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Abstract

Background: Monitoring for physical activity becomes popular and
actually many devices are available. Some physical activity moni-
tors (PAMs) provide data about sleep quality for the user, but there
are scarce data concerning validity and usability of these measure-
ments. This study compared the data of sleep parameters generated
by a PAM with the polysomnography (PSG).

Methods: In 2016, data of 26 patients in two consecutive PSGs as
well as in two daytime and nighttime measurements with a PAM ac-
cording to physical activity and sleep quality were collected. Further-
more, sleep quality, using the Pittsburgh sleep quality index (PSQI),
daytime fatigue, using the multidimensional fatigue inventory (MFI-
20) and additionally data of a sleep diary were collected.

Results: There were positive correlations of both methods with re-
spect to total sleep time (TST) (r=10.76, P <0.01) and sleep efficiency
(r=0.71, P <0.01). Data analysis over two nights showed that over
90% of the TST (95% confidence interval (CI) -1.59 to 0.82) and of
the sleep efficiency (95% CI -8.28 to 15.51) were within the limits of
agreement. The analysis of the PSQI and the sleep efficiency of the
PAM showed no significant correlations. The daytime fatigue corre-
lated negatively with the physical activity (r =-0.72, P <0.01).

Conclusion: The sleep efficiency and TST measured with the PAM
sufficiently reflect the PSG sleep parameters and the subjects’ subjec-
tive feelings. At the same time, PAM results are also correlated with
the subjectively perceived quality of sleep. Further investigations to
assess the long-term results are pending.
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Sleep efficiency

Introduction

The interest in sleep and sleep quality has grown strongly
among the population in recent years. Sleep is not only es-
sential for the optimal performance of physical, cognitive and
emotional processes but also a vital biological determinant of
everyday health and well-being [1]. For athletes in particular,
the connections between memory consolidation, newly learned
training techniques (training optimization) and increased com-
petitive performance through restful sleep seem to be of im-
portance and are making sleep quality increasingly the focus
of new research questions [2].

Otherwise studies have shown that prolonged or short-
ened sleep is associated with an increased risk of morbidity
and mortality [3-5]. For example, recent research suggests that
a lack of restorative sleep can affect neurological processes. A
study by Lim et al described that good sleep quality could also
have a protective effect on cognitive functions in older peo-
ple. In addition, the risk of developing Alzheimer’s dementia
should be minimized [6].

Actigraphy is based on the assumption that people move
most during wake states with a progressive reduction in motion
as they approach the deepest stages of sleep, such that sleep/
wake states may be discriminated by measuring and analyz-
ing these movements [7]. Current devices for measuring physi-
cal activity (physical activity monitors (PAMs)) are worn like
watches on the wrist or are attached to the belt and provide
information not only about physical activity but also about the
quality of sleep. The patient’s movement is recorded in fixed
time intervals (epochs) over seconds to several minutes and
processed and stored by an algorithm via a microchip processor.
The evaluation of these data makes statements possible to the
sleep-wake rhythm of the user, whereby the equipment evalu-
ates an epoch without movement as “sleep” or with movement
as “awake”. Previous comparative studies between polysom-
nographically and actigraphically measured sleep parameters
showed that the actigraphic algorithm was susceptible to poten-
tial measurement errors. As a result, sleep duration was over-
estimated and wakefulness was underestimated [7-9]. In more
recent studies, however, 85.6% of cases could now be correctly
evaluated by the actigraph [10]. In recent years, the increasing
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availability of novel wearable health technology and in par-
ticular the explosion of fitness trackers (e.g. Fitbit Flex, Nike+
FuelBand, Jawbone UP band, Garmin vivofit, Misfit shine and
flash) has made actigraphy available to the general population
and it is now considered normal to track one’s daily activity and
sleep and receive feed-back about one’s overall health.

Still the question rises on how reliable and scientifically
grounded are activity tracker-based assessment of healthy and
disturbed sleep and remains a key issue in this direction.

We hypothesized that generated data on sleep quality and
sleep efficiency by the PAM Polar A300 in combination with
the subjective sleep parameters correlate with those of a poly-
somnographic measurement.

Materials and Methods

In 2016, 26 subjects who were sent to polysomnographic ex-
amination mainly in order to check the efficacy of sleep apnea
therapy by continuous positive airway pressure (CPAP). The
study was conducted at the sleep laboratory of the Remigius
Hospital Leverkusen-Opladen. After clarification and written
informed consent, the participants were given a PAM (Polar
A300) in order to measure sleep in addition to the polysomnog-
raphy (PSG) for two consecutive nights. The PAM was worn
both during the day and at night. At the same time, the patients
completed two questionnaires for the survey period. One was
on sleep quality (Pittsburgh sleep quality index (PSQI)) and
one on daytime fatigue (multidimensional fatique inventory
(MFI-20)), and they also kept a sleep diary (consensus sleep
diary (CSD)). The measurement data from the subjective data
collection (PSQI, MFI-20 and CSD) were compared to those
of the PAM and the PSG in order to calculate correlations be-
tween the different measurement methods. We estimated the
physical activity level (PAL) of all participants as suggested
by United Nations University, World Health Organization and
Food and Agriculture Organization of the United Nations [11].

Primary endpoint

Correlation of sleep quality and sleep efficiency measured with
a novel PAM (A300 from Polar) in combination with subjec-
tive sleep parameters (PSQI, MFI-20 and CSD) was compared
to the “gold standard” of PSG.

This study was conducted in compliance with the ethical
standards of the responsible institution on human subjects as
well as with the Helsinki Declaration and was approved by the
Ethics Committee of the University of Witten-Herdecke (No.
70/2016) and registered with the DRKS (No. DRKS00017038).

Measurement methods
PAM Polar A300

The PAM had a CE mark (Certificate No. VTT-C-5494-
01.1032-388-10-P0) and was worn on the wrist like a watch.

826 Articles © The authors | Journal compilation © ] Clin Med Res and Elmer Press Inc™

After the measurement was activated, the data were recorded
continuously. The data were stored on a PC. The working prin-
ciple of the PAM was based on a 3D acceleration sensor (three
axes). The system reacted to acceleration with a sampling rate
of 50 Hz. To calculate the sleep, the movement intensity was
first classified via the acceleration sensor. Sleep time is the
longest continuous rest period within 24 h from 6 p.m. to 6 p.m.
of the next day. Sleep interruptions of up to 1 h did not stop the
sleep calculation, but were not included in the sleep time. Inter-
ruptions of more than 1 h ended the calculation of sleep time.

PSG

The PSG took place in the sleep center of the Remigius Hos-
pital Leverkusen-Opladen, which was certified by the German
Society for Sleep Research and Sleep Medicine (DGSM).
The PSGs were performed with the Somnolab (Version 2.17),
Weinmann Ltd, Hamburg and measurements were conducted
according to the current guidelines of the American Society of
Sleep Medicine (AASM). The evaluations were carried out by
experienced sleep-lab staff with DGSM certificate.

PSOI

The PSQI was used to record the quality of sleep and asked ret-
rospectively for a period of 4 weeks the frequency of sleep dis-
turbing events, the assessment of sleep quality, the usual sleep
times, sleep latency and sleep duration, the intake of sleep med-
ications, as well as daytime fatigue. A total of 18 items were
used for quantitative evaluation and assigned to seven compo-
nents, each with a value ranging from 0 to 3. A total value of not
more than 5 points as a rule indicated good sleep. Bad sleepers
usually had values between 6 and 10 points. In chronic sleep
disturbances clearly more than 10 points were found.

MFI-20

The daytime fatigue of the subjects was measured with the
MFTI-20. It contained 20 questions and the subjects could eval-
uate the fatigue with a five-point system (five scales): general
fatigue, physical fatigue, decreased activity, decreased motiva-
tion and mental fatigue. Each scale consisted of four questions,
two of which affirmed fatigue and two of which denied fatigue.
In the affirmative, a high value meant a high level of fatigue;
in the negative, a high value meant a low level of fatigue. The
scales were balanced to keep the influence on the answering
behavior as low as possible. On each scale a minimum value of
4 and a maximum value of 20 could be reached. This value was
multiplied with 5 indicating a maximum percentage of 100.

CSD

The German version of the CSD was used to record the subjec-
tive sleep quality, sleep and wakefulness time, the number of
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Table 1. Baseline Parameters (n = 26)

Variables Value (mean £ SD) (min. - max.)
Age (years) 54.8+14.4 (27 - 86)

Sex (male/female) 17/9

BMI (kg/m?) 30.4+4.8(21-41)

AHI (per h) 8.1+9(0-34)

Smoking (pack years) 16.6 £ 4.8 (0 - 40)

PAL 1.51+0.1(1.4-1.8)

SD: standard deviation; BMI: body mass index; AHI: apnea-hypopnea
index; PAL: physical activity level.

nocturnal awakenings and the subjective restfulness of sleep
and was completed daily by the participants. The sleep diary
represented the simplest subjective method for recording the
sleep-wake rhythm. Looking back the next day, subjects re-
corded when they went to bed, when they switched off the light
to sleep, when they thought they fell asleep, how long they
slept in their opinion and when they woke up in the morn-
ing. In addition, special occurrences during the night could be
noted.

The study only included fully oriented subjects aged 19 -
99 years who were referred to inpatient PSG after their written
informed consent. Subjects with dementia, neurodegenerative
diseases (Parkinson’s, multiple sclerosis), with aphasia or sub-
jects participating in another study were excluded. Only those
who have worn the device sufficiently for both nights were
included in the evaluation.

Statistical analysis

Descriptive statistics were used to describe the population:
mean value, median, standard deviation, quantiles. Bland-Alt-
man plots were used for further statistical calculation. With a
sufficiently symmetrical distribution of the differences, 95%
of the values lied in the range d + 2xs, where “s” denotes the
standard deviation of the differences. By definition, these were
the “limits of agreement” (LoA) of the present study. Devia-
tions outside 95% were classified as clinically not relevant.
This graphical procedure took into account the distortion and

Table 2. Comorbidities of the Patients

Disease Patient count

Arterial hypertension
Asthma

RLS
Diabetes mellitus (type 1)
Depression

7
2
Hypothyreose 2
1
1
1
COPD 1

RLS: restless leg syndrome; COPD: chronic obstructive pulmonary
disease.
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n=48 subjects sent to the
sleep center for further
investigations

n=22 do not participate:
n=12 no informed consent

n=10 do met the inclusion
criteria

n=26 complete the
guestionaires, worn the
PAM for two consecutive
days, had 2 PSG

Figure 1. Flow chart. PSG: polysomnography; PAM: physical activity
monitor.

dispersion of the data and allowed the assessment of the sys-
tematic deviations, outliers and dependencies of the variance
on the magnitude of the measured values. The difference be-
tween the PAM data obtained using different methods was cal-
culated for each subject and plotted against the mean value of
two measurements. The sleep quality was measured by each
subject with the A300 and assigned to an identical measuring
point in the PSG. Correlations between these measurement
points and values were calculated (Spearman correlation coef-
ficient).

Results

A total of 26 screened patients fulfilled the inclusion criteria
and completed the entire clinical trial according to the proto-
col. The baseline parameters are shown in Table 1. According
to the estimation of the PAL, we registered a sedentary or light
activity lifestyle of the participants.

The comorbidities are listed in Table 2. The flow chart
shows the sequence of the study (Fig. 1).

Regression analyses of aggregated data over two nights as
assessed by both, PAM and PSG, are shown in Figures 2 and
3. High correlations between the data of both measurements
were found for sleep efficacy and TST. For comparison of both
measurements, Bland-Altman plots were used and showed no
systematic deviation. The data were largely within the LoA
(Figs. 4 and 5).

The answers given in the PSQI by the subjects according
to the subjective sleep quality did not correlate to the physi-
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Figure 2. Regression analysis and identity plots. Total sleep time (TST) between Polar A300 and polysomnography (PSG). PAM:
physical activity monitor.

cal activity (steps per day) measured by the PAM as well as (TST) from the PAM (Fig. 10).
the subjective sleep quality and efficacy (Figs. 6 and 7). The

data according to fatigue registered in the MFI-20 question- . .

naire correlated with less physical activity but not with a poor Discussion

sleep efficacy measured by the PAM (Figs. 8 and 9). The data
acquired with the CSD also did not match with the sleep data The present study showed a high correlation of the data ac-

Sleep efficiency [%] SE
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P
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Figure 3. Regression analysis and identity plots. Sleep efficiency between Polar A300 and polysomnography (PSG). SE: standard
error.
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Figure 4. Bland-Altman plots with the mean over 2 days. Upper/lower limits of agreement (LoA) and 95% confidence interval (Cl)
(over/under the means) of sleep efficiency between (SE) Polar A300 and polysomnography (PSG). SE: standard error.
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Figure 5. Bland-Altman plots with the mean over 2 days. Upper/lower limits of agreement (LoA) and 95% CI (over/under the
means) of total sleep time (TST) between SE Polar A300 and polysomnography (PSG). SE: standard error.
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Figure 6. Regression analysis and identity plots. Steps per day between Polar A300 and Pittsburgh sleep quality index (PSQl).

cording to TST and sleep efficacy acquired by PSG to the data
generated by the PAM A300. To the best of our knowledge,
this is the first study to compare this PAM with PSG according
to sleep duration and sleep quality. These results are in line
with recent studies comparing other activity tracker with PSG
acquired sleep data showing a sufficient correlation of both
measurements [12, 13].

The subjective information given by the participants in the
questionnaires did not correlate to the PAM data. This is of

further interest since subjective parameters provided by ques-
tionnaire are inconstant [1] in comparison to PSG sleep pa-
rameters. A recent study showed that the majority of objective
sleep parameters appear not to be sensitive to sleep health sta-
tus in normal sleepers [10]. Based upon the assessed sleep data
by the PAM, the user gets aspects of the sleep experience and
health outcomes, at least to two of the five domains suggested
by Buysse et al that indicates good or poor sleep (satisfaction):
the ability to maintain attentive wakefulness (alertness), place-
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Figure 7. Regression analysis and identity plots. Sleep efficiency between Polar A300 and Pittsburgh sleep quality index (PSQI).

PAM: physical activity monitor.
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Figure 8. Regression analysis and identity plots. Sleep efficiency between Polar A300 and multidimensional fatique inventory

(MFI). PAM: physical activity monitor.

ment of sleep in the 24-h day (timing), ease of falling asleep
and staying asleep (efficiency), and total amount of sleep ob-
tained per 24 h (duration) [14].

PSG is the gold standard for evaluating sleep in ba-
sic and clinical sleep research. However, there are several
disadvantages of this technique: it is expensive, intrusive,
time-consuming for individuals and evaluators, impractical
for long-term in-laboratory and at home recordings, and has
limited availability. Although an actigraphy and a PAM are

not the same, the user of the PAM gets data about his sleep
parameters day by day as well. Long-term observation of
these parameters thus may provide data indicating the effec-
tiveness of interventions, changes in sleep quality caused by
exercise training or other circumstances influencing sleep.
Of course the sleep parameters generated by the PAM are
not able to substitute professional analysis by PSG or even
diagnosing a disease. The limitations in diagnosing sleep
disorders with a tool like a PAM are well known [15]. But
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Figure 9. Regression analysis and identity plots. Steps per day between Polar A300 and multidimensional fatique inventory

(MFI). PAM: physical activity monitor.
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Figure 10. Regression analysis and identity plots. Total sleep time (TST) between Polar A300 and consensus sleep diary (CSD).

PAM: physical activity monitor.

for special groups such as athletes (almost healthy subjects),
PAM might be useful tools [16]. PSG would be too complex
for monitoring of trainings and other long-term interventions
with regard to the effects on sleep. In the current study, we
find a slightly deviation of the values from the normal dis-
tribution as shown in Figures 2, 3 and 9. The outliers are the
same participant. However, the participant had a restless leg
syndrome as a secondary disease which might be the reason
for this deviation.

There are professional actigraphs, for example in sleep
diagnostics. As a rule, actigraphy measurements are used in
the diagnosis and therapy of sleep disorders. For example, ac-
tigraphy has shown to be a valid objective measure of sleep
onset latency, wake after sleep onset, TST and sleep efficiency
SE in a young adult insomnia sample, as compared to ambula-
tory PSG [17]. But the available devices are expensive, require
complex evaluation software and are usually only intended
for professionals in sleep medicine. Examinations in a sleep
center are expensive and appointments are hard to get. Nev-
ertheless, these measurements are important diagnostic tools
for a sleep physician and ultimately also indispensable. But
the PAM A300 is a cheap activity tracker that gives the user
an idea about his sleep. Rough but reliable data confirmed by
this study showed that PAM data on sleep are also sufficiently
accurate. This should be interesting for the use of the data for
further studies (e.g. connection between activity and sleep, and
rehabilitation and sleep).

Limitations

There are mainly five limitations of the study worth mention-
ing. 1) It must be mentioned that only two measurements were

832 Articles © The authors | Journal compilation © ] Clin Med Res and Elmer Press Inc™

carried out per patient. Measurements over, e.g. 5 - 7 days,
would certainly have been more accurate in comparison be-
tween PSG and PAM. However, the organizational effort and
the burden for the patients would have been too burdensome.
However, in sleep medicine two consecutive PSGs are usu-
ally sufficient to exclude night to night variability, so that we
assume to have correctly recorded the sleep parameters of the
subjects. 2) Furthermore, it must be left open whether the find-
ings can be transferred to all humans or different patient popu-
lations because only patients were examined who were sent
for a PSG due to a sleep disorder. 3) The study was conducted
in a sleep laboratory environment in which participants, even
if free to decide light-off and light-on times, had to follow a
strict protocol and where technicians ensured the quality of the
data collection. This study therefore needs to be replicated in
an at-home environment. 4) We compared PAM Polar A300 to
standard PSG only. Thus, further comparisons of PAM with
standard actigraphy are also needed. 5) We were unable to
evaluate epoch-by-epoch comparisons between PAM and PSG
sleep/wake state, and thus sensitivity and specificity of PAM
remain to be determined.

Conclusion

The data according to sleep quality and sleep efficacy gener-
ated by the PAM Polar A300 are valid. The PAM is cheap and
gives its user a general overview of his or her sleep quality.
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