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Abstract

Purpose—While actigraphy has gained popularity in pediatric sleep research, questions remain
about the validity of actigraphy as an estimate of sleep-wake patterns. In particular, there is little
consistency in the field in terms of scoring rules used to determine sleep onset latency. The
purpose of this study was to evaluate different criteria of immobility as a measure of sleep onset
latency in children and adolescents.

Methods—Ninety-five youth (ages 3-17 years, 46% male) wore both the Ambulatory-
Monitoring Inc. Motionlogger Sleep Watch (AMI) and the Philips Respironics Mini-Mitter
Actiwatch-2 (PRMM) during overnight polysomnography in a pediatric sleep lab. We examined
different sleep onset latency scoring rules (3, 5, 10, 15, and 20 minutes of immobility) using
different algorithms (Sadeh and Cole-Kripke) and sensitivity settings (Low, Medium, High) for
the devices. Comparisons were also made across age groups (preschoolers, school-aged,
adolescents) and sleep disordered breathing status (no obstructive sleep apnea [OSA], mild OSA,
clinically significant OSA).

Results—For the AMI device, shorter scoring rules performed best for children and longer
scoring rules were better for adolescents, with shorter scoring rules best across sleep disordered
breathing groups. For the PRMM device, medium to longer scoring rules performed best across
age and sleep disordered breathing groups.

Conclusions—Researchers are encouraged to determine the scoring rule that best fits their
population of interest. Future studies are needed with larger samples of children and adolescents to
further validate actigraphic immobility as a proxy for sleep onset latency.
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Introduction

Actigraphy has become more widely used over the past 20 years in both research and
clinical settings [1]. In pediatric research alone, the number of published studies using
actigraphy in 2010 (n=41) was greater than the total number of published pediatric studies
using actigraphy from 1991-2001 (n=38) [2]. The most notable benefit of using actigraphy
with pediatric populations is the ability to objectively estimate sleep-wake patterns over an
extended period of time in the child's natural sleep setting.

In general, actigraphy has been found to have good sensitivity to detect sleep compared to
polysomnography (PSG) for pediatric populations (83-97%) [2]. However, there remain
important questions about the validity of actigraphy, in particular the poor specificity, or
ability of actigraphy to detect wake after sleep onset compared to PSG, with 55% of
pediatric validation studies reporting specificity values under 60% [2]. In other words, in
more than half of all published pediatric validation studies, actigraphy correctly identified
wake after sleep onset less than 60% of the time, resulting in an inflated estimate of sleep
duration.

Because actigraphy relies on the absence of activity to estimate sleep without any
corroborating physiological data (e.g., electroencephalography) or direct observation of
behavior, it is inevitable that there will be differences between actigraphy and PSG. For
example, even with a valid report of bedtime (which in and of itself can be challenging to
obtain), motionless wakefulness can result in an underestimation of sleep onset latency
(SOL), calling into question the utility of actigraphy to measure SOL in adults [1;3].

While adults can remain immobile for extended periods of time, younger children are less
likely to lie still for prolonged periods of time. In addition, while older adolescents are more
likely to have motionless wakefulness similar to adults, the age at which children develop
this has not been examined.

One study [4] examined specific criterion for the measurement of SOL with actigraphy,
reporting 5 minutes of immobility provided the most accurate estimate of SOL. However,
this study only included adults wearing one type of actigraphy device, and all of the patients
had sleep disordered breathing.

To our knowledge, different criteria for immobility as a measure of SOL in children and
adolescents have not been directly compared to PSG. Thus the purpose of this study was to
examine different immobility rules for the measurement of actigraphic sleep onset latency in
both children and adolescents, with and without sleep disordered breathing, and using two
different actigraphy devices. We hypothesized that shorter scoring rules would provide more
accurate estimates for younger children, and longer scoring rules would provide more
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accurate estimates for adolescents. Our examination of scoring rules for children with and
without sleep disordered breathing was exploratory and thus no hypotheses were generated.

Methods

Participants

Participants were 95 youth (ages 3-17) who participated in a larger study examining the
validity of actigraphy compared to PSG [5]. Participants were scheduled for overnight PSG
at a tertiary care children's hospital sleep laboratory (clinical study = 85, research protocol
for youth with sickle cell disease = 10). The study was approved by the hospital's
institutional review board and informed consent and assent (when appropriate) was obtained
for all participants.

Procedure

Polysomnography (PSG)—Overnight PSG was performed with a Rembrandt
polysomnography system (Embla, Broomfield, CO). Recorded parameters included:
electroencephalography (F3-M2, F4-M1, C3-M2, C4-M1, 01-M2, 02-M1); left and right
electrooculography; submental electromyography; bilateral tibial electromyography;
electrocardiography; oronasal airflow; nasal pressure with pressure transducer; rib cage and
abdominal wall motion via respiratory impedance plethysmography; end-tidal capnography;
and arterial oxygen saturation with pulse waveform. Finally, digital video and audio were
also recorded. Studies were scored based on American Academy of Sleep Medicine
(AASM) 2007 pediatric criteria [6]. The sleep period was scored from “lights out” (time
child attempted to fall asleep) to “lights on” (time child was awakened), with lights out
scheduled as close as possible to the child's normal sleep schedule. Average “lights off” time
was 21:17 and average “lights on” time was 06:04. All participants had at least 7.6 hours of
PSG recording completed.

Actigraphy—Participants wore two different actigraph devices on the non-dominant wrist,
the Ambulatory Monitoring Inc. Motionlogger Sleep Watch (AMI, Ardsley, NY) and the
Philips Respironics Mini-Mitter Actiwatch-2 (PRMM, Bend, OR). For the youngest
children, parents were asked which hand the child most often used for activities such as
eating and coloring. Actigraphs were placed on the wrist of all participants by a member of
the research team in the evening, and removed by a sleep technician in the morning.
Random assignment was used to place the actigraphs in relation to the wrist (AMI-PRMM
or PRMM-AMI).

The AMI device collected data in 1-minute epochs using the Zero-Crossing Mode, and was
scored using AMI software (Action W-2 version 2.6.9905 software, Ardsley NY). The
Sadeh algorithm and the Cole-Kripke algorithm were applied separately [2;7;8].

The PRMM device was set to record data in 1-minute epochs, with data scored using
PRMM software (Actiware version 5.59.0015, Bend, OR). The medium (default) sensitivity
threshold (40 counts per epoch), as well as the low (80 counts per epoch) and high (20
counts per epoch) wake sensitivity thresholds were applied separately.
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Data Analyses

Results

In order to compare exact intervals for “lights off” and “lights on,” the time was
synchronized by initializing the actigraphs on the same computer used for PSG. The start
and end points for actigraphy were identified by using the PSG “lights off” and “lights on”
times. Thirty-second PSG epochs were combined to match the 1-minute actigraphy epochs,
with each minute of PSG data scored as wake if either one or both 30-second epochs were
scored as wake [7;9]. Thus one minute of sleep on PSG required both 30-second epochs to
be scored as sleep. Only 4.7% of the combined 1-minute PSG epochs were scored as wake
when one of the 30-second PSG epochs was scored as sleep (translating to a median of 23
minutes that included both sleep and wake). For a subset of data (n=20) we also examined
the data by dividing each 1-minute actigraphy epoch into two 30-second epochs. However,
this resulted in highly variable individual error, with a logistic regression model predicting
more than 30% error for the full dataset.

PSG sleep onset was determined by the time of the first epoch of sleep as scored by PSG.
Actigraphy sleep onset was examined using five different scoring rules identified in the
literature [2]. These included the first minute of 3, 5, 10, 15, or 20 consecutive minutes of
immobility (0 activity count), with one minute of activity allowed within the time period for
the 10, 15, and 20 minute rules.

To examine immobility changes over development, participants were divided into three age
groups: 3-5 years (n=31), 6-12 years (n=43), and 13-17 years (n=21). These age groups were
chosen based on developmental changes in sleep reported in the literature [10;11] and
interviews conducted with 10 pediatric sleep experts (Meltzer & Forrest, unpublished data).
To examine immobility differences by sleep disordered breathing status, participants were
divided into three groups: no sleep disordered breathing [SDB] (Apnea-Hypopnea Index
[AHI] < 1.5 per hour), mild OSA (AHI 1.5 to 5 per hour), and clinically significant OSA
(AHI >5 per hour) [12-16]. Preliminary analyses were run to determine if there were any
demographic differences for the three age groups or the three SDB groups.

To determine the accuracy of actigraphic values in reference to PSG, repeated measures
ANOVA was used to compare mean SOL for each age group and each SDB group for both
the AMI device (Sadeh and Cole-Kripke algorithms) and the RMM device (medium
[default], low and high thresholds). Post-hoc pairwise comparisons were then used to
examine the difference between each scoring rule and PSG, with a more conservative p-
value of <.001 used to control for the multiple pairwise comparisons. Results are presented
graphically to highlight differences, with numerical differences found in the tables.

Participants were 51 girls and 44 boys with a mean age 8.5 + 4.2 years. Self-identified race
was 46.3% Caucasian, 38.9% African-American, 3.2% Hispanic, and 11.6% Other. For
SDB, 50.5% of participants had no OSA (AHI <1.5, mean = 0.4), 31.6% had mild OSA
(AHI 1.5to 5, mean = 2.6), and 17.9% had clinically significant OSA (AHI >5, mean =
11.5). Four participants (4.2%) had periodic limb movement disorder (PLM index >5, mean
= 14.0, median = 8.2). There were no significant differences in sex, race, AHI, or PLM
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index for the three age groups, and there were no significant differences in sex, race, or age
for the three SDB groups.

Sleep Onset Latency and Age Group

AMI (Figure 1 and Table 1)—For preschoolers the AMI device significantly
overestimated sleep onset latency for both the Sadeh, F(5, 24)=8.8, p<.001, and Cole-
Kripke, F(5, 24)=20.4, p<.001, algorithms. Pairwise comparisons found no statistical
differences between the Sadeh algorithm and PSG, with the longer scoring rules (10 and 15
min) significantly different than PSG for the Cole-Kripke algorithm.

For school-aged children, the Sadeh F(5, 35)=2.7, p=.04 and Cole-Kripke F(5,35)=3.8, p=.
007 algorithms also overestimated SOL, with pairwise comparisons finding a significant
difference between PSG and the longer scoring rules (10, 15, and 20 min) for only the Cole-
Kripke algorithm.

Although a significant difference was not found for adolescents, the AMI device
underestimated sleep onset latency in this group. Notably, the 20 minute rule (both Sadeh
and Cole-Kripke algorithms) provided the closest estimate of PSG sleep onset latency for
adolescents.

PRMM (Figure 2 and Table 1)—For preschoolers, a significant difference between PSG
sleep onset latency and the other scoring rules was found for all three sensitivity settings:
Medium, F(5, 24)=3.0, p=.03, Low, F(5, 24)=3.6, p=.02, and High, F(5, 24)=4.7, p=.004.
Pairwise comparisons found significant differences between PSG and the 3 minute rule for
both the Medium and High setting, and the 5 minute rule for the High setting.

For school-aged children, significant differences between PSG sleep onset latency and the
other scoring rules were also found for all three sensitivity settings: Medium, F(5, 35)=4.3,
p=.004, Low, F(5, 35)=3.9, p=.006, and High, F(5, 35)=4.9, p=.002. Pairwise comparisons
found significant differences between PSG and both the 3 minute and the 5 minute rule for
the High setting.

For adolescents, a significant difference was found only at the Medium setting, F(5, 13)=4.1,
p=.02. The other settings, while not significant, may have been underpowered to detect
differences: Low, F(5, 13)=2.6, p=.08, and High, F(5, 13)=2.4, p=.10. Longer scoring rules
(in particular the 20 minute rule) provided the closest estimate of sleep onset latency for
adolescents.

Sleep Onset Latency and Sleep Disordered Breathing

AMI (Figure 3 and Table 2)—Significant differences were found between PSG and the
different immobility scoring rules for only the Cole-Kripke algorithm for children with no
SDB, F(3, 42)=3.8, p=.02, or clinically significant OSA, F(4, 11)=5.7, p=.01. For all three
SDB groups and across both algorithms, the AMI device overestimated sleep onset latency.
However, none of these differences were statistically significant.
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PRMM (Figure 4 and Table 2)—Unlike the AMI device, the PRMM device significantly
underestimated sleep onset latency compared to PSG for both children with no SDB
(Medium: F(5,39)=5.5, p=.001; Low: F(5,39)=3.7, p=.007; and High: F(5,39)=9.6, p<.001)
and those with mild OSA (Medium: F(5,22)=3.2, p=.02; Low: F(5,22)=2.9, p=.04; and
High: F(5,22)=5.3, p=.002). For children with clinically significant OSA, a significant
difference between scoring rules was found only for the Low setting, F(5,11)=5.2, p=.01.
For children with no SDB, pairwise comparisons show significant differences between PSG
and the 3 and 5 minute scoring rules for the Medium and High sensitivity settings. For
children with mild OSA, significant differences between PSG and both the 3 and 5 minute
rules were also found, but only for the High setting. For children with clinically significant
OSA, no statistically significant differences between PSG and actigraphy were found.

Discussion

This is the first paper to our knowledge that has examined differences in immobility as a
measure of sleep onset latency in children and adolescents, comparing two commonly used
brands of actigraphs [2] to overnight polysomnography. Our results highlight that sleep
onset latency estimates differ across devices and scoring algorithms/sensitivities, and there
is not one single rule or algorithm that could be simply used across ages and groups of
children with and without SDB. However, this paper provides some initial guidance for
researchers and clinicians on choosing a scoring rule that depends on the device, the scoring
algorithm, and the individual research study or clinical population of interest.

With the increasing use of actigraphy in both research and clinical settings, it is critical to
ensure that the sleep-wake estimations are as accurate as possible. This study adds to the
previously recommended practice parameters for the use of actigraphy published by the
American Academy of Sleep Medicine [9] by showing that the choice of a scoring rule may
impact sleep onset latency estimates. Further, this study shows the need to not simply rely
on the default settings provided by the proprietary software used for each type of device.
Researchers are encouraged to override these default settings, instead choosing a scoring
rule that best fits the characteristics of their study population (e.g., preschoolers).

Although no single rule or algorithm performed well across different ages and SDB groups,
some patterns emerged that may be useful for researchers and clinicians. For the AMI Sadeh
algorithm, none of the scoring rules produced greater than an 8 minute difference between
PSG and actigraphic SOL (which may not be clinically meaningful). That said, as expected
the smallest differences in SOL estimates were found with the 3 minute rule for both
preschool and school-aged children and with the 20 minute rule for adolescents. A similar
pattern (shorter rules performed better for children and longer rules for adolescents) can be
seen with the Cole-Kripke algorithm, with the greatest difference between actigraphy and
PSG just under 10 minutes.

For the PRMM device, a somewhat different picture emerged. The Medium sensitivity level
(the most commonly used one in pediatric research) provided the most accurate estimate of
SOL with longer rules (15 or 20 minutes for preschoolers, 10 or 15 minutes for school-aged
children, and 20 minutes for adolescents). While the need for a longer scoring rule in
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adolescents would be expected based on motionless wakefulness (e.g., adolescent can lie
quietly for prolonged periods of time even if not sleeping), we did not expect the same to be
true for younger children. These results likely reflect the differences between actigraphy
brands in terms of the technology used and algorithms applied, suggesting caution when
comparing results from two different brands of actigraphy [2,5]. Further, it was notable that
in some cases the PRMM device underestimated SOL by up to 16 minutes, which could be
clinically meaningful and/or impact research outcomes. Finally, our results also differ from
those found by Chae and colleagues, where the 5 minute rule was the best estimate of SOL
in adults.[4]

In terms of sleep disordered breathing, clear differences between the devices were again
notable. For the AMI device, the shorter scoring rules were most accurate for both scoring
algorithms and across groups, with the greatest difference in estimates between PSG and
actigraphic SOL less than 9 minutes. The opposite was true for the PRMM device with
longer scoring rules more accurate for those with no or mild SDB, while in general shorter
immobility scoring rules provided more accurate sleep onset latency for youth with
clinically significant SDB. It is important to again note that some of the PRMM estimates
across groups were as high as 17 minutes.

There are several limitations to this study. First, measurement was only a single night in the
sleep lab, where more movement may have occurred during sleep onset due to the
discomfort of the wires and being unfamiliar with the sleep lab. Second, although our
overall sample size was larger than many validation studies, group comparisons across
developmental age group and SDB status resulted in smaller sample sizes. Third, our
findings may have been influenced by collapsing the PSG data into 1-minute epochs.
Finally, in this study we were able to clearly identify the start of sleep onset latency for
actigraphy by using the PSG “lights off” time. Outside of the sleep lab, the measurement of
sleep onset latency will always be limited by the requirement of a parent or youth to record
their attempted sleep onset time by sleep diary or an event marker. Because of these
limitations, additional research is clearly needed in this area that includes larger samples of
children and adolescents.

Despite these limitations, this study provides novel data on different scoring rules for sleep
immobility as a measure of sleep onset latency for actigraphy in a pediatric population.
Other strengths of the study include the direct comparison with polysomnography, the broad
age range, and the inclusion of youth with and without sleep disordered breathing. In
conclusion, it is important to note that this study was not done to demonstrate whether one
brand of actigraphic device is better than another in its measurement of immobility and sleep
onset latency, but rather to provide researchers and clinicians some baseline information to
guide decisions about scoring rules. Studies such as this one help us to better understand the
strengths and limitations of actigraphy in research and clinical practice. However, larger
studies are clearly needed to further investigate the differences in devices, scoring
algorithms/sensitivies, as well as sleep onset latency scoring rules to ensure accurate and
valid estimates of sleep in children.
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Figure 1.
Difference in sleep onset latency (SOL) between AMI actigraphy and PSG by age group.

PSG is indicated by the zero (0) axis. Positive values indicate overestimation of SOL by
actigraphy, and negative values indicate underestimation of SOL by actigraphy. * indicates
signficiant post-hoc comparison between actigraphy and PSG (p < .001).
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Figure2.
Difference in sleep onset latency (SOL) between PRMM actigraphy and PSG by age group.

PSG is indicated by the zero (0) axis. Positive values indicate overestimation of SOL by
actigraphy, and negative values indicate underestimation of SOL by actigraphy. * indicates
signficiant post-hoc comparison between actigraphy and PSG (p < .001).
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Figure 3.
Difference in sleep onset latency (SOL) between AMI actigraphy and PSG by SDB. PSG is

indicated by the zero (0) axis. Positive values indicate overestimation of SOL by actigraphy,
and negative values indicate underestimation of SOL by actigraphy. * indicates signficiant
post-hoc comparison between actigraphy and PSG (p < .001).
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Figure 4.
Difference in sleep onset latency (SOL) between PRMM actigraphy and PSG by SDB. PSG

is indicated by the zero (0) axis. Positive values indicate overestimation of SOL by
actigraphy, and negative values indicate underestimation of SOL by actigraphy. * indicates
signficiant post-hoc comparison between actigraphy and PSG (p < .001).
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