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UP TO 50% OF MEDICALLY HEALTHY WOMEN OVER THE 
AGE OF 60 YEARS REPORT SLEEP DISTURBANCE.1-6 THESE 
SUBJECTIVE PERCEPTIONS OF POOR SLEEP QUALITY 
have been verified objectively in the laboratory. For example, with 
time in bed held constant, older women exhibit total sleep times 
approximately 2 hours shorter than those of young adults.7-9 Sleep 
also appears to become “shallower,” and more easily interrupted 
with age, as reflected in significant declines in electroencephalo-
gram slow-wave activity, increases in wake time after sleep onset 
(WASO), and decreased arousal thresholds. 10-13 Older women who 
complain of sleep disturbance most often report difficulty maintain-
ing, rather than initiating, sleep.14-16 They report particular difficulty 
maintaining sleep in the second half of the night and, as a result, of-
ten terminate their night’s sleep prematurely. In the laboratory, not 
only do older women exhibit more spontaneous awakenings than 
do younger subjects, but they take almost 4 times longer to return 
to sleep than their younger counterparts.16

A constellation of risk factors for sleep problems in aging wom-
en has been identified,5, 17-19 and it is clear that several age-related 
physiologic changes interact to produce the disturbed regulation 
of sleep. One aspect of aging that has received sparse attention, 
however, with regard to effects on sleep, is the dramatic reregula-
tion of reproductive hormones that occurs at menopause and con-
tinues throughout the postmenopausal period.

Few studies have measured gonadal hormones in women who 
are more than a couple of years postmenopause, and almost no 
studies have investigated, beyond menopause, whether endog-
enous levels of these hormones influence sleep. Yet, perimeno-
pausal and postmenopausal women share many of the same 
features of sleep disturbance, such as awakening in the early 
morning hours and an inability to return to sleep. Furthermore, 
several studies have shown that hot flashes and other vasomotor 
symptoms that influence sleep continue years beyond menopause 
in up to 40% of postmenopausal women.20, 21 Thus, the sleep dif-
ficulties that emerge at menopause often do not abate and may 
become compounded by age-associated disruption of circadian 
and homeostatic processes that regulate sleep.22-24

Sleep disturbance during the climacteric has generally been 
associated with estrogen deficiency, and there is evidence that es-
trogen plays an important role. For example, exogenous estrogen 
therapy has been reported to improve subjective and, to a lesser 
extent, objective sleep, most often attributable to a decrease in hot 
flashes. Nevertheless, a substantial proportion of older women 
who take estrogen have residual sleep complaints. In addition, 
many older women experience sleep disturbance that may be as-
sociated with age-related changes in thermoregulation25 in the ab-
sence of hot flashes or night sweats. Whether the postmenopausal 
sex hormonal milieu is associated with sleep in these women 
has not been investigated to any extent. As emphasized by Moe 
(1999), “There is virtually no information available about how 
the postmenopausal hormone profile interacts with the sleep of 
older, asymptomatic postmenopausal women26, p344.”

The current study was undertaken to add to the literature relat-
ing to postmenopausal sex hormone levels and sleep. It was de-
signed to exploit the well-documented variability in sleep among 
older women to examine potential relationships between objec-
tive sleep measures, nocturnal sex hormone levels, and the noc-
turnal course of body core temperature.
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METHODS

Subjects

Ten postmenopausal women (mean age 65 ± 5 years; range: 57-
71 years) were studied over 3 consecutive nights in the laboratory. 
They were fully informed of all study procedures and were com-
pensated for their participation. The protocol was approved by the 
Institutional Review Board of Weill Cornell Medical College.

Subjects were amennorheic for a minimum of 5 years (mean 
= 14.4 ± 5 years). A physical and mental health examination pri-
or to participation ensured the inclusion of healthy women with 
no contraindications for frequent blood sampling via indwelling 
catheter. The examination, conducted by a board-certified sleep 
medicine physician (n = 7) or geriatric psychiatrist (n = 3), in-
cluded a sleep history interview in which potential participants 
self-reported current sleep quality. Of the 10 subjects studied, 3 
reported excellent sleep quality with no complaints, 3 reported 
occasional (1-2 times per week) difficulty maintaining sleep, and 
4 reported frequent difficulties maintaining sleep. One included 
subject reported significant sleep onset difficulties in addition to 
sleep maintenance problems. For approximately 2 weeks prior to 
the study, subjects maintained sleep diaries in which they reported 
bedtimes, estimated sleep-onset latencies, wake-up times, number 
of awakenings the previous night, and naps. In all 10 subjects, 
these diaries concurred with the self-reported sleep quality de-
scribed during screening interviews.

Although complaints of sleep maintenance difficulties did not 
exclude a potential subject, the likely presence of sleep pathol-
ogy, such as sleep apnea or periodic limb movements in sleep, as 
determined in the screening interview, was an exclusion criterion. 
Current mental health was assessed using the Mini-Mental State 
Exam27 to screen for dementia (score of > 29 required for study 
inclusion) and the 17-item Hamilton Depression Rating Scale28 to 
screen for depression (score of < 7 required for study inclusion). 
All subjects were free from use of psychotropic medications or 
medications that altered thyroid function. None had received any 
form of hormone therapy, including herbal preparations, for a 
minimum of 3 months prior to study participation.

Procedures

Participants arrived at the laboratory by 1900 on each of 3 con-
secutive nights. Body core temperature was recorded continuously 
throughout the subjects’ time in the laboratory using an indwell-
ing rectal thermistor. By 2100, an electrode montage for recording 
sleep-wake variables was attached at electroencephalogram sites 
F3, C3, O1, referenced to linked mastoids, and at bipolar elec-
trooculograph and electromyograph sites. Subjects’ bedtimes and 
wake times on each night were based on habitual times reported 
in the sleep diary completed by the subject for a minimum of 1 
week prior to study participation. The first night provided adapta-
tion to the laboratory and recording procedures and for additional 
screening for symptoms of sleep pathology. Specifically, pulse 
oximetry and tibialis electromyography variables were obtained 
throughout the sleep period. Oxygen desaturation below 90%, or 
a periodic limb movement index of more than 10 per hour of 5-
second electromyogram contractions associated with an electro-
encephalogram-defined arousal, excluded subjects from further 
participation (resulting in dismissal of 2 subjects with significant 

symptoms of periodic limb movements of sleep). The second 
night provided further adaptation to the lab environment and to 
sleeping with the intravenous catheter (not inserted), arm board, 
and dressings required for remote blood sampling during sleep.

On the third night, an 18-gauge intravenous catheter, connect-
ed to a J-hook 12-foot extended polypropylene tube, was inserted 
into a forearm vein. From 2000 until the later of 0800 or habitual 
wake time, 5-mL blood samples were collected every 20 minutes. 
Samples were obtained remotely via the extended catheter tubing 
that passed through a portal in the wall to a sampling station out-
side the subject’s bedroom. All samples were immediately centri-
fuged and separated, and plasma or serum aliquots were frozen at 
-20°C until assayed.

Wake and sleep electroencephalogram variables were re-
corded using LaMont Systems amplifiers connected to a LaMont 
HXAT/32 A-to-D board (Stellate Systems, Inc., Quebec, Ontario) 
in a locally served Ethernet network running the software pro-
gram Harmonie (Stellate Systems, Inc., Quebec, Ontario). All 
sleep recordings were scored off line by trained scorers in 30-
second epochs according to standard criteria.29

Body temperature was recorded every 2 minutes using dispos-
able rectal thermistors (Yellow Springs International Series 4400, 
Yellow Springs, Ohio) connected to an ambulatory data-collec-
tion device (Minilogger 2000, Minimitter Corporation, Bend, 
Oregon). The rectal thermistor remained in place throughout the 
subjects’ time in the laboratory, except for brief periods for per-
sonal hygiene.

Assays

Commercially available radioimmunoassay kits (Diagnostic 
Products Corporation, Los Angeles, CA) were used to measure 
estradiol (E2) and luteinizing hormone (LH) levels. We assayed 
E2 because it is the most biologically active estrogen in older 
women and because it provides negative feedback to LH re-
leasing hormone neurons in the hypothalamus. LH was assayed 
based on literature suggesting that it (but not follicle stimulating 
hormone) may be associated with sleep disturbance.30-32 All of a 
subject’s samples were assayed in the same run. Intraassay coef-
ficients of variation averaged 7% ± 2% for E2 and 5% ± 1% for 
LH, whereas interassay coefficients of variation ranged from 5% 
to 14% for both E2 and LH. The E2 assays had a sensitivity of 1.6 
pg/mL, and the LH assays had a lower sensitivity of 3 IU/L and 
upper sensitivity of 120 IU/L.

Data Analysis

Summary variables were calculated from the scored polysom-
nographic records. Sleep measures included sleep efficiency (the 
ratio of time spent asleep per time in bed), sleep period time (SPT: 
the interval from sleep onset to final morning awakening), total 
sleep time (TST: minutes of sleep stages 1, 2, 3, 4, and rapid eye 
movement [REM] during the SPT), sleep-onset latency (from 
bedtime until the first epoch of sleep stage 2, 3, 4, or REM), 
amount and percentage of WASO, percentages of each sleep stage 
as a proportion of SPT, REM sleep latency, and the number and 
duration of awakenings during the SPT.

To assess the effects of catheter insertion and frequent blood 
sampling on sleep, sleep efficiency values from the second and 
third night were compared. A paired t-test indicated slight, but 
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nonsignificant, sleep disruption—mean sleep efficiency (± SD) 
was 81.2% ± 11.6% versus 79.6% ± 14.3% on the second versus 
third nights, respectively (P = 0.27). The only significant differ-
ence in sleep measures between nights was a lower percentage 
stage 1 on the third night (8.3% ± 4.1% vs 5.8% ± 1.9%, P < 
0.05). Thus, sleep variables from the third night were considered 
representative of the subjects’ laboratory sleep quality and were 
used in all subsequent analyses.

Mean E2 and LH levels were calculated for each subject as the 
average of all samples obtained during her sampling period (2000 
to the later of 0800 or habitual wake time). Each hormone series 
was examined for significant pulses using a computerized program 
based on the cluster analysis method of Veldhuis and Johnson.33 As 
recommended by the authors, given our 20-minute blood sampling 
rate, a 2 × 1 cluster size (i.e., 2 consecutive samples for the upstroke 
and 1 sample for the down stroke) using assay replicate values was 
utilized, and t-values of 2.1 × 2.1 were applied as thresholds de-
termining significance of the increase or decrease in the hormone 
level. This approach sets the false-positive error rate to 2.5%, al-
though the false negative rate for LH, specifically, (i.e., not detect-
ing pulses that are there) is likely to be substantially higher. How-
ever, logistic and subject safety considerations led to our limiting 
blood samples to every 20 minutes. Because the sampling rate was 
the same throughout the sampling interval both within and between 
subjects, comparisons both within the night for a given subject and 
between subjects is appropriate. Although the 20-minute sampling 
rate likely does not permit accurate characterization of LH pulse 
dynamics (i.e., absolute frequency or amplitude), examination of 
relative amplitudes and frequency is valid. Relative pulse ampli-
tudes were calculated as the percentage increase from the prepeak 
valley and to the maximum value obtained, in picograms per mil-
liliter (E2) or milli-international units per milliliter (LH).

Hormone levels and pulse frequencies were compared between 
the portion of the approximately 12-hour sampling period com-
prising the SPT (“during sleep”) and the portions comprising the 
intervals from 2000 to sleep onset and from final morning awak-
ening-end of the sampling period (“during wakefulness”). To ac-
count for the fact that the SPT occupied the majority of the sam-
pling period, the relative measure of number of pulses per hour of 
wakefulness and sleep were compared.

The raw body core temperature data were edited for missing 
(e.g., during removal of probe for personal hygiene) or artifact 
data (e.g., due to rectal probe slippage). The arithmetic mean of 
edited temperature data from 2000 to 0800 was calculated from 
the values of a 5-minute running average smoothed curve for each 
subject. The mean temperature during 3 intervals relative to sleep 
was also calculated: 2000 to polysomnographic sleep onset, sleep 
onset to morning awakening (i.e., during SPT), and during SPT 
minus during any interval of wakefulness lasting 5 minutes or 
longer.

Statistical analyses were computed using SAS JMP v. 5.0 (SAS 
Institute, Inc., Cary, NC). Results presented include those from all 
10 subjects, unless otherwise stated. Regression analyses using 
hormone measures as the predictor variable were used to examine 
relationships among E2, LH, demographic, sleep, and temperature 
variables. All dependent variables were normally distributed as 
determined by Kolmogorov-Smirnov D test; thus, Pearson prod-
uct-moment correlations are reported. Significant correlations are 
only reported as such if all data points fell within 90% bivariate 
confidence curves.

RESULTS

Hormone Levels

As expected, both E2 and LH levels were highly variable be-
tween individuals. Estradiol levels ranged from undetectable to 
an overnight average of 19.2 pg/mL, with a group mean of 10.2 
± 7.0 pg/mL. Overnight averages in LH levels ranged from 13.3 
to 58.2 mIU/mL. The group average LH level was 33.8 ± 17.9 
mIU/mL.

Sleep Measures

Table 1 lists group averages and range for polysomnographic 
measures. As evidenced in the table, there was substantial group 
variability, although sleep was disrupted relative to published val-
ues for healthy young women.1, 34, 35 As an example, 12 women 
aged 18 to 30 years studied in our lab under a similar protocol 
during the early follicular phase of the menstrual cycle exhibited 
sleep efficiency of 88.1% ± 6.0% (unpublished data).

Relationships Between Hormone Levels and Sleep Quality

Correlation analyses revealed no significant relationship between 
an individual’s mean overnight E2 and LH levels (r = -.41, NS). In 

Table 1—Polysomnographic Variables for 10 Older Postmenopausal 
Women

Variable Mean (SD) Range
Age, y 64.7 (4.7) 57 – 71
Years since menopause 14.4 (4.8) 5 – 21
Bedtime, clock time 2333 (51m) 2135 – 2419
Wake-up time, clock time 0759 (28m) 0705 – 0831
Time in bed, min 507.1 (61.4) 445.0 – 651.0
Sleep period time, min 485.0 (40.5) 433.5 – 562.0
Sleep-onset latency, min 22.1 (25.7) 8.0 – 89.0
Total sleep time, min 389.1 (47.6) 284.0 – 430.0
Sleep efficiency, % 79.6 (9.0) 61.8 – 89.5
Sleep stage, min
WASO 99.6 (44.9) 49.0 – 175.5
 1  27.7 (7.8) 20.5 – 43.0
 2  192.0 (43.0) 119.5 – 268.0
 SWS 73.3 (21.4) 44.5 – 98.0
 REM 92.7 (20.8) 49.0 – 118.0
Sleep stage, %
WASO 20.4 (9.0) 10.4 – 38.2
 1  5.8 (1.9) 3.8 – 9.9
 2  39.6 (8.3) 26.0 – 55.3
 SWS 15.2 (4.7) 9.3 – 20.7
 REM 19.1 (4.3) 10.7 – 25.3
REM latency, min 67.0 (15.3) 45.0 – 91.5
Awakenings
 Number
  Total 11.4 (3.4) 9 – 17
  > 5 min 3.9 (2.0) 1 – 6
 Duration, min
  Total 9.3 (19.8) 2.3 – 13.3
  > 5 min 25.7 (31.5) 6.7 – 17.5

WASO refers to wake after sleep onset; SWS slow-wave sleep; REM 
rapid eye movement
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addition, neither chronologic age nor years since menopause were 
associated with either E2 or LH levels or with any sleep measures.

Correlations between polysomnographic measures and over-
night average E2 or LH level are shown in Table 2. Although there 
was a significant positive relationship between E2 levels and sleep 
efficiency, no other sleep measures were significantly related to 
subjects’ nocturnal E2 levels. In contrast, higher LH levels were 
significantly associated with lower sleep efficiency (and positive-
ly associated, r = 0.64 with its inverse, percentage of WASO, not 
shown in table), more minutes of WASO, and the number of awak-
enings longer than 5 minutes. Figure 1 shows sleep and hormone 
levels for 2 representative subjects. Note that although both sub-
jects had similar E2 levels throughout the night, the first (Figure 1a) 
had LH levels more than twice as high as the second (Figure 1b). 
Sleep efficiency was 76% for the woman with higher LH levels, 
compared with 84% for the woman with lower LH levels.

Hormone Pulses

Table 3 lists E2 and LH pulse characteristics for the entire sam-
pling period and for the sampling intervals during wakefulness 
(from 2000–sleep onset plus final awakening–0800) and during 
the sleep period time. For E2, a group mean of 5.1 (median: 5) 
peaks were detected. These pulses were generally of low ampli-
tude, with an average increase from prepulse E2 level of 12% ± 
12%.

As shown in Table 3, 37% of pulses occurred during wakeful-
ness (which comprised 32% of the sampling interval) and 63% 
during sleep (which comprised 68% of the sampling interval). To 
account for the different durations of wakefulness versus sleep, 
the number of E2 pulses per hour of wakefulness, or sleep, was 
calculated. Estradiol pulses were distributed evenly between the 
wakefulness and sleep portions of the sampling period—0.48 
pulses per hour of wakefulness versus 0.44 pulses per hour of 
sleep (paired t-test P = 0.13).

For LH pulse activity, a mean of 4.9 (median: 5) peaks per 
subject were detected. These peaks were generally of higher am-
plitude than E2 and averaged an increase of 47% ± 19% above 

the prepulse LH level. Also in contrast to E2, only 18% of LH 
pulses occurred outside of the SPT, whereas 82% occurred dur-
ing the sleep period. There were 0.17 LH pulses per hour of 
wakefulness versus 0.51 LH pulses per hour of sleep (t10 = 2.42, 
P = 0.04), indicating that LH pulses occurred disproportionately 
during sleep.

Concurrence of LH Pulses and Awakenings

LH pulses that occurred during the sleep period almost invari-
ably heralded a long awakening from sleep. Ninety-three percent 
of LH pulses that were detected during sleep were followed, with-
in 20 minutes (the window of time circumscribed by the blood 
sampling rate), by an awakening of at least 5 minutes in duration. 
In other words, although not every long awakening was preceded 
by an LH pulse, 30 of 32 LH pulses were followed closely in 
time—an average of 8.0 ± 6.2 minutes—by a significant disrup-
tion of sleep. (The other 2 LH pulses were from the same subject 
during ongoing sleep; neither a brief nor a long awakening oc-
curred within an hour of those 2 pulses.) The mean duration of 
awakenings following an LH pulse was 18 ± 19 minutes.

Body Temperature, Sleep Measures, and Hormone Levels

Body core temperature data from Night 3 were available for 
8 of the 10 subjects. Mean body temperature prior to sleep on-
set was significantly correlated with subsequent sleep efficiency 
(-.73, P < 0.05). Mean temperature during the SPT was signifi-
cantly correlated with sleep efficiency (r = -.74, P < 0.05 and its 
inverse, percentage of WASO, r = 0.74, P < 0.05). When tempera-
ture values corresponding to periods of wakefulness longer than 
5 minutes were removed from each subject’s dataset, and mean 
temperature was recalculated, the correlation between tempera-
ture during the SPT and sleep efficiency remained significant (r 
= -.72, P < 0.05).

Body temperature was also correlated with hormone measures. 
There was a strong positive relationship between temperature 
during sleep and overnight LH levels (r = 0.89, P < 0.01). This 

Table 2—Pearson Correlations Between Sleep and Overnight 
Hormone Levels in 10 Postmenopausal Women

Polysomnographic  Mean E2,  Mean LH,
variable pg/mL mIU/mL
Total sleep time 0.34 -0.33
Sleep period time -0.01 0.27
Sleep-onset latency 0.40 0.29
Sleep efficiency 0.53 -0.64a

Sleep stage, min  
 WASO  -0.47 0.66 a

 1  0.24 -0.61 
 2  0.22 -0.23
 SWS 0.10 0.27
 REM 0.37 -0.46
REM latency -0.17 0.60 
Awakenings, no. > 5 min -0.21 0.85 b

E2 refers to estradiol; LH, luteinizing hormone; WASO, wake after 
sleep onset; SWS, slow-wave sleep; REM, rapid eye movement.
ap < 0.01
bp < 0.05

Table 3—Estradiol and LH Pulse Characteristics During Wakefulness 
Versus Sleep in 10 Postmenopausal Women

   E2 LH
Pulses, no. 51 49
Pulses, mean 5.1 4.9
Pulses, median 5 5
Pulses during wakefulness, no. 19 9
Pulses during SPT, no. 32 40
Pulses during wakefulness, % 37 18
Pulses during SPT, % 63 82
Hours of sampling interval
   comprised by wakefulness 
   (proportion) 3.82 ± 1.16 (32%)
Hours of sampling interval
   comprised by SPT
   (proportion) 8.19 ± 1.16 (68%)
Pulses per h wakefulness, no. 0.48 0.17
Pulses per h SPT, no. 0.44 0.51

E2 refers to estradiol; LH, luteinizing hormone; SPT, sleep period 
time.
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correlation was reduced to r = 0.60 (NS) when temperature dur-
ing intervals of wakefulness longer than 5 minutes was removed 
from the datasets. Estradiol levels were not significantly associ-
ated with any temperature measures.

The subset of 8 women with body temperature data included 4 
with a sleep efficiency higher than 85% and 4 with a sleep effi-
ciency less than 77%. As illustrated in Figure 2, there were obvious 
differences between these groups in body core temperature levels. 
Despite the small size of these subgroups, there was sufficient pow-
er to detect significant differences between them (i.e., with an α 
= 0.05, β was approximately 0.75 for all t-tests described below). 
Table 4 lists comparisons of average core body temperature levels 
for these subgroups prior to sleep onset, during sleep, and during 
sleep minus during awakenings that lasted 5 minutes or longer. Av-
erage body temperature prior to sleep onset was significantly higher 
for women with lower sleep efficiency for all 3 intervals compared. 
In addition, mean LH levels were significantly higher in the women 
with lower sleep efficiency and higher body temperature. Although 
mean E2 levels were lower in those with poorer sleep efficiency, 
this difference did not reach statistical significance.

DISCUSSION

In these postmenopausal women, nocturnal levels of the sex 
steroid estradiol and the gonadotropin LH were significantly as-
sociated with objective sleep measures, and LH levels were sig-

nificantly correlated with sleep-related body temperature vari-
ables. These results are consistent with those of previous studies 
reporting that high LH levels are associated with disturbed sleep 
in women. For example, an investigation of the relationship be-
tween gonadotropins and sleep in perimenopausal women re-
ported that daytime levels of LH, but not FSH, were positively 
correlated with the number of awakenings from nocturnal sleep, 
percentages of sleep stages 1 and 2, REM sleep latency, and the 
number of shifts between sleep stages.32 In addition, the daily 
peak in LH pulse amplitudes occurred during the afternoon hours 
in premenopausal women in the early follicular phase, but during 
the early morning hours in postmenopausal women.36 This peak in 
LH pulsatile activity corresponds to the time during which many 
older women experience difficulty maintaining sleep.e.g.24

In our study, significant increases in LH above basal levels 
occurred more frequently during the nocturnal sleep period than 
during the evening hours prior to bedtime or after morning awak-
ening. This result is in apparent opposition to the “sleep-related 
inhibition” of LH that has been observed in young women during 
the early follicular phase.36-38 Interestingly, Hall and colleagues 
recently found that, in premenopausal women, the probability of 
wakefulness within a sleep episode increased significantly prior 
to an LH pulse. The authors interpreted the result as suggesting 
that wakefulness was the primary event and that an awakening 
from sleep permitted release from the inhibitory effect of sleep 
on hypothalamic control of LH pulsatility. Because many of the 

Table 4—Core Body Temperature, Estradiol Levels, and Luteinizing Hormone Levels in 8 Postmenopausal Women Stratified by Sleep Efficiency

 Sleep efficiency, % t-test
 > 85 (n = 4) < 77 (n = 4)
Time of Tr measurement Core temperature average, ˚C
 Prior to sleep onset 36.97 ± 0.15 37.43 ± 0.34 t6 = 2.5, P < 0.05
 During SPT 36.57 ± 0.19 37.05 ± 0.34 t6 = 2.5, P < 0.05 
 During SPT minus during awakenings > 5 min 36.43 ± 0.09 36.92 ± 0.40 t6 = 2.8, P < 0.05
Hormone measured Mean hormone levels obtained from 2000 - 0800, pg/mL
 Luteinizing hormone 21.7 ± 11.6  50.6 ± 5.7 t6 = 4.5, P < 0.01
 Estradiol 14.25 ± 4.70 7.62 ± 8.01 t6 = 1.4, NS

b 
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Figure 1—Hypnogram and plasma levels of estradiol (E2; dotted line) or luteinizing hormone (LH; solid line) for (a) a 67-year-old woman, 14 
years after menopause with a sleep efficiency (total sleep time/sleep period time)=76%, mean E2=19.2 pg/mL, and mean LH=45.5 mIU/mL and 
(b) a 61-year-old woman, 13 years after menopause with a sleep efficiency=84%, mean E2=18.6 pg/mL, and mean LH=19.3 mIU/mL.
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older women in our study had frequent and long awakenings, it 
is quite possible that this same temporal relationship—wakeful-
ness permitting an LH pulse—occurred in our sample. How-
ever, our relatively infrequent sampling rate does not allow us 
to adequately confirm this possibility. Additional studies of sex 
hormones, body temperature, and sleep, in which the variables 
are measured across the circadian day, both in the presence and 
absence of sleep (i.e., during sleep deprivation, sleep reversal, or 
daytime napping), might also clarify the direction of relationships 
between the variables.

One limitation of this study is the possibility that women with 
sleep-disordered breathing may have been included. Although we 
excluded any woman with a diagnosis of sleep apnea or other 
medical sleep disorder and, further, included only those whose 
pulse oximetry values did not drop below 90% at any time during 
the night, we did not measure additional respiratory variables that 
may have revealed the presence of sleep-disordered breathing. 
Another limitation of the study is that no systematic measures of 
subjective sleep quality were obtained. Although subjects’ self-
perceptions of sleep quality obtained during screening examina-
tions were generally confirmed by polysomnographic results, the 
important question of whether there are relationships among sub-
jective sleep quality, hormone levels, and body temperature could 
not be examined.

Mechanisms by which steroid hormones influence sleep have 
been studied to some extent, in contrast with the possible contri-
bution of gonadotropins to regulation of central nervous system 
activities. It has long been known that estrogen receptors are pres-
ent in sleep- and temperature-regulating areas of the hypothalamus. 
Recently, LH receptors have also been identified in the human 
brain, including the hypothalamus and pineal,39, 40 and they have 
been shown to influence synthesis of melatonin in rats.41 One means 
by which pituitary LH release could affect sleep comes from stud-
ies reporting that LH levels are positively related to the frequency 
and severity of hot flashes, even in the presence of relatively high 
estrogen levels.42-44 Although LH pulses are not the proximate cause 
of hot flashes, pituitary LH release occurs concomitantly with the 

dramatic central and body core temperature increase at their onset45 
and LH receptors located in distal vasculature may interfere with 
peripheral heat loss mechanisms.40 Combined with evidence that 
altered temperature regulation contributes to some forms of sleep 
disturbance,46 it is conceivable that high LH levels influence sleep 
via thermoregulatory mechanisms. Congruent with this notion, we 
found that poor sleep quality was associated with both higher LH 
levels and higher body core temperature. One intriguing question 
is whether LH pulsatile activity is associated with acute changes in 
body temperature that lead to sleep disruption or, perhaps, whether 
gonadotropin release has more long-term effects on, for example, 
the circadian course of body temperature.

At a minimum, these data provide evidence to warrant con-
tinued investigation of how age-related changes in the output of 
the hypothalamic-pituitary-gonadal axis, including both gonadal 
steroids and gonadotropins, impact sleep quality in aging women, 
with the aim of developing novel approaches to the treatment of 
menopause- and age-related sleep disturbance.
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