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INTRODUCTION
The prevalence of sleep disturbance increases during the 

menopause transition.1,2 Because repeated awakenings from 
sleep increase in women undergoing menopause,3 nocturnal hot 
flashes (or night sweats) are commonly thought to explain the 
increased prevalence of sleep disturbance associated with meno-
pause. Hot flashes and night sweats (collectively called vaso-
motor symptoms, VMS) have been linked consistently to chronic 
insomnia4 and poor subjective sleep quality.1-3,5,6 However, 
results of studies examining the association of VMS with poly-
somnography (PSG) measures of sleep have been mixed, with 
some finding more awakenings in general,7,8 more awakenings 
only during the first half of the night,9 increased wake after sleep 
onset (WASO),10 and reduced sleep efficiency,8,10 whereas others 
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report no association.6,11-13 Although a less precise measure of 
sleep, a small number of actigraphic studies also indicate that 
women with VMS have more awakenings14 and lower sleep effi-
ciency.15 Although some studies have not shown an association 
between objective VMS and PSG sleep,11,12 in general, adverse 
associations with PSG sleep have been detected when VMS 
were measured objectively,7-10 but not when VMS were measured 
subjectively.6,13 Data showing that VMS correlate with objective 
sleep disturbance would validate the commonly experienced 
perception of sleep disruption in women in midlife with VMS.

Importantly, most studies do not distinguish daytime from 
nighttime symptoms but rather compare PSG sleep among 
women with VMS versus those without VMS regardless 
of the frequency of VMS. In a previous study, we measured 
changes in sleep continuity using actigraphy, rather than PSG, 
in a different population of women receiving GnRHa to induce 
VMS.16 In that study, we found no overall effect of subjectively 
reported VMS on actigraphic sleep continuity except when the 
frequency of VMS was taken into account.16 However, as with 
other studies, we did not distinguish nighttime from daytime 
VMS, which may have diluted the findings. Although most 
women have VMS during both day and night, the number and 
proportion of symptoms experienced at night varies among 
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women. If VMS directly cause sleep interruption, the frequency 
of nighttime VMS specifically would be expected to be linked 
to PSG measures of sleep interruption.

VMS are the primary symptom of the menopause transi-
tion, affecting up to two-thirds of women.17 Sleep disturbance 
is a primary reason for women with VMS to pursue medical 
advice and treatment for their menopause-related symptoms.18 
Documenting that perceived nighttime VMS cause sleep inter-
ruption would validate the perception of reduced sleep quality 
that women describe and prioritize treatment of nighttime VMS 
as a way to improve sleep continuity. It is therefore critical to 
establish specifically whether hot flashes are causally related 
to sleep disturbance. However, because all prior studies exam-
ining sleep in women with VMS are observational and cross-
sectional in design, it is not possible to determine whether VMS 
precede the onset of observed sleep problems, suggesting a 
potential etiologic role.

In the current study, we isolated the specific role of night-
time VMS in the generation of PSG-measured and subjectively 
measured sleep by rapidly inducing VMS with the gonado-
tropin-releasing hormone agonist (GnRHa) leuprolide in healthy 
premenopausal volunteers. This GnRHa model is a valuable 
controlled experimental approach to specifically dissect the effect 
of nocturnal VMS on sleep because VMS are induced rapidly 
on GnRHa in two-thirds of women.16,19-23 GnRHa are Food and 
Drug Administration-approved hormonal agents used to treat 
endometriosis and fibroids because they suppress production of 
estradiol, thereby mimicking the hormonal changes of meno-
pause. Although all women treated with GnRHa undergo the 
same hormonal changes,16 the frequency of VMS that develops 
varies widely and includes some individuals who do not develop 
any VMS. The current study takes advantage of this known side 
effect of GnRHa to study the effect of new-onset VMS on sleep.

We examined the effect of VMS on both changes in PSG 
and subjective sleep quality that occurred after GnRHa was 
initiated in relation to the number of nighttime, and separately, 
daytime, subjective VMS that developed after initiation of 
GnRHa. As evidence of a specific effect of nocturnal VMS on 
sleep interruption, we hypothesized that more frequent night-
time VMS developing on the GnRHa would result in a greater 
increase in the amount of WASO and the number of PSG 
awakenings. In secondary exploratory analyses, we exam-
ined whether sleep staging or other measures of sleep conti-
nuity were affected by the development of VMS. In addition, 
nocturnal VMS were recorded objectively to determine the 
effect of objective VMS on objective and subjective measures 
of sleep fragmentation.

MATERIALS AND METHODS
Premenopausal volunteers received a single open-label intra-

muscular injection of the depot GnRHa leuprolide and were 
then followed to determine whether they reported developing 
VMS. After excluding women with primary sleep disorders, 
at-home PSG studies and sleep quality questionnaires were 
completed prior to and after GnRHa administration. Sleep and 
VMS diaries were completed daily throughout the study, and 
nighttime VMS were recorded objectively during the post-
GnRHa PSG studies. Serum estradiol was measured serially to 
confirm suppression of ovarian function.

Study Participants
Twenty-nine healthy premenopausal women 18-45 y old with 

monthly menstrual cycles and no VMS, sleep disorders, depres-
sion, or other psychiatric illnesses were enrolled in the study. 
Participants were carefully screened to select healthy women 
with regular menstrual cycles, evidence of ovulation (midluteal 
serum progesterone > 3 ng/dL), and no VMS (7-day hot flash 
diary). A routine clinical in-laboratory PSG using American 
Academy of Sleep Medicine (AASM) scoring procedures24 was 
conducted to exclude those with previously undiagnosed sleep 
disordered breathing (SDB, n = 1) and periodic limb move-
ment disorder (PLMD, n = 1). Women with clinically signifi-
cant depression were excluded using a standardized psychiatric 
diagnosis instrument (Patient Health Questionnaire, PHQ-9)25 
and a score > 16 on the clinician-rated Montgomery-Åsberg 
Depression Rating Scale (MADRS),26,27 a threshold suggesting 
clinically relevant depressive symptoms.28 Other psychiatric 
exclusion criteria included previous diagnosis of major depres-
sion, bipolar disorder, psychosis, anorexia nervosa, alcohol 
and substance-use disorders, or suicide attempts. Additional 
exclusion criteria were pregnancy, lactation, abnormal labora-
tory studies (prolactin, thyroid function, liver function, renal 
function), and use of centrally active medications (e.g., anti-
depressants, benzodiazepines, corticosteroids) or hormonal or 
nonhormonal medications known to suppress hot flashes (e.g., 
birth control preparations, serotonergic agents, gabapentin).

Study Procedures
After completing the in-laboratory screening PSG and prior 

to GnRHa administration, participants completed two ambu-
latory PSG studies, a 7-day sleep diary, and standardized 
questionnaires measuring perceived sleep quality, insomnia 
symptoms, and daytime sleepiness. After completing baseline 
procedures, all participants were given one open-label dose of 
the depot GnRH agonist leuprolide 3.75 mg during the midlu-
teal phase of the menstrual cycle (approximately 7 days after 
ovulation, confirmed by urinary luteinizing hormone levels and 
basal body temperature) to rapidly induce hypoestrogenism and 
maintain ovarian suppression for the study period.21,22,29-32

Following GnRHa administration, participants were moni-
tored daily with a sleep diary and a VMS diary to determine the 
development of new-onset VMS. Diaries were completed until 
both ambulatory posttreatment PSGs studies were obtained 4 w 
after administration of the GnRHa. Concurrent with both post-
treatment PSGs, nighttime VMS were measured objectively 
using an ambulatory skin conductance monitor.

For safety monitoring purposes, participants were contacted 
8 and 12 w after GnRHa administration to establish that menses 
had resumed and VMS had resolved. All participants provided 
written informed consent for study procedures, which were 
approved by the Partners HealthCare Institutional Review 
Boards.

Study Measures
As stated, a screening PSG was obtained in the laboratory 

and four study PSGs were conducted in the home. On the 
screening PSG, all standard AASM-recommended channels 
were recorded, including respiration (nasal pressure, oxygen 
saturation [SaO2], and chest-abdominal motion) and bilateral 
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anterior tibialis electromyography (EMG). In the home, objec-
tive sleep parameters were obtained using the Safiro (Compu-
medics Limited, Charlotte, NC) ambulatory PSG unit. 
Participants came to our research offices to be hooked up to the 
unit by our sleep technician. Each pair of PSG studies obtained 
at baseline and posttreatment were conducted on consecutive 
nights when logistically possible. Sleep scoring was completed 
by the Harvard Sleep & EEG Core using standard procedures to 
define sleep staging, including electroencephalography (EEG; 
C3-A2, C4-A1, O1-A2, O2-A1), electro-oculography (both 
eyes), and electromyography (submental). Standard AASM 
scoring methods were used to define sleep stages N1, N2, N3, 
and rapid eye movement (REM).24 Awakenings were defined as 
alpha EEG activity comprising > 15 sec of a 30-sec epoch. PSG 
scorers were blinded to hot flash status. Lights-out and lights-on 
times were recorded on an event marker of a time-synched acti-
graphic watch, with a sleep diary as confirmation, and strong 
correlation between the two measures (r = 0.93, P < 0.001).

Perceived sleep quality, insomnia symptoms, and daytime 
sleepiness were assessed using the Pittsburgh Sleep Quality 
Index (PSQI; range 0-21),33 the Insomnia Severity Index (ISI; 
range 0-28),34 and the Fatigue Severity Scale (FSS; range 
9-63).35 A 7-day sleep diary was completed during the week 
preceding initiation of GnRHa when baseline PSG studies 
were obtained and during the final follow-up week when the 
posttreatment PSG studies were obtained. The diary included 
questions about the number of awakenings, WASO, and sleep 
onset latency for each night, enabling sleep efficiency to be 
calculated.

Subjectively measured VMS were recorded in a daily diary 
throughout the study. Participants recorded the number of VMS 
they were experiencing twice each day, once at the end of the 
day to describe the number of daytime VMS and once in the 
morning to quantify the number of nocturnal VMS experienced 
during the previous night.

Objective VMS were measured using the Bahr monitor 
(Simplex Scientific, Middleton, WI), a small ambulatory 
monitor worn on the sternum that detects individual VMS 
events in real-time by measuring transient changes in sternal 
skin conductance. VMS were identified using the standard Bahr 
analysis algorithm (Version 1.1.40), as previously described.36 
The monitor was time-synched to the PSG so that individual 
VMS events could be counted and linked temporally to indi-
vidual awakenings.

Hormone Assays
Serum levels of estradiol, estrone, follicle-stimulating 

hormone (FSH), and luteinizing hormone (LH) were obtained 
during the follicular phase of the menstrual cycle prior to and 
1, 2, and 4 w after GnRHa administration to confirm ovarian 
suppression. Estradiol and estrone were measured using liquid 
chromatography, tandem mass spectrometry (Mayo Clinic, 
Rochester, NY)37,38 in order to achieve accuracy and precision 
in the low range seen on GnRHa therapy. The interassay coef-
ficient of variation (CV) ranges for estradiol and estrone in the 
low range studied was 8.6% and 8.7%, respectively.37 Serum LH 
was measured using a two-site monoclonal nonisotopic system 
according to the manufacturer’s directions (Axsym, Abbott 
Laboratories, Abbott Park, IL, USA), as previously described.39 

LH is expressed in IU/L as equivalents of the Second Interna-
tional Pituitary Standard (80/552 and 92/510). The interassay 
coefficients of variation are 5.3%, 5.5%, and 7.4% for quality 
control sera containing 5.6 IU/L, 26.2 IU/L, and 69.0 IU/L, 
respectively.

Analytical Methods
For descriptive purposes, participants were divided into 

three VMS frequency groups (persistent and frequent, n = 10; 
persistent and infrequent, n = 10; no VMS, n = 9). A median 
split was used to distinguish those with persistent VMS who 
had more versus less frequent symptoms during the entire 
follow-up period. The no-VMS group was composed of four 
women who never reported having symptoms and five who 
reported < 5 VMS during the entire follow-up period. Because 
all VMS reported by this latter group occurred exclusively 
during the daytime and within the first 5 days after receiving 
leuprolide, weeks before the posttreatment PSGs, they were 
grouped together with the no-VMS group.

The primary predictor was the number of VMS reported 
subjectively during the night. For each participant, nighttime 
VMS frequency was calculated as a daily average of the number 
of VMS reported on the diary to have occurred during the 1-mo 
follow-up leading up to the posttreatment PSGs. Parallel anal-
yses were conducted using the number of daytime VMS reported 
subjectively. Because the daily average of nighttime, and simi-
larly daytime, VMS reported during the follow-up month were 
strongly correlated with the number of nighttime/daytime VMS 
reported during the week preceding the post-treatment PSGs 
(r > 0.91, P < 0.0001, for both comparisons), the average from 
the month-long follow-up was used for the primary analysis as 
a more stable estimate of daily VMS. Secondary analyses of 
nocturnal VMS were conducted using (1) the daily average of 
nighttime and then daytime VMS calculated from the 7 days 
preceding the posttreatment PSGs, and (2) using the median 
number of objectively measured VMS detected on the Bahr 
monitor during the two posttreatment PSG studies.36

Percent change from pretreatment to posttreatment for each 
PSG sleep parameter was calculated using the mean of the two 
pretreatment and posttreatment studies for each participant at 
each time point. Similar approaches were used for secondary 
endpoints of N1%, N2%, N3%, REM%, PSG sleep efficiency, 
and PSG sleep-onset latency, PSQI, ISI, and FSS. The percent 
change from pretreatment to posttreatment for each sleep diary 
item (perceived WASO, number of awakenings, sleep effi-
ciency, sleep onset latency) was calculated using the change 
from the 7-day average at baseline to the 7-day average during 
the week surrounding the posttreatment PSGs.

Linear regression models were built to examine the effect 
of nighttime (or daytime) VMS frequency on the primary 
endpoints of percent change in PSG-measured WASO time and 
number of awakenings from baseline to study end. Models for 
daytime VMS were adjusted for nighttime VMS because of 
confounding by nighttime symptoms. The same approach was 
used to model the secondary exploratory endpoints (other PSG-
measured sleep parameters, sleep diary measures, PSQI, ISI, 
and FSS scores). Each beta coefficient represents the percent 
change in each dependent sleep measure (e.g., percent change 
in WASO time) for each additional VMS reported at night (or 
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in the daytime) in a model adjusting for the baseline value of 
that sleep parameter (e.g., baseline WASO time). Models for 
WASO and awakenings were adjusted to take into account 
intersubject variability in at-home PSG sleep period time (from 
the event marker).

RESULTS

Study Participants
Of 29 study participants, 20 (69%) reported developing 

VMS that began 11.1 ± 5.5 days after receiving leuprolide and 
persisted throughout the follow-up period until the posttreat-
ment PSGs. For those reporting persistent VMS (n = 20), the 
median daily number of VMS reported during the entire follow-
up period was 3.7 (interquartile range [IQR] 2.0-7.0) each night 

and 3.3 (IQR 2.2-15.0) each day. Those with frequent VMS 
(n = 10) reported a median of 2.3 VMS per night and 2.6 VMS 
per day, whereas those with infrequent VMS (n = 10) reported 
a median of 0.4 nighttime and 1.6 daytime VMS (Table 1). 
During the week leading up to the PSG studies specifically, the 
median number of VMS reported was 1.6 (IQR 0.4-2.2) each 
night and 1.9 (IQR 0.9-4.6) each day. Although the number 
of nighttime and daytime VMS correlated strongly (rs = 0.74, 
P < 0.001) overall, the number of VMS occurring during the 
nighttime and daytime varied among study participants, with 
some women reporting the majority of VMS during the daytime 
and others experiencing a disproportionate number at night 
(Figure 1). Of those with daytime VMS, 24% reported having 
no nighttime VMS; conversely, everyone reporting nighttime 
VMS also reported daytime VMS.

Table 1—Subject characteristics according to subsequent development of vasomotor symptoms (VMS)

All
(n = 29)

No persistent VMS 
(n = 9, 31.0%)

Persistent and 
infrequent VMS 
(n = 10, 34.5%)

Persistent and 
frequent VMS 
(n = 10, 34.5%)

Age (y) 27.3 ± 7.2 27.2 ± 7.9 27.4 ± 8.3 27.3 ± 6.1
African American, n (%) 7 (24.1%) 3 (33.3%) 2 (20.0%) 2 (20.0%)
Body mass index (kg/m2) 25.4 ± 4.9 26.6 ± 5.0 24.5 ± 4.3 25.3 ± 5.6
Smoking status, n (%)

Never 23 (79.3%) 8 (88.9%) 7 (70.0%) 8 (80.0%)
Past 3 (10.3%) 0 (0.0%) 3 (30.0%) 0 (0.0%)
Current 3 (10.3%) 1 (11.1%) 0 (0.0%) 2 (20.0%)

Number of VMS reported per day,a median (interquartile range)
24-h period 0.9 (0.1-2.3) 0.03 (0-0.07) 0.7 (0.4-0.9) 3.0 (2.3-4.1)
Daytime only 0.3 (0.1-1.5) 0.02 (0-0.02) 0.3 (0.3-0.4) 2.1 (1.5-3.1)
Nighttime only 0.3 (0-0.6) 0 (0-0) 0.3 (0.1-0.5) 1.0 (0.5-1.2)

Number of VMS reported per day,b median (interquartile range)
24-h period 1.4 (0.1  -4.9) 0 (0-0.1) 1.8 (1.3-5.0) 4.9 (3.1-7.9)
Daytime only 0.9 (0.1-2.9) 0 (0-0.1) 1.6 (0.9-4.1) 2.6 (1.0-4.7)
Nighttime only 0.3 (0-1.9) 0 (0-0) 0.4 (0.1-0.9) 2.3 (1.9-3.1)

aCalculated from the number of VMS reported during the entire follow-up period. bCalculated from the number of VMS reported during the 7 days leading up 
to the final post-treatment polysomgraphy study.

Figure 1—Distribution of total number of nighttime and daytime vasomotor symptoms (VMS) reported by each individual subject (n = 29) over the 1-mo follow-up, 
showing interindividual differences in the proportion of VMS that were reported at night. Each pair of black and white vertical bars represents an individual subject.
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Participant characteristics are shown in Table 1 for the 
entire study population and then according to VMS frequency 
groups. Participants were 27.3 ± 7.2 y old, with a mean body 
mass index of 25.4 ± 4.9 kg/m2 (range 18.4-34.9); one-fourth 
were African-American. There were no demographic charac-
teristics associated with the likelihood of VMS developing on 
GnRHa.

By design, participants were good sleepers without SDB, 
PLMD, or clinical evidence of insomnia. Ambulatory PSG 
prior to GnRHa revealed a mean sleep efficiency of 91%, sleep 
onset latency of 17 min, WASO of 21 min, and 16 awakenings 
per night (Table 2). Sleep diaries and questionnaires similarly 

indicated good sleep quality prior to study treatment (Table 2). 
Baseline sleep characteristics were not associated with the like-
lihood of developing VMS.

Changes in Reproductive Hormones
Expected changes in reproductive hormones were observed 

in all participants. Serum estradiol was suppressed to post-
menopausal levels (< 20 pg/mL) in all participants during the 
follow-up period and the expected decline in LH was observed 
in all participants (Figure 2A). The rates of decline in estradiol 
and estrone were not associated with the likelihood of devel-
oping VMS regardless of whether VMS were considered by 

Table 2—Polysomnography parameters and sleep diary measures for all subjects together (n = 29) prior to and after 1 mo on gonadotropin-releasing 
hormone agonist therapy by vasomotor symptom frequency group

Baseline Posttreatment

All
(n = 29)

No persistent VMS 
(n = 9, 31.0%)

Persistent and 
infrequent VMS 
(n = 10, 34.5%)

Persistent and 
frequent VMS 
(n = 10, 34.5%)

Polysomnography parametersa 
Total sleep time (min.) 413.3 ± 84.3 361.6 ± 82.5 400.4 ± 46.4 417.2 ± 48.1
Sleep efficiency 90.8% ± 5.2% 89.7 ± 3.8 89.0 ± 6.2 87.9 ± 7.3
Sleep onset latency (min.) 17.2 ± 14.6 21.1 ± 17.4 12.4 ± 10.2 17.1 ± 14.9
WASO (min) 21.2 ± 17.9 18.6 ± 12.9 35.7 ± 26.3 38.6 ± 38.6
Number of awakenings 16.2 ± 7.5 13.4 ± 7.3 18.7 ± 7.9 21.1 ± 6.0
Stage N1 (%) 6.2 ± 2.9 6.6 ± 2.8 8.5 ± 6.9 7.3 ± 2.3
Stage N2 (%) 50.4 ± 7.3 46.2 ± 7.4 49.3 ± 5.1 49.3 ± 4.3
Stage N3 (%) 19.8 ± 7.4 26.0 ± 9.5 18.1 ± 4.9 18.5 ± 2.4
Stage REM (%) 23.3 ± 4.7 21.3 ± 3.7 24.1 ± 7.0 24.8 ± 3.3

Sleep diary parametersb

Sleep efficiency (%) 97.0 ± 2.4 96.5 ± 2.5 96.6 ± 3.3 92.7 ± 10.4
Sleep onset latency (min) 12.5 ± 13.5 11.9 ± 10.9 8.5 ± 5.8 12.1 ± 12.2
WASO (min) 1.0 ± 2.0 4.4 ± 9.7 7.5 ± 12.8 24.8 ± 45.1
Number of awakenings per night 0.36 ± 0.60 0.4 ± 0.5 1.4 ± 1.1 2.4 ± 1.8

Perceived sleep quality instruments  
ISI score 2.2 ± 2.5 2.4 ± 2.3 3.6 ± 2.6 3.9 ± 5.2
PSQI score 2.1 ± 1.5 2.8 ± 2.3 3.1 ± 1.1 3.8 ± 3.7
FSS score 2.0 ± 0.9 2.5 ± 1.7 2.2 ± 1.1 2.0 ± 0.8

aAverage of two PSG studies at each time point. b7-day average at baseline and during the week leading up to the posttreatment PSG studies. FSS, Fatigue 
Severity Scale; ISI, Insomnia Severity Index; PSQI, Pittsburgh Sleep Quality Index; WASO, wake after sleep onset.

Figure 2—Median and interquartile range for luteinizing hormone (A), serum estradiol (B), and estrone (C) on the day that the gonadotropin-releasing 
hormone agonist leuprolide was administered in the midluteal phase (week 0) and all subsequent time points. Data are shown by hot flash group (frequent 
and persistent, n = 10; infrequent and persistent, n = 10; not persistent, n = 9).
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frequency group (Figures 2B and 2C) or using a continuous 
measure of reported VMS frequency.

Effect of Nighttime VMS
On PSG studies, increasing nighttime VMS frequency 

resulted in an increase in WASO and in the number of awak-
enings (Table 3; P = 0.007 and P = 0.05, respectively). On 
average, there was a 62% increase from baseline in WASO time 
and a 3% increase in the number of awakenings per night on the 
PSG for each additional nighttime VMS reported. Within the 
frequent (n = 10) and infrequent VMS (n = 10), and no-VMS 
groups (n = 9), the median increase in the WASO time was 
14, 6.5, and 0.3 min, respectively (Figure 3A). Similarly, the 
median increase in the number of awakenings was 6 and 0.8 per 
night in the frequent and infrequent VMS groups, whereas 
there was a median decrease of one awakening per night in 
the no-VMS group (Figure 3b). In addition, the proportion of 
total sleep time spent in stage N1 increased by 6% in associa-
tion with increasing nighttime VMS (Table 3; P = 0.02). There 
was a statistical trend toward a reduction in sleep efficiency in 
relation to increasing nighttime VMS frequency (P = 0.09), but 
there was no effect of nighttime VMS frequency on other PSG-
measured parameters (Table 3).

Consistent with changes in PSG measures, the WASO time 
and the number of awakenings reported on the sleep diary 
increased in association with nighttime VMS frequency by 
312% and 16%, respectively (Table 3, Figures 3C and 3D; 
P = 0.02 and P = 0.007, respectively). For the frequent, infre-
quent, and the no nighttime VMS groups, the median increase 
in WASO time was 6, 2.5, and 0 min, and the number of 

awakenings reported per night increased by 2.5, 1, and 0 in each 
group. Mean duration of wake episodes reported on the diary 
increased from baseline in relation to the number of nighttime 
VMS reported (rs = 0.51, P = 0.006). With each additional night-
time VMS reported, self-reported sleep efficiency decreased by 
1% (Table 3; P = 0.01), insomnia symptoms increased by 15% 
(Table 3; P = 0.03), and perceived sleep quality worsened by 
13% (Table 3; P = 0.03). There was no effect of nighttime VMS 
frequency on other sleep diary measures or on FSS scores.

Results were consistent for both objective and subjective 
sleep parameters when the time frame for quantifying night-
time VMS was restricted to the week leading up the posttreat-
ment PSGs.

Effect of Objectively Recorded Nighttime VMS
Among study participants reporting VMS, we recorded a 

median of 3.0 (IQR 1.5-4.0) objective VMS during the two 
posttreatment PSG using a skin conductance monitor. There 
was a strong correlation between the number of nighttime VMS 
recorded objectively and the number reported subjectively 
(rs = 0.57, P = 0.001). The number of nighttime VMS recorded 
correlated with PSG-measured WASO time (rs = 0.45, P = 0.02), 
which increased by 6.3 min for each additional objective VMS 
that was measured (95% confidence interval 0.3-12.8 min). The 
number of objectively recorded nocturnal VMS also correlated 
with an increase in the mean duration of PSG-measured wake 
episodes from baseline (rs = 0.41, P = 0.03). However, objective 
nighttime VMS did not correlate with the number of awaken-
ings on PSG (rs = 0.27, P = 0.16) or other sleep measures on the 
PSG, diary, or questionnaires. Sixty-six percent of objectively 
measured nighttime VMS were associated with an awakening 
occurring within 5 min of onset of a VMS event.

Effect of Daytime VMS
Prior to accounting for nighttime VMS frequency, the number 

of PSG-measured awakenings increased by 2% (P = 0.03) and 
the number of awakenings reported on the diary increased 
by 7% (P = 0.02) for each additional daytime VMS reported. 
However, these associations were no longer significant after 
adjusting for nighttime VMS frequency and there was no inde-
pendent effect of daytime VMS on any sleep parameter after 
accounting for nighttime VMS. Results were consistent for 
both objective and subjective sleep parameters when the time 
frame for quantifying daytime VMS was restricted to the week 
leading up the posttreatment PSGs.

DISCUSSION
Using a GnRHa model to induce VMS, we have shown 

that the number of nighttime VMS correlates directly with the 
degree of sleep fragmentation. Our results show that the dura-
tion of WASO and the number of awakenings, as measured 
with at-home PSG and sleep diaries, increase in relation to the 
number of nighttime subjective VMS that develop. WASO time 
and number of awakenings increased in relation to the number 
of nighttime VMS reported upon awakening, whereas the 
number of objectively measured nighttime VMS correlated with 
WASO time but not awakenings. The effects of nighttime VMS 
frequency extend to an increase in %N1 sleep, a reduction in 
diary-rated sleep efficiency, an increase in insomnia symptoms, 

Table 3—Effect of nighttime hot flashes on polysomnographic and 
subjective measures of sleep

Number of Nighttime Hot Flashes
Beta 95%CI  P

Polysomnography measures
WASO (min) 62.08 18.35 to 105.8 0.007
Number of awakenings 3.48 -0.14 to 7.10 0.05 
Sleep efficiency (%) -0.46 -1.00 to 0.08 0.09
Sleep onset latency (min) 0.43 -6.57 to 7.43 0.90
Stage N1% 5.67 1.10 to 10.24 0.02
Stage N2% 0.65 -0.29 to 1.58 0.17
Stage N3% -3.37 -6.94 to 0.20 0.06
Stage REM% 0.30 -1.36 to 1.96 0.72

Sleep diary measures
WASO (min) 311.95 67.06 to 556.8 0.02
Number of awakenings 15.88 4.69 to 27.07 0.007
Sleep efficiency (%) -0.76 -0.20 to -1.33 0.01
Sleep onset latency (min.) -0.13 -5.95 to 5.69 0.96

Questionnaires
ISI 14.61 1.38 to 27.83 0.03
PSQI 12.48 1.42 to 23.55 0.03
FSS -2.79 -9.54 to 3.95 0.39

Each beta coefficient represents the percent change in the dependent 
measure in a model adjusting for the baseline value of that measure (and 
sleep period time for awakenings and WASO). CI, confidence interval; 
FSS, Fatigue Severity Scale; ISI, Insomnia Severity Index; PSQI, 
Pittsburgh Sleep Quality Index; WASO, wake after sleep onset.
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and a decrease in perceived sleep quality. The number of VMS 
reported during the daytime was not associated with changes 
in any sleep parameter after adjusting for nighttime VMS. Our 
results provide the first experimental evidence that VMS frag-
ment PSG-measured sleep. These findings are consistent with 
a specific contribution of VMS to PSG-measured sleep inter-
ruption, suggesting that nighttime VMS interrupt sleep in the 
setting of menopause.

Our study shows that nighttime VMS specifically interrupt 
PSG-measured sleep, but do not prolong sleep onset latency or 
extensively alter sleep architecture. The increase in WASO dura-
tion, awakenings, and %N1 sleep indicate a shift toward greater 
sleep fragmentation and more light sleep. Sleep onset latency, 
N2, N3, and REM sleep were not appreciably affected by VMS. 
These observed changes in objective sleep continuity are consis-
tent with other studies showing that VMS are associated with frag-
mentation of sleep and reduction of sleep efficiency, as measured 
by PSG7-10 and actigraphy,14-16 although not all studies have found 
this association.6,11-13 Previous studies finding no link between 
VMS and PSG measures of sleep6,11-13 may not have detected an 
association because women with all levels of VMS frequency—
some of whom may have had infrequent nighttime symptoms—
were compared categorically against women without VMS. Most 
studies have used a cross-sectional design contrasting postmeno-
pausal women with VMS versus those without VMS and have 

not taken into account the specific number of VMS occurring at 
night. In contrast, in our own previous study of GnRHa-induced 
VMS, we observed that VMS reduced actigraphically measured 
sleep efficiency only when the analysis factored in the number of 
VMS reported.16 Given that VMS occurring at night are the rele-
vant symptom to investigate in sleep studies and that the number 
of nighttime VMS varies between women, studies similar to the 
current one provide a more robust quantification by focusing on 
nighttime VMS frequency.

We observed that the amount of increase in PSG-measured 
WASO time corresponded to the number of nighttime VMS, 
regardless of whether VMS were reported in the morning or 
measured objectively during the night. Analyses of subjec-
tively reported nighttime VMS depend on an individual being 
awake long enough to remember experiencing a hot flash, 
which implicitly links subjective VMS at night to awakenings. 
Individuals who have sufficiently long awakenings to generate 
memory of the event are more likely to report experiencing sleep 
disruption and impaired sleep quality, and to have measurable 
changes of sleep interruption on PSG.40 In contrast, objective 
recording of VMS at night using a skin conductance measure-
ment is independent of the sleep-wake state. Although not all 
objective VMS are associated with an awakening, the increase 
in WASO duration and wake episode duration that we observed 
in relation to an increasing number of objective nighttime VMS 

Figure 3—Effect of nighttime vasomotor symptoms on polysomnography (PSG)-measured (A) wake after sleep onset (WASO); (B) number of awakenings; 
and subjectively (diary)-measured (C) WASO; (D) number of awakenings. Data are shown by hot flash group (frequent and persistent, n = 10; infrequent and 
persistent, n = 10; not persistent, n = 9). P values derive from linear regression models of the effect of nighttime VMS frequency on the primary endpoints 
of percent change in PSG-measured WASO time and number of awakenings adjusting for baseline levels of WASO (or awakenings) and sleep period time.
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provides further evidence that the physiological changes asso-
ciated with VMS events are linked to sleep interruption.

In our study, the extent of sleep interruption resulting from 
nighttime VMS was modest. For example, those who devel-
oped frequent nighttime VMS had a median increase from 
baseline of six awakenings and 14 min of WASO per night on 
PSG and they reported experiencing a median of 2.5 additional 
awakenings and 6 additional min of WASO per night relative to 
baseline. This amount of sleep interruption resulted in a small 
but statistically significant reduction in self-reported sleep effi-
ciency on the diary and a statistical trend toward a reduction 
in PSG-measured sleep efficiency. Insomnia symptoms and 
perceived sleep quality were similarly worsened proportionate 
to the frequency of nighttime VMS, extending results of studies 
showing worse sleep quality in women in midlife with VMS 
versus without VMS17 by demonstrating a “dose” effect of 
nighttime VMS on sleep quality. Interestingly, our study may 
have underestimated the deleterious effect of VMS on sleep 
because, although the number of nighttime VMS reported was 
similar to that seen in women during the menopause transition,15 
we enrolled healthy young premenopausal women who lacked 
age-related sleep changes, and were good sleepers at baseline. 
As a result, our study population may have been more resilient 
than women in midlife to the disruptive effects of nighttime 
VMS on sleep.

We observed that the increase in PSG awakenings from base-
line among those developing new-onset hot flashes exceeds the 
number of nocturnal VMS. For example, the group with frequent 
nocturnal VMS had a median of six additional awakenings on 
PSG after developing VMS, whereas they reported a median 
of only 3.8 nocturnal VMS subjectively and had 4.0 nocturnal 
VMS measured objectively. Moreover, we observed that only 
two-thirds of objectively measured nocturnal VMS were asso-
ciated with an awakening occurring within 5 min, providing 
further evidence that a significant proportion of the additional 
awakenings occurring in those with VMS were not linked with 
an individual VMS event. These findings suggest that not all 
awakenings are coupled with an individual hot flash, with 
some awakenings potentially linked to other related physi-
ologic changes occurring in women with VMS. VMS are trig-
gered by cortical activation,9 and typically follow a transient 
increase in core body temperature (up to 1°C).41-43 Women with 
VMS also have underlying changes in core body temperature44 
and autonomic nervous system activity,45 independent of indi-
vidual VMS events. Because increases in core temperature can 
result in an awakening,46 we hypothesize that the underlying 
thermal dysregulation in women with VMS may contribute to 
the number of awakenings. Therefore, the extent of sleep inter-
ruption in women developing VMS may reflect the effect of 
both heat dissipation and sweating, yielding awakenings as well 
as differential patterns of core temperature and/or autonomic 
nervous system activity effects on sleep.

The use of an experimental design to study the effect of 
VMS on sleep provides a strong approach for this research 
question because changes in sleep from baseline are calcu-
lated in response to the onset of VMS. The rigor of study 
design is balanced by the size of the study sample, which, 
like other experimental studies,47 is limited by cost consider-
ations and the intensity of study procedures. Inclusion of young 

premenopausal women eliminates confounding by age-related 
sleep changes, which may underestimate the magnitude of the 
effect of nighttime VMS on sleep. PSG sleep patterns observed 
at baseline in our study participants are consistent with those 
seen in healthy women of a similar age.48,49

In summary, this study of induced hot flashes provides 
strong evidence that nocturnal VMS fragment sleep and reduce 
sleep quality in direct proportion to the increasing number of 
nighttime VMS, thereby validating the subjective experience 
of women transitioning through menopause during midlife. 
By quantifying nighttime VMS, using each study participant 
as her own control, and isolating VMS effects from those of 
age-related sleep changes, this study demonstrates an effect of 
new-onset nighttime VMS on sleep disruption and resolves the 
apparent paradox in the literature between the effects of VMS 
on subjective and objective sleep measures.
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