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Introduction: Sleep research is crucial for the success of manned spaceflight. The results of previous studies on short and long duration spaceflight missions, suggests that approximately 25% of crew-members experience dramatic impairment in the quantity and/or quality of sleep. Astronauts only average 6 hours of sleep and can also suffer severe disentrainment of their circadian rhythm after ~100 days in space. CASPER is an ergonomic method of monitoring sleep stability, which was implemented as part of the 2006 Astrolab ISS Mission. In 2007 it was employed for a 4 month Arctic space analogue mission (24hr sunlight). The seven-person crew (4 males, 3 females) also lived a Martian sol (24.65 hours) for 30+ days. Methods: It has become increasingly accepted that there is a need in both research and clinical practice to document and quantify sleep and waking behaviours in a comprehensive manner, which is achieved through the use of both objective and subjective data. Therefore each crewmember completed a pre- and post-sleep adapted version of the Pittsburgh sleep diary in tandem with a computer-based decision speed test (DST) and reaction time test (RTT). Results: Data from the post-sleep diary indicates significant individual variability in mood, alertness and sleep stability. 6/7 crew-members suffered >3 point decrement subjective deterioration in sleep quality within 3 nights of commencing the Martian Sol protocol. There was no significant impact on reaction time over the duration of the protocol. There was individual variation in the changes of the DST test score. All crew-members recorded improvements in either pre- or post-sleep test over the course of the protocol, however 5/7 crew-members suffered deterioration in pre-sleep period accuracy (mean 4.6% +/- 2.5%). Discussion: The combination of physiological and subjective data is an effective method for monitoring sleep stability and performance for a long duration space analogue mission.
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In order to extend humanity’s reach beyond earth orbit it will be critical to maintain optimal alertness, performance and neurobehavioral function during extended long duration spaceflight to the Moon and Mars. This has been highlighted by both the National Aeronautics and Space Administration’s (NASA) and European Space Agency’s (ESA) Bioastronautics Critical Path Roadmap and similar documents.

Human exploration beyond earth orbit is envisioned for the coming future. However, there are many challenges and limitations, both technical and physiological, which must be overcome “to extend humanity’s reach to the Moon, Mars and beyond” [17]. Microgravity places unique stresses on the human body, and unique stresses on human physiology, affecting an individual’s ability to adapt, perform and live in space. It has become a priority for all space agencies attempting to achieve this goal, that maintaining optimal levels of performance and alertness during manned spaceflight missions is critical to mission safety and success.

The basic principles of sleep physiology and the human circadian rhythm are essential to understanding how these problems affect astronauts. Much of the early data is based on anecdotal reports, mission log books and debriefing of astronauts after flights. However, in the last 15 years scientific research has contributed enormously to knowledge in this field.

The study of human sleep and circadian rhythms in space has both operational and scientific significance. Daily rhythms in physiology and behaviour are normally coordinated through synchronisation of the circadian pacemaker by 24 hr environmental cues (zeitgebers), notably sunlight and other factors. When this synchronisation breaks down, common symptoms include poor sleep, performance decrements and gastrointestinal dysfunction. The zeitgeber environments in the polar regions and during long duration space missions are similarly impoverished due to the absence of the normal day/night alternation. Another factor is that the social milieu often includes isolated and confined groups dependent on technological support for survival.

The human circadian clock regulates the temporal organization of physiological functions in accordance with not only the day/night alternation, but also seasonal changes in photoperiod [3,4]. Seasonality in circadian rhythms, especially in phase, has been observed. Stable temporal organization of human physiology and psychology is normally achieved through synchronization of the underlying circadian pacemaker to a 24 hr time period, primarily influenced by specifically timed light exposure and reinforced by social factors [8,9]. The polar regions have provided major challenges to the circadian timing system because of their extreme seasonal variations in light/dark cycles, combined with varying degrees of social isolation which can impact on sleep stability, performance, situational and social characteristics [26]. Social schedules, particularly the sleep/wake cycle, can also have a strong impact on circadian rhythms [5,28]. Strong social cues may counteract the effects of natural photoperiod on circadian rhythms [31]. A lot of this work was compromised by infrequent sampling and small numbers of subjects [13]. The extended and dramatically altered photoperiod in polar regions has strong potential to influence human circadian rhythms and has important implications for extended human spaceflight missions.

Astronaut fatigue, alertness decrements and performance failure have all been identified as critical risk factors during extended spaceflight. The loss of the 24 hr terran light cycle, circadian rhythm disentrainment, microgravity, confinement and increasing workload demands often result in sleep disruption and instability. Operational demands often require astronauts to overrun their internal biological clock (ie. circadian pacemaker), resulting in sleep and circadian rhythm disruption. Ground based research has demonstrated that such misalignments can result in performance decrements, subjective and objective fatigue, decreased alertness and resultant sleep disruption [1,10,11]. Crewmembers can then often experience fatigue when trying to perform mission-critical tasks and insomnia when trying to sleep, thus compromising the safety of the mission and increasing the risk of accidents and potential mission failure.

Of particular interest are several studies that have specifically examined the process of adaptation of temperate zone dwellers to the continuous light environment of the polar day. This particular scenario has strong validity and implications as an analogue for as astronauts visiting a lunar base during the (14 Earth day) lunar day [13,25] or a polar Martian base. The zeitgeber environments of the polar regions (summer and winter) and long duration space missions have a number of important similarities. The absence of the 24 hr Terran light pattern while in earth orbit, the absence of day/light alteration on interplanetary flight and the differing levels of intensity, frequency and periodicity of light on the surface of another planetary body can all have dramatic effects on both sleep stability and circadian rhythm disruption.

The absence of the 24 hr Terran light pattern in these environments means that other zeitgeber cues must be strong enough to maintain circadian rhythm synchrony. In this regard, isolated groups living and working in space analogue environments, especially for prolonged periods of time, have proven very useful and are recognized as a valuable tool for investigating these phenomenon [15]. The importance of psychosocial interaction is also an important consideration for long duration spaceflight, which is intrinsically linked to the effects of sleep disruption and deprivation. Despite the differences in the physical environment and crew size, many aspects of the social environment of long duration spaceflight are readily reproduced by resident crews in the polar regions. The isolation and confinement of small groups of highly trained individuals in environments, where they depend on technological for survival, in combination with the extreme environment, is an apparent parallel. The aspects of social organisation, which provide zeitgeber cues for the circadian rhythm, are being investigated [26]. 

In the present study we investigated the effects of an Arctic space analogue long duration mission on the sleep-wake cycles of seven subjects. We examined the effects of a Martian sol and extreme environment over an extended period of time on rest-activity cycles, reaction time and decision speed tests.

METHODS

The Mission

Human factors research is a critical element of space exploration as it provides insight into a crew’s performance, psychology and interpersonal relationships. Understanding the way humans work can help improve mission efficiency and safety, and lead to an optimal design for a habitat. Long duration analogue studies, such as those being conducted at the Flashline Mars Arctic Research Station (FMARS) on Devon Island, Canada, offer an opportunity to study mission operations and human factors, and contribute to the design of missions to explore the Moon and Mars. FMARS 2007 was the first four-month analogue Mars mission ever conducted, and thus provides a unique insight into human factors issues for long-duration space exploration. 

The four primary human factors research projects onboard included studies on support measures based on distance communication technologies and physical training, group dynamics and the perception of situational factors, station environment habitability, and sleep disruption. These experiments were supplemented by a Mars Time and food preparation and storage study.

The studies conducted with the F-XI LDM crew looked at the psychological, physiological, and sociological changes that occur over a long duration mission. The station has many constraints and operational guidelines to make the simulation as close to a Mars mission as possible. These imposed constraints are reinforced by the remoteness of Devon Island and the isolation that the crew experiences there. The closest town is an hour away by small plane, and flights are not readily available. The weather conditions vary rapidly and may delay any rescue by weeks. Devon Island is the largest uninhabited island on Earth and visible life is rare. These many similarities to Mars make FMARS one of the best Mars analogue locations on Earth. With temperatures reaching as low as negative forty degrees (Celsius or Fahrenheit) the harsh conditions simulate hardships that a crew would experience during a real Mars mission. The simulation is further strengthened by the level of confinement, which is defined by how closely the crew follows protocols such as wearing spacesuits every time they leave the habitat. The layout of the habitat lends some visual privacy in limited crew quarters, but the walls are not soundproof. One of the most important components of this mission and its impact on this particular study was the 24 hours of daylight, which is analogous to that of a polar Moon or Mars mission. The purpose was that the crew’s schedule would be conducted in the absence of visual cues for the time of day. These conditions make FMARS an ideal location for hosting human factors research and an excellent analogue for long duration human spaceflight exploration [18].
Subjects

All seven subjects (four males, three females) onboard agreed to participate in this study. The subjects were between the ages of 23 and 38, who spent 100 days (May-August) during the summer of 2007 at the Flashline Mars Arctic Research Station (FMARS) on Devon Island, Canada in the Arctic Circle. Arbitrary subject codes will be used for each crewmember throughout this report (CMA through CMG). All subjects were evaluated as medically and psychologically qualified for this long duration mission. Informed consent was obtained from each participant after the study objectives and data collection procedures had been fully explained. Procedures for data analysis were reviewed and approved by the Institutional Review Board at the University of Limerick.

Measures

The following measures were used in this study: a) pre- and post-sleep diary; b) reaction time test (RTT) and c) decision speed test (DST). Information on the three data sets was collected before, during and after the Martian Sol time period.

Subjective sleep monitoring was employed in the form of pre- and post-sleep questionnaires, which was designed to provide important feedback on the perceived stresses on the subject and their individual quality of sleep. This was achieved using an adapted template of the Pittsburgh Sleep Diary [24]. The Pittsburgh Sleep Diary was completed at before and after each sleep episode incorporating visual analogue scale ratings and alternative answer questions. Bedtime components relate to the events of the day preceding the sleep period while wake-time components evaluate the subjective quality of the previous nights sleep. Mood and alertness were also evaluated twice a day as part of the sleep diary.

The sleep diary kept a detailed log of several components comprised of the following:

Pre-Sleep Diary:

1. How tired were you at the start of this shift? (Very little 1 – 10 Very much)

2. How tired are you now at the end of this shift? (Very little 1 – 10 Very much)

3. How hectic/busy was this shift? (Very little 1 – 10 Very much)

4. How physically strenuous was your work today? (Very little 1 – 10 Very much)

5. How mentally taxing was your work today? (Very little 1 – 10 Very much)

6. How satisfied are you with work done this shift? (Very little 1 – 10 Very much)

7. How tense do you feel now? (Very little 1 – 10 Very much)

8. How sleepy do you feel now? (Very little 1 – 10 Very much)

9. Were you troubled by sickness, headaches, pain, stiffness…? (Very little 1 – 10 Very much)

10. A)Which affected you personally?

Equipment problems
   Yes/No

Timeline problems
   Yes/No

Environment problems  Yes/No


B) Have you had any in the last             5 hours?

Caffeine

Yes/No


Other stimulant
Yes/No

Post-Sleep Diary:

1. Took a hypnotic last “night”?



Yes/No

2. Difficulty to fall asleep last “night”? (Very little 1 – 10 Very much)

3. After asleep awoke this many times by:

(Fill in appropriate number)

a) Mission circumstances



b) To use bathroom



c) Wearing of equipment


d) General discomfort



e) Just woke




1
=
0 times

2
=
1 time

3
=
2 times

4
=
3 times

5
=
4 times

6
=
5 times +

4. Which disrupted your sleep last “night”?

Ambient temperature
   Yes/No

Air flow

   Yes/No

Noise


   Yes/No

Vibration

   Yes/No

5. Awakened this “morning” by:


=
Something


=
Someone


=
Just woke

6. Sleep quality? (Very poor 1 – 10 Very good)

7. Mood on final wakeup? (Very poor 1 – 10 Very good)

8. Alertness (how well rested) on final wakeup? (Very sleepy 1 – 10 Very alert)

9. Was there any mechanical problem with the equipment / sensors?                         Yes/No

The reaction time test [16] was completed both pre- and post-sleep, on three occasions each time to obtain the mean. The decision speed test [15] was completed both pre- and post-sleep. The results of these tests were calculated to produce both subject group means and individual crew-member means and were computer web based. Both tests involved visual reaction to stimuli. The RTT measured reaction times in seconds to the appearance of a non-complex stimulus and averaged the reaction times. The DST involved the recognition, identification and reaction to the presentation of two different objects. The score was generated on the basis of the correct identification of the object and speed of selection.

Measurement Block

The experiment was structured in terms of a 37 day Mars time period, which started on day 51 of the mission. Data was also collected during two five day pre- and post-Mars time measurement blocks. The results are garnered from data in parallel measurement blocks of 1) five days immediately preceding the commencement of Mars time (26th-30th June) 2) first 10 days of Mars time (2x5 day blocks) 3) last 5 days of Mars time 4) five days post completion of Mars time (12th-16th August). The two Mars time measurement blocks we examined were toward the beginning of Mars time (Mars day 1-10 [Mission day 51-61]) and toward the end of Mars time (Mars day 33-37 [Mission day 84-88]). Each of these five night blocks resulted in data for 35 subject nights (7 subjects x 5 nights).

RESULTS

Deviations From Protocol

The quality of data collection was very good and the protocols were largely adhered to during the mission. Occasional entries were not completed due to competing mission constraints, experimental needs and minor technical problems with power supply for computer-based tests. However, these omissions were not enough to compromise the integrity of the results.

Sleep Diary

Both pre- and post-sleep diaries were based on an adapted version of the Pittsburgh sleep diary and we used a similar method of data calculation and 

TABLE I: SUBJECTIVE SLEEP DIARY RESULTS.

	
	Pre-Mars
	Early Mars (MD 5-10)
	Late Mars

(MD 32-36)
	Post-Mars

	Pre-Sleep Diary Results
	
	
	
	

	Q1. Tired start of shift
	5.1
	4.0
	4.6
	5.3

	Q2. Tired end of shift
	6.3
	6.8
	7.3
	6.8

	Q3. Hectic/Busy
	7.2
	6.5
	6.7
	6.6

	Q4. Physically strenuous
	5.8
	5.5
	5.1
	4.7

	Q5. Mentally taxing
	5.7
	5.4
	6.5
	6.4

	Q6. Work satisfaction
	6.5
	6.2
	7.0
	7.0

	Q7. Tense now
	5.1
	4.8
	5.2
	4.5

	Q8. Sleepy now
	6.3
	6.7
	7.1
	6.9

	Q9. Troubled by ailments.
	3.5
	3.5
	3.6
	3.0

	
	
	
	
	

	Post-Sleep Diary Results
	
	
	
	

	Q2. Difficulty falling asleep
	3.2
	2.7
	2.2
	2.5

	Q6. Sleep quality
	6.8
	7.1
	6.6
	6.8

	Q7. Mood on wakening
	6.2
	6.6
	6.3
	6.2

	Q8. Alertness on wakening
	6.1
	7.0
	6.7
	6.2


comparison as Monk et al. 1998 [20]. Both pre- and post-sleep components consisted of a number visual analogue scales which were subjectively rated on a scale of 1-10. The visual analogue scale results are presented as means in Table I comparing the four different subject group nights encompassing the entire crew.

Pre-sleep diary recordings are shown in Table I.  Subjective tiredness at the start of the shift (Q1) decreased dramatically from the pre-Mars time period to the early Mars (Mars Day (MD) 5-10) time period from 5.1 to 4.0. There was then a less dramatic increase of 0.6 from both the early Mars to late Mars (Mars Day (MD) 32-36) and late Mars to post-Mars time periods. Tiredness at the end of the shift (Q2) demonstrated an increase from 6.3 to 6.8 from the pre-Mars (PrM) to early Mars (EM) time period. There was an increase in tiredness at the end of shift of 0.5 from the early Mars to late Mars (LM) time period, however there was a decrease of 0.5 from 7.3 to 6.8 again in the late Mars 

to post-Mars (PoM) time period.

The business/hectic of the previous shift (Q3) decreased by 0.7, from 7.2 to 6.5, from PrM to EM. There was a small increase in business/hectic of the previous shift of 0.2 from EM to LM and a slight decrease of 0.1 from LM to PoM. There was a steady decrease in the subjective impression of the physically strenuous nature of the previous shift (Q4) across all time periods. The subject group score decreased from 5.8 by 0.3 from PrM to EM, another 0.4 decrease from both EM to LM and LM to PoM. The mentally taxing nature of the previous shift (Q5) showed a decrease of 0.3 from 5.7 to 5.4 in PrM to EM. However, the mentally taxing nature of the previous shift showed a large increase of 1.1 from 5.4 to 6.5 from EM to LM and a small decrease of 0.1 from LM to PoM.

Work satisfaction in the previous shift (Q6) showed a small decrease of 0.3 from 6.5 to 6.2 from PrM to EM. However, there was a sizeable increase of 0.8 from 6.2 to 7.0 from EM to LM, which remained the same in PoM. The crew rated effect of ailments (Q9) (eg. Sickness, headache pain etc) as 3.5 in PrM. This remained relatively constant but showed a decrease by 0.6 from LM to PoM.

Tenseness prior to sleep (Q7) dropped slightly by 0.3 from 5.1 to 4.8 from PrM to EM. Tenseness rose slightly again by 0.4 from EM to LM and decreased more by 0.7 from LM to PoM. Sleepiness prior to bedtime (Q8) rose slightly by 0.4 from 6.3 to 6.7 from PrM to EM and rose again by 0.4 from EM to LM.

Post-sleep diary recordings showed a decrease in the subjective difficulty in falling asleep (Q2) of 0.5 from 3.2 to 2.7 from PrM to EM. This decreased again by 0.5 from EM to LM and rose slightly by 0.3 from LM to PoM. The crew’s subjectively rated sleep quality (Q6) rose by 0.3 from 6.8 to 7.1 from PrM to EM. Sleep quality then decreased by 0.5 from EM to LM and a slight increase of 0.2 was seen from LM to PoM.

The mood on final wakening rose by 0.4 from 6.2 to 6.6 from PrM to EM. Mood decreased slightly by 0.3 and 0.1 from EM to LM to PoM respectively. Alertness on final wakening rose dramatically by 0.9 from 6.1 to 7.0 from PrM to EM. It then decreased by 0.3 and 0.4 from EM to LM to PoM respectively.

There were a number of other factors that were monitored which have been shown to impact sleep stability [20,22,23,24].  The effects of these factors were recorded to assess if these factors had an impact on the crew. Out of the 35 subject nights for each time period, there were timeline problems (Q10A) affected the crew 23% of the time during PrM; there was a large drop to 9% in EM and rose again to 21% in LM. There was 0% incidence of timeline problems in PoM. There were environmental problems (Q10) with an incidence of 20% during PrM. This decreased by 8% to 12% from PrM to EM. This dropped to 6% and 3% during LM and PoM respectively.

The incidence of caffeine and other stimulant use (Q10) was monitored during each subject group block. There was an incidence of 34% and 11% during PrM, 31% and 14% during EM, 27% and 15% during PoM and 24% and 15% during PoM for caffeine and other stimulant use respectively.

TABLE II. PRE-SLEEP DECISION SPEED TEST (DST).

	
	Pre-Mars
	Early Mars
	Late Mars
	Post-Mars

	DST (Score)
	
	
	
	

	Subject Group
	75.6
	82.6
	88.9
	87.3

	CMA
	69.9
	89.6
	86.4
	79.5

	CMB
	93.7
	99.2
	105.1
	95.4

	CMC
	84.19
	94.2
	112.3
	113.0

	CMD
	62.6
	61.8
	65.4
	64.0

	CME
	92.3
	92.5
	97.5
	108.6

	CMF
	58.1
	70.2
	73.5
	77.9

	CMG
	68.6
	70.6
	80.8
	72.6

	
	
	
	
	

	DST (% Correct)
	
	
	
	

	Subject Group
	90.8
	91.9
	89.3
	88.1

	CMA
	88.5
	96.2
	89.5
	82.8

	CMB
	81.8
	79.0
	83.3
	81.8

	CMC
	95.2
	95.2
	96.4
	94.2

	CMD
	95.2
	94.0
	91.4
	95.2

	CME
	93.3
	96.2
	90.4
	91.4

	CMF
	92.9
	96.8
	93.6
	92.8

	CMG
	88.5
	85.7
	80.9
	78.5


The incidence of awakening during the “night” from a variety of causes, including subjective and environmental (post-sleep diary Q3&4), was also recorded during the different time periods. Out of the 35 subject nights for each time period, the crew were asked to verify if they were awoken by a variety of stimuli including mission circumstances, necessity to go to the bathroom, general discomfort or whether they awoke of their own accord. The number of incidents of awakening during the sleep period due to mission circumstances in PrM was 45. This increased to 57 in EM, decreased to 40 in LM and 35 in PoM. The number of incidents of awakening during the sleep period due to go to the bathroom in PrM was 39. This increased to 47 in EM, decreased to 43 in LM and 42 in PoM. The number of incidents of awakening during the sleep period due to general discomfort in PrM was 55. This remained constant in EM, decreased to 54 in LM and increased by 2 to 56 in PoM. The incidence of subjective spontaneous awakening during the sleep period in PrM was 55. This increased to 65 in EM, decreased to 52 in LM and increased by 2 to 54 in PoM.

The incidence of awakening during the next morning from a subjective variety of causes (Q5), was also recorded during the different time periods. Out of the 35 subject nights for each time period, the crew were asked to verify if they were awoken the next “morning” by a variety of stimuli including something, someone or whether they awoke of their own accord. The incidence of being of spontaneously awakening of their own accord following the sleep period the next morning was 14% during PrM. This increased to 26% during EM, increased again to 35% during LM and decreased to 20% during PoM. There were no obvious trends or patterns noted among the other factors.

Decision Speed Test

Decision speed test score results and percentage for the pre-sleep period in all four time period blocks are shown in Table II. The total subject group score (0-100) was 75.6 during the PrM. This increased to 82.6 during EM, and to 88.9 during LM. There was a slight decrement to 87.3 in PoM. However, the correlating percentage correct for each score remained relatively constant at 90.8%, 91.9%, 89.3% and 88.1% for PrM, EM, LM and PoM respectively.

Reaction Time Test

Reaction time test score results and for the pre-sleep period in all four time period blocks is shown are Table III in seconds. The total subject group score shows a mean constant reaction time score across the four time periods of 0.25s, o.25s, 0.26s and 0.25s for PrM, EM, LM and PoM respectively.

TABLE III. REACTION TIME TEST (RTT).

	
	Pre-Mars
	Early Mars
	Late Mars
	Post-Mars

	RTT (sec)
	
	
	
	

	Subject Group
	0.25
	0.25
	0.26
	0.25

	CMA
	0.23
	0.23
	0.22
	0.24

	CMB
	0.26
	0.25
	0.26
	0.26

	CMC
	0.21
	0.20
	0.21
	0.21

	CMD
	0.28
	0.28
	0.29
	0.27

	CME
	0,23
	0.24
	0.25
	0.24

	CMF
	0.27
	0.27
	0.27
	0.29

	CMG
	0.27
	0.28
	0.29
	0.21


DISCUSSION

Many of the results gathered during this study imply the resiliency and adaptive nature of the human circadian system when stressed by extreme environments and conditions. There were a number of factors during this mission that were designed to stress the circadian rhythm of the crew-members. These included a Mars space analogue environment, a long duration 100 day mission, 24 hour sunlight and the implementation of the first long duration (37 days) operational Martian Sol (24.65 hrs) protocol. There were guidelines put in place prior to the commencement of the mission (similar to NASA Appendix K) to ensure that the crew-members were not overworked and received adequate rest. They also had regular consultation and interaction with remote flight surgeons. This was to ensure that crew-members were monitored correctly.

Having noted these constraints and factors there seemed to be remarkable adaptation and resilience of the human circadian system to something as profound as living in a small habitat, under extra-planetary analogue conditions for an extended period of time while being exposed to 24 hr sunlight. One of the interesting factors that emerged from the data collected in the sleep diary was the subjective feeling of tiredness at the start of the shift decreased dramatically from Pre-Mars to Early Mars (5.1 during PrM to 4.0 during EM). There may be a number of causes for this decrease in tiredness at the start of shift, including differing mission workload etc. However, there may be an alternative cause in this instance. Exogenous factors or zeitgebers (entraining agent or “time giver” as introduced by Aschoff) include factors such as the environmental light/dark cycle, which is the strongest entrainment of the circadian rhythm. It is the 24 hr terran light/dark cycle that is largely responsible for entraining the circadian rhythm to a 24 hr day. However, there is also a significant social aspect including personal interaction and work duty demands.  The inherent free-running rhythm of the circadian pacemaker is now accepted to be ~24.2 hrs, however this can range from 23.8 hrs up to 24.9 hrs [6,19]. Since the crew was exposed to 24 hr sunlight and living a Martian sol their circadian rhythm may have adapted and entrained to the longer Martian day, which may be closer to the free-running cycle of the circadian pacemaker. The crew reported a dramatic increase in the incidence of spontaneous awakening from sleep from 14% to 26% to 35% from PrM to EM to LM, respectively. This may have implications for a further long duration mission as the crew-members approached and acclimated to the body’s natural free-running circadian state which was in tandem with the Martian Sol. The subjective rating of tiredness at the end of the shift increased from 6.3 to 6.8 to 7.3 from PrM to EM to LM, which may have resulted from the cumulative longer day. This then decreased by 0.5 from LM to PoM.

Visible light is registered via retinal ganglion cells of the eye and is then transmitted through the hypothalamic tract to the suprachiasmatic nucleus of the hypothalamus, where the circadian pacemaker is located [29].  Through this neural pathway, light acts as one of the most powerful stimuli in circadian rhythm regulation. This contributes to a stable phase relationship between the sleep/wake cycle and circadian rhythms. The light/dark cycle is the most powerful external influence acting upon the human circadian pacemaker. It has been shown that timed exposure to light can both synchronize and reset the phase of the circadian pacemaker in a predictable manner [28]. This can influence a shift in the circadian rhythm to an earlier (phase advance) or later (phase delay) time within the biological day. This technique has been used effectively by NASA in the acute phase advance or slam-shifting of US Space Shuttle astronauts’ circadian rhythm, in preparation for a night launch [30]. Since the subjects in our study lost the important entraining stimulus of the terran light/dark cycle it is reasonable to presume that there may be some obvious effect on either the stability or quality of sleep. However, the difficulty rating in falling asleep decreased from 3.2 to 2.7 to 2.2 from PrM to EM to LM respectively, implying that it was easier for subjects to fall asleep.  This change may suggest a type of phase adaptation to the longer day as the Martian time period extended. This may also have had an initial impact on the stability of sleep because the crew recorded an improvement in alertness on awakening of 0.9 from 6.1 to 7.0 from PrM to EM. This deteriorated marginally to 6.7 in the LM as the Martian time period progressed and returned to almost pre-Mars levels at 6.2 in the PM time period. However it is also important to note the subjective feeling of sleepiness immediately prior to the sleep period increased steadily from 6.3 to 6.7 to 7.1 from PrM to EM to LM as the Martian time period progressed. This may have been a cumulative effect of the longer days, more work being done and some circadian rhythm disentrainment.
Although it is known that the Martian Sol day period length of 24.65 hrs is well within the circadian range of entrainment according to previous studies conducted in relatively bright light (23–27 hrs) [2], preliminary laboratory results have suggested that in dim light conditions, such as those found indoors, humans cannot reliably entrain to a 24.65 hr Martian sol. Those who have periods shorter than 24 hrs, which is about 25% of the population, will have the greatest challenges in entraining to a Martian sol [7]. This may also have impacted on the subject group decrease in subjective quality of sleep of 7.1 to 6.6 from EM to LM as the Martian time period progressed.

However, the combined increase of subjective sleepiness prior to the sleep period of 6.3 to 6.7 to 7.1 from PrM to EM to LM respectively and the decrement of sleep quality from 7.1 to 6.6 from EM to LM may also have implications for long duration spaceflight missions. During a short duration mission with a stable work/rest schedule, stability and good entrainment has been found in the subjects’ circadian rhythms, with baseline amplitude levels and no phase drift, although sleep durations were short and delta sleep was attenuated. In long duration missions, disturbed nights of sleep with durations less than 5 hrs were associated with decrements in the following day’s self-rated performance. The total sleep period needs to be ~8.2 hrs/day to avoid a cumulative performance deficit [12]. There is also continuing evidence, that after ~100 days in space, circadian rhythms in oral temperature and subjective alertness become flattened, thus strongly suggesting a diminished influence of the endogenous circadian pacemaker [21]. This may represent an important parallel with the FMARS long duration mission, as the end of the Martian Sol time period occurred ~mission day 90. It is thought that this total disentrainment of the circadian rhythm occurs between days 90-110. A combination of the space analogue extreme environment, long duration mission and 24 hr sunlight may have combined to cause partial circadian rhythm disruption leading to a decrement in the quality and/or stability of the crew’s sleep patterns during this mission. The crew in the current study reported initial very low incidence of subjective timeline problems at 9%, however this increased to 21% again during the LM time period as the crew approached the 90 day mission mark.

The apparent improvement in the decision speed test for the subject group from 75.6 to 88.9 from PrM to LM is probably due largely to a learning effect of the test. This is reinforced by the relatively constant 90% (+/- 1.9%) percentage correct. There were apparent trends discernible from the reaction time test.

CONCLUSIONS

It is obvious that the extreme environment encountered on this mission had an effect on the quality and stability of the sleep patterns of the FMARS crew. The combination of environmental effects and space analogue environment on the long duration mission probably contributed partially to the circadian rhythm disruption that has been observed on other missions. The observed subjective results suggest that there was both partial entrainment and disruption to the circadian phase associated with the Martian Sol time period experienced by the crew. The most notable and important trends showed a decrease in tiredness at the start of the shifts compared to the pre-mars time period and a subjective decrease in sleep quality over the course of the Martian Sol time period. This is a complex interaction, which warrants further investigation, especially given its relevance and importance to future planetary space missions. The subjective sleep diary has been shown to be a valuable tool and would be used to greatest effect as an adjunct to physiological monitoring combining both objective and subjective data to investigate sleep stability in an space analogue environment and a valuable tool for long duration spaceflight.
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