (0.104) 0.318 0.038 (0.071) 0.592 0.053 (0.017) 0.002 −0.002 (0.022) .927 0.015 (0.017) .380 −0.020 (0.015) 0.182

Sleep 1, sleep 2 assessment (time) −0.560 (0.429) 0.193 −0.086 (0.293) 0.770 −0.170 (0.068) 0.014 0.042 (0.089) .639 −0.021 (0.069) .767 0.163 (0.059) 0.006

Transition group (referent, re-

maining pre−-/early  

perimenopause)

 0.301  0.905  0.497  .030  .177  0.903

 Late perimenopause −0.223 (0.225) 0.323 −0.038 (0.151) 0.803 0.058 (0.052) 0.266 0.126 (0.052) .018 0.084 (0.046) .074 0.043 (0.053) 0.419

 Postmenopausal −0.319 (0.183) 0.084 −0.058 (0.123) 0.634 0.030 (0.040) 0.452 0.053 (0.041) .193 0.051 (0.036) .156 0.020 (0.041) 0.626

Interaction between time  

× transition group

 0.329  0.427  0.413  .033  .228  0.173

Note. Site is included in all models.

AQ8
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peri-menopausal at the first assessment, according to whether 
they transitioned to late perimenopause or postmenopause or 
remained pre- or early peri-menopause at the second assess-
ment approximately 3½ years later. Consistent with our primary 
hypotheses, women who transitioned to postmenopause had 
elevated NREM EEG beta power at the second assessment com-
pared to women who remained pre- or early perimenopausal. 
The association with NREM EEG beta power was independent of 
age, race/ethnicity, site, BMI, and duration between assessments. 
Further adjustment for self-reported vasomotor symptoms 
during the sleep study did not change the overall results. The 
secondary analysis that predicted residualized NREM EEG beta 
power scores at follow-up (adjusted for time 1 scores) showed 
the same pattern of results. We did not find that the women who 
transitioned to late perimenopause had elevated NREM EEG beta 
power, in contrast to our prior cross sectional analyses [9].

Consistent with expectations, women who became late 
perimenopausal or postmenopausal by the time of the second 
assessment did not differ from those who remained pre- or 
early-perimenopausal in sleep duration, sleep continuity, or 
NREM delta power. These null findings are consistent with pre-
vious cross-sectional analyses based on the SWAN Ancillary 
Sleep Study [8, 9] and the longitudinal analyses from the Finnish 
study [7]. On the other hand, the Wisconsin Sleep Study [6] found 
that postmenopausal women had longer sleep duration, which 
is not consistent with our null finding. That study also reported 
a menopause-associated increase in visually scored slow wave 
sleep, in contrast to the null menopause-associated relationship 
for NREM EEG delta power found in this cross-sectional and lon-
gitudinal spectral analyses. Our results for visually scored sleep 
are similar to our prior report of the same women plus others in 
later stages of the transition who participated in our actigraphy 
protocol. In our prior report, women had no change in actigraphy 
measures of sleep duration, WASO, and sleep latency across 
3 years, but after 12 years of follow-up, sleep duration and sleep 
midpoint had increased and WASO declined [18]. Perhaps evalu-
ation of women’s sleep in the late postmenopause, defined as 
starting at least 5 years after the FMP, rather than the transition 
to early postmenopause may yield different results when using 
PSG measures. Taken together, these results suggest that during 
the transition to early postmenopause, PSG measures of sleep 
duration and continuity change little, on average.

As a whole, these results show that NREM EEG beta power 
is higher in women further along the menopausal transition, 
whether measured cross-sectionally between menopausal 

status groups in our prior study [9], or evaluated across the 
menopausal transition in our present longitudinal study. These 
results suggest that the menopausal transition may be associ-
ated with increased cortical arousal during NREM sleep, despite 
similar PSG-assessed indices of sleep duration or continuity. The 
pattern of elevated NREM EEG beta power has been observed in 
patients with insomnia in some, but not all, studies [19–21], an 
effect which may be stronger in female compared to male pa-
tients affected with insomnia [22]. Of interest is that in experi-
mental work the increased NREM beta power localized in the 
central-posterior brain area was also associated with subjective 
underestimation of sleep duration, which could help explain 
why women subjectively report worse sleep across the tran-
sition at the same time little change in sleep duration or con-
tinuity [23]. Our findings may inform clinical care by affirming 
the concerns of women who report nonrefreshing sleep but who 
do not endorse sleep insufficiency or disruption. While low-risk 
lifestyle modifications to increase sleep opportunity may be 
proposed, we recognize that such interventions have not been 
studied for this type of sleep dysfunction. This type of sleep 
dysfunction may reflect a more physiological basis rather than 
perceived sleep. Nonetheless, emerging evidence suggests that 
cognitive-behavioral therapy for insomnia may normalize beta 
power in older adults with insomnia [24, 25]. Our findings sup-
port the need for future work to better understand the effects of 
sleep interventions on EEG parameters in older adults.

It is notable that the association between transition group 
and NREM EEG beta power was minimally affectedly by statis-
tical adjustment for self-reported vasomotor symptoms. These 
findings suggest that women may report nonrefreshing sleep in 
the absence of self-reported vasomotor symptoms may benefit 
from therapies targeting their sleep. However, our study did not 
include objective measures of nighttime vasomotor symptoms, 
which are associated with increased autonomic arousal during 
sleep as measured by cardiac vagal inhibition [26].

As in our previous cross-sectional report, Blacks had more 
WASO and shorter sleep duration than Whites, and Chinese 
had shorter sleep duration than Whites [11, 27–29]. There 
was little evidence that race/ethnicity impacted the magni-
tude of change in sleep among women who transitioned to 
the postmenopause. Given that the number of women was 
small in some of the transition groups, it is necessary to rep-
licate these findings in larger samples prior to asserting a dif-
ferential effect of race/ethnicity on sleep response during the 
menopausal transition.

The study has several strengths. This is one of the first lon-
gitudinal studies that compared PSG-assessed sleep characteris-
tics of pre- or early peri-menopausal women who subsequently 
changed in their menopausal status relative to women who re-
mained pre- or early peri-menopausal. In-home PSG assessment 
enhances the study’s ecological validity and provides objective 
indices of sleep duration and continuity as well as EEG-assessed 
indices of cortical arousal and sleep depth. Finally, we had the po-
tential to statistically adjust for factors known to influence sleep 
in midlife women, such as sociodemographic characteristics (age, 
race/ethnicity), BMI and mental health complaints (symptoms of 
depression, number of medical problems, use of medications that 
affect sleep), as well as nocturnal vasomotor symptoms.

The study has several limitations. Observational studies, 
like the present study, cannot establish causality but only 
can describe temporal associations. The proportion of women 

Figure 2.  Estimated means for NREM beta (log) at the first and second assess-

ment by menopausal transition groups.
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who agreed to the follow-up PSG studies was 76%, although 
they were similar in many characteristics to pre- or peri-
menopausal women who did not participate in the follow-up. 
It did not address the timing of the PSG studies in relation 
to ovulation or reproductive hormones. Despite a relatively 
large racially diverse sample of midlife women, the racial/
ethnic subgroups were of small sample size, especially the 
Chinese women. Although the sample included Black and 
Chinese women, it did not include other racial or ethnic 
groups including Hispanic women. We were unable to track 
changes across a longer follow-up period than 3½ years and 
had only one follow-up assessment. The facts that the ma-
jority of pre- and early peri-menopausal women in the ana-
lysis transitioned to a later stage, and that the average age of 
the sample at the first sleep study was 51 years, the average 
age of FMP, suggest that our study documented sleep changes 
late in the transition into the early postmenopausal period.

In summary, levels of PSG-assessed NREM EEG beta were 
higher at follow-up in midlife women who transitioned to post-
menopause compared to those who remained pre- or early 
peri-menopausal, whereas indices of sleep duration, continuity, 
and depth were not related to change in menopausal status. 
Increased EEG beta power during NREM sleep may reflect in-
creased hyperarousal in association with the menopausal tran-
sition and offer intervention opportunities that improve the 
quality of life for those affected women.
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