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and mental comorbidities, sub-clinical levels of psychiatric
conditions (perhaps more common in those with insomnia)*
may also contribute to a hrQOL decrements. Regardless of
the reasons, a clear pattern of worse outcomes was observed
for clinical insomniacs despite being under treatment.

The results also provide useful information as to what
factors are associated with hrQOL among patients with
insomnia, something not previously investigated. Specifically,
behavioral factors (such as smoking and exercise) and
comorbidity variables were among the strongest predictors of
hrQOL among clinical insomniacs. Particularly, psychiatric
comorbidities were the strongest predictors of all. Although
a somewhat hypothetical exercise, the regression equation
results suggest that through alleviating the effects of mental
health comorbidities and promoting health behaviors related
to sleep hygiene (smoking cessation, alcohol abstinence, and
regular exercise), the health utility scores can approach that
of good sleepers. Although we focused on malleable health-
related factors, it is possible other variables may also be
associated with health utilities (such as employment). These
results have a number of clinical implications. Given past
research has suggested that 40% of patients with insomnia
have comorbid psychiatric illness,? physicians should give
particular emphasis to patients with poor behavioral profiles
and psychiatric comorbidities as their hrQOL is likely to be
poorest and most in need of intervention. Also, given the
observed relationship between insomnia and an increased risk
of depression,’ intervening even among clinical insomniacs
with sub-clinical psychiatric symptoms may help to prevent
future mood disorders in this population.

On the whole, these findings suggest that a combination of
addressing the insomnia symptoms and taking mental health
and behavior factors into consideration might maximize the
hrQOL benefit to the patient. Similarly, these results suggest
significant unmet needs with respect to insomnia treatments.
A significant burden of insomnia remains even for those treated.
The physical hrQOL (PCS) burden of insomnia reported in our
current study was comparable (if not slightly larger) to that of
diabetes while the mental burden was greater than diabetes,
hypertension, obesity, and neuropathic pain underscoring the
importance from a public health perspective of improved man-
agement.*®*! Aside from affecting patients’ day-to-day function-
ing and hrQOL, insomnia has clear effects on society which
could, potentially, be mitigated by optimizing treatments.

Limitations
All data were self-reported and no verification of an insomnia
diagnosis or treatment usage was available. The NHWS did

not include information on non-pharmacological treatment
(eg, cognitive behavioral therapy, sleep routines, etc) which
could be relevant to include in future studies. The study was
cross-sectional so causality between insomnia, treatments,
comorbidities, health behaviors, and hrQOL is only hypothe-
sized. Although the NHWS is demographically representative,
itis unclear the extent to which this analytical sample general-
izes to the various insomnia subpopulations in Japan.

Disclosure
This study was funded by MSD KK, Japan. The authors have
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Supplementary materials

Table S| Regression results predicting mental component summary scores

b SE 95% LCL 95% UCL P
Intercept 42.369 0.856 40.691 44.047 0.000
Clinical insomniac ~13.721 0.270 -~14.250 -13.191 0.000
Male ~0.007 0.133 ~0.266 0.253 0.960
Hokkaido -1.035 0.743 -2.492 0422 0.164
Tohoku —1.680 0.742 -3.133 -0.226 0.023
Kanto —~1.102 0.704 ~2482 0.278 0.118
Chubu -1.201 0.714 ~2.600 0.198 0.092
Kinki -0.899 0.709 -2.289 0.492 0.205
Chugoku -0.776 0.742 ~2.231 0.680 0.296
Shikoku -0.568 0.791 -2.118 0.981 0.472
Kyushu -0.389 0.728 -1.816 1.038 0.593
Qkinawa (reference) - - - - -
High school or less -0.025 0.132 -0.283 0.233 0.847
Two-year university -0.032 0.172 ~0.370 0.306 0.852
Four-year university - - - - -
Annual income: <¥3 MM -1.272 0.194 ~1.653 -0.891 0.000
Annual income: ¥3 to <¥5 MM ~0.465 0.172 -0.802 -0.128 0.007
Annual income: ¥5 to <¥8 MM -0.520 0.170 ~0.852 -0.188 0.002
Annual income: ¥8 MM or more —1.045 0227 ~1.490 ~0.600 0.000
Annual income: decline to answer (reference) - - - - -
Employed 0.949 0.132 0.690 1.208 0.000
Not employed and looking for work -1.709 0.347 ~-2.389 —-1.028 0.000
Not employed and not looking for work (reference) - - - - -
National health insurance 0.838 0.450 -0.045 1.721 . 0.063
Social insurance 1.165 0.449 0.285 2.046 0.009
Late stage elderly insurance -1.256 0.657 —2.543 0.031 0.056
None of the above —-1.493 0.534 -2.538 —-0.447 0.005
Other insurance (reference) - - - - -
Current.smoker ~0.406 0.144 ~0.689 -0.124 0.005
Alcohol use -0.359 0.128 -0.609 -0.109 0.005
Regular exercise 1.510 0.117 1.281 1.740 0.000
BMI: underweight ~0.562 0.189 -0.931 -0.192 0.003
BMI: normal weight -0.282 0.157 -0.589 0.026 0.073
BMI: obese —-1.243 0.294 -1.819 -0.667 0.000
BMI: unknown (reference) - - - - -
Age 0.154 0.004 0.146 0.162 0.000
Ccl -1.290 0.129 —-1.543 —-1.037 0.000

Abbreviations: CCl, Charlson comorbidity index; BMI, body mass index; SE, standard error, LCL, 95% lower confidence level; UCL, 95% upper confidence level.
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Table S2 Regression results predicting physical component summary scores

b SE 95% LCL 95% UCL P
Intercept 56.807 0.587 55.656 57.957 0.000
Clinical insomniac -4.788 0.185 -5.151 —4.424 0.000
Male 0.352 0.091 0.174 0.530 0.000
Hokkaido —-0.350 0.510 -1.349 0.649 0.492
Tohoku —0.452 0.508 —1.449 0.545 0.374
Kanto -0.109 0.483 —-1.056 0.837 0.821
Chubu -0.079 0.489 -1.039 0.880 0.871
Kinki -0.188 0.486 —-1.141 0.765 0.699
Chugoku —0.486 0.509 —1.484 0512 0.340
Shikoku -0.325 0.542 -1.388 0.737 0.548
Kyushu 0.201 0.499 -0.777 1.180 0.687
Okinawa (reference) - - - - -
High school or less -0.230 0.090 -0.407 -0.053 0.011
Two-year university -0.082 0.118 -0.314 0.149 0.486
Four-year university - - - - -
Annual income: <¥3 MM —0.460 0.133 -0.721 —0.199 0.001
Annual income: ¥3 to <¥5 MM -0.251 0.118 -0.482 -0.020 0.033
Annual income: ¥5 to <¥8 MM 0.008 0.116 -0.220 0.235 0.949
Annual income: ¥8 MM or more 0.211 0.156 -0.094 0.515 0.176
Annual income: decline to answer (reference) - - - - -
Employed -0.290 0.091 -0.468 -0.113 0.001
Not employed and looking for work -0.853 0.238 -1.320 -0.386 0.000
Not employed and not looking for work (reference) - - - - -
National health insurance 0.851 0.309 0.246 1.457 0.006
Social insurance 1.012 0.308 0.408 1.616 0.001
Late stage elderly insurance —1.195 0.450 -2.078 -0.312 0.008
None of the above -0.434 0.366 —1.151 0.283 0.235
Other insurance (reference) - - - - -
Current smoker -0.262 0.099 -0.456 -0.068 0.008
Alcohol use —0.361 0.087 -0.532 -0.189 0.000
Regular exercise 1.046 0.080 0.888 1.203 0.000
BMI: underweight -0.111 0.129 —0.365 0.142 0.390
BMI: normal weight -1314 0.108 -1.525 -1.103 0.000
BMI: obese —1.062 0.201 —1.457 -0.667 0.000
BMI: unknown (reference) - - - - -
Age —-0.063 0.003 —0.068 -0.057 0.000
cal ~2.380 0.089 -2.554 -2.207 0.000

Abbreviations: CCl, Charlson comorbidity index; BMI, body mass index; SE, standard error, LCL, 95% lower confidence level; UCL, 95% upper confidence level.
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Table S3 Regression results predicting health utilities

b SE 95% LCL 95% UCL P
Intercept 0.751 0.012 0.728 0.774 0.000
Clinical insomniac -0.146 0.004 ~0.153 -0.139 0.000
Male 0.009 0.002 0.005 0.012 0.000
Hokkaido ~0.004 0.010 ~0.024 0.016 0.722
Tohoku ~0.012 0.010 -0.032 0.008 0.222
Kanto -0.002 0.010 ~0.021 0.017 0816
Chubu ~0.004 0.010 ~0.024 0.015 0.648
Kinki -0.002 0.010 -0.021 0.017 0.857
Chugoku -0.004 0.010 -0.024 0.016 0.694
Shikoku ~0.001 0.011 -0.022 0.021 0.960
Kyushu 0.006 0.010 -0.014 0.025 0.567
Okinawa (reference) - - - - -
High school or less -0.003 0.002 ~0.007 0.000 0.060
Two-year university -0.001 0.002 -0.006 0.003 0.564
Four-year university - - - - -
Annual income: <¥3 MM -0.017 0.003 -0.023 -0.012 0.000
Annual income: ¥3 to <¥5 MM -0.009 0.002 -0.013 —0.004 0.000
Annual income: ¥5 to <¥8 MM -0.007 0.002 ~0.012 —-0.002 0.003
Annual income: ¥8 MM or more -0.010 0.003 -0.016 -0.004 0.002
Annual income: decline to answer (reference) - - - - -
Employed 0.002 0.002 —0.001 0.006 0.225
Not employed and looking for work —-0.021 0.005 —-0.030 -0.011 0.000
Not employed and not looking for work (reference) - - - - -
National health insurance 0.011 0.006 -0.001 0.023 0.083
Social insurance 0.017 0.006 0.005 0.029 0.006
Late stage elderly insurance -0.033 0.009 ~0.051 -0.015 0.000
None of the abave -0.021 0.007 -0.036 -0.007 0.004
Other insurance (reference) - - - - -
Current smoker -0.005 0.002 -0.009 -0.002 0.006
Alcohol use —0.004 0.002 -0.007 0.000 0.040
Regular exercise 0.018 0.002 0.015 0.021 0.000
BMI: underweight -0.004 0.003 -0.009 0.001 0.088
BMI: normal weight -0.013 0.002 -0.017 -0.008 0.000
BMI: obese ~0.015 0.004 ~0.023 -0.008 0.000
BMI: unknown (reference) - - - - -
Age 0.001 0.000 0.000 0.001 0.000
Ccl —-0.031 0.002 -0.034 -0.028 0.000

Abbreviations: CCl, Charlson comorbidity index; BMI, body mass index; SE, standard error, LCL, 95% lower confidence level; UCL, 95% upper confidence level.
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Validity of an algorithm for determining
sleep/wake states using a new actigraph
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Abstract

remote sleep medicine.

retested with Group B, and its validity was examined.

Background: This study aimed to develop an algorithm for determining sleep/wake states by using chronological
data on the amount of physical activity (activity intensity) measured with the FS-750 actigraph, a device that can be
worn at the waist, allows for its data to be downloaded at home, and is suitable for use in both sleep research and

Methods: Participants were 34 healthy young adults randomly assigned to two groups, A (n =17) and B (n =17),
who underwent an 8-hour polysomnography (PSG) in the laboratory environment. Simultaneous activity data were
obtained using the FS-750 attached at the front waist. Sleep/wake state and activity intensity were calculated every
2 minutes (1 epoch). To determine the central epoch of the sleep/wake states (x), a five-variable linear model was
developed using the activity intensity of Group A for five epochs (x_,, x_1, X, .1, X42; 10 minutes). The optimal
coefficients were calculated using discriminant analysis. The agreement rate of the developed algorithm was then

Results: The overall agreement rates for group A and group B calculated using the sleep/wake score algorithm
developed were 84.7% and 85.4%, respectively. Mean sensitivity (agreement rate for sleep state) was 88.3% and
90.0% and mean specificity (agreement rate for wakeful state) was 66.0% and 64.9%, respectively. These results
confirmed comparable agreement rates between the two groups. Furthermore, when applying an estimation rule
developed for the sleep parameters measured by the FS-750, no differences were found in the average values
between the calculated scores and PSG results, and we also observed a correlation between the two sets of results.
Thus, the validity of these evaluation indices based on measurements from the FS-750 is confirmed.
Conclusions: The developed algorithm could determine sleep/wake states from activity intensity data obtained
with the FS-750 with sensitivity and specificity equivalent to that determined with conventional actigraphs. The
FS-750, which is smaller, less expensive, and able to take measurements over longer periods than conventional
devices, is a promising tool for advancing sleep studies at home and in remote sleep medicine.

Keywords: polysomnography, actigraphy, sleep/wake scoring algorithm, validation, sleep estimation

Background ,

Polysomnography (PSG) is regarded as the gold standard
in the objective evaluation of sleep/wake states. On the
one hand, PSG can distinguish between sleep and wake
states and determine the depth of sleep with high accur-
acy, while on the other hand, evaluating sleep in natural
settings with it is difficult because people are mainly
evaluated in a laboratory setting while wearing surface
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'Department of Psychophysiology, National Institute of Mental Health,
National Center of Neurology and Psychiatry, 4-1-1 Ogawa-higashi, Kodaira,
Tokyo 187-8553, Japan
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O Biohied Central

electrodes to monitor their brain waves. In addition,
investigations for diagnosing circadian rhythm sleep
disorder or to ascertain an individual’s sleep habits require
continuous monitoring of sleep/wake patterns over the
course of a few weeks or months, which is not possible
with PSG. '
Methods other than PSG for monitoring sleep/wake
states include both subjective and objective measurement
methods. Although subjective measurement methods such
as self-kept sleep diaries are easy to administer, they are less
accurate than objective measurement methods since record
keeping is retrospective and sleep state misperceptions are

© 2014 Nakazaki et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http//creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain

Dedication waiver (http-//creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,

unless otherwise stated.
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possible. The objective method of actigraphy has been
attracting recent attention as it can make continuous re-
cordings over long periods in natural settings and places
little burden on the subject. Actigraphy uses an actigraph,
a lightweight device that can be attached to the wrist or
© waist, to continuously monitor the amount of physical
activity (activity intensity) of the subject. This device can
determine the sleep/wake states in epochs of a few sec-
onds to a few minutes by processing the activity data using
a unique algorithm. It is reported that the agreement rate
between PSG and actigraphy for sleep/wake state deter-
mination is in the range of 85% to 96% [1-6]. Actigraphy
is a useful method for evaluating an individual’s sleep/
wake pattern over the long term, and it has been widely
used in clinical studies targeting patients with insomnia or
circadian rhythm sleep disorder, as well as in research
studies targeting healthy general populations including
children [7-10]. Although actigraphy is less expensive
compared to PSG, the equipment it requires is still rela-
tively expensive, which has prevented it from being intro-
duced in epidemiological studies targeting large numbers
of participants and from being widely used in clinical
practice. Its use is also restricted by the fact that a specific
interface is needed to download the device’s recorded
data, which requires participants to regularly visit a spe-
cific research facility or facility specializing in sleep medi-
cine. It is expected that solving these issues will promote
its use in large-scale studies and also in remote sleep
medicine, and consequently expand the scope of use of
actigraphy in research and clinical settings.

The FS-750, distributed recently by Estera Corporation,
is an inexpensive device that is worn less obtrusively
at the waist than other actigraphs worn at the wrist.
It also produces fewer artifacts from movements lim-
ited to the upper extremities. Another plus is that the
FS-750 can determine the subject’s posture (that is,
standing, inverted, supine, lateral (left and right), and
prone) from information about the direction the de-
vice is facing, which means it can be applied for sleep/
wake state determination. The memory capacity is 40 days
and it functions for about 6 months with commercially
available batteries (CR2032). It uses near field communi-
cation (NFC) technology to transmit data and can down-
load its data to a PC using a commercially available NFC
reader/writer device.

In this study, to determine whether the FS-750 can
be used for monitoring sleep/wake states, we devel-
oped an algorithm that estimates sleep/wake states
using data on the amount of physical activity (activity
intensity) measured with the FS-750 and tested its
validity. In addition, following previous studies [2,11],
we developed an estimation rule to optimize the scoring
of sleep parameters by the FS-750 and then examined its
effectiveness.

Page 2 of 8

Methods
Subjects
Forty-one young adults (31 men, 10 women; mean age
22.0 + 1.8 years) participated in this study. Questionnaire
and medical examination results confirmed that the par-
ticipants had no serious mental, physical, or sleep disor-
ders, were not working nightshifts constantly, had not
traveled to a destination with a >6-hour time difference
within the 3 months prior to the study, and were not
taking medications that might affect the experimental re-
sults. To avoid the possibility that abnormal movements
of the extremities or trunk would affect the estimation of
sleep/wake (S/W) states, data from participants with a
periodic limb movement index (PLMI) score of 25 on
PSG (five participants) and those with an apnea and
hypopnea index (AHI) score >15/hour (one participant)
were excluded. In addition, data from a participant
who had extreme difficulty falling asleep (sleep latency:
207 min) was excluded from the analysis. This left 34
participants (25 men, 9 women; mean age 21.9 + 1.7 years)
as the targets for analysis, and they were randomly
assigned to Group A (17 participants) and Group B (17
participants).

This study was approved by the Ethics Committee of
the National Center of Neurology and Psychiatry, and
written consent was obtained from all participants.

Polysomnography

The study was conducted in the sleep laboratory unit of
the National Institute of Mental Health, National Center
of Neurology and Psychiatry.

The participants arrived at 19:00 and after PSG
electrodes and the FS-750 were attached, they went to
bed at 24:00. Wake-up time was set at 8:00 (maximum
8 hours of sleep), and the participants were directed that
if they woke earlier than 8:00 they should not get up and
should try to get as much sleep as possible until the
lights were turned on. Inside the unit, the temperature
was maintained at 25°C and humidity at 50% relative
humidity (RH).

PSG recording was made using a Neurofax digital EEG
system (EEG-1200, Nihon Koden, Tokyo, Japan) and
included an electroencephalogram (EEG) with a conven-
tional montage (F3, F4, C3, Cy, Oy, O,) based on the con-
tralateral mastoid (A}, A,), an electrooculogram (EOG) at
the outer canthus of each eye, a submental electromyo-
gram (EMG), an electrocardiogram (ECG), an EMG at the
left and right tibialis anterior muscles, and monitoring of
respiratory signals (oronasal airflow, movements of the
chest wall and abdomen, and O, saturation of arterial
blood). During the recordings, EEG, EOG, EMG, and
ECG signals were digitized at 200 Hz, and the signal was
filtered using a high-pass filter with the following time
constants: EEG 0.3 s, EOG 0.03 s, submental EMG 0.03 s,
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and ECG 1.0 s. The signal was filtered using a low-pass
filter with the following data: EEG 60 Hz, EOG 60 Hz,
submental EMG 60 Hz, and ECG 60 Hz.

EEG recordings from a monopolar lead at C; were
assessed visually in 30-second epochs according to the
method of Rechtschaffen and Kales [12] and categorized
into one of the following sleep stages: Stage Wake, Stage
REM, Stage 1, Stage 2, Stage 3, or Stage 4. Four conse-
cutively judged sleep stages (1 epoch =30 seconds) were
reclassified as sleep (sleep epochs determined by PSG,
Spsg ) or wake (wake epochs determined by PSG, Wpsg)
state every 2 minutes so they corresponded with the
activity intensity data measured by the FS-750 (1
epoch =2 minutes). In accordance with a previous
study [5], if there were two or more occurrences of
Stage Wake in four continuous epochs, this was de-
fined as Wpgg; otherwise, Spsg. Spsg was subdivided
into Stage REM, Stage 1, Stage 2, Stage 3, and Stage 4
according to the sleep stage that was most frequent
in the four consecutive epochs. However, for epochs
that contained different sleep stages occurring at the
same frequency, this was categorized according to the
order of Stage REM, Stage 1, Stage 2,- Stage 3, and
Stage 4. (For example, if there were two occurrences
of Stage REM and two of Stage 1, Spsg was sub-categorized
as Stage REM.)

Activity recording with the F5-750

Activity during the night while the lights were off
was recorded with the FS-750 (Estera Corporation,
Saitama, Japan), which is worn at the waist. This small
and light, rectangular device (external dimensions: 75 x
33.5x 10.8 mm (width x height x depth); weight, 26 g in-
cluding the battery) records the amount of activity by
using an internal three-axis accelerometer (electrostatic
capacity sensor). Every 0.125 seconds, the number of
times that acceleration exceeded a reference value was
summed, and the value was recorded as the activity value
over 2-minute bins. The activity intensity is calculated
from the activity value as a value from 0 to 31 (32 levels).
An activity intensity of 0 means the subject did not move,
and larger values indicate higher amounts of activities.

Formulation of an algorithm for sleep/wake scoring

To develop an algorithm for the FS-750 that deter-
mines the S/W states, following previous studies [5],
a five-dimensional linear model was hypothesized that
utilizes activity intensity at an evaluation epoch as
well as two epochs before and two epochs after (total
10 minutes). Using the activity intensity at 4 minutes
and 2 minutes before the evaluation epoch, at the
evaluation epoch, and at 2 minutes and 4 minutes
after the epoch (x_5, x_;, %, x,1, x,7), each with a
weighting coefficient (a_,, a1, @, a1, a.,), the following
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equation gives composite variable z, which is the discrim-
inant score:

Z=aXp+a. X1 +ax+anxe +aXxis

Here, Spsg (=0) and Wpsg (=1), which are obtained by
PSG (one epoch =2 minutes), are taken as a baseline.
Score z classifies the activity intensity obtained from the
corresponding epoch by the FS-750 into sleep (Sacr)
and wake (Wacr). The above equation was obtained by
discriminant analysis using the data set containing activity
intensity data and PSG data (total 4080 epochs) for the
17 participants in Group A. Because data during the
4 minutes before and after the evaluation epoch were
needed for the development of an algorithm, activity inten-
sity data staring 4 minutes before and ending 4 minutes
after the PSG recording were used in the study.

Sleep/wake agreement rate, sensitivity, specificity

Using the S/W scoring algorithm developed, the overall
agreement rate, sensitivity, and specificity were calcu-
lated for the entire recording period as well as for each
sleep stage (Stage Wake, Stage REM, Stage 1, Stage 2,
and Stage 3 + 4) for each participant in both groups. The
overall agreement rate indicates how closely each and all
epoch determinations (Spsg, Wpsg) by PSG match the ac-
tivity intensity score (Sac, Wact) for each corresponding
epoch. The agreement rate for each sleep stage deter-
mined by PSG (Stage Wake, Stage REM, Stage 1, Stage 2,
and Stage 3 + 4) is the percentage of how closely the activ-
ity intensity score (Sact Wact) matches that calculated
for each sleep stage. Sensitivity is the ratio of Sact to Spse
during the entire recording period. Specificity is the ratio
of Wact to Wpsg during the entire recording period.

Optimizing the definitions of sleep parameters
Sleep latency (SL), total sleep time (TST), wake after
sleep onset (WASO), and sleep efficiency (SE) were
calculated using the S/W data obtained from PSG and
activity intensity data for each 2-min epoch [13]. Cal-
culation was performed using the S/W data obtained
during time in bed (TIB), where TIB was defined as the
recording period, starting at 0:00 when the lights were
turned off and ending at 8:00 when the lights were
turned on next morning.

The definitions of sleep parameters calculated from
the PSG data are as follow:

SLpsg - The interval between the time lights were
turned off and the time of the first epoch when any of
the sleep stages appeared (sleep-onset time).

TSTpsg - The total period of time when sleep (Spsg)
appeared, from the time of sleep-onset to the time
when lights were turned on.
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WASOpsc; - The time in bed (TIB) from which SLpsc
and TSTpse were subtracted.
SEpsg - The ratio of TSTpg to TIB.

The definitions of sleep parameters calculated from
the activity intensity data are as follow:

SLact - The interval between the time lights

were turned off and the time of the first Syer
(sleep-onset time) among the sleep states that appeared
continuously for more than » epoch for the first time
after the lights were turned off. » ranged from 1 to 15
(2 to 30 minutes), and SLact was calculated for each.
When Sacr appeared continuously for more than »
epochs for the first time after the lights were turned
off, the epochs between lights-out and the first Syt
were defined as Wacr.

WASOact - The total time of Wacr that appeared
continuously for more than »n epochs after sleep onset.
n ranged froml to 10 (2 to 20 minutes), and WASOacr
was calculated for each. When W1 appeared
continuously for more than » epochs, the epochs

were defined as WacT.

TSTact - The amount of time in TIB from which
SLact and WASOct were substracted.

SEacT - The ratio of TST a7 to TIB.

For the calculation of SLact and WASO ¢, the values
obtained from the criteria applied above to the values of
SLpsg and WASOpgg were compared, and the epoch
numbers that would optimize the calculated results were
sought. The optimization rules were to minimize the dif-
ference between average parameter values obtained by
PSG for the 34 participants and the average parameter
values obtained from the S/W algorithm so that the dif-
ference was not significant, and the intraclass correlation
coefficient (ICC) was considered significant when ICC
was >0.4 [14].

Statistics

Unpaired t-tests were used to compare, between Group
A and Group B, the sensitivity, specificity, and agree-
ment rates for both the entire recording period and each
sleep stage. Paired t-tests were performed to compare
sleep parameters determined from PSG and activity
intensity data as well as sensitivity, specificity, and
agreement rates obtained before and after the applica-
tion of the optimization rules. Furthermore, ICC was
calculated to analyze the correlation (agreement rate)
between sleep parameters determined from PSG and
activity intensity data. All data are expressed as mean +
SE. All statistical analysis was performed with IBM SPSS
Statistics version 22.0. Statistical significance was set
at P <0.05.
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Results

Sleep/wake scoring algorithm

The S/W scoring algorithm below was obtained by per-
forming discriminant analysis using the activity intensity
and PSG data (total 4,080 epochs) obtained from the 17
participants in Group A.

z = 0.24669x_ + 0.2562x., + 0.408771x
4 0.155046x.,.; -+ 0.136728x,.

Here, z 21 denotes wake (Wacr) and z <1 denotes sleep
(Sact): %9, x_1, x, x,1, and x,, indicate the activity inten-
sity at 4 minutes before the evaluation epoch, at 2 minutes
before, at the evaluation epoch, at 2 minutes after the
evaluation epoch, and at 4 minutes after, respectively.

Validity of the sleep/wake scoring algorithm

Table 1 shows the agreement rate, sensitivity, and speci-
ficity for each group between the S/W scoring algorithm
using the activity intensity data and the S/W states de-
termined visually from the PSG data. The agreement
rates for the entire recording period for Group A and
Group B were 84.7 £3.0% and 85.4 + 2.8%, respectively,
with no significant difference between the two groups
(t(32) =-0.157, P =0.876). Similarly, there was no signifi-
cant difference between the two agreement rates calcu-
lated for each sleep stage.

Likewise, there was no significant difference in sensi-
tivity and specificity of S/W determination between the
groups. Therefore, equivalent score accuracies were
obtained not only for the data in Group A, which were
calculated using the S/W algorithm, but also for the data
in Group B, which were independent sample sets.

Optimizing the calculation of sleep parameters with the
FS-750

Since there were no significant difference between the
agreement rates for Group A and Group B for the entire
recording period or each sleep stage, the data were ana-
lyzed by merging the data for both groups. Among the

Table 1 Accuracy of sleep/wake determination using the
FS-750 actigraph

Group A* GroupB* . t p
Agreement rates (%) Overall 847+30 854+28 -0157 0876
Stage W 660+£63 649+71 0114 0910
Stage 1 655+65 652+50 0034 0973
Stage 2 915+20 934+12 -0791 0435
Stage 3+4 990+06 982+07 0884 0383
Stage REM  843+53 824+37 0303 0764
Sensitivity (%) 883+28 900+15 -0522 0605
Specificity (%) 660£63 649+7.1 0114 0910

*Values are expressed as mean % SE.
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four sleep parameters, total sleep time (TST) and sleep
efficiency (SE) are dependent on the values of sleep
latency (SL) and wake after sleep onset (WASO), and
therefore the optimization of SLact and WASOxcr was
attempted.

For the continuous number of epochs n =1 to 11
based on the definition of SLact (see the Methods),
there was no significant difference between SLact and
SLpse. The difference was minimal when n was set to
six epochs (Figure 1.) There was a significant intraclass
correlation (ICC) between SLact and SLpsg when n was
set between 6 and 11 (P <0.05), with ICC being 20.4
when n was 7 to 8. Therefore, the number of continuous
epochs was chosen to be seven for SLacr.

The optimization of WASOxct was examined setting
SLact to seven epochs. In the range of one to six con-
tinuous epochs based on the definition of WASOact
(see the Methods), there was no significant difference
between WASOacr and WASOpsg. The difference was
minimal when n was set to four epochs (Figure 2). For a
range between one and seven epochs, there was a signifi-
cant intraclass correlation between WASOjcr and
WASOpsg (P <0.01), with ICC being 20.4 in the corre-
sponding range. As a result, the number of continuous
epochs chosen for WASO ¢t was four.

The sleep parameters calculated by PSG and the activ-
ity intensity using the most optimal criteria (SLact: 1 =7
epochs, WASOucr: n =4 epochs) are shown in Table 2.
For each item, no significant difference was seen be-
tween the sleep parameters calculated using the PSG
data and those calculated using the activity intensity,
and there was a significant intraclass correlation between
the two.
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Figure 2 Optimization of wake after sleep onset determined by
the FS-750 (WASOacr). WASOacr is the total time that wake
epochs determined by the FS-750 (Wact) appeared continuously for
more than n epochs after sleep onset. The horizontal axis shows the
n defined above. The vertical axis shows wake after sleep onset
(min) defined for each n. *P < 05 and **P < 01, significant intraclass
correlation between wake after sieep onset determined by polysom-
nography (WASOpsg) and WASOacr. 1P < .05 and #P < .01, significant
difference between WASOps and WASOacr (paired t-test). Values

are expressed as mean + SE.

Table 3 shows overall agreement rates, sensitivity (agree-
ment rate for sleep state), and specificity (agreement rate
for wakeful state) before and after the optimization of
SLact and WASOact. Despite a reduction in specificity
between before optimization (SLact: # =1 epochs,
WASOuacT: n =1 epochs) and after optimization (SLact:
n =7 epochs, WASOucr: n =4 epochs), overall agree-
ment rates and sensitivity were improved significantly.

Discussion
It became clear that by using the S/W scoring algorithm
developed in this study, the sleep/wake states of healthy

Sleep latency (min)

—e— PSG -—#— FS750

0 ; 1 7 T

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

epoch number

Figure 1 Optimization of sleep latency determined by the FS-750 (SLacy). SLact is the interval between the time lights were turned off and
the time of the first St (sleep-onset time) among the sleep states that appeared continuously for more than n epoch for the first time after the
lights were turned off. The horizontal axis shows the n defined above. The vertical axis shows sleep latency (min) defined for each n. *P <.05 and
**P < 01, significant intraclass correlation between sleep latency determined by polysomnography (Slese) and Slacr. TP < .05, significant
difference between Slpsg and SLact (paired t-test). Values are expressed as mean =+ SE.
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Table 2 Optimized sleep parameters determined by the FS-750 actigraph

FS-750
Polysomnography
Before optimization After optimization

Mean = SE Mean + SE t Icc Mean + SE t IcC
Sleep latency min 11.8+29 67411 1.766 0.124 127427 -0.310 0.403**
Wake after sleep onset min 441 4115 69.5 + 8.8 ~2.360* 0.419% 412479 0.271 0427**
Total sleep time min 424.2+130 4038 +87 1.716 0411%* 426180 -0.165 0412%*
Sleep efficiency % 884+ 27 841418 1.716 0411 888417 -0.166 0412**

*P<.05, *P <.01.

adults could be determined from the FS-750 actigraph
data with sensitivity and specificity equivalent to that de-
termined with conventional actigraph data. Although the
agreement rates in Stage Wake and Stage 1 were rela-
tively low (about 65%), the agreement rates were high
for stages 2 to 4 (290%). As a result, the overall agree-
ment rate for the entire recording period was equivalent
to that obtained using conventional actigraphs (about
85%) [1-6,15]. The S/W scoring algorithm was developed
in this study by using discriminant analysis that opti-
mized differentiation between the sleep/wake states mea-
sured simultaneously by PSG. However, it should be
pointed out that it would be difficult to determine the
sleep states from the activity intensity data alone because
mixtures of stages occur, such as when subjects are
awake but motionless (silent awake) or during the early
sleep-onset period when they are in light sleep and make
some body movements. Accordingly, the agreement rate
in Stage 1 or Stage Wake is generally lower compared to
the agreement rate in other stages. According to a previ-
ous study [5], there is a tendency for the agreement rate
to decrease during the light sleep stage, and the FS-750
shows a similar trend. The sleep/wake determination
method thus appears to have acceptable determination
accuracy given that the agreement rate for determining
wakefulness by the FS-750 (specificity about 65%) is

more than equivalent to that of conventional actigraphs

[2-5,15,16].

The method was also optimized for calculating the sleep
parameters SL, WASO, TST, and SE from the sleep/wake
data for 2-minute epochs recorded by the FS-750. As a re-
sult, the values of these parameters could be predicted
from the data obtained by the FS-750 and were very close
to the values obtained by PSG (with no significant differ-
ence between them); there was also a significant intraclass
correlation between the two. In addition, overall agree-
ment rates were improved significantly after optimization.
When looking at the values of the sleep parameters
predicted by the FS-750 before the optimization (that is,
when the number of continuous epochs for SLact and
WASOucr were defined as # =1), there was a tendency to
underestimate SL and overestimate WASO (Figure 1,
Table 2). By examining the criteria that minimized the dif-
ferences between using PSG and activity intensity data, it
was determined that SLact 27 epochs (214 minutes of
continuous sleep state determination) and WASOacr 24
epochs (28 minutes of continuous wake state determin-
ation) were optimal to apply to the estimation rule for
sleep parameters. Large individual differences are apparent
in the activity intensity data, as actigraphy tends to mis-
judge a subject who moves a lot while sleeping (restless
sleep) as awake and, conversely, misjudges a subject who
is awake but motionless (silent awake) as sleeping. In fact,
application of the optimization rules improved sensitivity
significantly. On the other hand, as this rule attaches
importance to the duration, because a short wake state

Table 3 Overall agreement rates, sensitivity, and specificity for sleep/wake states before and after the application of

optimization rules

Before optimization® After optimization® t p
Agreement rates (%) Qverall 850+20 884+ 2.1 -6.087 <0.001
Stage W 654+ 4.7 56.5+5.1 2814 0.008
Stage 1 654+4.1 77.1+£39 -5615 <0.001
Stage 2 924+12 96.2+0.9 -7.159 <0.001
Stage 3+4 986+ 05 994+ 04 -3.128 0.004
Stage REM 83332 90328 -6.651 <0.001
Sensitivity (%) 891+ 1.6 937+14 -8816 <0.001
Specificity (%) 654+47 56.5+5.1 2814 0.008

*Values are expressed as mean = SE (n =34).
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(<8 minutes) is misjudged as sleep, specificity is reduced.
Specificity and sensitivity can be considered trade-offs,
and as such the rules developed in this study are among
the most appropriate evaluation indices for maximizing
overall agreement rates.

There are some limitations to this study in that the
evaluation epoch periods and the wearing positions of
the device are different from those used in the previous
studies and the sleep/wake patterns of restless sleep, si-
lent awake, and short wake state are difficult to classify.
Moreover, 30-second PSG data were re-scored as data
for 2-minute epochs in this study to enable the algorithm
to be developed. A longer epoch is more likely to contain
different sleep/wake states and therefore tends to have
lower agreement rates. Indeed, we forcibly converted data
for each epoch determined by FS-750 (1 epoch =2 minutes)
from 34 subjects into data for the corresponding four
30-second epochs, and compared the obtained results
(30-second FS750 scores) with 30-second PSG scores. The
overall agreement rate (85.0% versus 84.8%) and specifi-
city (65.4% versus 59.9%) were significantly lower when
comparing 30-second FS-750 scores and 30-second
PSG scores than when comparing the corresponding
2-minute epoch score sets. On the other hand, there
was no significant change in sensitivity (89.1% versus
89.2%). These results suggest that judgment errors
related to the relatively low time resolution (2 minutes)
need to be taken into consideration when using the
FS-750 actigraph in clinical and research studies.

Additionally, the subjects of this study were healthy
young adults. The relationship between sleep conditions
and activity intensity might be different for elderly indi-
viduals who have difficulty achieving good quality sleep
as well as for those with sleep disturbances [17]. As a
next step, the accuracy of sleep/wake determination by
the FS-750 needs to be verified in a larger sample and in
various populations so that its utility can be determined.
Its use by individuals with medical conditions and in
other age groups should be further investigated. In the
meantime, however, given that the FS-750 has a large
memory that can store recordings over a long period, as
well as capabilities to download the recordings at home,
the device should help to push forward objective sleep
evaluations for the elderly who find it difficult to visit
healthcare facilities regularly, for individuals with circa-
dian sleep disturbances who need longer term sleep
studies, and for those who live in remote areas. As such,
it is anticipated that the device will be utilized widely in
both epidemiology studies and clinical practice.

Conclusions

This study verified the accuracy of the sleep/wake states
determined from the data obtained by the FS-750, an in-
expensive device that has capabilities to download its
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data at home and which is a promising tool to use in
large epidemiological studies and in remote sleep medi-
cine. In addition, the algorithm developed can determine
the sleep/wake states in 2-minute epochs using the activity
intensity data measured by the FS-750. The agreement
rate between the results calculated with the FS-750 and
those calculated with PSG was high (85%), and the sensi-
tivity and specificity of measurement using the FS-750
were equivalent to those determined with conventional
actigraphs. The device’s application to future sleep re-
search and sleep medicine is expected.
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Screening of Clock Gene Polymorphisms
Demonstrates Association of a PER3
Polymorphism with Morningness—
Eveningness Preference and Circadian
Rhythm Sleep Disorder
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A system of self-sustained biological clocks controls the 24-h rhythms of behavioral and physiological
processes such as the sleep-wake cycle. The circadian clock system is regulated by transcriptional and
translational negative feedback loops of multiple clock genes. Polymorphisms in circadian clock genes have
been associated with morningness—eveningness (diurnal) preference, familial advanced sleep phase type
(ASPT), and delayed sleep phase type (DSPT). We genotyped single-nucleotide polymorphisms in circadian
clock genes in 182 DSPT individuals, 67 free-running type (FRT) individuals, and 925 controls. The clock
gene polymorphisms were tested for associations with diurnal preference and circadian rhythm sleep
disorder (CRSD) phenotypes. The PER3 polymorphism (rs228697) was significantly associated with diurnal
preference and the FRT phenotype. The minor allele of rs228697 was more prevalent in evening types than
in morning types (sex-adjusted odds ratio (OR), 2.483, Bonferroni-corrected P = 0.012) and in FRT
individuals compared with the controls (age- and sex-adjusted OR, 2.021, permutated P = 0.017). Our
findings support the notion that PER3 polymorphisms could be a potential genetic marker for an
individual’s circadian and sleep phenotypes.

> leep-wake cycles are regulated by two components, homeostatic drive and circadian drive'. Sleep and
wakefulness occur sequentially, and sleep propensity increases gradually with extended wakefulness and
decreases rapidly during sleep. Sleep propensity is under the control of sleep homeostasis, and sleep timing
is under the control of circadian clocks. The circadian clock system regulates daily behavioral and physiological
rhythms such as body temperature, hormone secretion, blood pressure, metabolism, and cognitive performance
besides sleep/wakefulness. These rhythms are generated by the central circadian oscillator located in the supra-
chiasmatic nucleus (SCN) of the hypothalamus and are entrained by environmental cues {e.g., light-dark
cycles)**. The molecular mechanism of the circadian clock system involves transcription-translation negative
feedback loops of multiple clock genes and post-transcriptional and post-translational modification and degra-
dation of clock proteins*®. The transcription factors BMAL1 and CLOCK form heterodimers, which activate
transcription of Cryptochrome (Cry) and Period (Per) by binding to E-box motifs in their promoter regions. CRY
and PER proteins gradually accumulate in the cytoplasm. Phosphorylation of CRY and PER is regulated by casein
kinase I (CKI). CRY, PER, and CKI proteins form complexes that translocate to the nucleus and interact with the
BMAL1-CLOCK heterodimers, thereby inhibiting transcription of the Cry and Per genes. Although the circadian
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function of Timeless (Tim) remains to be determined, Tim is known
to modulate neuronal firing rhythms in the SCN®.

Circadian rhythm sleep disorders (CRSDs) are defined by persist-
ent or recurrent disturbed sleep-wake cycles and comprise several
subtypes: advanced sleep phase type (ASPT), delayed sleep phase
type (DSPT), and free-running type (FRT). ASPT is characterized
by extremely early involuntary sleep timing, DSPT by significantly
delayed sleep timing, and FRT by sleep timing that occurs with a 30-
min to 1-h delay each day. CRSD is thought to result from impair-
ment of the circadian clock system’™. Also, circadian characteristics
vary greatly among individuals'®'. The inter-individual differences
in daily activity/sleep time are known as morningness-eveningness
(diurnal) preference. The morning type manifests earlier timings for
sleep and physiological rhythms than the intermediate type, and still
earlier than the evening type'*". Individual diurnal preference is
morning type during childhood, which subsequently switches to
evening type during adolescence before starting to return to morning
type in adulthood'***. Males show evening preference while females
show more morning preference, but this gender-related difference
disappears in the elderly'''%. The diurnal preference is commonly
assessed by self-reported questionnaires, the Horne-Ostberg
Morningness-Eveningness Questionnaire (MEQ)'" and the recently
developed Munich ChronoType Questionnaire (MCTQ)". The
diurnal preference and CRSD phenotypes are thought to be influ-
enced by genetic factors. For example, polymorphisms in the
CLOCK, NPAS2, PER2, and TIM genes are associated with diurnal
preference'”%, sleep timing'®, and sleep disorders®*-*?. Furthermore,
the PER3 gene has polymorphisms in the promoter region®, mis-
sense polymorphisms that result in amino acid substitution and a
variable number tandem repeat (VNTR) consisting of either 4 or 5
repeated 54-bp sequences encoding 18 amino acids (PER3* or
PER3°)**. These PER3 polymorphisms are associated with diurnal
preference and/or DSPT#-%. Although the results of some other

studies are inconsistent with the associations®®*’, a number of genetic’

studies have shown that genetic factors significantly contribute to
individual differences in circadian and sleep phenotypes®-*.

Missense mutations in the PER2 and CKI6 genes have been found
in large pedigrees with familial ASPT*"*?. These amino acid substitu-
tions in PER2 and CKI3 reduce the phosphorylation level of PER2,
thereby shortening the intrinsic circadian period (t) and giving rise
to the familial ASPT phenotype: These findings indicate that clock
gene polymorphisms, especially missense polymorphisms, may alter
the function of these genes, thereby modifying diurnal preference
and sleep-wake patterns. To investigate how genetic variations im-
pact circadian and sleep phenotypes, we genotyped single-nucleotide
polymorphisms (SNPs) in a number of circadian clock genes in
controls and DSPT and FRT patients and tested these SNPs for
associations with diurnal preference in controls and in patients with
the CRSD phenotype. Our control subjects’ diurnal preference was
assessed by the Horne-Ostberg MEQ'®. Age-adjusted MEQ scores of
16-41 denote evening types, 42-58 denote intermediate types, and
59-86 denote morning types. The DSPT and FRT patients were
‘diagnosed according to the International Classification of Sleep
Disorders 2 (ICSD-2)*.

Results

Association between PER3 and diurnal preference. The 925
controls consisted of 245 morning types (79 men and 166 women;
mean * SD age-adjusted MEQ score: 62.81 = 3.77), 5%
intermediate types (163 men and 431 women; mean * SD age-
adjusted MEQ score: 51.13 * 4.31), and 86 evening types (32 men
and 54 women; mean = SD age-adjusted MEQ score: 38.23 = 3.55).
Men showed more evening preference than women (x> = 9.077, P =
0.011; adjusted residual = *2.3). The allele frequency of the 9 SNPs
in 6 genes was compared among morning, intermediate, and evening
types (Table 1). As shown in Table 1, only the SNP rs228697 in PER3
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was significantly associated with diurnal preference (x* = 9.157, P =
0.010). The major allele C of rs228697 was more common in
morning types than in evening types, and the minor allele G of
rs228697 was more common in evening types than in morning
types (sex-adjusted odds ratio (OR), 2.483; 95% confidence interval
(CI), 1.339-4.603; Bonferroni-corrected P = 0.012; crude P = 0.004).
Subjects with the G-positive genotype (CG, GG) for rs228697
showed lower age-adjusted MEQ scores than those with the G-
negative genotype (CC) for rs228697 (mean = SEM age-adjusted
MEQ score: 51.70 £ 0.68 vs 53.26 * 0.29; F(1, 922) = 4.561; P =
0.033).

Association between PER3 and FRT. We then assessed the proba-
bility of the 9 SNPs producing DSPT and FRT phenotypes (Table 2).
The SNP distributions did not differ between the controls and DSPT
individuals. However, the rs228697 distribution significantly differed
between controls and FRT individuals. The frequency of the G allele
for rs228697 was significantly increased in FRT individuals com-
pared with controls (age- and sex-adjusted OR, 2.021; 95% CI,
1.160-3.524; permutated P = 0.017; crude P = 0.011). The G-
positive genotype (CG, GG) for rs228697 was more prevalent in
FRT individuals (CG, GG, 0.284) than in controls (CG, GG, 0.154)
with an age- and sex-adjusted OR 0f 2.253 (95% CI, 1.233-4.118; P =
0.008). Therefore, the PER3 SNP rs228697 was significantly
associated with the FRT phenotype in this cohort.

Discussion

We found that the G allele of rs228697 in PER3 was more common in
evening types than in morning types and in FRT individuals than in
controls using a very large sample of control individuals and CRSD
patients. These findings are in accordance with previous reports®~>*
suggesting genetic associations between PER3 polymorphisms and
diurnal preference and/or CRSD phenotypes. A PER3 haplotype
defined by the G allele of rs10462020 and the C allele of
rs10462021 has been shown to be related to DSPT?. Furthermore,
the 4-repeat allele of PER3 VNTR (PER3*) has been associated with
extreme evening preference and DSPT, whereas the 5-repeat allele of
PER3 VNTR (PER3®) has been associated with extreme morning
preference®. In addition, the polymorphisms in the PER3 promoter
have been associated with DSPT?. Although the SNPs rs10462020
and rs10462021 were excluded from further analysis due to the low
minor allele frequency (MAF) < 0.05, and the PER3* and PER3®
alleles as well as the previously described polymorphisms in the
PER3 promoter, were not directly investigated in this study, the
present and previous findings strongly suggest that PER3 poly-
morphisms can provide potential biomarkers for estimating indi-
vidual diurnal preference and CRSD phenotypes.

Morning types and evening types have been reported to differ in
homeostatic sleep regulation and neurobehavioral functions in res-
ponse to sleep fragmentation and sleep deprivation®. Mongrain et al.
have demonstrated that the morning type exhibits a higher initial
level and faster dissipation rate of sleep pressure than the evening
type*. These results suggest that diurnal preference may reflect indi-
vidual differences in both homeostatic and circadian regulation.
Moreover, there are inter-individual differences in the impairment
of neurobehavioral functions (attention, decision making, etc.) in
response to sleep deprivation and sleep restriction®*>". A number
of studies indicate that genetic traits contribute to individual differ-
ences in sleep homeostasis, circadian rhythms, and cognitive per-
formance®**. Individuals homozygous for PER3* demonstrate more
morning preference, greater sleep propensity at baseline and after
sleep deprivation, and a lower level of cognitive performance than
those homozygous for PER3* ***. The results of our previous study
have implied that an altered expression profile of PER3 may reflect
deteriorated homeostatic sleep drive in the elderly*'. Additionally,
Archer et al. have reported that the polymorphisms in the PER3
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Table 3 | Genotype and minor allele frequencies of 30 SNPs in 7 genes in 925 controls ‘ e -
Gene SNP Allele (A/a) Variation [amino acid) ~ AA Aa aa MAF P{HWE)  Genotyping Assay ID
CLOCK rs34897046 c/G S/C 1 0 0 0 1 C__25595098_10
rs6855837 C/A L/l 1 0 0 0 1 C_29101689_10
rs3762836 A/G H/R 0.981 0.019 0 0.01 1 C__27479322_10
rs1801260 T/C 0.707  0.268 0.025 0.159 ] C__8746719_20
CRY2 rs2863712 /G W/G 1 0 0 0 1 C__16079564_10
NPAS2  rs34628006 A/G T/A 1 0 0 0 1 C__25757964_10
rs2305160 G/A A/T 0.659 0.297 0.043 0.192 0.243 C__15976652_10
rs11541353 c/T S/L 1 0 0 0 1 C__2153849_10
rs58728948 G/A A/T 1 0 0 0 1 C_25757546_10
PER1 rs2585405 Cc/G P/A 0.345 0.477 0.178 0.417 0.592 C__16260899_10
rs3027193 G/A R/H 1 0 0 0 1 C_ 1577015910
PER2 rs2304672 C/G 0.893 0.106 0.001 0.054 0.472 C__2129919_1_
rs35572922 G/T A/S 1 0 0 0 1 C__25973284_20
rs4429421 G/A v/l 0.991 0.009 0 0.004 1 C__27970170_10
1535333999 G/A v/ 1 0 0 0 1 C__25992030_10
rs35998480 T/A F/Y 1 0 0 0 1 C__25958587_10
rs934945 G/A G/E 0.476  0.428 0.096 0.31 1 C___8740718_20
PER3 1510462020 /G v/G 0.928  0.07 0.002 0.037 0.731 C__25956444_10
rs35687686 C/T R/W 1 0 0 0 1 C__25970031_10
rs228696 c/T L/P 1 0 0 0 1 C 10225_10
rs35899625 /G L/W 1 0 0 0 1 C__25967284_10
15228697 Cc/G P/A 0.846  0.149 0.004 0.079 0.606 @ 10224_10
rs2640909 T/C M/T 0.782 0.204 0.014 0.116 0.96
rs2640905 Cc/G s/C 1 0 0 0 1 C_16268919_10
rs35802556 C/T T/ 1 0 0 0 1
rs10462021 A/G H/R 0.928  0.07 0.002 0.037 0.731
rs35072750 A/G T/A 1 0 0 0 1 C__25963142_20
TIM rs774027 T/A L/ 0.359 0.453 0.188 0.415 0.048 C___8340562_10
rs/ 74047 A/G Q/R 0.354 0.456 0.19 0.418 0.064 C__3134218_10
rs2291739 c/T P/L 0.316 0:474 0.211 0.448 0.215 C__15966257_10
A, major allele; a, minor allele; MAF, minor allele frequency; HWE, Hardy-Weinberg equilibrium; P, Pvalue for HWE.

promoter are associated with DSPT and that these polymorphisms
have an effect on its expression level”. The data reported here
showed that the PER3 SNP rs228697 was associated with diurnal
preference and FRT phenotype in our large sample of CRSD patients
and controls. These findings suggest that the PER3 gene may play a
functional role in homeostatic sleep and/or circadian clock systems.
Furthermore, PER3 polymorphisms may predict individual differ-
ences in vulnerability to sleep deprivation and restriction.

The SNP rs228697 (C/G) corresponds to the SNP in exon 17 of the
PER3 gene and causes the amino acid substitution (P864A)*.
Although the amino acid substitution of proline (P) to alanine (A)
does not make a significant difference to polarity or hydrophobicity,
the amino acids P and A differ in their hydropathy index.
Accordingly, the P/A substitution could alter the secondary structure
and/or phosphorylation status of PER3 leading to dysregulation of
the homeostatic sleep and circadian clock systems. It is intriguing
that P864A is located in potential Src homology (SH)3 domains in
PER3. SH3 domains are found in many proteins in an array of
signaling pathways that regulate the cytoskeleton, the Ras gene
family, and the Src kinase family, as well as many other signaling
cascades***. The proline-rich motif X-P-X-X-P is defined as the
minimal consensus sequence of the SH3-binding sites. X is often
an aliphatic amino acid*. The P864A substitution would disrupt
two potential SH3-binding motif domains in PER3 (LPDPP(864)
and PP(864)VCP), which could alter the binding interaction between
PER3 and its partner protein(s), thereby disturbing the function of
PER3 in the homeostatic and circadian regulation of sleep. CKI
interacts with the scaffolding protein NCK that consists of SH2
and SH3 domains®. As CKI is known to regulate PER protein
stability*®¥, it is interesting to speculate that the interaction between
CKIand PER3 may be partially mediated via the scaffolding afforded
by the interactions between the SH3 domain in NCK and the putative

SH3 ligand in PER3. However, how this allelic variation of PER3
modifies sleep and circadian phenotypes remains to be determined.
FRT is defined by sleep timing that occurs with a 30-min to 1-h
delay each day. Therefore, prolongation of T has been considered a
critical factor for determining the FRT phenotype’~. Free-running
patterns in sleep-wake cycles are often observed in blind indivi-
duals*®®. Because totally blind individuals are not capable of perceiv-
ing photic signals, some may show free-running sleep patterns as a
consequence of the loss of photic entrainment. Thus, the patho-
physiology of sighted individuals with FRT might also be associated
with an impaired photic entrainment mechanism as well as with
prolonged 1. We recently reported that sighted FRT patients have
a longer t than intermediate types, but not when compared with
evening types*. Moreover, the results of the present study dem-
onstrate that extreme evening preference and FRT are associated
with the same polymorphism in the PER3 gene. Based upon these
findings, there may be a genetic trait or traits shared by individuals
with extreme evening preference and FRT phenotypes. In contrast,
DSPT was not associated with any polymorphisms in the PER3 gene
or other clock genes investigated in this study. It appears likely that
this results from the heterogeneity of the DSPT population. Not only
circadian clock defects, but also psychiatric problems and/or con-
sequent reduction of social (non-photic) entrainment are thought to
be causative factors for the development of DSPT phenotypes™.
There are some limitations to this study. It would be difficult to
conduct a replication study using another sample of patients due to
the extremely low prevalence of CRSDs in the Japanese population
(0.13%)°". Other groups have shown associations of PER3 and
diurnal preference and/or CRSD phenotypes using their samples™~*.
We did not control for medical treatments in our subjects, such as
medication and light therapy, although these treatments would only
alter the medical condition of patients and not their diagnoses.
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Table 4 | Sequences for primers and TagMan probes in PERS - -
Gene SNP Allele (A/q) Forward primer Reverse primer TagMan probes
PER3 rs2640909 1/C 5'-CGCCTCCCATGAA 5' TGGCAGTAGGATG  5-FAM-CAATCCCATG 5'VICAATCCCGTGG
GAATCCA-3’ GGATGGA:3’ GACAGTG-NFQ-3' ACAGTG-NFQ-3’
rs35802556 C/T 5"-GAAGAGCCCATCT 5".GGTACCTGGTATGT 5'-FAMCTCAGGTGTC  5'-VIC.CTCAGGTATCT
GGAGAATGAT-3' CATGAGAATGC-3’ TGCCGNFQ-3’ GCCGNFQ-3’
rs10462021 A/G 5" GAAGACCTGGAAAAG  5'-ACCTTAGCCAGCT 5" FAM.CCAGTTTICTC  5'-VIC.CCAGTTITCTICG
CTAGAAAGTATGA-3’ CCTCCTTT-3' ATGGGCANFQ-3' TGGGCANFQ-3'
A, major allele; a, minor allele.

In conclusion, our findings corroborate the involvement of PER3
in regulating the homeostatic sleep and/or circadian systems. The
PER3 gene has the potential to serve as a biomarker for evaluating
genetic traits of sleep and circadian phenotypes and as a research
target to understand the mechanism underling the pathophysiology
of FRT. Life styles have dramatically changed during the past cen-
tury. Shift work and jet lag induce acute sleep deprivation and
chronic sleep restriction, which is associated with deteriorated neu-
robehavioral performance®®. Furthermore, a misalignment between
endogenous circadian rhythms and sleep-wake cycles known as
internal desynchronization is thought to cause sleep shortage and
circadian rhythm disturbance, leading to elevated risks for auto-
nomic disorders, cardiovascular diseases, metabolic diseases, and
mood disorders®®->>. Therefore, predicting sleep and circadian phe-
notypes may help develop interventions to improve quality of life
and potentially prevent various diseases.

Methods

Subjects. The study population consisted of 182 DSPT individuals (111 men and 71
women; mean * SD age: 26.68 * 9.25 years), 67 FRT individuals (48 men and 19
women; mean * SD age: 26.72 * 9.79 years), and 925 controls (274 men and 651
women; mean £ SD age: 36.45 = 12.10 years). Patient subjects and controls were all
unrelated, sighted Japanese men and women who were recruited at medical and
research institutes on mainland Japan. None of the controls had a history of sleep
disorders or psychosis. The DSPT and FRT patients were diagnosed by trained
psychiatrists according to the International Classification of Sleep Disorders II
(ICSD-11, 1990, 1997)**. The diagnostic criteria for DSPT are (1) inability to fall asleep
and wake up spontaneously at the desired time; (2) persistent delayed phase of the
major sleep episode in relation to the desired time for sleep; (3) symptoms present for
at least 1 month; and (4) sleep of normal quality and duration when not required to
maintain a conventional sleep-wake schedule. The criteria for FRT are (1) insomnia
or excessive sleepiness related to misalignment between the endogenous circadian
rhythm and the 24-h light-dark cycle; (2) chronic sleep-wake cycle with a longer
period than 24 h; and (3) symptoms present for at least 1 month. Ten DSPT patients
had comorbidities as follows: bipolar, one; major depression, three; pervasive
developmental disorder, two; seasonal affective disorder, two; sleep apnea syndrome,
two. Seventeen FRT patients had comorbidities as follows: bipolar, one; major
depression, one; seasonal affective disorder, one. The protocol was approved by the
respective institutional ethical review boards. All subjects provided written informed
consents. The present study was conducted according to the principles of the
Declaration of Helsinki.

Markers and genotyping. A total of 30 SNPs in 7 genes, CLOCK, CRY2, NPAS2,
PERI, PER2, PER3, and TIM, were selected (Table 3). These genes have been
previously validated in some populations (http://www.ncbi.nlm.nih.gov/snp/).
Overall, 28 SNPs resulted in amino acid substitutions, and 2 SNPs, rs1801260 and
rs2304672, were in the 5" UTR of CLOCK and PER2, respectively. The SNP rs1801260
was associated with evening preference in a Japanese population' and rs2304672 was
found in a Japanese pedigree of familial ASPT?'. Thirty SNPs including rs1801260
and rs2304672 were genotyped in 925 Japanese controls. The Hardy-Weinberg
equilibrium (HWE) was tested for each marker. The SNPs showing monomorphism
with low frequency (MAF < 0.05) or not in HWE (P < 0.05) were excluded from
further analysis. Therefore, 9 SNPs in 6 genes, CLOCK, NPAS2, PERI, PER2, PER3,
and TIM, were genotyped in 249 CRSD individuals.

Blood samples were collected from all subjects and used for DNA isolation.
Genomic DNA was extracted from leukocytes with the QIAamp DNA Blood Midi Kit
(QIAGEN K.K., Tokyo, Japan). Genotyping was performed by a TagMan SNP
Genotyping assay (Applied Biosystems, Foster City, CA) according to the manufac-
turer’s instructions. The genotyping assay IDs for 27 SNPs are listed in Table 3 and the
primers and TaqMan probes for rs2640909, rs35802556, and rs10462021 are listed in
Table 4.

Self-assessment. The Japanese version of the Horne—Ostberg MEQ'" was
administered to assess subjects’ diurnal preference; this tool has been validated in a
Japanese population®. Because diurnal preference changes with age, MEQ scores
were adjusted by age (age-adjusted MEQ score, MEQ score + 0.3512 X (39.212 —
age))*”. Age-adjusted MEQ scores of 16-41 denote evening types, 42-58 denote
intermediate types, and 59-86 denote morning types. Thus, lower MEQ scores
indicate evening preference.

Statistical analysis. HWE was estimated using Haploview 4.1 (http://www.broad.mit.
edu/mpg/haploview/)*®. The chi-squared test was performed to compare the allele
frequency and genotype distribution for each SNP marker among diurnal preference
groups (morning, intermediate, and evening types). The sex-adjusted ORs and 95%
ClIs with Bonferroni correction were calculated to evaluate the rs228697 frequency
across the three diurnal preference groups. One-way analysis of variance adjusted for
sex was performed to compare age-adjusted MEQ scores between subjects with
genotype CG or GG for rs228697 and those with genotype CC for rs228697. The chi-
squared and permutation tests (N = 10,000) were performed to evaluate the
difference in allele frequency between patients (DSPT or FRT) and controls using
Haploview 4.1. The age- and sex-adjusted ORs and 95% Cls were calculated to
evaluate the rs228697 frequency between FRT patients and controls. P < 0.05 was
considered to be statistically significant. Statistical analysis was performed using SPSS
ver.11.5.1] (SPSS Japan Inc., Tokyo, Japan), unless otherwise stated.
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Abstract

response to or emotional evaluation of external stimuli.

Background: Emotional information is frequently processed below the level of consciousness, where subcortical
regions of the brain are thought to play an important role. In the absence of conscious visual experience, patients
with visual cortex damage discriminate the valence of emotional expression. Even in healthy individuals, a
subliminal mechanism can be utilized to compensate for a functional decline in visual cognition of various causes
such as strong sleepiness. In this study, sleep deprivation was simulated in healthy individuals to investigate
functional alterations in the subliminal processing of emotional information caused by reduced conscious visual
cognition and attention due to an increase in subjective sleepiness. Fourteen healthy adult men participated in a
within-subject crossover study consisting of a 5-day session of sleep debt (SD, 4-h sleep) and a 5-day session of
sleep control (SC, 8-h sleep). On the last day of each session, participants performed an emotional face-viewing task
that included backward masking of nonconscious presentations during magnetic resonance scanning.

Results: Finally, data from eleven participants who were unaware of nonconscious face presentations were
analyzed. In fear contrasts, subjective sleepiness was significantly positively correlated with activity in the amygdala,
ventromedial prefrontal cortex, hippocampus, and insular cortex, and was significantly negatively correlated with
the secondary and tertiary visual areas and the fusiform face area. In fear-neutral contrasts, subjective sleepiness was
significantly positively correlated with activity of the bilateral amygdala. Further, changes in subjective sleepiness
(the difference between the SC and SD sessions) were correlated with both changes in amygdala activity and functional
connectivity between the amygdala and superior colliculus in response to subliminal fearful faces.

Conclusion: Sleepiness induced functional decline in the brain areas involved in conscious visual cognition of facial
expressions, but also enhanced subliminal emotional processing via superior colliculus as represented by activity in the
amygdala. These findings suggest that an evolutionally old and auxiliary subliminal hazard perception system is activated
as a compensatory mechanism when conscious visual cognition is impaired. In addition, enhancement of subliminal
emotional processing might cause involuntary emotional instability during sleep debt through changes in emotional

Keywords: Sleepiness, Nonconscious, Unconscious, Subliminal, Emotion, Fearful face, Amygdala

Background

Perceptual information that elicits emotional responses
is partially processed without surfacing to the conscious
mind, and the subcortical brain region is thought to play
various roles in this process. Even a subliminal emotional
stimulus can elicit a specific physiological response. For
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example, the amygdala, the brain area responsible for
emotional cognition, is activated even when the subject is
not aware of any emotional stimulus due to backward
masking of a brief visual stimulus by a different emotional
stimulus presented immediately following the target
stimulus [1-3] or due to binocular rivalry [4,5]. Subcortical
regions such as the superior colliculus, pulvinar, and basal
ganglia mediate the signal transduction pathway respon-
sible for such physiological responses. Although it has
been conventionally thought that signals were transmitted
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