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Abstract

Background

To assess the effects of isolation, inadequate exposure to light and specific shift work on
the subjective and objective measurements of sleep and alertness of submariners.

Purpose

A strictly controlled randomized crossover study with the polysomnography recorded twice
during the mission.

Methods

Setting: Shift and night work with prolonged (70 days) social isolation from the real world
(with no phone or Internet contact with families or friends during a routine mission aboard
the “Téméraire” French Strategic Submarine with Ballistic Nuclear missiles (SSBN). Partici-
pants: 19 submariners working on a 24-hour shift for three days in a row schedule. Inter-
ventions: The participants attended two polysomnographic (PSG) recordings of night
sleep on Day 21 (D21) and Day 51 (D51) of the 70-day patrol; urine cortisol levels were also
taken after sleep, and subjective assessments of sleep, sleepiness, mood and anxiety on
D21 and D51. The light and temperature on board were also recorded.

Results

PSG analyses showed that sleep did not significantly vary in length (total sleep time) or in
quality between D21 and D51. The mariners reported the same subjective sleep,
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sleepiness, anxiety or mood (except for a slightly worse score for confusion on D51). Blood
cortisol levels did not vary significantly.

Conclusions

These results show that humans living in an isolated environment for more than two months
with this specific shift schedule do not suffer from any significant effects on sleep, sleepi-
ness and confusion between D21 and D51, when they follow an organized regular shift pat-
tern with controlled light and temperature.

Introduction

Although the United Nations considers that the vast majority of countries around the world
have lived in peace since the beginning of the century, six countries still have a military pres-
ence in the oceans, using nuclear-powered strategic submarines (NPSS) to deter new conflicts
[1-2]. Among NPSS, around 30 Submersible, Ballistic, Nuclear submarines (SSBN) have spe-
cific strategic missions with nuclear missiles at board and serve as undetectable launch plat-
forms for intercontinental missiles in case of nuclear conflict. These SSBNs belong to the
United States (14), Russia (6), France (4), the United Kingdom (4), the People's Republic of
China, and India [2]. During long-term missions, these submarines are in total isolation from
the real world, with no normal means for the crew to communicate except by secrecy codes. In
addition to the advanced technology involved, the security of these submarines, and of world
peace, depends on various human factors that include the sleep and wake patterns of crews ex-
posed to long periods of shift and night work and to prolonged (70 days) social isolation. With
no exposure to external light, submariners could have non-entrained sleep and wake patterns,
which may affect their ability to react promptly. i.e. It has been shown that American submari-
ners did not follow an imposed 18-h-cycle [3]. A compressed-work schedule (ALT), built to en-
hance circadian rhythm entrainment and sleep hygiene, was tested on subjective sleep in 40
American submariners [4], with cortisol and temperature measurements in a sub-sample of 10
subjects. The ALT submarine schedule was a close 6, 3-section watch-system with 6-hours-on-
6-hours-off-6-hours-on, 12-hours-off, 6-hours-on-6-hours-off-6-hours-on, 24-hours-off. This
schedule was reminiscent of the close 4 schedule designed by Kleitman and including 24 hours
of on-watch time per 72 hours [5]. However sleep was discovered to be shorter with this new
system, which was therefore not deemed as efficient compared to the classic 18 hour watch sys-
tem [4].

It has indeed been clearly shown that social isolation and the lack of regulation by the light-
dark solar cycle exposes humans and animals to a desynchronization of their biological clock,
with irregular sleep/wake patterns and disturbance of other circadian rhythms, such as melato-
nin and cortisol secretion and internal temperature regulation [6-10]. These observations have
been described in blind people who have no light perception [11-13], but also in subjects only
exposed to dim light in laboratories and without sufficient exposure to light in professional set-
tings [14-15]. Both groups of subjects complained of sleep disorders, which robustly reflects
the lack of biological clock training [10-14]. Shift work alone and its relative lack of light expo-
sure is well-known for its ability to disturb the biological clock and sleep/wake patterns [16-
21] and to potentially alter wake and cognition processes [22-24]. Major negative impacts of
shift-work are disturbed, shortened sleep and impaired vigilance, well characterized by the 3™
international classification of sleep disorders (ICSD-3) [25], and defined as shift-work
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disorders. Poor sleep concerns about 50% of shift workers, insomnia 30% and impaired alert-
ness 25%, with possible important consequences in specific settings, for example, oil rig work-
ers in the North Sea or astronauts in the Mars 520-d mission simulation [26-27].

Therefore, the goal of the survey was to compare sleep and alertness of our submariners’
group at two separate times during the mission in order to capture the evolution of sleep in iso-
lated and shift conditions.

Methods
Setting

The study was performed during a 70-day mission on board the SSBN French submarine “Le
Témeéraire” in 2011. The environmental conditions inside the SSBN were strictly controlled
"Fig 1",

Light was scheduled to reproduce a 24-hour daylight/nighttime cycle, with 16 hours of day-
time levels (90 to 840 lux) and 8 hours (from midnight to 8 a.m.) with night lighting (mostly
red and varying from 5 to 220 lux). We measured the luminosity levels for the submariners in-
cluded in the study both at eye-level in the horizontal plane of vision and in the direction of the
light source to assess night and day levels. Temperature was maintained between 18 and 25°C
(64 to 77°F). For security reasons, noise was also specifically controlled because it is crucial that
submarines are undetectable to other boats. Nuclear-based turbine propulsion and electromag-
netic suspension of turbines make the SSBN submarines very quiet and it is said that it is even
“more silent than the sea itself” [28].

Throughout the mission, the crew was totally isolated from the “real world”: no phones, no
Internet, no external light, and no link with families or friends outside the submarine.

Subjects

The protocol, approved by the French Direction Générale de ’Armement (DGA )occupational
safety and health ethics committee (DGA CHSCT), was explained in detail to the 100 male
crew members, one month before departure and the first 20 volunteers (mean age 28 years, SD
7.22, range 19-46) signed an informed consent and were retained for inclusion in the study.
The experimental protocol conformed to the international ethical standards [29].

The criteria for exclusion were any presence of one or several chronic diseases, or any treat-
ment affecting sleep or vigilance. But, due to Navy safety regulations, subjects with non-con-
trolled chronic medical or psychiatric diseases are prohibited from participating in long-term
under sea missions. Confidentiality of the results was guaranteed by the anonymous treatment
of the data.

The shift schedules during the 70-day patrol "Fig 2"

- The crew was divided into three teams and submariners worked throughout the mission on a
3-day shift rotation (see Fig 2). Operational work demanded high concentration and was limit-
ed to a 4 consecutive hours shift system. Each work period was followed by at least 4 hours of
leisure time or sleep. During leisure time, submariners mainly shared common activities, in-
cluding meals, training, cleaning and security exercises. They also had short periods of personal
time to read, listen to music, practice physical activity or watch videos.

Sleep was scheduled in three 8-hour periods and one 4-hour additional period. During the
sleep periods, crew members were instructed to go to their rooms and encouraged to get as
much sleep as possible.
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Fig 1. The top of the "Fig. 1" shows the 70-day long mission with the 3-day shift schedules to better understand at what point of the mission the
polysomnography (PSG) recordings were performed. The submarine “Téméraire” is also shown schematically with the different levels of lighting in the
“work”, “leisure” or “sleep” rooms. The graph at the bottom left of the "Fig. 1" shows the evolution of objective sleep parameters at the two points during the
mission. Durations of TST (total sleep time), WASO (Wake after sleep onset), SWS (slow wave sleep), and REM (Rapid Eye movement) sleep did not
vary significantly.

doi:10.1371/journal.pone.0126721.g001

- The goal of the survey was to compare sleep and alertness at two separate times during the
mission in order to capture the evolution of sleep in isolated and shift conditions. All parame-
ters were collected twice, at the same time during each shift. The first night’s recording was per-
formed on the second day of the shift, between midnight and 8 am, the 21* day of the mission
(D21) 19 days i.e., 7 shifts, after the first D2. We realized that when we recorded on the second
day of the shift "Fig 2" we maximized the opportunity of having a better sleep. A second assess-
ment was performed on day 51 (D51), 10 shifts later. We decided not to conduct any baseline
assessment before boarding, because the nights before boarding were often shortened and dis-
turbed by a heavy work load and anxiety linked to the coming familial and social separation on
such prolonged isolated missions [30].
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Fig 2. Schedules of submariners on a 3 days cycle.

doi:10.1371/journal.pone.0126721.9002

Behavioural sleep, alertness and mood: subjective assessments

Subjective ease of getting to sleep and sleep restoration were assessed using the Buguet sleep
scale, based on visual analogue scales (VAS) previously used on male members of the army and
in reference to the previous night [31]. Sleepiness was assessed using the Epworth sleepiness
scale (ESS), in reference to the month prior to the assessment: a score of 10 or more indicated
that the subject was sleepy; a score of 16 or more indicated being very sleepy [32]. Anxiety and
depression were estimated on the French short-version of the Profile of Mood Scale (POMS)
[33]. The POMS consists of an adjective checklist of 37 items rated on a five-point scale that
ranges from (1) “not at all” to (5) “extremely”. Subjects were asked to answer according to their
present mood. Six dimensions were then calculated: anxiety-tension, depression-dejection,
anger-hostility, fatigue-inertia, vigor-activity and confusion-bewilderment. These subjective as-
sessments were noted the same day of each objective polysomnography.

Sleep polysomnography (PSG) recording and analyses

On-board ambulatory PSG was performed using a miniature digital device (Actiwave, Camtech
Itd. UK) during the participants’ normal sleep time. Standard set-up and criteria for scoring
sleep stages were used [34]. Arousals, leg movements and respiratory events were scored ac-
cording to guidelines provided by the American Academy of Sleep Medicine [35]. Recordings
were only made during the night and the submariners had to stay in bed for 8 hours from light
extinction at midnight to morning awakening at 8 am. According to AASM sleep analysis rules
[35], the files were analyzed by two experienced sleep technologists to calculate the total sleep
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period (TSP) in minutes (min), total sleep time (TST, min), sleep onset latency (SOL, min),
sleep efficiency 1(SE1, percentage) which was calculated as a ratio between TST/TSP, and sleep
efficiency 2 as a ration between TST/TIB (Time in bed, which was imposed to 8 hours) and the
wake after sleep onset (WASO, min). The percentages of sleep stages (Stage 1 and 2 = light
sleep; Stage 3 = Slow wave sleep (SWS); Rapid Eye Movement (REM) sleep and REM sleep la-
tency) were also assessed. Finally, for the SWS and REM periods, the following parameters
were retained during each night recorded: number of periods, average period (min), shortest
period (min), longest period (min), and average intervals between SWS periods and REM peri-
ods (min).

Cortisol level assessments

12 h nighttime urine cortisol excretion was assessed (overnight + 2 hours before and 2 hours
after) on D21 and D51. Cortisol concentrations were measured using radioimmunoassay kits
based on the protein concentration rates (Siemens Healthcare Diagnostics, Germany). The uri-
nary cortisol excretion rates were calculated based on diuresis and the creatinine excretion
rates. All sample analyses were double-checked.

Statistical analyses

All data were treated as ordinal except for subjective items. For socio-demographic, sleep and
psychological variables, the 19 submariner samples were considered. The evolution of sleep
and psychological parameters during the mission were assessed using student “paired t tests”
comparison tests between session-points (D21 and D51). Correlations between variables were
assessed by Spearman rho correlation analyses. All comparisons between groups were carried
out using non-parametric tests due to the group size differences and to non-normative distri-
bution of some set of data (particularly for subjective data). All analyses were performed using
SPSS 17.0 for Windows (SPSS GmbH Software, Munich). Data are expressed as mean and stan-
dard deviation (SD). All statistical tests were two-tailed. P< 0.05 was considered as statistically
significant.

Results

Twenty male volunteers (mean age 28 years, SD 7.22, ranging 19 to 46 years old, 13 were be-
tween 19 and 29, 5 between 30 and 40, and 2 above 40) were selected to take part in the study.
For one subject, the second sleep assessment was not completed so we analyzed the results
from 19 subjects. The participants had served an average of 9.8 years (SD 4.65) on active duty
and an average of 4.4 years (SD 3.22) on SSBN patrols. Eight of the participants (42.1%) were
married.

Sleep behaviour, alertness and mood: subjective assessments (Table 1)

Subjectively, the crew did not report a significant difference in the quality of sleep or ease of
falling asleep between D21 and D51. There was no significant difference in sleep onset latency
(SOL) or number of awakenings between the two nights. Sleepiness assessed by the ESS was
normal at the first assessment and slightly >10 at the second, but these differences were not
statistically significant.

Analyses of POMS scores showed that the degree of confusion increased between D21 and
D51 but there was no change in feelings of fatigue, depression, anxiety or vigour.
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Table 1. Subjective and objective sleep variables, sleepiness and mood at D21 and D51.

D21 D51 D51 vs. D21, p
Variables Mean SD Mean SD
Subijective sleep
Quality of sleep VAS 4.07 2.73 3.78 3.05 0.31 (0.76)
Ease of falling asleep VAS 6.75 2.95 6.67 2.89 0.08 (0.93)
SOL (min) 33.05 25.73 35.89 33.31 -0.28 (0.77)
Number of awakenings 2.73 1.36 2.42 2 0.56 (0.57)
Sleepiness (ESS) 8.89 3.43 10.63 2.73 -1.72 (0.09)
PSG Sleep characteristics
SOL (min) 10.82 12.54 11.71 8.53 -0.24 (0.8)
TSP (min) 448.76 81.37 423.88 67.34 2.02 (0.06)]
TST (min) 405.61 69.47 392.65 55.6 0.99 (0.32)
WASO (min) 43.16 39.80 31.24 20.37 1.11 (0.27)
SE1 (TST/TSP) % 0.89 0.08 0.91 0.04 -0.74 (0.46)
SE2 (TST/Time in bed = 8 hours) % 0.84 0.14 0.88 0.14 -0.65 (0.39)
% REM 0.20 0.04 0.22 0.05 -1.02 (0.31)
REM latency (min) 81.31 14.25 77.21 15.2 0.67(0.25)
% NSW 0.46 0.05 0.41 0.08 2.66 (0.02)
%SWS 0.30 0.05 0.33 0.09 -1.94 (0.06)
Cortisol (nmol/L) 100.42 58.68 91.38 62.34 0.46 (0.64)
Mood and anxiety (POMS)
Anxiety tension 2.36 2.92 3.84 4.72 -1.15 (0.22)
Vigour 14.78 7.77 12.31 4.07 1.23 (0.22)
Fatigue 2.15 1.89 3.57 2.91 -1.78 (0.08)
Depression 0.63 1.11 2.26 3.82 -1.79 (0.08)
Anger 0.94 2.09 1.68 2.54 -0.97 (0.33)
Confusion 0.89 1.66 2.31 2.35 -2.14 (0.03)

Subjective and objective sleep variables, sleepiness, cortisol, mood and anxiety were assessed on the 21st day of the mission, D21, and 30 days later
(after 10 shifts) at D51 = the 51st day. Values were compared using student “t” comparison tests between session-points. No significant differences were
observed in subjective values of the quality of sleep and ease of falling asleep assessed on visual analogue scales (VAS) or sleep onset latencies (SOL)
expressed in minutes (min) or on the number of awakenings. There was also no statistical difference in sleepiness over the last month on the Epworth
sleepiness scale [11]. Objective sleep values measured by polysomnography (PSG) were also not significantly different between D21 and D51, including:
SOL, total sleep period (TSP), total sleep time (TST), wake after sleep onset (WASO), sleep efficiency 1 (SE1) = TST/TSP, sleep efficiency 2 = TST/time
in Bed (TIB), the percentages (%) of rapid eye movement (REM) sleep and slow wave sleep (SWS) and the REM latency. No significant difference was
observed in the 12-hour night-cortisol excretion assessed on the same days. Mood and anxiety were assessed based on the profile of mood state
(POMS) six dimensions [12] and no significant differences were observed except for confusion, which was significantly higher on D51. Normal range
values: Subjective values: Sleepiness was assessed using the Epworth sleepiness scale (ESS), referring to the month prior to the assessment: a score of
10 or more indicated that the subject was sleepy; a score of 16 or more indicated being very sleepy (12). Objective values: in a young and healthy group
of subjects normal SOL is under 30 minutes, common total sleep time in adults is around 420 minutes, normal REM latency is above 60 minutes, normal
% of REM sleep is above 20% and % of SWS is above 20%. Normal WASO in less than 60 minutes, normal SE is above 90% (Ohayon et al., 2004).

doi:10.1371/journal.pone.0126721.1001

Sleep polysomnography (PSG) recording and analyses (Table 1)

Objectively, total sleep time (TST) did not change significantly during the mission, with an av-
erage of 405.6 minutes (SD 69.5) at D21, which was short but within the normal range, and
392.6 minutes (SD 55.6) at D51 (p = 0.99). The TSP reflects compliance with sufficient time
spent in bed: subjects were asked to stay in bed for 8 hours and they turned off the lights for
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448.8 minutes (SD 81.4) at D21 and 423.9 minutes (SD 67.4) at D51. This slight decrease in
TSP may be explained by the slight but not statistically significant increase in SE1 (91% [SD
4%] at D51 vs. 89% [SD 8%] at D21, p = 0.74).

SOL, WASO and the percentages of SWS, REM, and NSWS did not vary significantly from
D21 to D51. REM latency was also not significantly different from D21 to D51. SE2 (TST/TIB)
reflects a lower efficiency 84% at D21, but not significantly increased at 89% at D51.

There were no significant differences in the blood cortisol assessed at the end of the night
with an average 100.4 nmol/l (SD 58.7) at D21 and 91.4 nmol/l (SD 62.3) at D51 (p = 0.46).

Correlations between subjective data, objective sleep data and blood
cortisol data

Correlation analyses applied to objective sleep variables on D21 showed that the submariners
with greater sleep efficiency 1 (TST/TSP) had shorter SOL (1* = -0.93; p<0.001), shorter
WASO (r* = -0.98; p<0.001), a higher percentage of NSWS (r2 = 0.62; p = 0.02), and a tenden-
cy towards a lower percentage of SWS (r* = -0.47; p = 0.10) than those with lower sleep efficien-
cy L.

Correlation analyses, applied to objective sleep variables on D51, showed that the submari-
ners with greater sleep efficiency had shorter WASO (r* = -0.86; p<0.001), and a tendency to-
wards a lower percentage of REM (r* = -0.51; p = 0.058) and a higher percentage of SWS (> =
0.52; p = 0.07) than those with lower sleep efficiency.

Submariners with the highest cortisol urinary excretion exhibited a tendency towards a
lower sleep efficiency (r* = -0.49; p = 0.10), a longer WASO (r* = 0.52; p = 0.07), and a higher
percentage of REM (r* = 0.53; p = 0.08). At D51 submariners with the highest cortisol urinary
excretion had the highest percentage of REM (r* = 0.61; p = 0.026), and a tendency towards a
higher STP (r* = 0.46; p = 0.1) and to a lower percentage of SWS (r* = -0.47; p = 0.1).

The correlation analyses between objective sleep variables and psychological subjective vari-
ables (Buguet sleep Scale and POMS) at D21 are presented on Table 2. Results showed that sub-
mariners with higher confusion levels had lower sleep efficiency (r* = -0.72; p<0.01), longer
SOL (r* = 0.72; p<0.01) and longer WASO (r* = 0.74; p<0.01). Other significant associations
have also been underlined on Table 1A.

The same analyses at D51 are presented on Table 3. Results showed that the submariners
with longer TST also had a significantly better feeling on their SOL and sleep quality. Moreover
those who reported the highest number of nocturnal awakenings exhibited a lower percentage
of sleep in SWS (1> = -0.71; p = 0.01) and of REM sleep (r* = -0.99; p = 0.002).

Discussion

When we designed this study to observe and record the sleep patterns of this submariners’
crew exposed to shift work and an absence of light exposure through their long mission under
the ocean, we hypothesized that we would find significant sleep and wake complaints and sleep
reduction and disturbances [19-20,23-24]. Very few studies have previously observed sleep/
wake patterns of submariners [3-5]. In the first survey carried out in nuclear submarines, the
melatonin rhythms of 20 American submariners with an imposed 18-hour cycle were assessed
[3]. The authors found that the endogenous melatonin rhythms of these crew members was on
average 24.35 hours and concluded that despite social contact and the work environment they
were not entrained by the 18-hour rest/activity cycle. A compressed-work schedule (ALT), de-
signed to enhance circadian rhythm entrainment and sleep hygiene, was also tested on subjec-
tive sleep in 40 American submariners [4], with cortisol and temperature measurements in a
sub-sample of 10 subjects. This schedule was reminiscent of the close 4 schedule designed by
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Table 2. Correlation between objective polysomnographic results and subjective (Buguet and POMS) on D21.

Quality of
sleep

SOL 0.31
p=0.21

TSP 0.52p =
.027

TST 031p=
.21

WASO 0.51p=
.03

SE -0.39p =
A1

% 0.63 p =

REM .005

% -0.22p =

SWS .38

Ease of
falling
asleep

-0.39p =
A1

-0.16 p =
.52

-0.02p =
.94

-03p=.23
0.30 p =.23

-0.20p =
43
-0.11p=
.68

doi:10.1371/journal.pone.0126721.t002

SOL
Sub.

0.49 p
=.04

0.17p
=.49
-0.05p
=.85
0.44p
=.07
-0.42 p
=.08
0.46 p
=.05

0.04 p
= .86

Number of
awakenings
0.04p=.87
0.42 p = .09
0.35p=.15
0.23p=.36
-0.12p= .65
0.39p =.11
-0.26 p = .29

POMS
Anxiety
Tension

0.367p =
905

1098 p =
721

-3321 P =
.268
-.0235p =
.939
-0.048 p =
.988
-1345p =
.661
-2962 p =
.326

POMS
Vigour

1067 p =
729
4951 p =
.085

1964 P =
.520

-5840 p
=.36
5588 p =
.047

-4315p
=.141

-2114p
=.488

POMS POMS
Fatigue Depression
-2527p= -2016p=
405 .509

-2287 p= -.0469p =
452 .879

-5436 P= -1790P =
.055 .558
-3028p= -.0758p=
315 .806

-3020 p= .0757 p =.806
.316

1266 p= .0240 p = .938
.680

1228p= -2616p=
.689 .388

POMS POMS
Anger Confusion
-1443p  -.72 p<0.01
=.638

-2031p -3106p=
=.506 .302

5080 P = -5242P =
.76 .066

1016 p= .74 p<0.01
741

-1548p  0.72 p<0.01
=.614

2976p= .1716p=
.323 575
-3733p  -.2056p =
=.209 .500

Kleitman and including 24 hours of watch-standing time per 72 hours at the non-nuclear time
[5]. However sleep was found to be shorter with this new schedule and was therefore not re-
tained as interesting by practioners compared to the classic 18 hour watch system [4]. Con-
versely, we found that the sleep quantity and quality of our subjects, exposed to a 24-h-3 days
cycle did not change significantly during the 70-day mission. Subjectively, the submariners did
not feel there was a significant difference in their quality of sleep at D21 and D51, and reported
a relatively good quality of sleep and no mood alteration. Sleepiness, as assessed by the ESS,
was slightly above normal and not significantly changed between the early and later stage of
the mission. Objectively, we recorded normal amounts of sleep (around 400 minutes) at D21

Table 3. Correlation between objective polysomnographic results and subjective (Buguet and POMS) on D51.

Quality of
sleep

SOL -0.21p=
.40

TSP -0.42p =
.09

TST -0.49p =
.04

WASO -0.03p=
.92

SE 0.03p =
.91

% -0.12p=

REM .66

% 0.30p=

SWS .24

Ease of
falling
asleep

0.042p =
.873

0.396 p =
12

0.45p = .06
0.03p = .92

0.01p=.96

-0.07p=
.80

SOL
Sub.

-0.29 p
=.27

-0.45p
=.07
-0.49 p
=.04
-0.14 p
P59
0.17p
= .51
-0.15p
=.57
0.07 p
=.78

Number of
awakenings

-0.21p = .40
-0.001 p=.99
-0.14 p = .59
0.37p=.14
-0.24p = .35
.99 0.002

.71 p=0.01

POMS
Anxiety
Tension

-.4482 p =
125

1253 p =
532

1098 p =
721
1464 p =
633
0.2475p =
415
-2172p =
476

1240 p =
687

POMS
Vigour

-.1902 p
=.534
.3656 p =
247
4554 p =
118
-.0260 p
=.933
.1033 p =
737

2027 p =
507

-.4848 p
=.093

POMS POMS
Fatigue Depression
-1014p= -2960p =
742 .326

-1478 p= -.0588p =
714 .758
-.0047p= -0752p=
.988 .807
-3492p= -1249p=
242 .684
3821p= .1910p=.532
.198

A1783p= -1074p=
.703 727

3001 p= ;1861 p =.543
.319

POMS POMS
Anger Confusion
-4565p  -.1530p=
=.117 618
-2252p -.3325p=
=.652 421
-2546p -1764p=
=.401 .564
-3571p .3965p=
=.231 .180
4552p= -3637p=
118 222
2388p= -1405p=
432 .647
0281p= .5207p=
.927 .068

These tables present correlations between subjective assessments of sleep (Buguet sleep Scale (Buguet et al., 1981)and POMS (Profile of Mood Scale;
Shacham, 1983) and objective measurements by polysomnography on the 215 day (D21) and the 51st day (D51) of the mission. SOL = Sleep Onset
latency; TSP = Total sleep period; TST = Total Sleep Time; WASO = Wake after sleep onset; SE = sleep Efficiency 1; %REM = percentage of Rapid Eye

Movement sleep; %SWS: percentage of slow wave sleep; significant correlations are bolded.

doi:10.1371/journal.pone.0126721.1003
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and D51, with no significant change during the mission for TST, WASO, SOL, and the percent-
ages of SWS and REM sleep [36]. REM latency and blood cortisol at the end of the night,
which may be regarded as rough biological clock markers [37-39], were also not significantly
changed. We can conclude that despite isolation and absence of natural light our sample of
submariners had no significant objective or subjective sleep or wake disorders during a 70-day
period. However, the TST and SE2 observed may be considered as relatively low, maybe even if
not pathological. One may also argue that sleep may not be poorer at the end of the mission
than it is at the beginning with a “floor effect”. This however did not fit with the subjective feel-
ing of submariners, which describe their sleep as relatively good.

One strong point of our study, compared to the studies made before, was the possibility of
observing submariners twice on D21 and D51 of this long-term mission with no influences by
external potential cues. The previous studies carried out on 20 American submariners showed
that an imposed 18-hour-cycle or compressed work schedules were not effective on synchro-
nising rhythms [3-4]. Conversely we showed that the sleep quantity and quality of our subjects,
exposed to a 24-h 3 days cycle was not significantly different on D21 and D51.

One possible explanation for the absence of sleep and wake complaints in our subjects de-
spite shift work and the lack of stimulation by natural light lie in the particular work schedules
of these submariners. Established by the Navy in the 17th century, the schedule allows a mini-
mum of 8 hours of sleep per 24 hours, with a regular phase advance of 4 hours every day and or-
ganization of meals and rest synchronized to the shift "Fig 2". Social schedules onboard are
perhaps enough to entrain the submariner to a 24 hour shift, in the absence of light, the main
circadian synchroniser or “zeitgeber”. However, phase advance is generally not recommended
in shift work organization and having to work every day is not usually found in industrial set-
tings except in certain places, such as oceanic petroleum platforms or for astronauts [9,26].
Moreover, sleep disorders in shift workers are also a result of difficulties in combining work
schedules and social life, and from constraints imposed by commuting times and disturbed en-
vironments at home for refreshing sleep [8,25-27,40]. The submariners have a full 8 hours de-
voted to sleep with no potential adverse effects of social or familial activities. We also
acknowledged that when we recorded the second day of the shift "Fig 2" we maximized the op-
portunity of having a better sleep. Another possible reason for such good adaptation to their
shift conditions is the absence of social and/or family obligations. The social isolation could thus
potentially help the crew adapt to shift work [8,25-27,40]. The navy men’s social interaction
may be a possible explanation for such good preservation. Communal meals at lunch and dinner
were encouraged with their regular schedules between 11 and 12 a.m. and between 6 and 7 p.m.
and due to living closely for such a long period may influence the men’s reciprocal rhythms.
However these conditions were not sufficient enough to entrain American submariners on an
18-h-cycle [3]. Secondly, environmental issues such as lighting were specifically controlled, with
low levels for security and power reasons, but adapted to the crew’s night and day rhythms,
which may help improve sleep patterns [12,14-15]. Temperature and noise were also controlled
"Fig 1". These factors may help submariners adapt more easily to shift schedules.

One could reasonably argue that submariners who are selected for the navy are in good
physical shape, and are resistant to fatigue and night work; those with mental or severe chronic
disorders are traditionally excluded from SSBN missions, but sleep disorders are not a cause
for exclusion. We did not control the recruitment of the crew, nor did we select the volunteers
via sleep criteria. Others may concur that the majority of these submariners were young males
(12 between 19 and 29) with a good amount of SWS which may impact SE.

We do acknowledge some of the limitations of this study.

- Firstly, sleep patterns were only assessed twice during the mission and we did not obtain a
baseline sleep assessment at the start of the mission. This decision was taken based on previous
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experience, which showed that the first few days of the mission are disturbed by the intensive
workload before departure and difficulties linked to familial and social separation [30], such
that recording sleep patterns at this time would not have been a true reflection of the crew
members’ normal sleep pattern. We also understand that assessing sleep at D21 and D51 does
not reflect the sleep patterns of the entire mission. Sleep was probably more difficult at the be-
ginning due to shift-lag adaptation. However it is usually admitted that it is more difficult to
maintain vigilance in the days in the middle of the mission than at the beginning or at the end
[30-41].

- Secondly, we only recorded sleep patterns in 19 volunteer crew members and cannot con-
firm that this group was necessarily representative of the entire crew. It is possible that those
who have better sleep patterns volunteered. However, it is traditional in the army to keep the
first volunteers for a mission and for technical reasons it was not possible to study a larger
group.

- Thirdly, REM latency and cortisol blood levels do not strictly reflect the adaptation of the
biological clock; regular melatonin levels could have been a better means of assessing the
clock’s adaptation [3,37-39]. However, performing a sleep study was not the priority of this
SSBN mission and melatonin sampling (every hour for saliva samples in the evening) together
with sleep recordings would have taken too much time for this type of security mission. We
also understand that the time window for cortisol measurement was very large (12 hours) and
did not allow estimating whether the clock was early or late. A morning void could have been
more indicative.

- Finally, even if our data enabled us to observe that submariners did not significantly
change their sleep between two periods of the mission we were not able to conclude that some
of them were more adapted to those conditions than the others. The participants had served an
average of 4.4 years on SSBN patrols and it could be suggested that no adapted subjects re-
signed, but we had no data on the general group of navy men that enabled us to conclude this
point.

We believe that our findings may have important implications for considering new shifts of
an increasing percentage of people working at night or shifts in continuous 24-hours industri-
alized societies, totally or incompletely isolated from natural light exposure, and in strategic
missions for defence, communication, transportation, security and health. In these environ-
ments, workers may have to face acute and dangerous crisis, which demand a high level of
alertness. In all these situations, as in our submariners, maintaining vigilance is crucial for our
safety and peace. Any accidental collision of the submarine with the ground or with another
ship would immediately jeopardize the crew’s survival. Good psychological and cognitive func-
tion is necessary to ensure the effectiveness of the mission in a SSBN submarine; maintaining
good quality sleep has an important role to play in optimizing these elements.

Acknowledgments

The authors want to thank all the submariners of the SSBN “Téméraire” from the “Marine
Nationale” of the French Army, who participated in the study and all the staff who supported
the volunteers. They would also like to thank the Naval Force headquarters: Chief Medical Of-
ficers S Gruchy, JL Cayla and JM Cuvilllier. The authors are indebted to Karen Pickett and
Kate Dawson-Desmur for their English reviewing of the manuscript.

PLOS ONE | DOI:10.1371/journal.pone.0126721 May 27,2015 11/13



@’PLOS ‘ ONE

Sleeping under the Ocean

Author Contributions

Conceived and designed the experiments: MT OC MC SNC. Performed the experiments: MT
PVB AV JP SNC. Analyzed the data: MT DL MC. Contributed reagents/materials/analysis
tools: MT DL MC. Wrote the paper: MT DL MC.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

United Nations Organisation (2013) United Nations peacekeeping. Available: http://www.un.org/en/
peacekeeping/documents/ppbm.pdf. Accessed 20 March 2014.

World Nuclear Association (2014) Nuclear Power ships. Available: http://www.world-nuclear.org/info/
non-power-nuclear-applications/transport/nuclear-powered-ships/. Accessed 20 March 2014.

Kelly TL, Neri DF, Grill JT, Ryman D, Hunt PD, Dijk DJ, et al. (1999) Nonentrained circadian rhythms of
melatonin in submariners scheduled to an 18-hour day. J Biol Rhythms. 14:190-196. PMID: 10452330

Duplessis CA, Miller JC, Crepeau LJ, Osborn CM, Dyche J (2007) Submarine watch schedules: under-
way evaluation of rotating (contemporary) and compressed (alternative) schedules. Undersea Hyperb
Med. 34:21-33. PMID: 17393936

Kleitman N (1949) The sleep-wakefulness cycle of submarine personnel. Human factors in submarine
warfare. Baltimore, Waverly Press: 329-341.

Moore HA, Whitmore D (2014) Circadian rhythmicity and light sensitivity of the zebrafish brain. PLoS
One 22:e86176. doi: 10.1371/journal.pone.0086176 PMID: 24465943

Swanson D, Zhang Y, Liu JS, Merkord CL, King MO (2014) Relative roles of temperature and photope-
riod as drivers of metabolic flexibility in dark-eyed juncos. J Exp Biol. 217: 866—-875. doi: 10.1242/jeb.
096677 PMID: 24622893

Wittmann M, Dinich J, Merrow M, Roenneberg T (2006) Social jetlag: misalignment of biological and so-
cial time. Chronobiol Int. 23:497-509. PMID: 16687322

Gronfier C, Wright KP Jr, Kronauer RE, Czeisler CA (2007) Entrainment of the human circadian pace-
maker to longer-than-24-h days. Proc Natl Acad Sci U S A. 104:9081-9086. PMID: 17502598

Hadlow NC, Brown S, Wardrop R, Henley D (2014) The effects of season, daylight saving and time of
sunrise on serum cortisol in a large population. Chronobiol Int. 31:243-251. doi: 10.3109/07420528.
2013.844162 PMID: 24156521

Lockley SW, Dijk DJ, Kosti O, Skene DJ, Arendt J (2008) Alertness, mood and performance rhythm dis-
turbances associated with circadian sleep disorders in the blind. J Sleep Res. 17:207-216. doi: 10.
1111/j.1365-2869.2008.00656.x PMID: 18482109

Leger D, Guilleminault C, Santos C, Paillard M (2002) Sleep/wake cycles in the dark: sleep recorded by
polysomnography in 26 totally blind subjects compared to controls. Clin Neurophysiol. 113:1607—
1614. PMID: 12350437

Squarcini CF, Pires ML, Lopes C, Benedito-Silva AA, Esteves AM, Cornelissen-Guillaume G, et al.
(2013) Free-running circadian rhythms of muscle strength, reaction time, and body temperature in total-
ly blind people. Eur J Appl Physiol. 113:157-165. doi: 10.1007/s00421-012-2415-8 PMID: 22618303

Roenneberg T, Kantermann T, Juda M, Vetter C, Allebrandt KV (2013) Light and the human circadian
clock. Handb Exp Pharmacol. 217:311-331. doi: 10.1007/978-3-642-25950-0_13 PMID: 23604485

Scheuermaier K, Laffan AM, Duffy JF (2010) Light exposure patterns in healthy older and young adults.
J Biol Rhythms. 25:113-122. doi: 10.1177/0748730410361916 PMID: 20348462

Wang XS, Amstrong ME, Cairns BJ, Key TJ, Travais RC (2011) Shift work and chronic disease: the epi-
demiological evidence. Occup Med 31:78-89.

Roenneberg T, Kuehnle T, Juda M, Kantermann T, Allebrandt K, Gordijn M, et al. (2007). Epidemiology
of the human circadian clock. Sleep Med Rev 11:429-438. PMID: 17936039

Chang AM, Scheer FA, Czeisler CA, Aeschbach D (2013) Direct effects of light on alertness, vigilance,
and the waking electroencephalogram in humans depend on prior light history. Sleep. 36:1239-1246.
doi: 10.5665/sleep.2894 PMID: 23904684

Dijk DJ, Archer SN (2009) Light, sleep, and circadian rhythms: together again. PLoS Biol 7:e1000145.
doi: 10.1371/journal.pbio.1000145 PMID: 19547745

Juda M, Vetter C, Roenneberg T (2013) Chronotype modulates sleep duration, sleep quality, and social
jetlag in shift-workers. J Biol Rhythms. 28:141-151. doi: 10.1177/0748730412475042 PMID:
23606613

PLOS ONE | DOI:10.1371/journal.pone.0126721

May 27,2015 12/13


http://www.un.org/en/peacekeeping/documents/ppbm.pdf
http://www.un.org/en/peacekeeping/documents/ppbm.pdf
http://www.world-nuclear.org/info/non-power-nuclear-applications/transport/nuclear-powered-ships/
http://www.world-nuclear.org/info/non-power-nuclear-applications/transport/nuclear-powered-ships/
http://www.ncbi.nlm.nih.gov/pubmed/10452330
http://www.ncbi.nlm.nih.gov/pubmed/17393936
http://dx.doi.org/10.1371/journal.pone.0086176
http://www.ncbi.nlm.nih.gov/pubmed/24465943
http://dx.doi.org/10.1242/jeb.096677
http://dx.doi.org/10.1242/jeb.096677
http://www.ncbi.nlm.nih.gov/pubmed/24622893
http://www.ncbi.nlm.nih.gov/pubmed/16687322
http://www.ncbi.nlm.nih.gov/pubmed/17502598
http://dx.doi.org/10.3109/07420528.2013.844162
http://dx.doi.org/10.3109/07420528.2013.844162
http://www.ncbi.nlm.nih.gov/pubmed/24156521
http://dx.doi.org/10.1111/j.1365-2869.2008.00656.x
http://dx.doi.org/10.1111/j.1365-2869.2008.00656.x
http://www.ncbi.nlm.nih.gov/pubmed/18482109
http://www.ncbi.nlm.nih.gov/pubmed/12350437
http://dx.doi.org/10.1007/s00421-012-2415-8
http://www.ncbi.nlm.nih.gov/pubmed/22618303
http://dx.doi.org/10.1007/978-3-642-25950-0_13
http://www.ncbi.nlm.nih.gov/pubmed/23604485
http://dx.doi.org/10.1177/0748730410361916
http://www.ncbi.nlm.nih.gov/pubmed/20348462
http://www.ncbi.nlm.nih.gov/pubmed/17936039
http://dx.doi.org/10.5665/sleep.2894
http://www.ncbi.nlm.nih.gov/pubmed/23904684
http://dx.doi.org/10.1371/journal.pbio.1000145
http://www.ncbi.nlm.nih.gov/pubmed/19547745
http://dx.doi.org/10.1177/0748730412475042
http://www.ncbi.nlm.nih.gov/pubmed/23606613

@’PLOS ‘ ONE

Sleeping under the Ocean

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Rajaratnam SM, Barger LK, Lockley SW, Shea SA, Wang W, Landrigan CP, et al. (2011) Sleep disor-
ders, health, and safety in police officers. JAMA. 306:2567-2578. doi: 10.1001/jama.2011.1851 PMID:
22187276

Gaggioni G, Maquet P, Schmidt C, Dijk DJ, Vandewalle G (2014) Neuroimaging, cognition, light and cir-
cadian rhythms. Front Syst Neurosci. 8:126. doi: 10.3389/fnsys.2014.00126 PMID: 25071478

Hubbard J, Ruppert E, Gropp CM, Bourgin P (2013) Non-circadian direct effects of light on sleep and
alertness: lessons from transgenic mouse models. Sleep Med Rev. 17:445-452. doi: 10.1016/j.smrv.
2012.12.004 PMID: 23602126

LeGates TA, Fernandez DC, Hattar S (2014) Light as a central modulator of circadian rhythms, sleep
and affect. Nat Rev Neurosci. 15:443—-454. doi: 10.1038/nr3743 PMID: 24917305

American Academy of Sleep Medicine (2013) International Classification of Sleep Disorders, 3rd ed.
Diagnostic and Coding Manual. Darien, lll: American Academy of Sleep Medicine.

Eldevik MF, Flo E, Moen BE, Pallesen S, Bjorvatn B (2013) Insomnia, excessive sleepiness, excessive
fatigue, anxiety, depression and shift work disorder in nurses having less than 11 hours in-between
shifts. PLoS One. 8:€70882. doi: 10.1371/journal.pone.0070882 PMID: 23976964

Waage S, Moen BE, Pallesen S, Eriksen HR, Ursin H, Akerstedt T, et al. (2009) Shift work disorder
among oil rig workers in the North Sea. Sleep. 32:558-565. PMID: 19413151

Bremner C, Brown D (2009) French sub unaware it rammed Royal Navy vessel in mid-Atlantic nuclear
crash. The Times. Edition of February 17. Available: http://www.thetimes.co.uk/tto/news/uk/
article1939042.ece. 30 January 2015

Portaluppi F, Smolensky MH, Touitou Y (2010) Ethics and methods for biological rhythm research on
animals and human beings. Chronobiol Int. 27:1911-1929. doi: 10.3109/07420528.2010.516381
PMID: 20969531

Trousselard M, Cian C, Barraud PA, Ferhani O, Roux A, Claverie D, et al. (2009) Physiological and psy-
chological effects of escape from a sunken submarine on shore and at sea. Aviat Space Envir Med.
80:850-856. PMID: 19817236

Buguet A, Raphel C, Bugat R, Fourcade J (1981) Inter Rev Army Navy Air Force Medicine Services
54:101-102.

Johns MW (1991) A new method for measuring daytime sleepiness: the Epworth sleepiness scale.
Sleep 14:540-545. PMID: 1798888

Shacham S (1983) A shortened version of the Profile of Mood States. Journal of Personality Assess-
ment 47:305-306. PMID: 6886962

Iber C, Redline S, Kaplan Gilpin AM, Quan SF, Zhang L, Gottlieb DJ, et al. (2004) Polysomnography
performed in the unattended home versus the attended laboratory setting—Sleep Heart Health Study
methodology. Sleep 27:536-540. PMID: 15164911

Morgenthaler Tl, Lee-Chiong T, Alessi C, Friedman L, Aurora RN, Boehlecke B, et al. (2007) Standards
of Practice Committee of the American Academy of Sleep Medicine. Practice parameters for the clinical
evaluation and treatment of circadian rhythm sleep disorders. An American Academy of Sleep Medicine
report. Sleep 30:1445-1459. PMID: 18041479

Ohayon MM, Carskadon MA, Guilleminault C, Vitiello MV (2004) Meta-analysis of quantitative sleep pa-
rameters from childhood to old age in healthy individuals: developing normative sleep values across
the human lifespan. Sleep 27:1255-1273. PMID: 15586779

Lamont EW, Legault-Coutu D, Cermakian N, Boivin DB (2007) The role of circadian clock genes in
mental disorders. Dialogues Clin Neurosci. 9:333-342. PMID: 17969870

Zhong G, Bolitho S, Grunstein R, Naismith SL, Lewis SJ (2013) The relationship between thermoregu-
lation and REM sleep behaviour disorder in Parkinson's disease. PLoS One. 8:€72661. doi: 10.1371/
journal.pone.0072661 PMID: 23991135

Mulrine HM, Signal TL, van den Berg MJ, Gander PH (2012) Post-sleep inertia performance benefits of
longer naps in simulated night work and extended operations. Chronobiol Int. 29:1249-1257. doi: 10.
3109/07420528.2012.719957 PMID: 23002951

Leger D, Bayon V, Elbaz M, Philip P, Choudat D (2011) Underexposure to light at work and its associa-
tion to insomnia and sleepiness: a cross-sectional study of 13,296 workers of one transportation com-
pany. J Psychosom Res. 70:29-36. doi: 10.1016/j.jpsychores.2010.09.006 PMID: 21193098

Basner M, Dinges DF, Mollicone D, Ecker A, Jones CW, Hyder EC, et al. (2013) Mars 520-d mission
simulation reveals protracted crew hypokinesis and alterations of sleep duration and timing. Proc Natl
Acad Sci U S A. 110:2635-2640. doi: 10.1073/pnas.1212646110 PMID: 23297197

PLOS ONE | DOI:10.1371/journal.pone.0126721

May 27,2015 13/13


http://dx.doi.org/10.1001/jama.2011.1851
http://www.ncbi.nlm.nih.gov/pubmed/22187276
http://dx.doi.org/10.3389/fnsys.2014.00126
http://www.ncbi.nlm.nih.gov/pubmed/25071478
http://dx.doi.org/10.1016/j.smrv.2012.12.004
http://dx.doi.org/10.1016/j.smrv.2012.12.004
http://www.ncbi.nlm.nih.gov/pubmed/23602126
http://dx.doi.org/10.1038/nrn3743
http://www.ncbi.nlm.nih.gov/pubmed/24917305
http://dx.doi.org/10.1371/journal.pone.0070882
http://www.ncbi.nlm.nih.gov/pubmed/23976964
http://www.ncbi.nlm.nih.gov/pubmed/19413151
http://www.thetimes.co.uk/tto/news/uk/article1939042.ece
http://www.thetimes.co.uk/tto/news/uk/article1939042.ece
http://dx.doi.org/10.3109/07420528.2010.516381
http://www.ncbi.nlm.nih.gov/pubmed/20969531
http://www.ncbi.nlm.nih.gov/pubmed/19817236
http://www.ncbi.nlm.nih.gov/pubmed/1798888
http://www.ncbi.nlm.nih.gov/pubmed/6886962
http://www.ncbi.nlm.nih.gov/pubmed/15164911
http://www.ncbi.nlm.nih.gov/pubmed/18041479
http://www.ncbi.nlm.nih.gov/pubmed/15586779
http://www.ncbi.nlm.nih.gov/pubmed/17969870
http://dx.doi.org/10.1371/journal.pone.0072661
http://dx.doi.org/10.1371/journal.pone.0072661
http://www.ncbi.nlm.nih.gov/pubmed/23991135
http://dx.doi.org/10.3109/07420528.2012.719957
http://dx.doi.org/10.3109/07420528.2012.719957
http://www.ncbi.nlm.nih.gov/pubmed/23002951
http://dx.doi.org/10.1016/j.jpsychores.2010.09.006
http://www.ncbi.nlm.nih.gov/pubmed/21193098
http://dx.doi.org/10.1073/pnas.1212646110
http://www.ncbi.nlm.nih.gov/pubmed/23297197

