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Objectives: There is a growing interest in monitoring the sleep of elite athletes. Polysomnography is con-
sidered the gold standard for measuring sleep, however this technique is impractical if the aim is to collect
data simultaneously with multiple athletes over consecutive nights. Activity monitors may be a suitable
alternative for monitoring sleep, but these devices have not been validated against polysomnography in
a population of elite athletes.

Design: Participants (n=16) were endurance-trained cyclists participating in a 6-week training camp.
Methods: Atotal of 122 nights of sleep were recorded with polysomnography and activity monitors simul-
taneously. Agreement, sensitivity, and specificity were calculated from epoch-for-epoch comparisons of
polysomnography and activity monitor data. Sleep variables derived from polysomnography and activity
monitors were compared using paired t-tests. Activity monitor data were analysed using low, medium,
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Agreement and high sleep-wake thresholds.
Sensitivity Results: Epoch-for-epoch comparisons showed good agreement between activity monitors and polyso-
Specificity mnography for each sleep-wake threshold (81-90%). Activity monitors were sensitive to sleep (81-92%),

but specificity differed depending on the threshold applied (67-82%). Activity monitors underestimated
sleep duration (18-90 min) and overestimated wake duration (4-77 min) depending on the threshold
applied.
Conclusions: Applying the correct sleep-wake threshold is important when using activity monitors
to measure the sleep of elite athletes. For example, the default sleep-wake threshold (>40 activity
counts = wake) underestimates sleep duration by ~50 min and overestimates wake duration by ~40 min.
In contrast, sleep-wake thresholds that have a high sensitivity to sleep (>80 activity counts = wake) yield
the best combination of agreement, sensitivity, and specificity.

© 2015 Sports Medicine Australia. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The ability to monitor the amount and quality of sleep obtained
by an elite athlete can be a useful tool for evaluating recovery from
training and competition. The gold standard for measuring sleep is
polysomnography (PSG) because it provides superior information
about the structure and depth of sleep.! However, it is a complex
procedure that involves the recording, analysis, and interpreta-
tion of multiple physiological parameters, including brain activity,
eye movement, and muscle tone.? In addition, PSG is expensive,
it can be invasive for participants, and it is impractical if the aim
is to collect data simultaneously with multiple participants over
consecutive nights. Recently, activity monitors have emerged as
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a potential alternative to PSG for monitoring the sleep of elite
athletes.3->

An activity monitor is a device—typically worn on the
wrist—that contains an accelerometer. The device is based on the
principle that people move more when they are awake compared
with when they are asleep.® Unlike PSG, an activity monitor can
be worn with little inconvenience as it is small and light and
requires no intervention from the wearer. A number of stud-
ies have assessed the validity of activity monitors for measuring
sleep by comparing sleep/wake durations determined by PSG with
sleep/wake durations determined by activity monitors. In healthy
adults, high correlations have been reported for sleep duration
(i.e., 0.89-0.98)-% and moderate-to-high correlations have been
reported for wake time within sleep (i.e., 0.36-0.85).”~° More
recently, validation of activity monitors has moved beyond com-
paring sleep/wake durations, toward considering epoch-for-epoch
matches with PSG. Agreement between PSG and activity moni-
tors is high, with rates ranging from 77 to 91%.51911 The ability of
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activity monitors to detect sleep is also high (91-96%), however
their capacity to detect wake is low (38-54%).6:10.11

In general, wrist activity monitors appear to be less accurate in
populations exhibiting short or fragmented sleep.?!!12 For exam-
ple, activity monitors tend to overestimate sleep in people who
lie quietly in bed for long periods of time.!> Conversely, activity
monitors tend to underestimate sleep in people who exhibit high
levels of movement during light sleep.' This raises a potential issue
with the use of activity monitors for measuring sleep in elite ath-
letes. Several studies indicate that elite athletes obtain less sleep
than members of the general population®'# and/or exhibit greater
movement and fragmentation during sleep.’>'6 Given the sleep
characteristics of elite athletes, it is important to establish how well
activity monitors detect sleep and wake in this population.

2. Methods

Sixteen endurance-trained cyclists (age: 19.3+1.5y; BMI:
21.6+1.9kg/m?; mean+SD) volunteered to participate in the
study. Cyclists were competitive at a national level and took part in
the study at the start of the domestic cycling season. Cyclists were
not screened for sleep disorders prior to participation, but none of
them reported a clinical diagnosis of a sleep disorder at the time
of the study. Written informed consent was obtained from par-
ticipants or their guardians. Ethics approval was granted by the
Australian Institute of Sport Human Research Ethics Committee
(approval number 20111202).

Data were collected as part of a larger study that examined the
impact of cold water immersion on recovery.!” Participants in the
study completed a 6-wk training camp, which consisted of daily
road rides and ergometer tests. On each day of the training camp,
all participants completed the same type and duration of train-
ing as each other. Participants lived in shared apartments at the
training facility and slept in their own private bedroom. Partici-
pants’ sleep was assessed simultaneously using PSG and activity
monitors on nine occasions: one night during the first week of the
camp, one night at the end of the second week of the camp, two
nights at the end of weeks 3 and 4, and one to two nights at the
end of weeks 5 and 6 of the camp (i.e., 144 potential recordings).
To determine the minimum number of observations required for
comparison between PSG and activity monitors, the approach out-
lined by Bland and Altman was adopted.'® Bland and Altman (1986)
recommend a minimum of 100 observations to ensure that the con-
fidence intervals for the 95% limits of agreement are narrow (i.e.,
+0.34 x SD). Based on previous estimates of the difference between
PSG and activity monitors,'? 144 observations would give confi-
dence intervals for the 95% limits of agreement for total sleep time
of 14.5 min.

On sleep monitoring nights, participants were provided 9.5 hr
in bed. Sleep recordings began at ~22:00h when the bedroom
lights were switched off and ended at ~07:30 h when the bedroom
doors were opened. In the 30 min prior to bedtime, electrodes were
applied to participants’ heads and faces. Once all monitoring equip-
ment was in place, the lights were switched off. The signals from
each PSG device were transmitted to a laptop computer located in
an adjacent room to be monitored overnight by a technician. Par-
ticipants were instructed to remain in bed until woken at ~07:30h,
but were permitted to use the bathroom during the night.

Sleep was recorded using PSG equipment (Compumedics, Mel-
bourne, Australia) with a standard montage of electrodes. The
montage included two electroencephalograms (C4-M1, C3-M2),
two electrooculograms (left and right outer canthus), and a sub-
mental electromyogram. Sleep records were blinded and analysed
in 30-s epochs by a trained technician. Sleep stages were manu-
ally scored in accordance with established criteria.'® The following
variables were calculated from each record: sleep onset latency,

sleep duration, wake after sleep onset, and sleep efficiency. In gen-
eral, there is good agreement between attended PSG in the field
and attended PSG in the laboratory with respect to signal quality
and derived variables.20

Participants wore an activity monitor (Philips Respironics, Bend,
USA) on their non-dominant wrist. The activity monitors were
configured to sum and store data in 1-min epochs based on activ-
ity counts from a piezoelectric accelerometer with a sensitivity of
0.01 g and a sampling rate of 32 Hz. The estimation of sleep/wake
duration from the activity monitors was a four-step process: (1)
downloading the data from the activity monitors; (2) identifying
time in bed using the ‘lights out’ and ‘lights on’ clock times recorded
in the PSG record; (3) applying an algorithm to identify sleep onset
and sleep offset; and (4) applying an algorithm to assign epochs as
‘sleep’ or ‘wake’. This process was conducted using Actiware™-
Sleep v3.1 software in conjunction with the Actiware™-Sleep
scoring algorithm (Mini Mitter Co., Inc., Sunriver, USA). Sleep/wake
estimates using the Actiware™-Sleep scoring algorithm are based
on a comparison of activity counts with two activity thresholds. The
first, called the immobility-mobility threshold, is used to identify
sleep onset and sleep offset. The threshold assigns epochs within a
given time in bed as either immobile (activity count <4) or mobile
(activity count >4). The second threshold, called the sleep-wake
threshold, assigns all epochs between sleep onset/offset as sleep or
wake by comparing activity counts for the epoch in question to a
user-defined sleep-wake threshold. Three sleep-wake thresholds
were applied to this data set: low threshold—above 20 activ-
ity counts is scored as wake (low sensitivity to sleep); medium
threshold—above 40 activity counts is scored as wake; and high
threshold—above 80 activity counts is scored as wake (high sensi-
tivity to sleep). The following variables were calculated from the
data: sleep onset latency, sleep duration, wake after sleep onset,
and sleep efficiency.

Epoch-for-epoch comparisons between activity monitors and
PSG were performed to determine how well activity monitors
detected sleep and wake. The percentage of epochs in agreement
(i.e., percentage of all PSG sleep and wake epochs correctly detected
by activity monitors), sensitivity (i.e., percentage of PSG sleep
epochs correctly detected by activity monitors), and specificity
(i.e., percentage of PSG wake epochs correctly identified by activity
monitors) were calculated. In addition, Cohen’s kappa (k) was used
to quantify better-than-chance agreement between activity moni-
tors and PSG.2! Agreement was interpreted using the guidelines
established by Landis and Koch (1977).

To enable epoch-for-epoch comparisons, the 1-min epochs from
activity monitors were split into two identical 30-s epochs and
aligned with epochs from the corresponding PSG records.® Prior
to the start of the study, clock time was manually synchronised on
all devices (i.e., activity monitors, laptop computers, PSG devices).
At the end of the study, there were some minor differences in clock
time between devices. This was due to a small drift in clock time
(~2-3s per day) on the laptop computers. To minimise the effect
of this difference, offset adjustments of three min in either direc-
tion were compared and the offset with the highest percentage
agreement was selected for each sleep period.®

Agreement between PSG and activity monitors for sleep
summary variables at each sleep-wake threshold were also
compared using the limits of agreement method for repeated
measurements.>> For each sleep summary variable, the difference
between each pair of measurements obtained from PSG and activity
monitors were plotted against the mean of each pair of measure-
ments. The mean difference between the two measurements (the
bias) and the 95% limits of agreement (bias +1.96 x SD) were also
plotted. Plots were examined for heteroscedasticy and propor-
tional bias using the Breusch-Pagan test and ordinary least squares
regression, respectively. In cases where heteroscedasticy and/or
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Table 1
Epoch-for-epoch comparisons between activity monitors and polysomnography.
Sleep-wake threshold Agreement (%) Sensitivity (%) Specificity (%) Kappa (k)
Low threshold (20) 80.9 80.6 823 0.38
Medium threshold (40) 86.5 87.5 771 0.46
High threshold (80) 89.5 91.9 67.0 0.50

proportional bias were present, the bias and 95% limits of agree-
ment were adjusted accordingly.?*

Paired t-tests were performed to examine differences in sleep
summary variables between PSG and activity monitors at each
sleep-wake threshold. Bonferroni corrections were applied to
reduce the likelihood of committing type I errors. The critical
p value for each t-test was 0.017 (i.e., .05/3). Prior to analyses,
sleep summary variables were examined for normality using the
Kolmogorov-Smirnov normality test.

3. Results

Originally, data collection was scheduled to occur on 10 occa-
sions with each participant during the protocol (i.e., 160 potential
recordings in total). However, the training camp was reduced by
two days in the final week, resulting in 144 potential recordings in
total. Of these 144 potential recordings, 122 were completed suc-
cessfully and 22 were excluded from the analyses due to technical
failure of the PSG recording device (n=4); participantillness (n=1);
activity monitor not worn by the participant on the recording night
(n=7); and more than 10 epochs of unscorable PSG (n=10). The
numbers of recordings collected with participants were as follows:
nine recordings (n=4), eight recordings (n=38), seven recordings
(n=2), six recordings (n=1), and two recordings (n=1).

The epoch-for-epoch agreement, sensitivity, specificity, and
Cohen’s kappa coefficients for the low, medium and high
sleep-wake thresholds are presented in Table 1. The high
sleep-wake threshold yielded the highest agreement, whereas the
low sleep-wake threshold yielded the lowest agreement. The high
sleep-wake threshold was the most sensitive to sleep, but the
least specific in detecting wake. Conversely, the low sleep-wake
threshold was the least sensitive to sleep, but yielded the high-
est specificity for wake. Cohen’s kappa coefficients for the high
and medium sleep-wake thresholds were similar and less than 0.6,
which is considered “moderate” agreement.?2 Cohen’s kappa coef-
ficient was less than 0.4 for the low sleep-wake threshold, which
is considered “fair” agreement.2?

The level of agreement between PSG and activity monitors for
each sleep summary variable is depicted in Fig. 1. The mean and
standard deviation for each sleep summary variable is presented
in Table 2. All sleep summary variables were normally distributed.
Activity monitors significantly underestimated sleep duration and
overestimated wake after sleep onset, regardless of the sleep-wake
threshold that was applied. There was proportional bias at the
low sleep-wake threshold (R=.405; p<.0001) and the medium
sleep-wake threshold (R=.251; p=.0053) for sleep duration, as
well as at the low sleep-wake threshold (R=.486; p<.0001) and
the medium sleep-wake threshold (R=.258; p=.0041) for wake
after sleep onset. That is, when these two thresholds were applied,
activity monitors progressively underestimated sleep duration as
average sleep duration decreased, and progressively overestimated
wake after sleep onset as average wake after sleep onset increased.
Activity monitors underestimated or overestimated sleep effi-
ciency depending on the sleep-wake threshold that was applied.
The low and medium sleep-wake thresholds significantly under-
estimated sleep efficiency, whereas the high sleep-wake threshold
significantly overestimated sleep efficiency. Proportional bias was

present for the low sleep-wake threshold (R=.360; p<.0001) and
the high sleep-wake threshold (R=.306; p=.0006). Activity moni-
tors progressively underestimated sleep efficiency as average sleep
efficiency decreased when the low sleep-wake threshold was
applied, whereas activity monitors progressively overestimated
sleep efficiency as average sleep efficiency decreased when the
high sleep-wake threshold was applied. Sleep latency did not differ
between activity monitors and PSG. Since sleep latency is calculated
using the immobility-mobility threshold, it remained unchanged,
irrespective of the sleep—-wake threshold applied.

4. Discussion

In the current study, the ability of activity monitors to mea-
sure the sleep of elite athletes was compared with PSG—the gold
standard for monitoring sleep. The results indicate that over-
all agreement rates between PSG and activity monitors at each
sleep-wake threshold were very high (81-90%) and were compara-
ble to rates previously reported in validation studies with healthy
adults (87-91%).510.11 Based on this evidence, activity monitors are
avalid alternative to PSG for measuring sleep in elite athletes. How-
ever, high rates of agreement between PSG and activity monitors
are not entirely unexpected given that healthy adults spend most
of the time in bed asleep.'? In the present study, the average PSG
sleep efficiency was 90%. Simply scoring all of the time in bed as
sleep would result in an agreement rate of 90% between activity
monitors and PSG. For this reason, additional measures such as sen-
sitivity (i.e., ability to detect sleep), specificity (i.e., ability to detect
wake), and Cohen’s kappa coefficient (i.e., better than chance agree-
ment) are required to provide a complete assessment of the validity
of activity monitors for measuring the sleep of elite athletes.

In healthy populations, activity monitors are excellent at detec-
ting sleep. Kosmadopoulos et al.!® assessed the sensitivity of
activity monitors using PSG as the gold standard for comparison.
Data were collected with 22 participants over two nights in a sleep
laboratory. On average, activity monitors had a sensitivity of 96%.
This is not surprising given that the data was collected with healthy
young adults under ideal sleeping conditions (i.e., cool, quiet, dark
bedrooms). Slightly lower values for sensitivity have been reported
for airline crew during a layover sleep (91%),° middle-aged women
(88%),2° and older adults (91%).!" In the present study, sensitivity
values obtained from athletes were high and ranged between 81
and 92% depending on the sleep-wake threshold that was applied.
As expected, the high sleep-wake threshold was the most sensi-
tive to sleep, whereas the low sleep-wake threshold was the least
sensitive to sleep.

In contrast to the high values reported for sensitivity, activity
monitors typically yield relatively low values for specificity. In line
with previous validation studies, the ability of activity monitors
to detect wake in this group of participants was much lower than
the ability to detect sleep.5'%11 Interestingly, the values reported
for specificity in the present study (67-82%) are higher than values
previously reported for healthy adults (38-54%).610.11 [t is not clear
from the present study why activity monitors are better at detecting
wake in athletes compared with healthy adults. Put simply, when
athletes were awake according to PSG, their level of movement was
sufficiently high for it to be scored as wake by the activity monitor.
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Fig. 1. Bland-Altman plots comparing PSG with activity monitors at the low (left column), medium (middle column), and high (right column) sleep-wake thresholds for
sleep duration, wake after sleep onset, sleep efficiency, and sleep onset latency. The x-axes represent the mean of the values obtained from activity monitors and PSG and the
y-axes represent the difference between the values, such that positive values indicate an overestimation by activity monitors relative to PSG, and negative values indicate an
underestimation by activity monitors relative to PSG. Solid horizontal lines indicate the mean bias from PSG, and broken lines indicate the 95% limits of agreement (£1.96

SDs). AM—activity monitors, PSG—polysomnography.
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Table 2

Comparison of sleep parameters determined by polysomnography and activity monitors.

Sleep parameter Value (mean =+ SD)

Polysomnography vs. Activity Monitor

Difference (mean +SD) t(df 121) p
Sleep duration (h)
Polysomnography 8.5+04 n/a n/a n/a
Activity Monitor Low Threshold (20) 7.0+0.7 -1.5+0.7 23.18 <0.0001
Activity Monitor Medium Threshold (40) 7.6+0.6 -0.9+0.6 16.17 <0.0001
Activity Monitor High Threshold (80) 8.2+0.5 -03+0.5 6.41 <0.0001
Wake after sleep onset (min)
Polysomnography 41.0+£22.2 n/a n/a n/a
Activity Monitor Low Threshold (20) 118.5+37.6 77.5+42.0 -20.38 <0.0001
Activity Monitor Medium Threshold (40) 80.0+28.8 39.0+34.5 -12.49 <0.0001
Activity Monitor High Threshold (80) 45.1+18.7 41+£27.2 -1.68 0.095
Sleep efficiency (%)
Polysomnography 89.6+4.7 n/a n/a n/a
Activity Monitor Low Threshold (20) 78.0+6.9 -11.6+£8.0 15.94 <0.0001
Activity Monitor Medium Threshold (40) 85.2+5.3 —4.4+6.7 7.32 <0.0001
Activity Monitor High Threshold (80) 91.6+34 2.0+5.5 -4.11 <0.0001
Sleep latency (min)
Polysomnography 183+12.6 n/a n/a n/a
Activity Monitor Low Threshold (20) 17.3+14.2 -0.9+14.0 0.75 0.457
Activity Monitor Medium Threshold (40) 17.3+14.2 -0.9+14.0 0.75 0.457
Activity Monitor High Threshold (80) 17.3+14.2 -0.9+14.0 0.75 0.457

Specifically, if the athletes were awake, they were not lying still. It
should be noted that the athletes in the present study were exam-
ined during a 6-wk period of intensified training. There is some
evidence to suggest that during periods of intensified training, ath-
letes exhibit less immobility during sleep2® and more movement!®
compared with sleep during a phase of normal or reduced training.
In the present study, athletes may have experienced some mus-
cle soreness and as a result, were awake and moving during sleep
periods in an attempt to get comfortable.

Cohen’s kappa coefficients were 0.38, 0.46, and 0.50 for the
low, medium, and high sleep-wake thresholds, respectively. The
level of agreement between PSG and both the medium and high
sleep—wake thresholds is considered moderate, whereas the level
of agreement for the low sleep-wake threshold is considered fair.
Similar kappa coefficients for PSG and activity monitors have been
reported previously.5'? As noted by Signal et al.5, such findings
indicate that a large proportion of the agreement between PSG and
activity monitors is due to chance alone. More specifically, although
similar proportions of sleep periods are categorised as sleep and
wake by PSG and activity monitors, the epochs scored as sleep and
wake by the two methods are not necessarily the same.

In the present study, activity monitors underestimated sleep
duration and overestimated wake after sleep onset in ath-
letes, regardless of the sleep-wake threshold applied. The high
sleep-wake threshold produced the smallest differences in sleep
duration and wake after sleep onset compared with PSG, whereas
the low sleep-wake threshold produced the largest differences
compared with PSG. The results are in contrast to those reported by
Kosmadopoulos et al.'%, who found that activity monitors overes-
timate sleep duration and underestimate wake after sleep onset in
healthy young adults. Activity monitors underestimate sleep when
the amount of movement in the light stage of sleep is so great that
it is scored as wake.!® This suggests that athletes exhibit different
movement behaviours during sleep compared with healthy adults.
Indeed, a number of studies have shown that athletes—particularly
during heavy training phases—exhibit high levels movement and
fragmentation during sleep.!>16

When considering the results of the current study, it must be
recognised that it was conducted under controlled conditions with
a sample of young elite male cyclists who were undertaking a pro-
gram of intensified training. As such, caution should be shown in
generalising the results beyond the conditions described in the

present study. In particular, data were collected under ideal condi-
tions, with a researcher present to record the start and end times
of all sleep periods and to ensure that participants were wear-
ing an activity monitor. In most field-based studies, participants
must press an event marker on the activity monitor to signify
‘lights out’ and ‘lights on’ and/or record the information in a sleep
diary. Collecting meaningful sleep/wake data with activity moni-
tors therefore relies heavily on an individual’s ability to accurately
record time in bed and to wear the activity monitor.

5. Conclusion

The results from the present study indicate that activity moni-
tors are a valid alternative to PSG for measuring the sleep of elite
athletes. Overall, the high sleep-wake threshold provided the best
combination of agreement, sensitivity, and specificity and pro-
vided the best estimates of sleep duration, wake duration and sleep
efficiency. The default sleep-wake threshold used in most activ-
ity monitor scoring algorithms is the medium threshold (i.e., 40).
This threshold has been applied in almost all of the studies that
have examined the sleep of elite athletes®27-28 —although in some
cases the threshold has not been reported.'>2629 The results of
the present study suggest that at a medium sleep-wake threshold,
sleep duration is underestimated by ~50 min and wake duration is
overestimated by ~40 min. Thus, the choice of sleep-wake thresh-
old should be considered, and at the very least reported, because it
hasimportant implications for the interpretation of findings related
to the sleep/wake duration of elite athletes.

Practical implications

e Activity monitors are a valid alternative to polysomnography for
measuring the sleep of elite athletes.

e Choosing the correct sleep-wake threshold is important when
using activity monitors to measure the sleep of elite ath-
letes. Thresholds that have a high sensitivity to sleep (i.e.,
80) yield the best combination of agreement, sensitivity, and
specificity.

e Thresholds that are moderately sensitive to sleep (i.e., 40) will
underestimate sleep duration by ~50 min and overestimate wake
duration by ~40 min.

(2015), http://dx.doi.org/10.1016/j.jsams.2015.12.007
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