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Abstract

:

The static lighting condition (SLC) in confined spaces may pose great challenges to the health of long-stay workers, inducing sleep disorders, cognitive decline, and negative emotions such as depression or anxiety. To explore human responses to the SLC (300 lx and 6000 K), 20 young subjects (22.6 ± 1.88 years old) were recruited in the underground confined lab for a week by measuring melatonin, core body temperature (CBT), subjective alertness (KSS score), sleep quality (Pittsburgh Sleep Quality Index, PSQI), Psychomotor Vigilance Task (PVT), Hamilton Depression Scale (HAMD) and Self-rating Anxiety Scale (SAS). The results showed a posterior shift in circadian rhythm after 1 week of confinement, with 0.62 h delay of dim light melatonin onset (DLMO), higher melatonin concentrations in the evening, lower melatonin concentrations at midnight, a day-by-day increase in KSS and CBT at bedtime, but this decreased daily when waking up, with cumulative effects. There was a progressive increase in sleep latency, PSQI scores, response time and scores of subjective emotion scales, meaning worse sleep, performance and emotional state. Due to limited exposure to high-lighting stimuli during the daytime, the initial concentrations of melatonin increased in the evening and decreased before sleep. In confined spaces, active health interventions by dynamic lighting patterns were proposed to safeguard human health and performance.
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1. Introduction


The human biological clock is influenced by the natural light and dark cycles and synchronized with the sunrise and sunset [1]. Light is an important circadian rhythm regulator and is sensed by intrinsically photosensitive retinal ganglion cells (ipRGCs) [2,3], as well as rods and cones. They are transmitted through the neural pathways to the suprachiasmatic nuclei (SCN) in the hypothalamus, via the paraventricular nucleus (PVN) and the superior cervical ganglia to the pineal gland, which in turn controls the concentration of hormones such as melatonin and cortisol [4], adjusts core body temperature and subjective alertness, regulates circadian rhythms and sleep–wake cycles [5], and also causes cognitive and psycho-emotional changes [6].



However, in isolated and confined extreme (ICE) environments, such as submarines, underground control centers and Antarctic research stations during the polar night, where daylight is lacking [7], the artificial lighting is always static, with the same illuminance and color temperature and lacking dynamic changes. It is difficult for people to sense the changes in time, which may lead to health problems such as circadian rhythm disturbances and sleep disorders. As confined time increases, sleep latency and reaction time gradually increase, and sleep quality and cognitive ability may gradually deteriorate [8,9]. As the period of people’s biological clock is about 24.2 h, the circadian phase may shift backwards gradually [10,11]. The “Mars 500” project conducted a simulated Mars travel experiment on six subjects for 520 consecutive days and found that the ratio of sleep and rest time increased, and showed changes in their sleep–wake cycles and poorer sleep quality, cognitive performance and mood states [12,13]. In the “Moon Palace 365” experiment, Liu H [14] found the delay trend of the peak urinary melatonin concentrations in four subjects and suggested the use of dynamic lighting to simulate daylight for active interventions on physical and mental health. Sleep and waking times were gradually delayed in people living in underground caves for long periods, but a sleep–wake cycle of around 24 h was maintained [15]. A higher rate of insomnia, drowsiness and sleep disturbance was observed among those working in the underground compared to workers with access to daylight on the ground [16]. Office workers in the windowless spaces showed higher PSQI scores and poorer sleep than those in the windowed rooms [17]. It was evident that the lack of daylight in the confined spaces has detrimental effects on human hormonal rhythms, sleep quality and cognitive performance.



What is more, confined spaces are relatively closed and depressing, with less contact with the outside world and a lack of affectionate care and social activities, exacerbating the risk of negative emotions such as depression and anxiety, causing poorer cognitive performance in operational ability and memory [18], even accidents [19,20]. Similar to the polar night period at Antarctic research stations, prolonged lack of daylight would lead to the disturbance of circadian rhythms, delayed rhythmic phases and poor sleep quality [21,22], triggering Winter-over Syndrome and Polar T3 Syndrome [23,24,25,26], including feelings of isolation, cognitive decline, interpersonal tension, seasonal affective disorder [27], increased tension and anxiety [28]. In addition, the significant reduction in outdoor exposure to daylight during the pandemic control for COVID-19 induced delays in sleep duration, reduced sleep quality, and resulted in the deterioration of physical and mental health. It was recommended to receive as much daylight stimulation as possible during the daytime to mitigate the negative effects of the social restrictions [29,30,31,32].



In addition, the prevalence of shift work schedules in confined spaces has led to sleep deprivation and exacerbates sleep disorder problems [33]. Inappropriate lighting stimulation during shift work predisposed workers to difficulties in falling asleep, sleep deprivation [34], deterioration of mood [35,36], increased metabolic stress on the heart, and loss of short-term memory [37]. It was also associated with increased body weight/BMI, risk of obesity and reduced glucose tolerance [38,39], predisposing workers to cardiovascular diseases such as coronary heart disease and stroke [40]. Wang F. et al. [41] found that the risk of breast cancer increased by 3% with every 5-year increase in night shift work. And exposure to bright light at night or the use of electronic devices would negatively affect sleep and circadian rhythms [42]. So there was a need for integrative lighting that took both physical and psychological needs into account [43].



The current lighting environment in confined spaces was mostly designed according to traditional functional lighting requirements, mainly to meet visual needs, with fixed illuminance, single correlated color temperature (CCT) and static lighting scenes, making it difficult to meet the needs of emotion, circadian rhythm and elimination of sensory deprivation. To understand the cumulative effects of lighting on human sleep, circadian rhythm, emotion and cognition in confined spaces, this study conducted a continuous confined experiment in an underground laboratory for a week and a static lighting pattern was used to simulate the current lighting situation. A series of human responses were monitored, including the melatonin concentration at night, subjective sleepiness (KSS scores) and CBT during the morning and evening, daily PSQI scores, sleep quality indicators (sleep latency, number of awakenings and sleep efficiency), PVT tests (response time and errors), and changes in emotional states.




2. Materials and Methods


2.1. Participants


Since most workers in the confined spaces were male, there was an influence of female physiological factors on the melatonin secretion pattern, as the experimental period was long [44]. Young males of similar age were selected as experimental subjects in this study to reduce the influence of gender and age. Due to the limited space in the laboratory, 20 male subjects were finally selected to participate in the experiment, and a repeated-measures experimental design was used to reduce the effects of individual differences. The subjects were all university students, aged 22.6 ± 1.88 years old. Their body mass indexes (BMIs) were 23.74 ± 3.32 and they had normal corrected visual acuity, good health, regular work and rest, without smoking or alcohol abuse.



This study was approved by the Medical and Life Sciences Ethics Committee of Tongji University (No. 2021tjdx069), and all the participants signed an informed consent form and were financially compensated for participation.




2.2. Experimental Setup


The laboratory was converted from a basement to simulate the ICE environment. Four rooms were transformed into sleep rooms for lighting intervention and equipped with a central air-conditioning and ventilation system to maintain the consistency of temperature, humidity, and air quality in different rooms (Figure 1). In addition, the underground laboratory was not affected by daylight or outdoor noise. Each room can accommodate five people and is furnished identically, with four dimmable LED panel lights installed directly above the table. The subjects worked in a fixed position and slept on the same bed each day. They could spend their afternoons in the activity room and gym, or the conference room for group activities. In addition, there were supporting facilities such as a laboratory room, office, machine room, lavatories and toilets, which were able to meet the needs of daily life over a long period.




2.3. Light Treatment


According to the current lighting situation in the underground space and the relevant lighting design standards [45], the static lighting condition (SLC) was targeted with a common CCT of 6000 K and a horizontal illuminance of 300 lx on the desks of the sleep room (Figure 2a,b). The actual average vertical illuminance of the eyes was 121.38 lx, the melanopic equivalent daylight illuminance (melanopic EDI) was 109.45 lx and the circadian stimulus (CS) was 0.21. The same color temperature and horizontal illuminance of the desktop were used in the meeting room and activity rooms, except that the lamps were not dimmable or color-adjustable.



As a marker of the circadian phase, dim light melatonin onset (DLMO) was a useful method for evaluating the delayed or advanced phase of human rhythms [46]. It needed to be measured in dim light (less than 30 lx), as exposure to light will cause a decrease in melatonin levels [47,48]. The DLMO lighting condition (DLC) was used from 19:00 to 24:00 on the nights of the 1st and 8th days, reducing the horizontal illuminance on the table to less than 30 lx, with an average vertical illuminance at the eyes of 10.61 lx (melanopic EDI = 9.75 lx, CS = 0.02) to minimize the disturbance of sleep and circadian rhythm (Figure 2c,d).



The horizontal illuminance in the sleep rooms was averaged by the grid method of measurement on the tables at a height of 0.75 m above the floor. The mean value of the vertical illuminance at the eyes’ position in the direction of the subject’s sight when sitting was taken as the illuminance at the eyes. The measurements were carried out with an Illuminance Spectrophotometer (CL-500A, KONICA MINOL, JPN). Field measurements were taken at 4 points around the table where people were sitting in each room. The melanopic EDI, Circadian stimulus (CS) and Circadian Light (CLA) were calculated at each point and finally averaged. The results of the specific lighting parameters obtained from the measurements are shown in Table 1.




2.4. Experimental Protocol


To guarantee a regular schedule, the subjects started wearing sleep bracelets (Huawei B4 Pro) one week before the experiment. During the experiment, the subjects had a uniform diet and were not allowed to consume food containing alcohol or coffee to avoid disturbing their sleep.



Considering that people may not be used to unfamiliar environments which can interfere with sleep, for the 3 days before the experiment, they were free to enter and leave the confined laboratory, sleeping in the laboratory at night to acclimatize and moving freely during the daytime to be familiarized with the environment and the beds. After entering the underground laboratory at 15:00 on the first day, they were not allowed to go outside or receive daylight until the end of the experiment. During the 8 days, a static lighting pattern was used to simulate the current lighting situation. They got up at 8:00 and started working at 9:00. They could use computers to simulate office work in the morning, ending at 12:00, and were free to move around in the afternoon. Work started from 19:00 to midnight again. They could not use electronic devices, such as mobile phones or computers, only reading and writing assignments in the evening. Finally, they went to bed immediately after finishing work at 24:00 (Figure 3).



To evaluate the changes in circadian rhythms, salivary melatonin concentrations were measured hourly in the dim lighting pattern from 19:00 to midnight on the 1st and 8th nights to calculate the timing of DLMO. The hourly melatonin was also collected on the 2nd and 5th nights to evaluate the changing trends of melatonin in the static lighting pattern and the area under the curve (AUC) [49]. Saliva was collected at 24:00 on the 3rd, 4th, 6th and 7th nights to measure the melatonin concentrations at midnight. The HAMD and SAS scales were completed on the 1st and 8th nights to evaluate the emotional changes during the confinement. Subjects completed the PSQI and a sleep diary each morning immediately upon awakening, and a five-minute PVT test was administered at 10:00. CBT and KSS were measured every hour from 8:00 to 12:00 and 19:00 to 24:00 each day to evaluate the changes in alertness and arousal.




2.5. Testing Methods


2.5.1. Subjective Variables


The Karolinska Sleepiness Scale (KSS) is a subjective sleepiness score from 1 to 9, with higher KSS scores indicating greater sleepiness [50]. The KSS scale was completed every hour from 8:00 to 12:00 and 19:00 to 24:00 every day to evaluate the changes in subjective alertness.




2.5.2. Tympanic Membrane Temperature (Tty)


Tty is a good indicator of core body temperature (CBT) and easily measured [51]. In parallel with the KSS, CBT was measured on the same side of the ear with a Braun infrared electronic ear thermometer (IRT6520, accuracy 0.1 °C). Measurements were also taken hourly, for a total of five times, from 8:00 to 12:00, and six times from 19:00 to 24:00.




2.5.3. Melatonin


The saliva was collected every night at 24:00 to measure melatonin concentration at bedtime and collected hourly from 19:00 to 24:00 on the 1st, 2nd, 5th and 8th nights to evaluate changes in melatonin during the 5 h before bedtime. A dim lighting environment was used starting at 19:00 on the 1st and 8th nights, respectively, and saliva was collected hourly to measure melatonin concentrations and calculate the time of the DLMO to evaluate the circadian rhythm phase [52]. Similar to the measurements of DLMO, the hour-by-hour melatonin concentrations were measured on the 2nd and 5th nights, respectively, with the static lighting pattern to calculate the melatonin area under the curve (AUC) [24]. And saliva was collected at the end of lighting (24:00) on the remaining nights to evaluate the changes in melatonin concentration when the subjects went to sleep. It was collected with saliva collection tubes and centrifuged. A total of 1 mL of supernatant was stored in a cold refrigerator (−40 °C) [44,53]. The saliva ELISA kit from IBL International GmbH was used for the analysis by a professional biological company (Wayen Biotechnologies (Shanghai), Inc., Shanghai, China). The range of the salivary melatonin assay was 0–50 pg/mL. Its intra-assay coefficient of variation (CV) was less than 10.8% and the inter-assay CV was less than 13.0%.




2.5.4. Sleep Quality


Smart sleep wristbands (Huawei B4 Pro, Huawei Technologies Co., Ltd., Shenzhen, China) were worn by the participants and recorded the time of falling asleep and waking up each day. The Pittsburgh Sleep Quality Index Questionnaire (PSQI) [54,55] was completed immediately after waking up each day to subjectively evaluate sleep quality. In terms of objective indicators, the number of awakenings and time of falling asleep were recorded in the sleep diary. Then, sleep latency and sleep efficiency (time spent asleep as a percentage of total time in bed) were calculated.




2.5.5. Cognitive Performance


To evaluate the subjects’ cognitive and operational performance, the Psychomotor Vigilance Task (PVT) [56] was used. The PVT was administered for five minutes at 10:00 each day with an iPad, measuring the reaction time (in milliseconds) between the time the subject saw the number flash and the time he clicked on the screen. If the screen was tapped earlier than the number flashed, it was recorded as an incorrect action. The final mean reaction time and the number of errors over the five minutes were derived to evaluate changes in the subjects’ cognitive performance. Subjects underwent task familiarization and trials to reduce the effects of proficiency before the formal experiment.




2.5.6. Emotional State


The Hamilton Depression Scale (HAMD) was the most commonly used scale to assess depressive status in clinical practice, with higher scores indicating higher levels of depression in the subject. And the Self-rating Anxiety Scale (SAS), an internationally used psychological scale, can better reflect the subjective feelings of people with a tendency towards anxiety, with higher scores on the scale indicating more severe anxiety. To assess changes in the subjects’ emotional state in the prolonged confined space, subjective questionnaires were administered on the 1st and 8th nights of the experiment by the HAMD and SAS.





2.6. Data Statistics and Analysis Methods


Based on the experimental design of repeated measures, the Shapiro–Wilk (S–W) test was used to test the normal distribution. As melatonin concentration, AUC and DLMO were not normally distributed, Friedman’s Analysis of Variance (ANOVA) was used. Then the Wilcoxon signed-rank test was used to determine if the difference between days was significant [53]. For the discrete variables, such as KSS, PSQI, HAMD, SAS scores, number of awakenings and errors, the same non-parametric analyses were also used. For continuous variables which were normally distributed, such as CBT and sleep latency, the one-way repeated-measures ANOVA and paired t-test were used. The statistical analysis software was IBM SPSS Statistics 23.0, and p < 0.05 indicated that the differences were significant.





3. Results


3.1. Subjective Sleepiness


Under the static lighting pattern, the KSS scores showed a general upward trend during the evening (5 h before bedtime), with the highest level of sleepiness at 24:00 and a lower level of sleepiness upon awakening at 8:00, after which they gradually decreased to a stable level during the daytime (Figure 4a). Since the dim lighting pattern during the first and eighth nights provided minimal lighting stimulation, KSS scores remained consistently high and rose the most. KSS scores at 24:00 before sleep from the third night to the eighth night were significantly lower than that of the first day. In particular, the nighttime light environment on the eighth day was the same as the first day, but the KSS score at bedtime was still significantly lower (p = 0.021) and alertness was significantly decreased (Figure 4b). Even with a static lighting pattern, KSS scores at 24:00 showed a general decreased trend. The scores on the fifth day were significantly lower than the second day (p = 0.030). The results suggested that sleepiness before sleep decreased as the number of days increased. The trend of sleepiness after waking up was the opposite, with KSS scores at 8:00 showing a day-by-day increase, and the seventh day was significantly higher than the second, fourth, fifth and sixth days. The level of sleepiness after waking up gradually increased, coinciding with the trend of a backward shift in circadian rhythm.




3.2. Core Body Temperature


Core body temperature (CBT) reflected the level of arousal and showed the opposite trend of the KSS scores characterizing sleepiness [57,58]. CBT decreased overall during the evening and gradually increased to a stable level during the daytime upon awakening in the morning (Figure 5a). Figure 5b shows that the first day had a significantly lower CBT at 24:00 than the third to sixth days, and the fifth day was significantly higher than the second day (p = 0.011). The CBT at bedtime gradually increased with the number of days of confinement and began to show a decreasing trend from the fifth day. The CBT when waking up showed a trend of decreasing overall, with the sixth, seventh and eighth days being significantly lower than the fifth day (p < 0.05), the sixth day significantly lower than the second day (p = 0.005) and the eighth day significantly lower than the third day (p = 0.043). It indicated a gradual decrease in arousal levels after waking up as confined time increased, also confirming the trend of a backward shift in the rhythm phase.




3.3. Melatonin


3.3.1. Salivary Melatonin and DLMO Changes in Dim Lighting Condition


Since melatonin concentrations in saliva are lower than in the blood [59], studies used a fixed threshold of 3 pg/mL [60,61] or 4 pg/mL [62] to calculate the DLMO time with salivary melatonin. However, melatonin concentrations varied greatly between subjects because of individual differences, and some individuals showed consistently lower concentrations that could not reach these fixed thresholds, so relative thresholds are used for calculation [63]. The average concentration at the beginning of the first 2 h (19:00, 20:00 and 21:00) was set as the relative threshold for DLMO calculation [52], and it was used for DLMO. If the time when the melatonin concentration was higher than the relative threshold did not occur during the evening, the moment of the final hour (24:00) was set as the DLMO [64].



Figure 6a shows a general upward trend in melatonin concentrations at night. The initial concentration on the eighth day (19:00) was higher than the first day (p = 0.100), but the increasing trend occurred much later and melatonin concentrations at bedtime were lower than the first day (p = 0.191). After 1 week of confinement in the static lighting pattern, the time of DLMO was relatively delayed by 0.62 h (Figure 6b) and the rhythm phase showed a trend of backward shift, but not significantly (p = 0.295).




3.3.2. Changes in Melatonin under Static Lighting Conditions


Under the static lighting pattern, melatonin concentrations at night showed a pattern of decreasing and then increasing, indicating that there was a relationship between the normal secretion of melatonin and the inhibitory effects of lighting. Figure 7a shows that melatonin concentrations on the second and fifth days under normal lighting were relatively lower than those on the first and eighth days under dim lighting. After 4 days of confinement, the initial concentrations at 19:00 of the fifth day were significantly higher than the second day (p = 0.038), but the melatonin concentrations were lower before sleep (p = 0.370). The time of melatonin onset appeared later, consistent with the trend of a posterior shift in DLMO, indicating the backward shift in circadian rhythm.



Figure 7b shows the AUC values of melatonin concentrations five hours before sleep to characterize nighttime melatonin levels, and it can be seen that the AUC of the eighth night was increased relative to the first night, as well as the fifth night relative to the second night, but these were not significantly different (p > 0.05). It can be hypothesized that melatonin concentrations will increase during the daytime and decrease at night before sleep in confined spaces with a prolonged lack of daylight, and the AUC values cannot simply be used to characterize the nighttime melatonin levels.




3.3.3. Changes in Melatonin Concentrations at Midnight


Figure 8 shows that the melatonin concentrations at 24:00 were significantly higher on the first and eighth nights in the dim light than the other days in the static lighting condition. The concentrations of the eighth night showed a decrease relative to the first night, but not significantly (p = 0.191). The overall trend of melatonin concentration at bedtime under static lighting during the other six nights was decreasing day by day, with the seventh night being significantly lower than the second night (p = 0.014) and the fifth night (p = 0.037), and the third night being significantly lower than the second night (p = 0.028). The melatonin concentrations of the remaining nights were not statistically different, but showed a gradual decrease, coinciding with the backwards trend of the circadian rhythm.





3.4. Sleep Quality


The PSQI, the number of awakenings, sleep latency and sleep efficiency were used to evaluate the changing trends of sleep quality (Figure 9). There was a tendency for the PSQI to decrease and then increase from the second to the seventh day, presumably due to the subjects gradually adapting to the environment, and the quality of their sleep became better at first, and then gradually deteriorated from the fifth day onwards (Figure 9a). The main signs were a gradual increase in sleep latency and decreased sleep efficiency overall (Figure 9c,d), but the number of awakenings decreased and stabilized (Figure 9b). The first and eighth nights had the lowest lighting stimulation during the dim lighting pattern, with a slight, but non-significant, reduction in PSQI scores, the number of awakenings and sleep latency. The PSQI score of the eighth night was significantly lower than the second night (p = 0.025) and sleep quality was significantly improved. The sleep efficiency improved rapidly on the eighth night relative to the seventh night, with improved sleep quality. Under the static lighting pattern, sleep quality gradually deteriorated with increasing days of confinement, and an appropriate reduction in lighting stimulation on the eighth night was more effective in reducing sleep latency and improving sleep quality than the previous days under the normal lighting.




3.5. Cognitive Performance


The PVT test at 10:00 each day reflected changes in subjects’ cognitive performance. Reaction times on the PVT decreased rapidly on the third day (p = 0.050) and then tended to increase day by day, possibly due to a practice effect, resulting in a significant decrease on the third day (Figure 10a). Reaction times gradually increased on the subsequent days, with the eighth day showing significantly longer reaction times than the third day (p = 0.026) and the fourth day (p = 0.016). The changes in the number of errors were similar (Figure 10b), but not significantly. This indicated that in a confined space with a static lighting pattern, the cognitive performance gradually decreased with increasing confined time, and the error rate increased at the same time.




3.6. Emotion Scale


Figure 11 showed that the HAMD score was significantly higher (p = 0.002) and depression increased significantly after 1 week of confinement. As the number of experimental days increased, the subjects’ SAS scores showed an overall increasing trend, but there was no statistical difference (p = 0.704). Thus, confined spaces with static lighting will lead to a gradual increase in negative emotions such as depression and anxiety in long-term residents, requiring timely intervention.





4. Discussion


In this study, under a static lighting pattern for 1 week, initial concentrations of melatonin increased on the eighth night (19:00) relative to the first night, but the time of melatonin onset occurred much later, with lower concentrations at 24:00 and a delayed but non-significant DLMO (p = 0.295). Longer validation may be needed, which had been demonstrated in the previous experiment of caves with no concept of time [15]. It was also possible that the fixed working schedule limited the magnitude of the circadian phase shift. In the static lighting pattern, melatonin concentrations and sleepiness (KSS scores) decreased day by day at 24:00, with a gradual increase in sleepiness on awakening at 8:00. The trend of CBT was reversed, with a gradual increase before sleep, indicating increased levels of arousal, and a day-by-day trend of decreasing CBT when waking up, consistent with a posterior shift in circadian rhythm. Melatonin concentrations and subjective sleepiness scores at 24:00 in static lighting were significantly lower than that of the DLMO lighting pattern. This indicated that inappropriate lighting stimulation during the nighttime working hours would lead to symptoms such as a posterior shift in DLMO, reduced melatonin concentration and increased CBT before sleep, as well as increased sleepiness and lower CBT upon waking up the next morning. It showed cumulative day-by-day effects, gradually inducing a posterior shift in circadian rhythm, indicating a role for light history, consistent with seasonal changes in rhythm variation [21]. This was consistent with the results of Christopher et al. [65] and the stronger the circadian stimulus of lighting before sleep, the more pronounced the effects of the posterior shift in circadian rhythm.



Under the static lighting pattern, the hour-by-hour melatonin concentrations were first suppressed at nighttime on the second and fifth days, with an upward trend occurring much later, suggesting a mutual relationship between normal melatonin secretion and the suppressive effects of lighting. Under the same lighting condition, initial melatonin concentrations at 19:00 were higher on the fifth day than the second day, and lower at 24:00 before sleep, similar to the first and eighth days under the DLMO lighting pattern. It suggested that a backward shift in the phase of the melatonin rhythm was induced under the static lighting pattern. It has been shown that the nocturnal melatonin concentration would be decreased if people did not receive enough lighting stimulus during the daytime [66]. In modern society, where people generally work and live indoors in relative isolation from nature, the intensity of light stimulus received is greatly reduced and the risk of circadian disturbances is high [11]. Therefore, appropriate dynamic lighting stimulation during the daytime is needed to keep the sleep and circadian rhythm stable [67,68].



The sleep latency increased day by day and sleep efficiency gradually decreased, indicating that sleep quality gradually deteriorated with increasing days of confinement. Lighting stimulation at night leads to difficulty in falling asleep and a decrease in sleep efficiency, which in turn leads to a decrease in sleep quality. The HAMD scores were significantly higher after 1 week of confinement (p = 0.002) and SAS scores showed an overall upward trend but no statistical difference (p = 0.704), suggesting that confined spaces with static lighting conditions would lead to a gradual increase in negative emotions such as depression and anxiety in the long term [69], requiring timely proactive healthy lighting interventions. The chronic lack of daylight and isolated social environment can also lead to symptoms similar to “overwintering syndrome” [70], such as depressed emotion and delayed sleep [71,72], leading to problems such as cognitive impairment and interpersonal tension [23], which have negative impacts on human physiology and psychology [73,74]. Both response time and the number of errors on the PVT each morning indicated that in the confined environment with a static lighting pattern, human operational performance gradually decreased and error rates increased as the confined time increased. Disturbances in circadian rhythms may also reduce operational performance and cognitive ability [75], lead to sleep problems or fatigue and require dynamic lighting interventions to help alleviate negative emotions and improve cognitive performance [9,76].



A series of healthy lighting studies have been conducted in confined spaces such as submarines [76,77], space capsules [78], underground spaces [79] and polar stations [80], attempting to proactively intervene in the physical and mental health of people using different spectrum and illuminance levels at different clock time. Nie et al. [81] used a dynamic light model that simulated changes in the color temperature and circadian action factor (CAF) of daylight for 38 consecutive days on three male shift workers in an underground nuclear power plant. It showed a significant increase in the peak melatonin concentration of the subjects, and the LED dynamic light model effectively enhanced the stability of circadian rhythms in the subjects. For the tendency of circadian rhythm phase delays due to confined spaces, dynamic lighting patterns can be used to induce rhythm phase advancement or to maintain consistency with working schedules [44]. For symptoms of the delayed circadian phase due to prolonged static lighting, bright lighting stimulation can be used in the morning and dim light with low melanopic EDI [82] can be used at night to induce forward shifting of the circadian phase [83,84]. To address the problem of melatonin suppression and reduced sleep quality due to light exposure during night work, light rich in long waves, such as red light (630 nm) [85], can be maximized at night, which may improve reaction time and alertness in shift workers, while reducing intrusion into circadian rhythms. Rather than exposing individuals to the same lighting environment, the light strategy should be developed with full consideration of their respective shifts and visual operational needs to increase the effectiveness of light interventions.



This study focused on the simulation of the traditional static lighting pattern in confined spaces to explore the changes in human melatonin rhythms, sleep quality, cognitive performance, and emotional state. The subjects were all young males and there was a lack of experimental data from female samples. So the follow-up studies should expand the sample size, select subjects of different genders for in-depth studies [44], and also consider the effects of light history [86,87]. In addition, the age and work patterns of the university subjects differed from those of the workers in the actual confined spaces. Follow-up studies need to be conducted in the field spaces and with real working conditions to obtain more authentic data. More long-term field validation experiments need to be conducted to derive more refined human experimental data to provide the basis for the design of healthy lighting.




5. Conclusions


In this study, 20 young male subjects were recruited for a continuous week of experiments with static lighting in an underground confined laboratory. A static lighting pattern simulating the current situation (6000 K, horizontal illuminance of 300 lx on working surface, melanopic EDI = 109.45 lx, CS = 0.21) was used to evaluate the changing trends of circadian rhythm and cognitive performance under a fixed work-and-rest regime in the ICE environment, such as submarines and Antarctic research stations during polar night. The cumulative effects of traditional lighting patterns on the physical and mental health of people were verified by comprehensively evaluating the indicators of melatonin, circadian rhythm, sleep quality, cognitive performance and emotional state. To sum up, the results of this study suggested that static lighting patterns in confined spaces had negative impacts on human psychological and physiological health. It caused posterior shifts, suppressions of melatonin concentration and KSS scores, a gradual increase in CBT before sleep, and a day-by-day decrease in CBT and subjective alertness upon waking up, and there were cumulative changes that coincided with a posterior shift in the circadian rhythm. In confined spaces with a prolonged lack of daylight, melatonin concentrations would increase in the evening and decrease at bedtime, and the melatonin levels cannot be characterized simply by AUC values. Under a static lighting pattern, the melatonin onset tended to increase later at night. Indicators such as PSQI, sleep latency, sleep efficiency and number of awakenings indicated progressively worse sleep quality. The reaction time and the number of errors on the PVT gradually increased, and operational capacity gradually decreased with the increasing confined time. Negative emotions such as depression and anxiety were evident after confinement. These results provided a better understanding of the comprehensive effects of static lighting on human well-being in ICE environments. Dynamic lighting, which simulated daylight, needed to be introduced to help adjust people’s circadian rhythms, performance, and well-being and reduce the hazards in the spaces which lack daylight.
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Figure 1. Floor plan of the underground laboratory. ①–④ indicated 4 sleep rooms. Each room was equipped with 2 bunk beds, a folding bed, a table and five chairs to accommodate 5 people at a time. The LED panel lights were 2.2 m above the floor directly above the table. 
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Figure 2. Changes in parameters such as spectrum and illuminance under different lighting patterns. (a) illustrates the static lighting pattern used during the daytime, with only the dim lighting pattern used from 19:00 to 24:00 on the 1st and 8th nights for the determination of DLMO. (b) shows the relative spectral power distribution (SPD) of the 6000 K. (c) compares the vertical illuminance, melanopic EDI and CS values at the eyes in the static lighting pattern and dim lighting pattern. (d) shows the variation in melanopic EDI at the position of the eyes. 
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Figure 3. Study schedule of the experiment and testing time on typical days. A static lighting pattern was used during the experiment, with saliva collected every hour from 19:00 to 24:00 pm on the 1st, 2nd, 5th and 8th night, and at 24:00 before sleep on the remaining days. A dim lighting environment was used on the 1st and 8th nights, and a static lighting pattern was used on the other days. 
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Figure 4. Day-by-day trends of KSS scores before and after sleep. (a) shows an overall increase in KSS scores in the evening and a gradual decrease in KSS scores in the morning. (b) illustrates an overall decreasing trend in KSS scores at 24:00 before sleep and an increase in KSS scores day by day when waking up at 8:00. (* indicates p < 0.05, ** indicates p < 0.01). 
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Figure 5. Daily changes in CBT before and after sleep. (a) indicates an overall decrease in CBT during the night and a gradual increase in CBT in the morning. (b) shows CBT before and after sleep on the 1st and 8th days is lower than the other days. CBT at 24:00 shows a tendency to increase and then decrease, and CBT at 8:00 decreased day by day. (* indicates p < 0.05, ** indicates p < 0.01). 
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Figure 6. Changes in melatonin concentrations and DLMO under the dim lighting environment. (a) shows the initial concentration on the 8th night is higher than that of the 1st night in the dim light, but the time point of melatonin onset occurred later and the concentrations were lower at bedtime. (b) indicates DLMO is relatively delayed after 1 week but without significance. (Blue circles indicates raw scores for each subject). 
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Figure 7. Hourly changes in melatonin concentrations and comparison of AUC values. (a) shows under the static lighting, the initial melatonin concentrations of the 5th night are slightly higher than the 2nd night, and the time of melatonin onset occurred later, with lower melatonin concentrations at bedtime. (b) indicates AUC values for nighttime melatonin are slightly higher on the 8th night than the 1st night, as well as the 5th night compared to the 2nd night, but these are not significant. (* indicates p < 0.05, and blue circles indicates raw scores for each subject). 
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Figure 8. Changes in melatonin concentration at 24:00 each night. Melatonin concentrations at 24:00 are significantly higher on the 1st and 8th nights in the dim lighting environment. Under the static lighting pattern, melatonin concentrations before sleep shows a decreasing trend day by day. (* indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001). 
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Figure 9. Daily changes in PSQI scores, number of awakenings, sleep latency and sleep efficiency. (a) shows the PSQI score decreases slightly and then increases and (b) indicates the number of awakenings gradually decreases and then stabilizes. (c) shows sleep latency under the static lighting tends to increase day by day. (d) indicates sleep efficiency decreases, and sleep quality gradually deteriorates. (* indicates p < 0.05). 
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Figure 10. Daily changes in reaction time and the number of errors for the PVT test. As confined time increased, (a) indicates their reaction time increased and (b) shows the number of errors tend to increase gradually, meaning their cognitive performance decreased. (* indicates p < 0.05). 
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Figure 11. Changes in HAMD and SAS scores. After 1 week, the HAMD scores increases significantly and SAS scores increases slightly, meaning that negative emotions such as depression and anxiety became progressively more severe. (** indicates p < 0.01, and blue circles indicates raw scores for each subject). 
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Table 1. Average values of measured lighting parameters in different patterns.
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	Light Patterns
	Static Lighting
	Dim Lighting





	Illuminance on the table/lx
	310.76
	29.39



	Illuminance at the eyes/lx
	121.38
	10.61



	Melanopic EDI/lx
	109.45
	9.75



	S-cone-opic EDI/lx
	110.99
	9.48



	M-cone-opic EDI/lx
	118.7
	10.28



	L-cone-opic EDI/lx
	122.62
	10.62



	Rhodopic EDI/lx
	112.07
	9.86



	CLA/lx
	168
	12



	CS
	0.21
	0.02
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