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Nocturnal sleep-related variables from 24-h free-living
waist-worn accelerometry: International Study of Childhood
Obesity, Lifestyle and the Environment
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OBJECTIVES: We describe the process of identifying and defining nocturnal sleep-related variables (for example, movement/non-
movement indicators of sleep efficiency, waking episodes, midpoint and so on) using the unique 24-h waist-worn free-living
accelerometer data collected in the International Study of Childhood Obesity, Lifestyle and the Environment (ISCOLE).
METHODS: Seven consecutive days of 24-h waist-worn accelerometer (GT3X+, ActiGraph LLC) data were collected from over 500
children at each site. An expert subgroup of the research team with accelerometry expertize, frontline data collectors and data
managers met on several occasions to categorize and operationally define nocturnal accelerometer signal data patterns. The
iterative process was informed by the raw data drawn from a sub set of the US data, and culminated in a refined and replicable
delineated definition for each identified nocturnal sleep-related variable. Ultimately based on 6318 participants from all 12 ISCOLE
sites with valid total sleep episode time (TSET), we report average clock times for nocturnal sleep onset, offset and midpoint in
addition to sleep period time, TSET and restful sleep efficiency (among other derived variables).

RESULTS: Nocturnal sleep onset occurred at 2218 hours and nocturnal sleep offset at 0707 hours. The mean midpoint was
0243 hours. The sleep period time of 529.6 min (8.8 h) was typically accumulated in a single episode, making the average TSET very
similar in duration (529.0 min). The mean restful sleep efficiency ranged from 86.8% (based on absolute non-movement of 0 counts
per minute) to 96.0% (based on relative non-movement of < 100 counts per minute).

CONCLUSIONS: These variables extend the potential of field-based 24-h waist-worn accelerometry to distinguish and categorize
the underlying robust patterns of movement/non-movement signals conveying magnitude, duration, frequency and periodicity

during the nocturnal sleep period.
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INTRODUCTION

In 2012, Meltzer et al." published an excellent review of the use of
actigraphy (defined as ambulatory devices that estimate sleep-
wake patterns from activity levels) for assessment in the pediatric
sleep research. They also offered recommendations for standar-
dizing assessment methods, including providing standardization
for the definition and scoring of commonly reported variables.
Actigraphy is a more objective measure than parent-proxy or
child self-reported sleep behaviors and can be used to assess
sleep-wake periods for extended periods of time in a child’s
free-living environment. Sleep researchers have relied primarily on
wrist-worn accelerometry-based devices (although waist-worn
devices can provide similar estimates of total sleep time as those
worn on the wrist)> and largely ignored the possibility for
detecting daytime movements and non-movements.

Although actigraphy is the preferred term to describe monitor-
ing devices in nocturnal sleep research, accelerometry is the

preferred term to describe the same type of monitoring devices
used to study free-living physical activity and sedentary behavior
accumulated during waking hours.® Accelerometer-based assess-
ment of free-living humans more traditionally relies on the waist
attachment site, which provides better estimates of energy
expenditure,*> moderate-to-vigorous physical activity,” sedentary
behavior® and steps per day® than a wrist attachment site. Further,
decision rules, cut points and variable definitions exist for defining
sedentary time and various intensities of physical activity
based on waist-worn accelerometry,” whereas the same inter-
pretive infrastructure is comparatively limited for the wrist
attachment site.

Free-living accelerometry originally focused on movement and
non-movement patterns only during waking hours (protocols
included instructions to remove the device for sleep);® however,
there has been a recent push to collect multiple 24-h days of
continuous wear.? The device remains at the waist for the full 24 h
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to minimize compliance problems associated with moving the
device from one attachment site to another.'® The differences in
detected movement and non-movement patterns of waist-worn
acccelerometry tracings collected during waking hours and
during the nocturnal sleep period time are visually distinct.
Algorithms*®'" have been produced, validated and ultimately
refined to fully automate the capture of sleep onset and offset and
thus define total sleep episode time (TSET) for the nocturnal time
period.'? Within TSET, however, there are also visually distinct
signal patterns that could be further quantified (considering
magnitude, duration, frequency and periodicity) to infer move-
ment/non-movement-defined parameters associated with noctur-
nal sleep and wake cycles. Although Meltzer et al.' did propose a
number of variables to capture episodes and patterns of night
waking in pediatric sleep research detected using the wrist-based
actigraphy data, we know of no research at this time that has
attempted to identify and define similar nocturnal sleep-related
variables from the waist-worn free-living accelerometry data.

The purpose of this article is to describe the process of
distinguishing and categorizing nocturnal sleep-related variables
(for example, movement/non-movement indicators of sleep
efficiency, wake episodes, midpoint and so on) using the unique
24-h waist-worn free-living accelerometer data collected from
children participating in the International Study of Childhood
Obesity, Lifestyle and the Environment (ISCOLE).'® Our intent is to
provide a clear presentation and rationale for the derived
nocturnal sleep-related variables and their definitions to promote
future analysts’ use of these important data portraying the full
breadth of children’s 24-h objectively monitored movement/non-
movement behaviors.

MATERIALS AND METHODS
Overview of ISCOLE study design

ISCOLE is a cross-sectional study of ~7000 children (9-11 years of age)
from Australia, Brazil, Canada, China, Colombia, Finland, India, Kenya,
Portugal, South Africa, the United Kingdom and the United States of
America. A detailed methods paper has been published.” Included among
the measures was the distribution of accelerometers (GT3X+, ActiGraph
LLC, Pensacola, FL, USA) through local schools to over 500 children at each
site. Seven consecutive days of the 24-h waist-worn data were collected
and electronically transferred to the US-based study coordinating center’s
secure website. Quality control checks and data management and
treatment decisions leading to the ultimate site-specific locked data sets
have also been previously published.'® The 24-h wearing regimen is an
ISCOLE protocol feature permitting extraction of distinctive nocturnal
sleep-related movement/non-movement patterns separate from the
physical activity and sedentary behaviors detected during waking hours.

Definitions of sleep-related variables

We have previously published two detailed explications of the process
(with links to the relevant publically available SAS syntax, SAS Institute Inc.,
Cary, NC, USA) of delineating the nocturnal sleep period time® and
ultimately TSET.'? Herein we expand this process to demarcate additional
nocturnal sleep-related variables evident from distinctive accelerometer
data signal patterns (defined by their magnitude, duration, frequency and/
or periodicity) contained within TSET. Magnitude is inferred from the value
of activity counts per minute observed, duration is a measure of
accumulated minutes in movement/non-movement, frequency is a count
of events during the TSET and periodicity is the apparent tendency to
appear at regular intervals.

An expert subgroup of the research team, including investigators with
accelerometry expertize, frontline data collectors and data managers, met
on several occasions to study and categorize ISCOLE participants’ waist-
worn nocturnal accelerometer signal data patterns in the context of wrist-
worn actigraphy scoring and naming conventions and methods."'* It was
imperative that the clock time variables associated with sleep onset, sleep
offset and midpoint could be clearly defined for children with varying
sleep habits. Duration variables of sleep period time, sleep episodes (and
their antonymous reflection and wake episodes), TSET (and its reflection
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and total wake episode time), restful sleep (associated with non-
movement), detected movements during sleep and total disrupted sleep
(including waking episode and movement during sleep) were also
indicated. Finally, efficiency variables that considered the relationship
between specific duration variables captured estimates of sleep episode
efficiency and restful sleep efficiency. The exact definitions presented in
Table 1 evolved from careful scrutiny of the ISCOLE data, following an
iterative process of sifting through raw data queries to identify reoccurring
digital themes and distinguish emergent patterns, revising scoring
parameters until ultimately a refined and replicable delineation of sleep-
related variables were achieved. All definitions were initially developed
using a randomly drawn sub set of the US children’s data; Figure 1 is an
illustrative example of some of these definitions using one night's data
drawn from a single US child. Application of these definitions to the data
collected in other ISCOLE country sites led to additional refinements.*'?
The descriptive data presented here are based on these finalized
definitions.

Of particular note, a clear definition of non-movement was needed to
subsequently define other accelerometry-based variables. Non-movement
was defined in two ways. Absolute non-movement was defined by an
accelerometer signal registering 0 activity counts per minute and not
otherwise categorized as non-wear during original data processing.
Relative non-movement was defined as an accelerometer signal register-
ing < 100 activity counts per minute and not otherwise categorized as
non-wear. The selection of < 100 activity counts per min as a cut point for
relative non-movement was based on its widespread acceptance as an
indicator of day time sedentary behaviors."

Descriptive data for sleep-related variables

The descriptive data presented herein are based on finalized definitions
and represent all ISCOLE country sites. All study sites’ data sets were
focused on nocturnal sleep using a noon-to-noon 24-h data format, and a
refined algorithm based on scoring any minute as sleep using the Sadeh
algorithm'" and then considering the accelerometer inclinometer function
to identify the probability of sleep or wake for each minute according to a
Sadeh+inclinometer algorithm.'? This enabled the identification of clock
times associated with nocturnal sleep onset and sleep offset, midpoint
(mean clock time between sleep onset and sleep offset), the sleep period
time (time of sleep onset to sleep offset, including all episodes of sleep and
wakefulness after onset) and TSET (allowing us to exclude extended
periods of wakefulness from sleep period time). This was a detailed process
described more thoroughly by Barreira et al.'> Non-wear during TSET was
subsequently separated using a second algorithm before further proces-
sing. Those additional details are also available in the ISCOLE Accel-
erometer Manual of Operations published as an electronic supplement to a
separate article.'® In brief, non-wear during TSET was defined as any
sequence of > 90 consecutive minutes of 0 activity counts. If >90% of the
sleep episode was classified as non-wear, the whole sleep episode was
reclassified as non-wear."®

Data were then summarized at the participant level to categorize a valid
night and valid case according to an estimate of evidentiary sufficient
wear. A valid night was defined as having at least 160 min of sleep, and a
valid case was defined as a participant accumulating >3 valid nights,
including 1 weekend night. The analytical data set was comprised of 6318
valid cases (688 excluded with invalid data) comprising 34 820 valid nights
of data. Participant-level means were created (only for cases with valid
sleep and only nights with valid sleep) by systematically applying each of
the definitions for the selected sleep-related variables presented in Table 1.
Finally, descriptive data were produced by averaging participant-level
means. Table 1 presents the identified nocturnal sleep-related variables
and their definitions based on 24-h waist-worn accelerometer movement/
non-movement data signals.

As a single example of the potential utility of these variables, we
compared ‘early’ and ‘late’ sleepers (as defined relative to the sample’s
average midpoint clock time considering all days) using independent
t-tests and the magnitude of the effect size (Cohen’s d) for nocturnal sleep
onset and offset, average sleep period time, TSET, sleep episode efficiency
and restful sleep efficiency (both absolute- and relative-based definitions).

RESULTS

Table 1 presents the identified nocturnal sleep-related variables
and their definitions based on 24-h waist-worn accelerometer
movement/non-movement data signals. Table 1 also presents
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Table 1.
data signals captured across all 12 ISCOLE country sites

Nocturnal sleep-related variables, their definitions and descriptive data based on 24-h waist-worn accelerometer movement/non-movement

Variable Definition

Mean + s.d. (range) across sites
and range if applicable

Nocturnal sleep onset

Nocturnal sleep offset
sleep period time

Midpoint

Sleep period time

Sleep episode

minutes

Wake episode

Total wake episode time

Sleep episode efficiency

Total restful (non-movement)

sleep time episodes

Sleep episode movements
sleep episodes

Total disrupted sleep

Restful sleep efficiency
sleep period time (expressed in %)

The clock time of the first of 5 consecutive SIA-scored sleep minutes between 2218 +0059 (1940-0307) hours
the clock times of 1900 and 0559 hours

The clock time of the first minute of 20 consecutive minutes (between 2140
and 0459 hours) or 10 consecutive minutes (between 0500 and 1158 hours)
scored as wake using SIA taken from the last sleep episode occurring during

Mean clock time between nocturnal sleep onset and sleep offset; used to
chronotype individuals as early or late sleepers (Table 2)

Duration of time (minutes) from nocturnal sleep onset to nocturnal sleep
offset, including all minutes scored as sleep/wake after onset using SIA
Continuity of movement/non-movement patterns (=160 min) scored as SIA-
defined sleep, including isolated SIA-scored minutes of wake, ends with the
first of 10 consecutive minutes (between 0500 and 1158 hours) or 20
consecutive minutes (between 0940 and 0459 hours) of SIA-scored wake

Total sleep episode time (TSET) Total minutes from all sleep episodes (including isolated wake minutes
contained within sleep episodes) occurring during the sleep period time
An occurrence of > 20 consecutive SIA-scored wake minutes preceded and
followed by a sleep episode; ends with 1 min classified as sleep

Total minutes from all wake episodes occurring during TSET
Total sleep episode time divided by sleep period time (expressed in %)
Accumulated minutes at 0 or < 100 activity counts per minute during sleep

Accumulated minutes >0 or > 100 activity counts per minute occurring during Cutoff> 0:

Accumulated minutes >0 or > 100 activity counts per minute from all wake

episodes plus activity-count defined sleep episode movements

Total restful sleep time at 0 or < 100 activity counts per minute divided by

0707 +0050 (0242-1109) hours

0243 + 0050 (2346-0626) hours
529.6 +53.5 (316-809)

Frequency of nights with

1 sleep episode: 42 008 (91.7%)
2 sleep episodes: 3641 (7.9%)

3 sleep episodes: 172 (0.4%)

4 sleep episodes: 3 (0%)

529.0 +53.7 (316-809)

Frequency of nights with

0 wake episodes: 42 008 (91.7%)
1 wake episode: 3641 (7.9%)
2 wake episodes: 172 (0.4%)
3 wake episodes: 3 (0%)

0.6 +4.0 (0-116.7)

99.9 +0.7% (78.7-100%)
Cutoff =0:

459.5 +49.2 (237.6-764.3)
Cutoff < 100:

508.6 +52.0 (301.2-797.3)

69.5+17.6 (9.3-164.8)
Cutoff > 100:

20.4+7.6 (2.3-60.7)
Cutoff>0:

70.1 +18.0 (9.3-164.8)
Cutoff > 100:

21.0+8.6 (2.3-128.9)
Cutoff=0:

86.8 +3.1% (60.2-98.7%)
Cutoff < 100:

96.0 + 1.6% (76.5-99.5%)

Note: SIA denotes a Sadeh-+inclinometer algorithm, described in detail in Barreira et al'?

descriptive data for identified sleep-related variables across all
ISCOLE country sites.

Overall, 9-11-year-old children in ISCOLE experienced an
accelerometer-determined nocturnal sleep onset at the clock time
of 2218 hours and a nocturnal sleep offset at 0707 hours. The
mean midpoint clock time was 0243 hours (the median was
0239 hours). The sleep period time of 529.6 min (8.8h) was
typically accumulated in a single episode, making the average
TSET very similar to sleep period time in duration (529.0 min). The
occurrence of sleep episode and wake episodes were naturally
antonymous reflections of each other. The difference between the
sleep period time and the TSET was therefore the summed
duration of total wake episodes. The resulting estimate of sleep
episode efficiency was almost whole (99.9%) on average in this
children’s sample.

Descriptive data based on identification of movement versus
non-movement differed depending on the specific cutoff
employed to describe absolute (0 activity counts per minute)
versus relative non-movement ( < 100 activity counts per minute).
A mean estimate of restful sleep efficiency ranged from
86.8% (based on absolute non-movement of 0 activity counts

© 2015 Macmillan Publishers Limited

per minute) to 96.0% (based on relative non-movement of < 100
activity counts per minute).

Table 2 presents the comparison of select accelerometer-
determined sleep-related variables stratified relative to the
sample’s average midpoint clock time (02:43) considering all
days. P-values suggested significant differences in all variables in
this large sample, however, effect size magnitudes indicated that
only the nocturnal sleep onset and offset are meaningfully
different between early and late sleepers.

DISCUSSION

The ISCOLE accelerometer data set provides a unique opportunity
to study children’s 24-h physical activity, sedentary time and
sleep-related behaviors in relation to each other, and also in
relation to other lifestyle behaviors, the environment and obesity.
The purpose of this methodological paper was to explicate the
process leading to the definition of sleep-related variables
representing the visually distinctive nocturnal sleep-related
accelerometer movement/non-movement signals. Although sleep
researchers have provided similar direction with regard to scoring
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Figure 1. Visual depiction of select 4-h free-living waist-worn accelerometer nocturnal sleep-related variables using one night’s data drawn

from a single US child participating in ISCOLE.

Table 2.
considering all days

Comparison of select accelerometer-determined sleep-related variables stratified relative with the sample’s average midpoint clock time

Variable (definitions in Table 1) ‘Early’ sleepers (midpoint < 0243-hour clock time) ‘Late’ sleepers (midpoint > 0243-hour clock time)

P-value Cohen’s d

Nocturnal sleep onset
Nocturnal sleep offset
Sleep period time

Total sleep episode time
Sleep episode efficiency
Restful sleep efficiency

2139 (0035) (1939-2348) hours
0636 (0034) (0242-0852) hours
538.2 (48.4) (316.3-756.3)
537.7 (48.5) (316.3-756.3)
99.9 +0.5% (85.1-100%)
Cutoff=0:

86.4 + 3.1% (60.2-95.6%)
Cutoff < 100:
95.9+1.5%
(81.3-99.5%)

2302 (0047) (2032-0306) hours
0741 (0042) (0530-1108) hours
520.0 (57.3) (316.0-809.0)
519.2 (57.4) (316.0-809.0)
99.9 +0.9% (78.7-100%)
87.2+3.0% (71.4-98.7%)
96.2 + 1.6% (76.5-99.6%)

< 0.0001 2.14
< 0.0001 1.76
< 0.0001 0.36
< 0.0001 0.36

0.0038  0.09
< 0.0001 0.29
< 0.0001 0.21

wrist-worn actigraphy data,’ it is not directly applicable to 24-h
waist-worn accelerometry data. Thus, this process was a necessary
first step towards classifying the evident and reoccurring
nocturnal sleep-related patterns in children’s waist-worn accel-
erometer data, separate and distinct from physical activity and
sedentary time collected during waking hours.
Polysomnography is considered the gold standard to study
sleep patterns'” but its utility is largely confined to clinical and
laboratory settings, making it less relevant to large-field and
epidemiological studies. Actigraphy (conventionally at the wrist)
and accelerometry (conventionally at the waist) are both known
to underestimate sleep duration relative to polysomnography
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because they process evidence of movement/non-movement,
which may or may not be exactly tied to underlying encephalo-
graphic patterns and disturbances.'” Nonetheless, normative data
for polysomnography-determined sleep period time among
similarly aged children averages 504-540 min, with extremes
ranging from 388 to 692 min.'” Although our range is somewhat
broader (a desirable state for epidemiological analyses) in this
large and global field-based sample, our average value is well
within these normative values. Previous estimates of total sleep
time derived from waist-worn ActiGraph accelerometry in 10-year-
old Danish children ranged from 533.1 to 562.5 min, depending
on the specific algorithm and instrument filter used; values for
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concurrent wrist-worn accelerometry ranged from 467.9 to 498.1
min.'® Our own ISCOLE waist-worn accelerometry data are also in
agreement with these similarly collected Danish data and perform
in an expected manner relative to the wrist-worn data collection,
as it is known that the arms may move more during sleep than the
torso.'® Compared with self-reported behavior of similarly aged
children,® the accelerometer-determined average sleep period
time for ISCOLE children was less (8.8 versus 10.2 h per night) than
the average sleep duration (time in bed) of similarly aged children,
and the calculated midpoint of sleep was also later (0243 versus
0136 hours). The National Sleep Foundation?' recommends that
school-aged children accumulate 9-11h of sleep per night
(although the evidential basis of this recommendation has been
questioned??). In ISCOLE, 57.7% of the sample accumulated less
than this recommended range and 7.8% accumulated more
than this range based on these waist-worn accelerometer-
determined data.

The TSET (which excludes nocturnal wake episodes in its
calculation) actually agreed almost completely with the overall
estimate of total sleep period time (which includes all waking
episodes occurring between the nocturnal sleep onset and offset
clock times). The lack of apparent difference between these two
variables may be particularly characteristic of 9-11-year-old
children; it is plausible that there will be more discrepancy in
these two variables in older samples and clinical populations.
Although calculated sleep episode efficiency suggests almost
perfectly peaceful sleep among ISCOLE participants worldwide,
our proposed restful sleep efficiency parameter displays a greater
diversity of values (and therefore may prove to be ultimately more
useful) depending on the use of an absolute versus a relative
definition of non-movement during the TSET in ostensibly healthy
and young children.

As a single illustrative example, we compared select
accelerometer-determined sleep-related variables split by the
sample’s midpoint clock time. Large effect size differences were
evident between dichotomously chronotyped early and late
sleepers for nocturnal sleep onset and offset. Future analyses
may consider the combined and separate effects of sleep duration
indicators (for example, sleep period time and TSET) with
chronotype (perhaps more extremely defined than a simple mean
split) or other sleep-related variables relative to various health
indictors, including relative obesity. Polysomnography has shown
reduced sleep amount and quality variables in overweight 10-
year-old children.?® In addition, accelerometer-determined short
sleep duration has been shown to be a risk factor for overweight
and obesity in a sample of children with a mean age of 9.6 years.?*

We maximized the utility of the ISCOLE 24-h waist-worn
accelerometry data collected in over 7000 children worldwide to
make inferences about sleep/wake durations and patterns based
on digital evidence of movement/non-movement. This approach
clearly differs from clinical assessment of sleep using polysomno-
graphy, which comprises a broad and simultaneously collected
array of electroencephalography, electrooculography, electromyo-
graphy and electrocardiography inputs. This obvious methodolo-
gical discrepancy does not in itself discredit either the need or the
opportunity to study sleep-related behaviors in large-field-based
epidemiological studies. Ignoring the wealth of data collected in
ISCOLE as a result of implementing a 24-h protocol would be
unethical given the contributions of the volunteer research
participants and the efforts of the legion of scientists and staff
involved in similar projects. As little infrastructure existed to
organize, categorize and present sleep-related variables collected
using a 24-h waist-worn accelerometry protocol, we have been
compelled to provide a clear presentation and rationale for the
derived nocturnal sleep-related variables and their definitions
building off the work of scientists who have built a similar
infrastructure for wrist-based nighttime actigraphy.' ISCOLE
is a study of 9-11-year-old children; however, the suggested
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sleep-related accelerometer-based variables amassed in Table 1
should also be relevant to other population groups and will
likely evolve in the future when additional information and
consensus arise.

Evaluation of children’s sleep duration and patterns is relevant
to the study of obesity and metabolic syndrome (among other
pediatric health concerns) and is therefore a meaningful pursuit to
the advancement of children’s health.?> Pediatric sleep research-
ers have reported nocturnal sleep-related variables applicable to
wrist-worn actigraphy data; however, this is the first attempt
to identify and define similar variables from children’s waist-worn
24-h free-living accelerometry data. These variables extend the
study of accelerometer-determined sleep period time (anchored
by nocturnal sleep onset and offset) by distinguishing and
categorizing the underlying robust patterns of accelerometer
data characterized by evident movement/non-movement signals
conveying magnitude, duration, frequency and periodicity during
the nocturnal TSET. It is important to acknowledge that this
approach is not sensitive to daytime napping behaviors and
makes broad assumptions about the generally nocturnal nature of
sleep in a population. Our hope is that future analysts will evaluate
and continue to improve upon these variables, ultimately
advancing the study of whole-human behavior (including sleep,
physical activity and sedentary time) across the closed system of
the 24-h day.
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