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Study Objective: To quantify sources of night-to-night variability.
Methods: This project was conducted in 285 middle-aged Afri-
can American, Caucasian, and Chinese women from the Study 
of Women’s Health Across the Nation (SWAN) Sleep Study liv-
ing in Chicago, the Detroit area, Oakland, and Pittsburgh. The 
study used 3 repeated nights of in-home polysomnography 
(PSG) measures. Night 1 data included assessment of sleep 
staging, sleep apnea, and periodic limb movements, while 
Nights 2 and 3 focused on sleep staging.
Results: Mean total sleep time (TST) increased substantially 
from 365 minutes on Night 1 to 391 minutes and 380 minutes, 
respectively, on Nights 2 and 3. Mean percent sleep effi ciency 
(SE%) for the 3 nights were 83%, 85%, and 85%, respectively. 
Night 1 sleep values were signifi cantly different than Nights 
2 and 3 measures except for S2 (%), S1 (min), and Delta 
(S3+4)%. Nights 2 and 3 differences in variability were neg-
ligible. Obesity, past smoking, and fi nancial strain measures 
were associated with greater Night 1 vs. Night 2 or Night 3 

differences. We concluded that there was signifi cant Night 1 
vs. Nights 2 and 3 variability and, though relatively modest, 
it was suffi cient to bias estimates of association. Additionally, 
personal characteristics including smoking, obesity, and fi nan-
cial strain increased night-to-night variability.
Conclusions: This reports adds new information about be-
tween and within person sources of variation with in-home 
PSG and identifi es elements that are essential in the design 
and planning of future sleep studies of multi-ethnic groups 
in social and physiological transition states such as the 
menopause.
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Polysomnography (PSG) is widely used in clinical and epi-
demiological research settings to provide objective sleep 

measures.1-6 PSG can be conducted using in-home settings or 
sleep laboratories considering the advantages afforded by vari-
ability in the closeness of monitoring, the ability to correct tech-
nical problems in a timely manner, and control temperature, 
noise and other environmental factors to minimize systematic 
bias. Use of PSG in the home or laboratory setting has sub-
stantial costs for data acquisition and the time required for data 
processing while potentially imposing physical and psychologi-
cal burdens on the participant.7 Given these considerations, it is 
important to ascertain how much and what kind of data must 
be collected, determine if more than a single night’s data col-
lection is required to describe sleep behaviors; and, identify 
personal characteristics associated with substantially increased 
within-person variation in sleep behaviors.

Considering the number of data collection nights that are 
needed to provide unbiased estimates of sleep characteristics 
is often made more complex because of the impact of the “fi rst 
night” effect (FNE), generated from changes in the sleep envi-

BRIEF SUMMARY
Current Knowledge/Study Rationale: Use of repeated polysomnog-
raphy (PSG) in the home or laboratory to describe sleep behavior has 
substantial costs in money and time for data acquisition and data pro-
cessing while potentially imposing physical and psychological burdens 
on the participant. In order to reduce the costs and relieve the burdens 
for designing and planning of future sleep studies, this report uses 3 
nights’ in-home PSG data from SWAN Sleep Study to evaluate night-to-
night variation, information redundancy, and identify personal character-
istics associated with substantially increased within-person variation in 
sleep behaviors.
Study Impact: Through the evaluation of sources of night-to-night varia-
tion with in-home PSG, this reported identifi es elements that are essential 
in the design and planning of future sleep studies of multi-ethnic groups 
in social and physiological transition states such as the menopause. Two 
nights of in-home PSG assessment with an appropriate sample size can 
provide robust parameter estimates of sleep duration, continuity, and ar-
chitecture in community samples; the identifi ed personal characteristics 
associated with greater variability between fi rst and second night mea-
sures includes smoking, obesity, and fi nancial strain.D
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home PSG studies used the Vitaport 3 (VP3) PSG monitor 
(Temec, Netherlands). Night 1 included a sleep disorders screen-
ing PSG montage with 2 channels of electroencephalography 
(EEG) (C4/A1, C3/A2), bilateral electro-oculograms (EOG), bi-
polar submental electromyograms (EMG), and one channel of 
electrocardiogram (EKG). Sleep disordered breathing was as-
sessed using nasal pressure and oral-nasal thermistors to mea-
sure airflow; impedance plethysmography characterized chest 
and abdominal wall movements; and fingertip oximetry (Nonin 
X-pod model 3012) to measure oxyhemoglobin saturation. Bi-
lateral anterior tibialis EMG was used to assess periodic leg 
movements (PLM), and characteristics of restless legs were 
quantified by self-reported questionnaire.18 On Nights 2 and 3, a 
sleep staging montage was deployed, which included the EEG, 
EOG, submental EMG, and EKG channels but not nasal pres-
sure, airflow, oximetry, respiratory effort, or anterior tibialis 
measurements. Because studies were conducted overnight in 
participants’ homes, technicians were not present to replace sen-
sors and electrodes during the studies. PSG study failure was 
defined as follows: for the sleep screening night the PSG had to 
include ≥ 4 h of scorable data for sleep staging and oximetry, 
concurrent with scorable data for ≥ 1 of the following: nasal 
pressure cannula, thermistor, or inductance plethysmography 
belt. For sleep staging PSGs, scorable data were required for 
100% of the recording time for at least one EEG channel, one 
EOG channel, and the EMG channel. In the SWAN Sleep Study, 

the overall PSG failure rate was 6.25% (i.e., 1− 1035
368 × 3, the de-

nominator 368 × 3 = 1104 is the total number of expected PSG 
studies for 368 women who participated in PSG studies and the 
numerator 1035 is the total number of scorable nights including 
repeat studies conducted when initial studies were inadequate), 
which compares favorably with that of other in-home PSG stud-
ies, such as the 5% to 9% failure rate reported in the Sleep Heart 
Health Study.19

Sleep was visually scored in 20-sec epochs on each night 
using standardized scoring criteria.16,20 This study was initi-
ated prior to the recent publication of the American Academy 
of Sleep Medicine’s scoring criteria. Rechtschaffen and Kales 
criteria recommend either 20- or 30-sec scoring epochs. The 
University of Pittsburgh laboratory used 20-sec epochs for 2 
reasons. First, 20-sec epochs provide slightly finer-grained 
measures of sleep and wakefulness with less potential misclas-
sification (since each epoch can receive only one stage score, 
up to 50% of an epoch may be another stage). Second, algo-
rithms for quantitative EEG measurement with power spectral 
analysis used 4-sec epochs, and alignment with visually scored 
sleep data was more precise if scoring epochs were multiples 
of 4 seconds. Measures of sleep duration included time in 
bed and time spent asleep (TST). Time in bed was calculated 
as time from reported lights out (with confirmation of PSG 
signals consistent with reduced activity) to time of reported 
awakening from sleep (again with confirmation of PSG sig-
nals consistent with increased activity). TST was calculated 
as total minutes scored as stages 1 to 4 of NREM sleep and 
REM sleep. Sleep continuity was quantified by measures of 
sleep latency (SL [time in minutes from beginning of the re-
cording period to the first consecutive 10 min of stage 2 or 

ronment, the presence of sleep monitoring instrumentation, and 
any potential psychological uneasiness of being observed.8-12 
The FNE has been associated with less total sleep time (TST), 
lower sleep efficiency (SE), more intermittent waking time, and 
longer REM latency (RL)9 in clinical or in-home studies.13,14

The SWAN Sleep Study evaluated sleep characteristics in 
368 African American, Caucasian, and Chinese women across 
the menopause transition using 3 nights of in-home PSG. 
Sleep stage scoring and electrocardiograms were used on all 
study nights while sleep disordered breathing and leg move-
ments (Night 1) as well as skin temperature and snoring sensors 
(Night 2 only) were used on selected nights. We evaluated: (1) 
the magnitude of night-to-night variability on PSG-processed 
sleep measures; (2) the loss of information if PSG studies of 
women were restricted to 1, 2, or 3 nights; and (3) sources of 
within-person variation in the 3 nights of study.

METHODS

The SWAN Sleep Study is a comprehensive study of sleep 
nested within the ongoing, larger parent longitudinal cohort 
SWAN study and conducted at 4 of the 7 clinical sites. This 
2003 to 2005 time frame overlapped the 5th – 7th annual core 
SWAN protocol examinations.

SWAN Study Design and Participants
SWAN, a community-based, multisite cohort study of the 

menopausal transition, enrolled 3,302 women, aged 42-52 
years, at its 1996 baseline.15 Each clinical site recruited Cau-
casian women. Also recruited were African American women 
in Boston, Chicago, Detroit area, and Pittsburgh, Chinese 
women in Oakland, Japanese women in Los Angeles, and His-
panic women in Newark. Women were excluded from cohort 
enrollment if they were pregnant, using exogenous hormones 
in the 3 months prior to the baseline interview, had not had 
menstrual bleeding in the 3 months prior to the baseline inter-
view, or had a hysterectomy. Institutional review boards ap-
proved the study, and women gave signed, written informed 
consent to participate.

SWAN Sleep Study Design and Participants
The SWAN Sleep Study was a nested cross-sectional study 

of sleep patterns at mid-life.16,17 A cohort of 370 was enrolled, 
including 328 pre- and peri-menopausal and 42 postmenopaus-
al African American, Caucasian, and Chinese women, aged 
48 to 59 years, from the Chicago, Detroit area, Oakland CA, 
and Pittsburgh SWAN sites. Women with surgical menopause 
(< 1%) or using hormone therapy (approximately 23% of the 
cohort by SWAN follow-up visit 5) were excluded. Exclusion 
criteria also included factors that could affect sleep including 
ongoing treatment for cancer or rotating or night shift employ-
ment (exclusion rates for these measures were between 1% and 
3%). Two of the 370 women had no PSG study and were ex-
cluded from this analysis.

Sleep Study Protocol
The sleep protocol was initiated within 7 days of the begin-

ning of the follicular phase of the menstrual cycle in women 
who were still menstruating. Three consecutive nights of in-
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or Night 3); 361 had the sleep-screening PSG (Night 1) plus at 
least one sleep-staging PSG; 306 had both sleep-staging PSGs; 
and 303 had all 3 nights (including repeat studies for initial 
study failures). All 3 nights were completed in the protocol-
planned order by 285 women (sleep screening PSG, sleep stag-
ing PSG 1, sleep staging PSG 2), which formed the dataset for 
these analyses. Data from 83 women who had at least one PSG 
were excluded due to non-scorable (n = 65) night(s) or fail-
ing to follow the temporal sequence (n = 18). The latter case 
pertained, for instance, to women whose initial screening study 
failed, and was repeated on another night.

Univariate statistics were computed for continuous variables 
and frequencies were determined for categorical variables. 
Variables with highly skewed distributions were transformed or 
categorized. Statistical significance was based on p-values from 
2-sided tests at a value of p < 0.05.

A one-way repeated measures analysis of variance was used 
to evaluate the temporal effect of study nights on PSG mea-
sures. Orthogonal contrasts were used to compare measures 
across these 3 nights. The difference between the average of 
Nights 2 and 3 versus Night 1 was also compared. To evaluate 
whether having 2 subsequent nights added more information 
than a single night, a multivariate regression model with ran-
dom design matrix was used.23

Yi = ξ0 + ΞT Xi + ei , i = 1,2,…,N

where N is the total number of subjects. Yi was the collection 
of measurements to be removed (e.g., Night 3) and Xi was the 
collection of measurements to be retained (e.g., Night 1 and 
Night 2). The loss-of-information, defined by normalized mean 
squared error (MSE) of the residuals, was used to quantify the 
effect of removing some nights of PSG measurements.

Within-person variation for individual sleep measures was 
assessed using intraclass correlation coefficients (ICC) with 
95% confidence bands. The Bland and Altman approach was 
used to identify the relationship between the means of 2 nights 
of sleep measurements and the difference between them.24,25 
A sign rank test was used to evaluate the hypothesis that the 
mean difference between nights was not equal to zero. Intra-
individual (within person) and inter-individual (between per-
sons) variation was calculated and placed in a ratio to describe 
the relative magnitude of each source of variation.

Stepwise regression analyses were use to relate personal 
characteristics of study participants with sleep characteristics, 
with a p-value of 0.05 as the inclusion criterion. Goodness of fit 
of models was assessed graphically and with the Akaike Infor-
mation Criterion (AIC).

SAS 9.1 (SAS Institute, Cary, NC) and SAS macro facility 
were used in performing the statistical analyses and plot the 
findings.

RESULTS

Characteristics of Study Participants
Characteristics of the total sample with PSG were simi-

lar to characteristics of the analytical sample of 285 women 
(Table 1). Women in the analytical sample had a median age of 

stage 3-4 sleep interrupted by ≤ 2 min of stage 1 or wakeful-
ness]); wakefulness after sleep onset (WASO [total minutes of 
wakefulness between sleep onset and verified awakening in the 
morning]), and sleep efficiency (SE [time spent asleep/time in 
bed × 100]). Measures of sleep architecture included minutes 
and percent of time spent asleep spent in NREM stages 1, 2, 
and 3 + 4, and REM sleep.

Sociodemographic Information
Race/ethnicity was determined by self-designation as Afri-

can American, Caucasian, or Chinese. Other sociodemograph-
ic variables included age (continuous variable), marital status 
(single/never married, married or living as married, separated/
widowed/divorced), and educational attainment (high school 
graduate or less, some college, college graduate, graduate 
studies). A 3-level response to a question about difficulty in 
paying for basics (very, somewhat, or not very difficult) in-
cluding food, shelter, and health care was used as an indica-
tor of financial strain. Study site designation was included in 
statistical models.

Physical and Mental Health Variables
Self-perceived overall health was coded as excellent, very 

good/good, fair/poor. Body mass index (BMI) was computed 
as measured weight in kilograms divided by height in meters 
squared. Depressive symptoms were assessed with the Center 
for Epidemiologic Studies Depression (CES-D, depressed vs. 
not depressed) Scale administered at the closest annual core 
SWAN visit preceding the Sleep Study.

Menopause transition status was designated as using annual 
Core SWAN data into one of the following 4 categories: pre-
menopausal (no change in menstrual bleeding regularity); early 
perimenopausal (menses in the preceding 3 months with an in-
crease in bleeding irregularity); late perimenopausal (menses 
in the previous 12 months, but not the previous 3 months; and 
postmenopausal (≥ 12 months of amenorrhea).21

Daily medication use (prescription and over-the-counter), re-
corded at Sleep Study protocol inception and from daily diaries 
was coded according to the World Health Organization Ana-
tomical Therapeutic Chemical (ATC) classification.22 Physical 
activity was measured at the annual core SWAN visits assessing 
3 domains (sports, leisure, and household activities) and was 
treated as a continuous variable. Responses about smoking fre-
quency, alcohol consumption, and caffeine consumption were 
determined from the daily sleep diaries. Smoking behavior was 
classified as current, past, and never. Current smokers were 
those who reported smoking ≥ 7 cigarettes in the 2-week period 
initiated by the sleep protocol.

Data Analysis
Of the 370 participants enrolled in the SWAN Sleep Study, 

368 had PSG data: 364 completed Night 1 (sleep screening 
PSG), 342 completed Night 2 (sleep staging PSG), and 329 
completed Night 3 (sleep staging PSG). These numbers include 
individuals who repeated PSGs when the initial study failed, 
yielding an overall PSG success rate of 93.8% (364 + 342 + 
329 = 1035 successful studies, versus 368 × 3 = 1104 expected 
PSG studies; 1035 / 1104 = 0.938). Aggregating these data, 
365 women had at least one sleep-staging PSG (i.e., Night 2 
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Table 1—Comparing characteristics of women having the night 1 visit and at least one additional sleep staging night (n = 361) in 
relation to having 3 consecutive nights in the temporal order specified by the protocol, SWAN Sleep Study, 2003 to 2005

Variable

With Night 1 and at least one 
additional sleep staging night, N = 361

With 3 consecutive nights in temporal 
order, N = 285

Median (IQR*) Median (IQR*)
Age, years 52.0 (3.0) 52.0 (3.0)
Body mass index, kg/m2 28.1 (10.8) 27.4 (9.3)
Physical Activity, continuous score 7.8 (2.4) 7.8 (2.4)
Apnea-hypopnea Index, events/h 5.0 (10.4) 4.9 (10.1)
Periodic Leg Movement Index, events/h 2.3 (4.4) 2.4 (4.4)

Obesity Status N (%) N (%)
BMI < 30 212 (58%) 175 (61%)
BMI ≥ 30 153 (42%) 110 (39%)

Financial Strain (How hard to pay for basics) 15 (4%) 9 (3%)
Very hard 83 (23%) 57 (20%)
Somewhat hard
Not hard 266 (73%) 218 (77%)

Race/Ethnicity
African American 136 (37%) 94 (33%)
Chinese 59 (16%) 48 (17%)
Caucasian 170 (47%) 143 (50%)

Education
≤ High school 61 (17%) 48 (17%)
Some college 115 (32%) 85 (30%)
≥ BS degree 184 (51%) 148 (53%)

Health Status
Worse 46 (13%) 30 (11%)
Same 106 (30%) 83 (30%)
Better 206 (58%) 168 (60%)

Smoking
Never 238 (65%) 189 (66%)
Past 87 (24%) 66 (23%)
Current 40 (11%) 30 (11%)

Marital Status
Single 57 (16%) 44 (16%)
Married 225 (63%) 189 (67%)
Not married 76 (21%) 48 (17%)

Restless Legs Syndrome (RLS)
Any RLS 80 (22%) 66 (23%)
No RLS 285 (78%) 219 (77%)

CES-D Score
Not depressed 305 (86%) 240 (87%)
Depressed 48 (14%) 36 (13%)

Taking Sleep Medications
No 260 (72%) 206 (73%)
Yes 99 (28%) 75 (27%)

Menopausal Status
Pre- or early perimenopause 240 (66%) 190 (68%)
Late perimenopause 77 (21%) 58 (20%)
Surgical or postmenopause 48 (13%) 37 (13%)

*IQR, interquartile range.D
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NUMA, and NREM) were statistically different between PSG 
Nights 1 and 3, but not PSG Nights 1 and 2. No statistically 
significant differences in the sleep measures were observed be-
tween Nights 2 and 3. Delta (%) was the only variable without 
significant mean differences across the 3 nights.

Agreement and Variation in Data According to PSG Night
The daily difference in values and variation in data accord-

ing to the different PSG nights was evaluated using the Bland 
and Altman approach to estimate the bias that can be discerned 
with repeated assessments (in Table 3 and Figure 1). For best 
agreement between 2 nights, the mean percent difference (or 
mean difference, night 2 – night 1) between 2 measures should 
be close to zero, with no significant correlations between the 
mean values and differences, i.e., the dispersion of the dif-
ference scores should be limited. While the signed rank test 
indicated that most differences between nights were greater 

52 years (IQR = 3) and a median BMI of 27.5 kg/m2, similar to 
the overall Sleep Study sample.

Information obtained only during Night 1 included the me-
dian apnea-hypopnea index (AHI, Night 1), which was 4.9 
(IQR = 10.1) episodes/h of sleep, and the median number of 
periodic leg movements with arousal (PLMAI), which was 
2.4 (IQR = 4.4)/h of sleep, respectively.26,27 Sixty-six (23.2%) 
women self-identified as having restless leg syndrome (RLS). 18

Comparisons of PSG Measurements during 3 
Consecutive PSG Nights

Mean TST increased from Night 1 (365 min) to Night 2 (391 
min) and Night 3 (380 min) (Table 2). Mean SE% for each of 
the 3 nights were 83%, 85%, and 85%, respectively (Table 2). 
As seen in Table 2, when comparing Night 1 to Nights 2 and 
3, all but 4 measures (S2 %, S1 [min], S2 [min] and Delta %) 
were different from each other. Three measures (Delta minutes, 

Table 2—Comparisons of selected sleep measurements during 3 consecutive nights with PSG measures, SWAN Sleep Study, 
2003 to 2005

Variables
Night1 1st order difference* 2nd order difference**

Mean (SE) ∆2−1* p  ∆3−1* p  ∆3−2* p Mean p
TST (Minutes) 364.52 (4.01) 26.16 < 0.0001 15.2 0.005 -11 0.06 -37.15  < 0.0001
logSL (Minutes) 2.71 (0.05) -0.16 0.01 -0.22 0.0003 -0.05 0.72 0.11 0.26
logWASO (Minutes) 3.82 (0.04) -0.14 0.003 -0.15 0.003 -0.01 0.99 0.12 0.08
SM (Percent) 86.93 (0.43) 1.97 0.0001 1.89 0.0007 -0.08 0.99 -2.05 0.01
SE (Percent) 82.79 (0.51) 2.47 < 0.0001 2.12 0.002 -0.35 0.90 -2.82 0.002
DELTA (Percent) 3.32 (0.28) 0.23 0.49 0.14 0.90 -0.09 0.94 -0.32 0.26
DELTA (Minutes) 11.76 (1.01) 1.95 0.001 1.35 0.28 -0.6 0.74 -2.55 0.02
REM (Percent) 23.18 (0.37) 1.87 < 0.0001 1.63 0.0005 -0.24 0.91 -2.11 0.002
REM (Minutes) 85.76 (1.81) 12.83 < 0.0001 9.13 0.0002 -3.7 0.20 -16.54  < 0.0001
NUMA (Counts) 19.74 (0.45) 1.42 0.003 0.81 0.21 -0.61 0.40 -2.03 0.006
NREM (Minutes) 278.76 (3.07) 13.33 0.0003 6.03 0.23 -7.29 0.09 -20.62 0.0004

*1st order difference: ∆2−1 = Night 2−Night 1; ∆3−1 = Night 3−Night 1; ∆3−2 = Night 3−Night 2. 
**2nd order difference = (Night 3−Night 2) − (Night 2−Night 1) = Night 1 − 2 Night 2 + Night 3.

Table 3—Percent differences (∆%) in selected sleep measures between nights with p-value of tests showing the difference is not 
equal to zero, and the Bland-Altman p-value for detecting possible bias, SWAN Sleep Study, 2003 to 2005

Sleep variables
Night 2 versus Night1 Night 3 versus Night 1

∆%* Rank Test ∆% = 0 Bland-Altman pBA ∆%* Rank Test ∆% = 0 Bland-Altman pBA

TST (Minutes) 7.4 0.0000 0.44 4.0 0.0008 0.99
SL (Minutes) -13.0 0.006 0.48 -18.9 0.0000 0.06
WASO (Minutes) -12.7 0.0003 0.72 -12.8 0.0008 0.64
SM (Percent) 2.3 0.0000 0.09 2.3 0.0004 0.15
SE (Percent) 3.1 0.0000 0.12 2.6 0.0004 0.23
DELTA (Percent) 12.3 0.06 0.49 14.2 0.02 0.06
DELTA (Minutes) 18.2 0.0025 0.004 17.9 0.003 0.005
REM (Percent) 9.7 0.0000 0.04 7.1 0.0002 0.13
REM (Minutes) 16.3 0.0000 0.40 10.5 0.0001 0.42
NUMA (Counts) 7.4 0.0008 0.94 3.2 0.13 0.14
NREM (Minutes) 5.0 0.0001 0.33 2.0 0.09 0.84

*∆%, percent change of night b vs. night a, 100% × b − a
½ (a + b)
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Though the BA correlations for some sleep measures (e.g., 

TST and SE) were not statistically significant, the mean differ-
ences shown in Table 2 and percent change shown in Table 3 
and the BA plots (Figure 1) indicated potentially systematic 
differences between Night 1 and Night 2, especially for SE. 
TST and SE mean differences between Night 1 and Night 2 
were non-zero, indicating a systematic difference between 
Nights 1 and 2. In contrast, individual PSG measures showed a 
high degree of agreement of between Nights 2 and 3.

Within- and Between-Person Variation
To describe the variation between nights, Table 4 shows 

the intraclass correlation coefficients (ICCs) and their 95% 
confidence intervals. The highest ICCs were in Delta (%) and 
Delta (min) and were 0.68 and 0.66, respectively, for Night 
1 to Night 3. The ICCs for Delta (%) and Delta (min) were 
0.78 and 0.77, respectively, for Night 2 to Night 3. Likewise, 
the ICCs for Delta (%) and Delta (min) were 0.80 and 0.80, 
respectively, for Night 1 to Night 2 (data not shown). As seen 
in Table 4, measures of sleep continuity and duration were 
more likely to have the lower ICCs than selected measures of 
sleep architecture.

We disaggregated the within- and between-woman varia-
tion when comparing data from 2 different nights (Table 4). 
A low within-person variation relative to the between-person 
variation is generally considered optimal to characterize group 
differences. Delta % and Delta minutes measures included 
greater between-person variation relative to the amount of 
within-person variation. This was associated with markedly 
greater ratios of inter-individual variation to intra-individual 
variation (i.e., σ 2

inter σ 2
intra/ ); the ratios comparing Night 1 to 

Night 3 were 2.11 and 1.98, respectively (Table 4). Other sleep 
measures had substantially more within-person variation than 
between-person variation and lower ratios (i.e., 0.38 [TST] and 
0.33% [SE]).

Loss-of-Information: Two Sleep-Staging PSG Nights or 
One Sleep-Staging PSG Night

When it was identified that there was high correlation be-
tween these measures according to night, it was logical to con-
sider how much less variation is explained should the number 
of study nights be reduced. The amount of information lost 
(less variation explained) was about 23.6% or 23.5% of the to-
tal variation if only “Night 1 + Night 2” or “Night 1 + Night 3” 
were used. In contrast, removing any 2 of 3 nights could result 
in the loss of more than half the information.

Participant Characteristics and Night-to-Night Sleep 
Measures Variability

Characteristics associated with having greater differences in 
the measures of Night 1 vs. Night 2 (i.e., Night 2 – Night 1) 
included obesity, financial strain, race/ethnicity, marital status, 
smoking, and PLMAI (see Table 5). While education, meno-
pause status, and physical activity were evaluated, these were 
not significantly related to differences in measures between 
Nights 1 and 2 (data not shown). Participant characteristics 
were not associated with differences in night-to-night vari-
ability for Delta (min), NREM (min), NUMA, REM (min), S2 
(min), and TST (min).

than zero (Table 3), significant Bland Altman (BA) correla-
tions were observed only in S1 (%), Delta (min), REM (%), 
RL (min), and RLMA (min) in comparing Night 2 to Night 1, 
indicating systematic differences between those 2 nights. No 
significant BA correlations were observed when comparing 
Nights 2 and 3, indicating no systematic differences between 
these nights.

Figure 1—Bland Altman plots* for total sleep time (TST-Top 
Figure) and sleep efficiency (SE-Bottom Figure) identifying 
the mean differences and bias between sleep night 1 with 
instrumentation for assessing respiration and restless legs 
versus sleep night 2 without that instrumentation, SWAN 
Sleep Study, 2003 to 2005
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ences in measures of sleep were observed when comparing 
Night 1 of data collection with Nights 2 and 3. Little or no dif-
ference was observed when comparing data from Nights 2 vs. 
3. Mean total sleep time (TST) was increased 4% to 7% from 
365 minutes in Night 1 to 391 minutes and 380 minutes, respec-
tively, in Nights 2 and 3. All sleep measures on Night 1 were 

DISCUSSION

In evaluating the temporal night effect and patterns of varia-
tion arising from in-home PSG-derived measures with repeated 
nights of assessment, small but statistically significant differ-

Table 4—Intraclass correlation coefficients (with upper and lower 95% confidence intervals), intra- and inter-individual variability 
and the ratio of inter- to intra-individual variability for selected sleep measures, SWAN Sleep Study, 2003 to 2005

Sleep variables

(Night1, Night3) (Night2, Night3)

ICC (95% CI)*
Within
 σ 2

intra**
Between

 σ 2
inter**

Ratio
 σ 2

inter /σ 2
intra ICC (95% CI)*

Within
 σ 2

intra**
Between

 σ 2
inter**

Ratio
 σ 2

inter /σ 2
intra

TST (Minutes) 0.28 (0.17,0.38) 3493 1330 0.38 0.29 (0.18, 0.39) 3179 1328 0.42
logSL (Minutes) 0.41 (0.31, 0.50) 0.45 0.31 0.68 0.39 (0.29, 0.48) 0.47 0.31 0.65
logWASO (Minutes) 0.35 (0.24, 0.45) 0.29 0.15 0.54 0.51 (0.42, 0.59) 0.23 0.24 0.51
SM (Percent) 0.28 (0.17, 0.38) 39 15 0.40 0.43 (0.33, 0.52) 28 21 0.76
SE (Percent) 0.25 (0.14, 0.36) 58 19 0.33 0.37 (0.27, 0.47) 44 25 0.58
S1 (Percent) 0.44 (0.34, 0.53) 17 13 0.77 0.62 (0.54, 0.69) 9 15 1.62
S2 (Percent) 0.49 (0.40, 0.57) 33 31 0.95 0.56 (0.48, 0.63) 25 32 1.28
S1 (Minutes) 0.47 (0.37, 0.56) 197 178 0.90 0.63 (0.55, 0.70) 140 237 1.70
S2 (Minutes) 0.46 (0.36, 0.55) 1482 1271 0.86 0.45 (0.35, 0.54) 1400 1126 0.80
DELTA (Percent) 0.68 (0.61, 0.74) 7 15 2.11 0.78 (0.73, 0.82) 4.5 16 3.57
DELTA (Minutes) 0.66 (0.59, 0.72) 95 187 1.98 0.77 (0.72, 0.81) 67 229 3.41
REM (Percent) 0.31 (0.20, 0.41) 29 13 0.45 0.39 (0.29, 0.48) 22 14 0.64
REM (Minutes) 0.20 (0.09, 0.31) 754 193 0.26 0.31 (0.20, 0.41) 626 284 0.45
NUMA (Counts) 0.49 (0.40, 0.57) 30 28 0.95 0.56 (0.48, 0.63) 26 33 1.26
NREM (Minutes) 0.36 (0.25, 0.46) 1792 1008 0.56 0.36 (0.25, 0.46) 1695 956 0.56
RL (Minutes) 0.37 (0.27, 0.47) 1459 873 0.60 0.43 (0.33, 0.52) 1119 855 0.76
RLMA (Minutes) 0.49 (0.40, 0.57) 791 752 0.95 0.51 (0.42, 0.59) 694 709 1.02

*ICC (95% CI), Intraclass correlation coefficient and 95% CI, ICC = σ 2
inter / (σ 2

inter + σ 2
intra) = σ 2

between / (σ 2
between + σ 2

within).
**σ 2

intra, intra-individual variability, within subject; σ 2
inter,inter-individual variability, between subject.

Table 5—Beta estimates (with standard errors [SE] and p-values for the beta estimate) and standardized beta coefficients for 
participant characteristics in relation to selected sleep measures between night 2 and night 1, SWAN Sleep Study, 2003 to 2005

Sleep measures Variable levels
Beta estimates

Participant characteristics Beta SE p value Beta(s)

logSL (Minutes) Financial strain (Difficulty 
paying for basics?)

very hard 0.31ns 7.96 0.97 0.002
somewhat hard 10.05* 3.63 0.006 0.17

S1 (Minutes) BMI BMI ≥ 30 5.03* 1.91 0.009 0.16
PLMAI -0.39* 0.17 0.02 -0.14

S1 (Percent) BMI BMI ≥ 30 1.36* 0.55 0.01 0.15
PLMAI -0.13* 0.05 0.01 -0.16

DELTA (Percent) PLMAI 0.09* 0.03 0.009 0.16
Marital status Single -1.15* 0.51 0.03 -0.14

separated/widow/divorce 0.53ns 0.49 0.28 0.07

Smoking Past -1.39* 0.45 0.002 -0.19
Current -0.21ns 0.61 0.73 -0.02

REM (Percent) Race African American -1.93* 0.91 0.03 -0.14
Chinese 0.58ns 1.14 0.61 0.03

nsp > 0.05; *p < 0.05; **p < 0.001; ***p < 0.0001. Intercepts were not reported in the table. Beta(s), standardized Beta. 
 Only significant factors (p < 0.05) were retained in parsimonious models using stepwise selection.
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confounding the potential effects due to montage and those due 
to study order. For instance, the greater amount of instrumenta-
tion on the first night may have led to greater sleep disruption, 
above and beyond any night order effect. However, many other 
studies that have used identical montages across multiple nights 
have reported similar findings to our own, making this explana-
tion somewhat less compelling. A different study design would 
be required to disaggregate the effect of wearing additional 
monitoring devices as compared to night effect.

It should be noted that sleep stage scoring in our study dif-
fered from that currently recommended by the AASM scoring 
rules. In particular, we used 20-second scoring epochs, and all 
stages were scored using a central EEG derivation. These meth-
ods may limit generalizability for current research and clinical 
practice. On the one hand, shorter scoring epochs may lead to 
less misclassification of sleep and wakefulness: since individu-
al epochs may contain up to 50% of another sleep-wake stage, 
20-second epochs contain a maximum or 10 seconds of mis-
classified data, whereas 30-second epochs contain a maximum 
of 15 seconds of misclassified data. On the other hand, use of a 
single EEG derivation may provide less precise staging, since 
some EEG characteristics are better defined in occipital (alpha 
rhythm) or frontal (delta activity) derivations.

Characteristics associated with having greater differences in 
the measures of Night 1 vs. Nights 2 or 3 included financial 
strain, being obese, and past smoking. These are consistent with 
a newly reported cross-sectional evaluation of a sample repre-
sentative of the US population and based on interview rather 
than instrumented monitoring.33

As aforementioned, 83 women who had at least one poly-
somnogram recording were excluded in this particular analysis. 
In order to evaluate the possible bias of missing these women 
(22.4% of the cohort, 22.6% of those with at least one night 
PSG data), a simulation study was conducted using TST as the 
outcome, night as the independent variable, and BMI, difficulty 
in paying for basics, and smoking as covariates. The simulation 
process was performed on the combination of sample size and 
strategies using three nights’ PSG data following temporal se-
quence (night 1 and night 2; night 1, night 2 and night 3; night 
1, mean of night 2 and night 3). The simulation results showed 
that about 125 women gave 95% coverage probability to detect 
“night” effect for all 3 strategies. The coverage probability curve 
as a function of sample size and strategies increased monotoni-
cally leading to the coverage probabilities approaching to 100% 
after about n = 200. This hints that the bias was minimized by 
using 285 women, even though 83 women were lost due to non-
scorable night(s) or improper temporal sequence.

This study has strengths and limitations. It was an in-home-
based PSG study with a substantial sample size and multiple 
nights of assessment. The ability to disaggregate the sources 
and magnitude of the night-to-night variability in this study 
allowed us to reduce the number of study nights in a follow-up 
study, implemented three years after the baseline. This study 
was conducted in a sample of healthy middle-aged women 
to characterize the normal physiological and psychological 
events of the menopause in relation to sleep, but care must 
be exercised in extrapolating these findings to studies directed 
toward samples or study designs that are highly enriched for 
sleep pathology (i.e., a case-control study of insomnia). Study 

significantly different from nights 2 and 3, except for S2 (%), 
S1 (minutes), and Delta %.

We used multiple nights of evaluation to address whether 
the degree of intra-individual variation exceeded the between-
person comparisons. To that end, we reported the between- and 
within-person variation and the ratio of these two measures. 
The within-person variation for most sleep measures was great-
er than the between-person variation, when comparing nights 
with different amounts of monitoring instrumentation. The ex-
ception included measures of Delta % and Delta minutes, in-
dices of sleep architecture, for which substantial within- and 
between-woman variation were observed while comparing 
nights with differing levels of instrumentation. This may help 
to explain why there is less discernible night-to-night variation 
was detected in these measures when nights have different lev-
els of monitoring instrumentation.

These data do not suggest a major advantage of having more 
than two repeated measures to characterize habitual sleep with 
a sample size of approximately 280 women unless the focus of 
the assessment is on sleep architecture. These data also suggest 
that clinical studies focused on sleep architecture, and specifi-
cally Delta measures, might consider that only a single night 
is needed to describe specific patient groups. This would then 
reflect that this group of sleep measures had greater between-
person variability (as compared to within-person variation) in 
comparison to measures of sleep duration and continuity.

While PSG is widely regarded as the gold standard in as-
sessing sleep, its administration, even as an in-home study, also 
generates an environment that may curtail “usual” sleep. The 
SWAN Sleep study implemented an in-home protocol to be able 
to characterize the participants’ usual sleep and mitigate the 
“first night” effects (FNE) that include sleeping in an unfamiliar 
environment and anxiety about being observed.28-32 FNEs have 
been reported to result in less total sleep time (TST), greater rap-
id eye movement (REM), lower sleep efficiency (SE), more in-
termittent wake time, and longer REM latency.9 Le Bon9 studied 
two consecutive PSG nights in 83 patients with chronic fatigue 
syndrome and observed significant differences in SPT, TST, SE, 
SE minus sleep onset latency, REM sleep, sleep onset latency, 
and RL, and concluded that no single sleep variable could sum-
marize the FNE. In a study of 36 healthy adults,30 Sforza indicat-
ed that the FNE on arousal response was affected by individual 
susceptibility and circadian and homeostatic influences.

While participants were evaluated in-home, instrumentation 
to monitor respiration, sleep disordered breathing and leg move-
ments were included in the Night 1 protocol, elements that were 
not present in Nights 2 and 3. Though we identified statistically 
significant night-to-night variation, particularly of Night 1 vs 
Nights 2 and 3, the magnitude of the differences was smaller 
than expected. Depending upon the sleep measure of interest, 
the differences were as little as 2% but not more than 20%. 
Study night or the presence of FNE was confounded with the 
PSG assessment protocol (i.e., the Night 1 assessment included 
additional electrodes and monitors to assess sleep disordered 
breathing and limb movements, whereas fewer signals were 
collected during Nights 2 and 3). Different PSG montages were 
used on the screening night and subsequent study nights. It is 
possible that the montage itself contributed to the difference 
in sleep from the first to the second and third nights, thereby 
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DELTA (min), # minutes in stages 3 and 4 sleep from sleep 

onset to GMT, or equivalently SWS(min) = slow wave 
sleep: S3 + S4

CES-D, Center for Epidemiologic Studies Depression Scale
EEG, electroencephalography/electroencephalogram
EOG, electro-oculograms
EKG, electrocardiogram
EMG, electromyograms
FNE, first night effect
GMT, good morning time, wake up
GNT, good night time, turn light off and ready to sleep
ICC, intraclass correlation coefficients
IQR, interquartile range
MSE, mean squared error
NREM (min), # minutes of NREM (non-REM): S1 + S2 + S3 

+ S4
NUMA, # awakenings after sleep onset lasting ≥ 11 seconds 

(> 50% of a 20-sec epoch)
PLM, periodic leg movement
PLMAI, periodic leg movement index per hour of sleep with 

arousals
PSG, polysomnography/polysomnogram
REM, rapid eye movement
REM%, (REM/TST)*100%
REM (min), # minutes in REM sleep
RL (min), REM latency in minutes
RLmA (min), REM latency minus Awake in minutes
RLS, restless legs syndrome
Si(min), # minutes in stage i sleep, i = 1, 2, 3, 4
Si(%), percent in stage i sleep, (Si/TST)*100%, i = 1, 2, 3, 4
SE (%), sleep efficiency, (TST/TRP)*100%
SL (min), sleep latency, time in minutes elapsed from GNT to 

sleep onset
SM (%), sleep maintenance, (TST/SPT)*100%
SPT (min), sleep period time; the total time in minutes from 

sleep onset to GMT
SWAN, Study of Women’s Health Across the Nation
TRP (min), total recording period; total amount of time in 

minutes from GNT to GMT
TST (min), total sleep time; the total time asleep in minutes
WASO (min), total time awake in minutes after sleep onset
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night was confounded with the PSG assessment protocol, so 
the effect of this additional monitoring could not be quantita-
tively differentiated from the anxiety of the FNE of participat-
ing in a sleep study.

As noted above, sleep disordered breathing and leg move-
ments were not monitored on Nights 2 and 3. Intra-individual 
night-to-night variability in sleep disordered breathing as well 
as periodic leg movements in sleep is an unresolved concern in 
clinically assessing these sleep disorders, even when accurately 
measured, recorded, and analyzed.6 Because both are associat-
ed with sleep fragmentation and loss, to presume night-to-night 
consistency without monitoring for respiratory events and leg 
movements can result in residual confounding of measurements 
of PSG sleep macrostructure.34 Thus, individual night-to-night 
differences can be a substantial source of confounding and a 
limitation in our analysis of variability, and should be consid-
ered in determining how many nights of PSG are needed to as-
sess sleep and sleep disorders.34 Other sources of variation also 
could not be disaggregated. While African American women 
were recruited by three sites participating in the Sleep Study, 
only one site recruited Chinese women, a condition imposed by 
the design of the parent study. However, this precluded us from 
disaggregating sources of variation associated specifically with 
the site and race/ethnicity. This study focused on middle-aged 
healthy women, so while the study group did not include men, 
information about sources of variation from a large community-
based sample should be helpful in anticipating the sources of 
variation that might be considered in designing studies of men 
or the elderly.

In summary, when we evaluated the night-to-night variation, 
the temporal night effect and patterns of variation arising from 
in-home PSG data with three repeated nights of study, modest 
differences in information were obtained on 3 nights of in-home 
sleep measures, even when Night 1 included a sleep staging 
and sleep disorder montage with additional instrumentation, 
whereas Nights 2 and 3 included a sleep staging montage with 
less instrumentation. This led us to conclude that two nights of 
in-home sleep assessment with an appropriate sample size can 
provide robust parameter estimates of sleep duration, continuity, 
and architecture in community samples. A study that focuses on 
measures of sleep architecture in which higher between-woman 
variability was demonstrated relative to the amount of within-
woman variation may require a smaller sample size. Personal 
characteristics associated with greater variability between first 
and second night measures included smoking, obesity, and fi-
nancial strain. Understanding the sources of variation can help 
in planning and developing laboratory and community-based 
studies of sleep and allow investigators to select appropriate 
statistical analyses to optimize the identification of important 
sleep relationships while minimizing bias.

ABBREVIATIONS

AHI, apnea/hypopnea events per hour of sleep
ATC, anatomical therapeutic chemical
BA, Bland-Altman
BMI, body mass index
DELTA%, [(S3 + S4)/TST]*100%, or equivalently SWS% = 

slow wave sleep%: S3% + S4%
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