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ARTICLE INFO ABSTRACT

Keywords: The current standard practice for measuring sleeping time with accelerometer is to ask the participants to wear it
Actigraphy for 7 consecutive days and analysing data from participants who have provided at least 4 days of valid data.
Measurement However, this standard lacks supporting evidence. This study aims to evaluate this standard of practice by
Reliability .. I . . . . . .

Sleep examining the reliability of measuring total sleeping time in a representative sample of US adults using accel-

erometer data from the National Health and Nutritional Survey (NHANES) waves 2011-2012 and 2013-2014.
The sample included a total of 14,676 participants, out of which only those who provided data for seven days (n
= 9510) were included in the analysis. The results revealed that the intra-class correlation coefficient (ICC) for a
single day of measurement was 0.38 for weekdays and 0.27 for weekends. To achieve a reliability of 0.7,
measurements for 4 and 7 nights were necessary for weekdays and weekends, respectively. Our simulation study
found that the randomly-selected 3-day average of weekday sleeping time strongly correlated with the actual
mean (p = 0.92), capturing at least 80 % of the variance. However, the randomly-selected 1-day average of
weekend sleeping time only captured about 60 % of the variance. In conclusion, we recommend that future
accelerometer research adopts a 9-day continuous measurement period, covering four weekend days, to reliably

estimate both weekday and weekend sleeping time.

1. Introduction

The accelerometer, a device that measures sleep and physical activity
by tracking wrist movement, is increasingly used in medical research
due to its proven validity [1] and decreasing costs. While accelerometers
have become the standard of measuring sleep [2] and physical activity
level [3] at population-level research, certain standard of practices in
their use lack evidence-based support. For example, many accelerometer
studies rely on a one-week measurement period and analyse data from
participants who provide at least 4 days of valid data, without consid-
ering the specific population or variables of interest [4]. The underlying
assumption is that 4 days of accelerometer data can reliably represent
the entire week, but this assumption is rarely tested.

Multiple studies have investigated the reliability, or internal con-
sistency, of accelerometer-measured data to determine the minimum
number of days required to achieve a reasonably high reliability (e.g.,
>0.7 or >0.8) for weekly data. A pioneering study conducted in 1999

focused on children and adolescents [5], and found that the single-day
intra-class correlation coefficient (ICC) for most sleep parameters
measured by the Mini Motionlogger was approximately 0.3. This study
concluded that 5-6 days of data were necessary to achieve a reliability of
0.7 [5]. Subsequent studies conducted with different accelerometer
brands and age groups consistently arrived at similar conclusions, rec-
ommending a measurement period of 5-6 days [6-8] for sleep variables.

One significant limitation of the studies mentioned above that
examined the reliability of accelerometer-measured sleep parameters is
their reliance on calculating single-day intra-class correlation coefficient
(ICC) values and using the Spearman-Brown prophecy formula to
determine the number of days needed to achieve specific reliability
thresholds (usually 0.7, 0.8, and 0.9) [5-8]. This approach overlooks the
differences in sleep patterns between weekdays and weekends. A
population-based study found that the Japanese working population
slept an average of 7.5 h on weekends and 6.5 h on weekdays [9].
Therefore, when estimating total sleep time and other sleep parameters

* Southampton Clinical Trials Unit, University of Southampton, Southampton General Hospital, Tremona Road, Southampton, Hampshire, SO16 6YD, United

Kingdom.
E-mail address: paul.h.lee@southampton.ac.uk.

https://doi.org/10.1016/j.sleep.2024.01.006

Received 18 September 2023; Received in revised form 22 December 2023; Accepted 5 January 2024

Available online 6 January 2024

1389-9457/© 2024 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:paul.h.lee@southampton.ac.uk
www.sciencedirect.com/science/journal/13899457
https://www.elsevier.com/locate/sleep
https://doi.org/10.1016/j.sleep.2024.01.006
https://doi.org/10.1016/j.sleep.2024.01.006
https://doi.org/10.1016/j.sleep.2024.01.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sleep.2024.01.006&domain=pdf
http://creativecommons.org/licenses/by/4.0/

P.H. Lee

across the entire week, it is essential to consider both weekday and
weekend sleep duration separately. Additionally, the assumption of
equal correlations between sleep parameters on weekdays and weekends
when applying the Spearman-Brown prophecy formula was not
adequately justified. Moreover, while most existing studies focus on
children, there is a lack of reliability data for sleep parameters in adults.

In this study, we utilised the publicly available accelerometer data
from the National Health and Nutritional Survey (NHANES) waves
2011-2012 and 2013-2014 to assess the reliability of total sleeping time
in a representative sample of adults in the United States. To estimate the
minimum number of days required to achieve acceptable reliabilities of
0.7 and 0.8, we applied the Spearman-Brown prophecy formula sepa-
rately on weekday and weekend data. Additionally, we employed a
simulation approach among participants who provided complete data
for a full 7-day week. This allowed us to generate different scenarios by
randomly removing available sleep data, specifically 1-4 days for
weekdays and 1 day for the weekend. We then correlated the means
calculated from total sleeping time with and without the randomly
removed data to examine the impact of data availability on reliability.

2. Methods
2.1. Participants

The complete details of the NHANES recruitment procedure can be
accessed on the NHANES official website at https://wwwn.cdec.gov/nch
s/nhanes/continuousnhanes/overview.aspx?BeginYear=2011. For this
study, we examined the accelerometer data from a total of 14,676 par-
ticipants who were recruited in NHANES 2011-2012 and 2013-2014,
and only included participants who provided seven valid days of data on
accelerometer-measured total sleeping time (n = 9510) where a valid
day was defined as a day with accelerometer-measured sleep duration
between 3 and 12 h/day. Note that no data were removed due to valid
hours as 96.6 % of the records had at least 20 valid hours. To maintain
participant privacy and mitigate identification issues, NHANES assigned
an age of 80 to all individuals aged 80 or older (n = 394).

2.2. Accelerometer-measured total sleeping time

The complete details of the accelerometer data processing procedure
can be accessed on the NHANES official website at https://wwwn.cdc.
gov/nchs/data/nhanes/2011-2012/manuals/2012-Physicial-Activity
-Monitor-Procedures-Manual-508.pdf In summary, participants were
instructed to wear an ActiGraph GT3X + accelerometer (details avail-
able at https://actigraphcorp.com/) on their non-dominant wrist during
the day of the examination. They were then asked to continue wearing
the accelerometer 24 h a day for 7 consecutive days, removing it on the
morning of the 9th day. The accelerometer recorded acceleration data at
a frequency of 80Hz, and the epoch length was set to 1 min.

To determine the total sleeping time, a machine learning algorithm
was employed. This algorithm classified each recorded minute as wake,
sleep, non-wear, or unknown, based on factors such as signal power,
variance of orientation, and changes in orientation [10]. The total
sleeping time for each day was calculated by summing the sleep minutes
recorded during that particular day. Note that this study used 24-h
sleeping time instead of nighttime sleeping time. The total sleeping
time represented the sleep in the 24-h period, but not only the nighttime
sleep of the participants.

2.3. Statistical analysis

Spearman correlation was used to examine the correlation between
the total sleeping time across the seven days of a week (S/M/T/W/T/E/
S). Given the observed weekday-weekend difference in total sleeping
time within the dataset (as presented in Table 2), separate estimates
were made for the total sleeping time on weekdays and weekends. The
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two-way mixed effect single measurement intra-class correlation coef-
ficient (ICC) was calculated for the entire week’s total sleeping time, as
well as separately for weekdays and weekends. The single measurement
ICC was used to determine the number of days required to achieve re-
liabilities of 0.7, 0.8, and 0.9 by applying the Spearman-Brown prophecy
_ p(1=p)
=500y
measurement ICC and the target reliability, respectively) [11,12].

To assess the impact of the number of wearing days on the accuracy
of total sleeping time estimation, we conducted simulations using
different numbers of days (1/2/3/4 for weekday mean and 1 for
weekend mean). For each participant, their sleeping time was calculated
by taking the mean of randomly-sampled days from all available days.
The randomisation process was repeated 1000 times to generate mul-
tiple samples. The accuracy of the four weekday means and weekend
means was evaluated by comparing them against the actual weekday
and weekend means, respectively. The actual means were calculated by
taking the mean of five weekdays and two weekends for all participants.
To evaluate the biasedness and precision of the average sleeping time
calculated with sleep measurements of different number of days, we
considered several metrics, including 1) mean of the means, 2) standard
deviation (SD) of the means, 3) root-mean-square error, 4) mean of the
correlations between the actual mean and estimated mean, 5) SD of the
correlations, and 6) agreement of observations with the actual mean and
the mean calculated from randomly-selected days belonged to the same
category (<420 min, 420-479 min, 480-539 min, 540+ min). A sensi-
tivity analysis was conducted to test the definition of weekend as Friday
and Saturday sleep. These metrics were also reported across different
subgroups across sex (male vs female), age (below or above 35 years
old), and ethnicity (Non-Hispanic White/not Non-Hispanic White). The
statistical analysis was performed using R version 4.2.0.

formula (number of days required where p and p, are the single

Table 1

Demographic characteristics of the participants (n = 9510).
Variable Frequency Percentage
Sex
Male 4617 48.5
Female 4893 51.5
Race
Mexican American 1500 15.8
Other Hispanic 932 9.8
Non-Hispanic White 3332 35.0
Non-Hispanic Black 2300 24.2
Others 1446 15.2
Education level
Less than 9th grade 545 5.9
9-11th grade 812 8.9
High school graduate/GED or equivalent 1352 14.7
Some college or AA degree 1807 19.7
College graduate or above 1611 17.6
Participants below 20 years old 3030 31.9
Marital status®
Married 3250 53.0
Widowed 512 8.3
Divorced 665 10.8
Separated 181 3.0
Never married 1096 17.9
Living with partners 425 6.9
Annual household income
<$20,000 2013 22.0
$20,000-$44,999 3125 34.2
$45,000-$74,999 1555 17.0
$75,000-$99,999 835 9.1
>$100,000 1616 17.7
Variable Mean SD
Age 36.6 24.0

# Only participants above 20 years old were required to answer.
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3. Results

Table 1 displays the demographic characteristics of the NHANES
cycles 2011-2012 and 2013-2014 participants who provided 7 valid
nights of accelerometer data (n = 9510). The mean (SD) age of the
participants was 36.6 (24.0), and 48.5 % (n = 4617) were male.
Approximately one-third of the participants were Non-Hispanic White
(35 %, n = 3332).

Table 2 presents the descriptive statistics of the total sleeping time
across the week. As mentioned in the Methods, we observed a weekday-
weekend difference of total sleeping time. Specifically, the mean total
sleeping time for weekdays ranged from 444.4 min to 461.8 min, while
for weekends, it ranged from 473.0 min to 496.6 min. The correlations
between total sleeping time across the different days were generally
consistent, ranging from 0.24 to 0.43, with weekdays correlations
(0.35-0.43) consistently higher than the other correlations. Therefore,
in the subsequent simulation studies, we would use the mean total
sleeping time of weekdays (454.6 min) and weekends (484.7 min) as the
actual means.

Table 3 presents the single-item intra-class correlation coefficient
(ICC) of total sleeping time and the number of measurement days
required to achieve reliabilities of 0.7, 0.8, and 0.9. The results indicate
that one week of accelerometer data collection is insufficient to achieve
a reliability of 0.8. However, 7 days of data collection, which is equiv-
alent to 3.5 weekends, are required to achieve a reliability of 0.7 for
estimating the weekend sleeping time. In contrast, for estimating the
weekday sleeping time, 4 days of accelerometer data are sufficient to
achieve a reliability of 0.7.

Table 4 shows the simulation results for estimating total sleeping
time based on the number of randomly-selected days. For the weekday
means, regardless of the number of days selected (1/2/3/4), the esti-
mated means were found to be unbiased. As anticipated, the accuracy of
the estimation improved with an increased number of randomly-
selected days. This improvement was observed in terms of the stan-
dard deviation (SD) of means, root-mean-square error, and correlation.
The 3-day weekday mean correlated strongly with the actual mean (p =
0.92), in which we can expect at least 80 % (=0.922) of the variance of
the actual weekday mean was captured. On the other hand, the 1-day
weekend mean could only capture about 60 % (=0.78%) of the vari-
ance actual weekend mean. The agreement of the 1-day weekday and
weekend means were around 50 % (51.5 % and 54.5 %, respectively),
and the agreement increased with the number of days used.

Results of the sensitivity analysis (Supplementary Table S1) show
that the conclusions are similar regardless of the definition of weekend.
The stratified simulation results are shown in Supplementary
Tables S2-S7. The simulation results were consistent across all sub-
groups examined.

4. Discussion

To the best of our knowledge, this is the first study examining the
reliability of accelerometer-measured sleeping time among a

Table 2
Spearman correlations and means of total sleeping time (in min) across the seven
days of a week (n = 9510).

Correlation Sun Mon Tue Wed Thu Fri Sat
Sun 1 0.24 0.27 0.28 0.29 0.24 0.29
Mon 1 0.41 0.41 0.39 0.35 0.25
Tue 1 0.42 0.43 0.37 0.26
Wed 1 0.41 0.38 0.28
Thu 1 0.38 0.28
Fri 1 0.27
Sat 1
Mean 496.6 461.8 456.3 456.9 453.7 444.4 473.0
SD 103.4 99.2 96.6 96.4 95.2 99.1 103.7
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Table 3
Intra-class correlation coefficients (ICCs) of total sleeping time throughout the
week, the weekday, and the weekend (n = 9510).

Number of days to achieve a reliability of

Measure ICC 0.7 0.8 0.9

Week 0.31 6 9 21

Weekday 0.38 4 7 15

Weekend 0.27 7 11 25
Table 4

Simulation results (number of simulations: 1000).

Actual Mean calculated from randomly-selected
mean days
1 2 3 4
Weekday
Mean of means 454.6 454.7 454.6 454.7 454.6
SD of means 0.73 0.43 0.28 0.18
Root-mean-square 68.2 41.8 27.8 17.0
error
Mean of correlations 0.71 0.85 0.92 0.97
between actual mean
SD of correlations 4.99 x 2.68 x 1.37 x 5.76 x
1073 1073 1073 1074
Agreement” 51.5% 62.6 % 72.7 % 79.9 %
Weekend
Means 484.7 484.8
SD of means 0.65
Root-mean-square 62.9
error
Mean of correlations 0.78
between actual mean
SD of correlations 2.89 x
10°°
Agreement” 54.5 %

@ Percentage of observations with the actual mean and the mean calculated
from randomly-selected days belonged to the same category (<420 min,
420-479 min, 480-539 min, 540+ min).

population-representative ~ sample = (NHANES 2011-2012 and
2013-2014), specifically separating weekday and weekend data. The
ICCs of total sleeping time revealed that sleeping time was more
consistent across the weekdays then weekends. We found that collecting
accelerometer data for 4 weekdays achieved a reliability of 0.7 for
weekday sleeping time. However, due to the lower ICC for weekend
sleeping time (0.27), it was necessary to collect data for 7 weekend days
to achieve the same reliability. This implies that the total accelerometer
data collection period would need to span at least 22 days (3 weeks plus
one weekend) to capture sufficient data. In large-scale studies where a
large sample size is required, such an extended measurement period
poses too much burden on participants. Therefore, we suggest using a 9-
day measurement period that covers 4 weekend days and 5 weekdays.
This duration yielded a reliability of 0.6 for estimating weekend sleeping
time, which can provide a more feasible option. It is important to note
that the reliabilities of sleep parameters were generally lower than those
of physical activity parameters, which have been reported in the range
of 0.30-0.45 in previous studies [6,7,13,14]. Therefore, our recom-
mendation of a 9-day measurement period should allow for estimating
habitual physical activity levels with a reliability of 0.7 or better.

The results of our simulation studies support a similar conclusion
with Spearman-Brown prophecy formula. We found a strong correlation
between the mean sleeping time calculated from randomly-selected 3
weekdays and the original 5 weekday mean, suggesting that as few as 3
valid sleep records may be sufficient for weekday sleeping time esti-
mation. It is worth noting that if the goal of collecting accelerometer-
measured total sleeping time is to estimate the mean total sleeping
time of the population, measuring one weekday and one weekend day
would be adequate. However, we did observe a 20-min difference in
total sleeping time between Saturdays and Sundays. This raises the
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question of whether there are habitual sleeping pattern differences be-
tween these two days. Unfortunately, we only collected data for one
Saturday and one Sunday in the current sample, which prevented us
from examining the Saturday-Sunday differences. Further research with
a longer measurement period would be needed to explore this aspect.

This study is not without limitations. Firstly, only participants who
provided 7 valid accelerometer sleeping records were included, which
may introduce selection bias and limit the generalizability of the find-
ings to the entire sample. However, a previous study demonstrated that
altering the inclusion criteria had minimal impact on the sample intra-
class correlation coefficient (ICC) [6], suggesting that this limitation
may have had a minor effect on the results. Additionally, several factors
that can influence the reliability of total sleeping time, such as season-
ality and working hours, were not taken into account due to the lack of
available data. Seasonal variations and job-related factors can impact
sleep patterns, and their absence in the study could affect the general-
izability of the findings. To address seasonality, longer-term acceler-
ometer data collection (e.g., over the course of a year) would be
necessary to capture the potential fluctuations in sleep patterns.

In conclusion, this study aimed to determine the optimal number of
days required to accurately estimate total sleeping time in a week using
accelerometers. Based on the findings, we recommend that future
accelerometer research adopts a 9-day continuous measurement period
that includes four weekend days. This extended duration will provide
more reliable estimates of weekend sleeping time. By addressing the
limitations of previous studies and considering the weekday-weekend
differences in sleep patterns, we believe this 9-day data collection
approach can enhance the accuracy and representativeness of
accelerometer-measured sleep data. Further research in this area is
warranted to validate and refine these recommendations in other
populations.
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