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Purpose: This study examined the efficacy of a lighting intervention that increased both
light intensity and short-wavelength (blue) light content to improve alertness, performance
and mood in night shift workers in a chemical plant.

Patients and Methods: During rostered night shifts, 28 workers (46.0+10.8 years; 27
male) were exposed to two light conditions each for two consecutive nights (~19:00-07:00 h)
in a counterbalanced repeated measures design: traditional-spectrum lighting set at pre-study
levels (43 lux, 4000 K) versus higher intensity, blue-enriched lighting (106 lux, 17,000 K),
equating to a 4.5-fold increase in melanopic illuminance (24 to 108 melanopic illuminance).
Participants completed the Karolinska Sleepiness Scale, subjective mood ratings, and the
Psychomotor Vigilance Task (PVT) every 2—4 hours during the night shift.

Results: A significant main effect of time indicated KSS, PVT mean reaction time, number
of PVT lapses (reaction times > 500 ms) and subjective tension, misery and depression
worsened over the course of the night shift (p<0.05). Percentage changes in KSS (p<0.05,
partial 1°=0.14) and PVT mean reaction time (p<0.05, partial 1°=0.19) and lapses (p<0.05,
partial n°=0.17) in the middle and end of night shift, expressed relative to start of shift, were
significantly improved during the lighting intervention compared to the traditional lighting
condition. Self-reported mood did not significantly differ between conditions (p>0.05).
Conclusion: Our findings, showing improvements in alertness and performance with
exposure to blue-enriched, increased intensity light, provide support for light to be used as
a countermeasure for impaired alertness in night shift work settings.

Keywords: shift work, circadian photoreception, alertness, vigilance, light, short-
wavelength

Plain Language Summary

Night shift work is often associated with acute and chronic sleep deficiency, impaired alertness
and neurobehavioural performance, placing workers at increased risk of injury and accidents.
Effective non-pharmacological interventions for alertness and performance impairments during
night shifts are needed. This study evaluated the efficacy of a dual-faceted lighting intervention
consisting of increased intensity and blue wavelength composition to improve alertness,
performance and mood in night workers in an operational setting. The intervention lighting
attenuated the deterioration in alertness and performance observed over the night shift under
typical lighting. The findings support lighting interventions which employ the principles of
circadian photoreception as a practical countermeasure within occupational fatigue management
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programs. Outcomes from this workplace intervention may inform
future lighting standards to improve safety, productivity and well-
being in operational settings.

Introduction

Due to misalignment of the sleep-wake cycle with the
circadian pacemaker, night shift work is often associated
with acute and chronic sleep deficiency,' and impaired
alertness and neurobehavioural performance at work.'
This places night workers at increased risk of accidents
and injuries in the workplace” and motor vehicle crashes
on the drive home." In rapidly rotating shift work, where
adaptation of the circadian pacemaker to night shift is not
desirable, practical tools for acute alertness management
during night shifts are needed. Although pharmacological
wake-promoting treatments can be beneficial, they can be
associated with side effects, tolerance, sleep disruption and
limited duration effect. Effective non-pharmacological
interventions for alertness and performance impairments
during night shifts are needed.

The development of electric lighting permitted work
outside daylight hours, facilitating extended work hours
and shift work. In addition to helping people see, exposure
to light, especially light at night, has acute alerting
effects.” > High intensity broad spectrum (ie white) light
improves subjective alertness and cortical activation dur-
ing the day.®’ Higher intensity broad-spectrum lighting
during the night improves subjective alertness and neuro-
behavioural performance, reduces electroencephalogram
(EEG) activity in the theta and low-frequency alpha
range (5-9 Hz), reduces slow eye movements, and sup-
presses the nocturnal secretion of melatonin.®*°

These non-visual responses to light are primarily, but not
exclusively, driven by specialized intrinsically photosensi-
tive retinal ganglion cells (ipRGCs) containing melanopsin
that are sensitive to short wavelength (ie blue) light (Aax
~480 nm).'*!" Laboratory studies using monochromatic and
narrow-bandwidth light show that short wavelength light is

most effective at
12-15

suppressing melatonin, improving

performance, and enhancing brain responses,'® com-
pared to other wavelengths. Blue-appearing light is imprac-
tical for operational use, however, and therefore adjusting
the spectral composition of polychromatic (white) light by
increasing the short wavelength content is a practical way to
improve alertness. Laboratory studies have shown that light
sources with high correlated colour temperatures, with
increased blue content and melanopic illuminance, the unit

which quantifies the amount of light that is stimulating

melanopsin, are more effective in improving subjective
alertness, neurobehavioural performance and mood, com-
pared to lower colour temperature sources.'””'® Daytime
exposure to blue-enriched polychromatic lighting during
real-world and simulated work and school-days improves
self-reported wellbeing, alertness, concentration and
mood."”*? Few studies have directly tested the effectiveness
of blue-enriched polychromatic light to enhance alertness
and performance in a night shift work setting.”*2° Based on
the well-established principles that both intensity and spec-
tral composition of light independently influence alertness

81112 e evaluated the implementation of a control

state,
room lighting intervention on alertness, performance and
mood during night shifts in rapidly rotating shift workers
by increasing light intensity and blue light content as com-
pared to the current lighting conditions. The intervention
aimed to utilize the acute alerting effects of light directly
during the night shifts, and not influence the circadian
response to night shifts given that in rapidly rotating shift
workers, circadian adaptation to consecutive night shifts is
rare,”” and is not advisable due to the quick return to day
shifts.

Patients and Methods

Participants

Participants were chemical shift
(Melbourne, VIC), operating on a ten-day shift rotation
(2 day shifts, 5 days off, 2 night shifts, 1 day off). Workers

spent the majority of their shifts seated at monitors in

plant workers

a single windowless control room. Thirty-five individuals
volunteered for the study (58% participation) but only 33
commenced the study due to inappropriate work sche-
dules. Specific exclusion criteria were not applied in this
real-world study. Participants provided written informed
consent and were reimbursed for time and inconvenience.
the Monash
University Human Research Ethics Committee (Project
number CF11/2342 — 2011001331) and were conducted
in accordance with the Declaration of Helsinki.

Study procedures were approved by

Study Design

Participants completed questionnaires assessing health sta-
tus, diurnal preference (Morningness-Eveningness
Questionnaire), sleep quality (Pittsburgh Sleep Quality
Index), trait sleepiness (Epworth Sleepiness Scale), risk
of Obstructive Sleep Apnea (Berlin Questionnaire), and

sleep hygiene (Sleep Hygiene Index).
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Participants’ sleep-wake behaviour was monitored for
7—-10 days prior to and throughout the study using daily
sleep diaries and a wrist-worn activity —monitor
(Actiwatch-L,  Actiwatch-64,  Actiwatch-2,  Philips
Respironics, Bend OR, USA). Diaries reported bedtime,
rise time, sleep onset latency and duration of awakenings.
Activity monitors provided an objective measure of total
sleep time (TST). Confirmation of work shifts was
obtained from self-reported daily duty diaries.

Participants were monitored during two complete shift
rotations, which each included two consecutive night
shifts. Night shift duration was 12 hours, scheduled to
occur from 19:00 to 07:00 h. Participants were asked to
complete assessments of subjective sleepiness, neurobeha-
vioural performance and mood at the start of shift, four
hours into shift, then two-hourly until the end of shift.

Subjective  sleepiness was assessed using the
Karolinska Sleepiness Scale (KSS) representing the level
of sleepiness in the preceding 10 minutes. A ten-minute
visual Psychomotor Vigilance Task (PVT) was completed
on palm pilots as a measure of sustained attention.*®
Subjective mood was assessed using 9-point visual analog
scales for calmness (1=very calm, 9=very tense), cheerful-
ness (1=very cheerful, 9=very miserable) and depression
(1=very depressed, 9=very elated).”” The depressed-elated
scale was reverse-scored such that higher scores repre-
sented higher levels of depression. Participants reported
where they spent the majority of their time in the two
hours preceding each assessment (ie “in the control

EEINT3

room”,

LEINT3

not in the control room”, “outdoors™) to ensure
they had been exposed to the light condition. At the end of
each night shift participants completed a headache and eye
strain scale, providing a rating of the extent to which they
were experiencing symptoms of irritability, headache, eye
strain, general eye discomfort, eye fatigue, difficulty
focusing, difficulty concentrating and blurred vision on
a scale of 1=absent and 4=severe.*

During two rotations of two consecutive night shifts, par-
ticipants were exposed to two conditions of overhead lighting
in a repeated-measures design (Figure 1). One light condition
was maintained for two consecutive nights before changing to
the alternative lighting condition. The lamps were changed for
both conditions to avoid a potential placebo effect of only
changing the light source for the experimental intervention
condition. The traditional lighting (43 lux, 4000 K, T5 24W,
Philips Lighting, Eindhoven, Netherlands) was designed to

match the current lighting conditions in the primary work
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Figure | Schematic representation of protocol for an example participant. Black
bars represent sleep episodes, grey bars represent day shifts, yellow bars represent
night shifts with light exposure analysed. Closed circles represent scheduled testing
during night shifts. Where possible the order of light exposure conditions (tradi-
tional: 43 lux, 4000 K; intervention: 106 lux, 17,000 K) were counterbalanced
between shift roster groups.

environment (~40 Iux). The intervention condition consisted
of higher intensity blue-enriched (increased melanopic illumi-
nance) lighting (100 lux, 17,000 K, Activiva Active TL5 24W,
Philips Lighting, Eindhoven, Netherlands) with increased
spectral output in the short wavelength range (420-480 nm).
Lighting was measured at seated eye level, 122 cm from floor
in the horizontal and vertical plane. The intensity of the inter-
vention light source in the horizontal plane was selected based
on the range of typical ambient room lighting,**® and to avoid
a light intensity that may limit visual acuity to effectively
monitor screens in the control rooms. The visual illuminance
of the intervention condition was 106 lux compared to 43 lux
for the traditional lighting condition. When calculated using
the International Commission on Illumination (CIE) standard
international units calibrated for melanopsin sensitivity,' the
melanopic Equivalent Daylight (D65) Illuminance (EDI) was
more than 4 times higher in the intervention condition com-
pared to the traditional light condition (108 compared to 24
lux; Figure 2). The melanopic Daylight Equivalent Ratio
(DER) value, an overall indication of the relative melanopic
strength of the spectra, was 0.55 and 1.02 for the intervention
and traditional lighting conditions, respectively (Figure 2).

The order of the light conditions was counterbalanced
between the five shift roster groups so that the first three
shift groups received the traditional light first and last two
groups studied received the intervention light first.
Unpredictable shift changes resulted in an unequal number
of participants in each counterbalance group. Twenty-two
participants received the traditional light first; nine
received the intervention light first.
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Mean vertical photopic illuminance (lux) 43.44 105.85
Mean horizontal photopic illuminance (lux) 19.63 40.40
Simulated:
Photopic illuminance (lux) 44 106
Irradiance (UW/cm?) 13 38
S cone (a-opic EDI lux) 25 145
M cone (a-opic EDI lux) 38 108
L cone (a-opic EDI lux) 44 105
Rod (a-opic EDI lux) 28 107
Melanopic (a-opic EDI lux) 24 108
Melanopic DER 0.55 1.02
Photon density (photons/cm?/s) 3.66 x 10" 1.00 x 10"

EDI, Equivalent Daylight llluminance
DER, Daylight Efficacy Ratio

Figure 2 Spectral power distribution of the fluorescent light sources used in the intervention (blue line) and traditional (black line) light conditions, expressed relative to
total power in the 380-760 nm range. The panel shows mean vertical and horizontal illuminance levels of each light condition in lux, measured across the most populated
areas of the control room. Measures of illuminance were taken at a height of 122 cm from the floor level, representative of a workers’ seated position. Simulated, laboratory
simulation of light sources where the photopic lux value was scaled to match the observed lux measured on site to provide relative a-opic equivalent (D65) illuminance (EDI,
lux) for each of the five photoreceptors and the melanopic daylight efficacy ratio (DER, the ratio of melanopic/photopic lux).>'

Statistical Analyses

Bed and rise times from sleep diaries identified sleep
episodes for analysis of actigraphic data. Time in bed
and TST in the 24 hours prior to each night shift were
calculated. Actigraphic analyses (medium sensitivity) were

conducted wusing Actiware 5.0 software

Respironics, Bend OR).

PVT reaction times <100 ms (0.05% of data) and >10,000
ms (0.007% of data) were excluded from analyses as they

(Philips

represent pre-emptive responses, and distractions, respectively.
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For each 10-minute PVT, mean reaction time and the number
of PVT lapses (reaction time >500 ms) were calculated.

Tests that were completed within 60 minutes of the
planned time were binned for analyses. The final test
times for analyses were 19:00, 23:00, 01:00, 03:00, 05:00,
and 06:00 h. Missing data were replaced with mean values
of the two adjacent timepoints, or one adjacent timepoint
where the data were missing at the start or end of the shift.
The greatest proportion of values were replaced for lapses
data; 3.3% on night 1 and 2.4% on night 2. Participants
reported that they had not spent the majority of the two
hours prior to each assessment within the control room on
only 2.4% of occasions on either night shift.

Due to low power for analysis of all timepoints (with
variability in test timing and reduced n), and lack of differ-
ence in outcome variables between the two night shifts, data
points were reduced; for each participant, data were aver-
aged to represent the start (19:00-21:00 h), middle (22:00—
01:00 h), and end of shift (02:00-05:00 h), averaged across
the two night shifts. Assessment of the impact of the light-
ing intervention at the middle and end of shift targets the
potential to improve the impairments in alertness and per-
formance previously identified at these vulnerable times
during the night shift.**> Outcome variables were expressed
as percentage change from the start of shift for each indivi-
dual to account for group differences in alertness and per-
formance levels at shift start. Two-way repeated measures
ANOVA was used to compare the effects of traditional vs
intervention lighting on change in KSS, mood, transformed
mean reaction times [1/RT] and transformed lapses [(Vx) +
(N(x+1))] (light conditions, time). PVT data were trans-
formed to account for positive skew.”® Mann—Whitney
U-tests were used to examine potential lighting condition
order effects. Ratings from the headache and eye strain
scale were averaged between the two night shifts and com-
pared between light conditions with paired t-tests. Data
were analysed using PASW Statistics 26.0 (SPSS Inc,
Chicago IL).

Results

Although 33 participants commenced the study, data were
only included in the final analyses if participants com-
pleted two consecutive night shifts under both light con-
ditions. Demographic characteristics for the final 28
participants included are presented in Table 1. Time in
bed (t(22)=1.53, p=0.141) and TST (t(16)=0.78, p=0.448)
in the 24 hours prior to exposure to the night shifts did not

Table | Participant Characteristics of Night Shift Workers. Data
Presented are Mean * SD Unless Otherwise Stated

Measure N
Sex (M, F) 28 | 27, |
Age (years) 28 | 46.04 = 10.75
BMI (kg/m?) 23 | 30.39 £ 4.63
Caffeine > 300mg/day, N (%) 5 (17.86)
Alcohol > 14 units/week, N (%) 7 (28.00)
Morningness-Eveningness 22 | 57.09 £ 9.60
Questionnaire
Morning type, N (%) 9 (40.91)
Neither type, N (%) 12 (54.55)
Evening type, N (%) 1 (4.55)
Epworth Sleepiness Scale 24 | 633 £3.12
ESS = 10, N (%) 5 (20.83)
Pittsburgh Sleep Quality Index 23 | 548 + 248
PSQI > 5, N (%) 9 (31.03)
Berlin Questionnaire, high risk, N (%) 23 | 5(21.74)
Sleep Hygiene Index 24 | 1742 £ 647
Time in Bed in 24 h (h)
Prior to first night traditional light 24 | 9.71 £ 1.83
Prior to first night intervention light 24 | 10.05 + 1.73
Total Sleep Time in 24 h (h)
Prior to first night traditional light 20 | 8.65 % 1.67
Prior to first night intervention light 21 | 9.03 £ 1.60
Total Sleep Time between consecutive
nights (h)
Between traditional light nights 23 | 553 * 1.64
Between intervention light nights 24 | 5.52 £ 1.07

differ between the two light conditions (Table 1). There
was no difference in the amount of sleep obtained between
the two consecutive night shifts for the two conditions (t
(20)=0.53, p=0.601) (Table 1).

Due to missing data for one light condition, PVT data
were analysed for n=20 on night 1; KSS data were analysed
for n=28. For night 2, analysed data were n=25 for KSS,
n=19 for PVT mean reaction time and n=17 for PVT lapses.
KSS and PVT for night shifts 1 and 2 demonstrated
a significant effect of time with an increase in KSS (Night
1 p<0.0001, Night 2 p<0.0001), PVT mean reaction time
(Night 1 p=0.003, Night 2 p<0.0001) and number of PVT
lapses during each shift (Night 1 p=0.002, Night 2 p=0.002).
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There was no main effect of light condition or light x time
interaction effect for either night shift when analysed sepa-
rately (p>0.05).

Mann—Whitney U-tests showed no significant dif-
ferences between the group exposed to traditional
lighting first (n=20) or intervention lighting first (n=8)
for KSS, PVT reaction time, PVT lapses or subjective
mood (p>0.05). Data were subsequently analysed with-
out taking into account the order of exposure to light
condition.

When data across the two night shifts were averaged to
compare the start, middle and end of shift, percentage
change in mean KSS scores significantly increased
between the middle and end of shift (relative to the start)
in both light conditions (F;,7,=29.63, p<0.0001, partial
1?=0.52; Figure 3). The percentage increase in KSS from
the middle to end of shift (relative to start) was signifi-
cantly attenuated in the intervention lighting condition
compared to the traditional lighting (F, ,7;=4.40, p=0.045,
partial 1°=0.14; Figure 3). No interaction effect for light
x time for KSS ratings was observed (F; ,7=1.30, p=0.26).
From the start to the end of the night shift, KSS increased
by 2.85 in the traditional light condition and 2.2 in the
intervention condition, representing attenuation of subjec-
tive sleepiness by 22.8% with the intervention lighting
(Table 2).

For PVT reaction time and lapses, main effects of
time were observed, with percentage change in mean
reaction times (F;3=59.21, p<0.0001, partial n%=0.72)
and number of lapses (F;,3=12.98, p=0.002; partial
1?=0.36) significantly increasing between the middle
and end of shift in both light conditions (Figure 3).
Significant main effects of light condition were found
for percentage change in mean reaction time (F; ;3
=5.29, p=0.031, partial n>=0.19) and lapses (F1.25=5.00,
p=0.035, partial 1?=0.18), indicating improved perfor-
mance under the intervention light condition compared
to traditional lighting (Figure 3). For PVT lapses, there
was also a significant interaction between time and light
condition, where the percentage increase in mean number
of lapses between the middle and end of shift was sig-
nificantly lower during intervention light exposure com-
pared to traditional lighting (F, »3=7.83, p=0.010, partial
1?=0.25). There was no significant time x light condition
interaction for PVT mean reaction time (F;,;=1.16,
p=0.29). The impairment in PVT reaction time at the
end of night shift relative to start was reduced by 22.4
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Figure 3 Changes in subjective sleepiness, PVT reaction time, and number of PVT
lapses averaged between two night shifts under conditions of traditional (43 lux,
4000 K; open circles) and intervention (106 lux, 17,000 K; closed circles) lighting.
*Indicate significant main effect of light condition (p<0.05).

ms with the intervention lighting compared to the tradi-
tional condition (38.44 ms vs 60.82 ms) (Table 2), repre-
senting attenuation of 36.8%. PVT lapses increased by
5.6 at the end compared to the start of the traditional light
shift, compared to 3.7 on the intervention night, repre-
senting a reduction of 1.9 lapses or 33.9% on average
(Table 2).
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Table 2 KSS, PVT Performance and Mood (Mean + SD) Assessed at the Start, Middle and End of the Night Shifts Under Conditions of
Traditional and Intervention Lighting. Data Presented are Averaged Across Two Consecutive Night Shifts. Higher Values on Subjective

Mood Scales Indicate Worse Outcomes (Tense, Miserable, Depressed)

Traditional lighting Intervention lighting
Start Middle End Start Middle End
KSS (1-9) 295 + 1.38 3.94 + |.55 5.80 + 1.91 3.1+ 1.25 373+ 1.37 5.31 £ 1.37
PVT Mean Reaction Time (ms) | 307.61 + 64.30 | 322.52 + 51.74 | 368.43 + 68.38 | 319.40 £ 58.15 | 322.04 £ 56.52 | 357.84 * 67.16
PVT Lapses (#) 6.70 = 7.56 7.27 £ 627 12.26 + 10.25 7.70 £ 6.94 791 £7.55 11.43 + 9.88
Calm-Tense (1-9) 2.39 + 1.36 2.57 + 1.38 2.80 + 1.52 231 £ 1.09 245+ 1.14 282 + 1.36
Cheerful-Miserable (1-9) 2,65 % 1.34 327 £ 147 3.80 £ 1.55 2,62 £ 1.26 3.04 £ 1.37 3.60 £ 1.39
Elated-Depressed (1-9) 338+ 1.25 371 £1.05 4.19 + 1.09 339+ 1.29 358 £ 1.19 3.95 % 1.07

A significant main effect of time was observed for self-
reported mood during the night shift. Participants reported
higher levels of tension (lower calmness; F,,;=7.34,
p=0.012, partial 1?=0.21), misery (lower cheerfulness;
F1,7=17.72, p<0.0001; partial 1?=0.40) and depression
(higher depression; F,,7=10.62, p=0.003; partial
n?=0.28) at the middle and end of shift, relative to the
start in both conditions (Table 2). There were no main
effects of light condition or time x light condition interac-
tion for any of the mood scales (p>0.05). From the head-
ache and eye strain scale, the only symptom that was
significantly different between lighting conditions was
difficulty concentrating (Supplementary Table 1). The tra-

ditional lighting condition was associated with more
severe difficulty concentrating (ty5 = 2.21, p = 0.026).

Discussion

The current study is the first to systematically test the
efficacy and feasibility of a dual-faceted lighting inter-
vention of increased intensity blue-enriched light expo-
sure to enhance alertness in a rapidly rotating night shift
working population in an operational occupational set-
ting. The study demonstrated that under typical lighting,
subjective sleepiness, PVT reaction time, number of PVT
lapses and subjective mood worsened with time into
night shift with moderate effect sizes (0.36-0.72). The
lighting intervention attenuated this decline in alertness
and performance compared to the traditional lighting
(effect sizes, 0.14-0.19). While these were relatively
small effect sizes overall, the light intervention attenuated
the deterioration over the night shift by between 23% and
37% (for subjective sleepiness and PVT reaction time,
respectively). Self-reported mood outcomes were not sig-
nificantly improved by the lighting intervention.

Participants in the study were representative of several
shift working populations, reporting high BMI, poor sleep
quality, and excessive sleepiness.®* Actigraphic TST in the
24 hours prior to the first night shift averaged between
8.65 h and 9.03 h including napping, which is well above
the minimum 7 hours recommended TST for healthy
adults,* suggesting that participants were extending their
sleep in preparation for their scheduled night shifts.
Between consecutive night shifts, however, participants
obtained 5.5 h, indicating considerable sleep deficit
between night shifts.

Low levels of subjective sleepiness were evident at the
start of the night shift, at a time corresponding to the
timing of the wake maintenance zone, during which alert-
ness is expected to be high.>® Subjective sleepiness and
neurobehavioural performance worsened during the night,
characteristic of the combined effects of homeostatic sleep
pressure due to extended time awake and adverse circadian
phase.>” The observed increase in sleepiness and impaired
performance with time into the night shift is a target for
interventions to improve productivity and safety.

The existing lighting in this operational setting on
which the control lighting condition was modelled con-
sisted of relatively low intensity (~40 lux) standard light-
ing (4000 K). By increasing the illuminance, and the
melanopic (blue) content of the light, we improved alert-
ness and performance. Under the intervention condition,
we observed improvements in alertness and performance
which are consistent with previous research demonstrating
the alerting effects of enhanced intensity® and blue-

17,38-40

enriched polychromatic light during the night and

during the day.'® %2
Although the effect size was small, the magnitude of the

reduction in subjective sleepiness in our study was 15-20%
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greater than that reported in previous operational blue-
enriched lighting interventions of longer duration.'*?® The
prior studies administered similar light intensities between
conditions, and therefore we suggest that the increased effect
size observed in the current study may be attributed to the
increase in overall melanopic illuminance. Our intervention
condition provided 4.5 times the melanopic illuminance com-
pared to the traditional lighting (108 compared to 24 in the
traditional light condition). By comparison, one of the daytime
blue-enriched lighting interventions provided only 1.4 times
the melanopic illuminance compared to the typical 4000 K
348 and 257,
respectively).” Our study was also conducted at night, when

lighting (melanopic illuminance =
sleepiness levels are higher (eg, Cohen et al, 2010°7) and there
is greater potential for improvement due to light.'* Nighttime
exposure to blue-enriched polychromatic lighting (17,000
K)*' providing a similar increase in melanopic illuminance
to previous daytime exposure? (1.7 times increase from 711
to 1212 melanopic illuminance) demonstrated as much as five
times the potency for melatonin suppression at night compared
to lighting of 4000 K. Although it has previously been sug-
gested that the alerting effects of a lighting intervention during
the night may be mediated by light-induced suppression of
melatonin,** such improvements in alertness are observed in

6,13,20

the absence of circulating melatonin, suggesting that

additional neural pathways are activated through light
exposure,

The intensity of the intervention condition is consistent
with Australian lighting standards for an automatic plant with
no or occasional manual control (80 lux), and below that for
continuously occupied workplace interiors (160 lux)
(Australian/New Zealand Standard 1680). It should be
noted, however, that there is no specific standard for lighting
for night shift and this light intensity was the highest level
that was considered tolerable by staff based on consultation.
The intervention intensity was, however, considerably lower
than that used in other studies testing the efficacy of blue-
enriched lighting interventions during the daytime (lower by
~200-300 lux),'”** and nighttime (lower by ~400-600
lux).>*~* Previous laboratory comparisons of light sources
of similar low intensities (40 lux) have revealed greater
alerting responses following evening exposure to blue-
enriched polychromatic light compared to standard white
light.!” A recent reanalysis of data from several studies of
the alerting effects of light in humans reported that exposure
to light of <100 lux melanopic EDI can stimulate > 50% of
the maximum alerting effects.” Therefore, high intensity light
sources may not be necessary to induce alerting responses,

particularly if spectral composition is optimal. When the
International Agency for Research on Cancer (IARC) reaf-
firmed in 2019 that night shift work is “probably carcino-
genic to humans”, melatonin suppression was cited as
a possible mechanism.*> This raises the need to consider
such effects as a possible consequence of light interventions
at night compared to the immediate risk of sleepiness-related
accidents and injuries, and the need for further research and
standards for lighting for night shift.

This study did not find significant differences between the
light conditions in three domains of mood (calm-tense, cheer-
ful-miserable, and depressed-elated), which is inconsistent
with previous studies.'”'*?° Prior studies have assessed
mood as an index of subjective wellbeing'® or general positive
and negative affect,” rather than specific mood domains.
Limited effects of the intervention lighting on mood may
also be a function of the short duration of light exposure for
cumulative mood improvements or the almost all male sample
given that males and females differ in patterns of self-reported
mood, with females more likely to report depressive
symptoms.*® Females are also reported to be more impaired
following sleep loss.*’

Due to operational demands resulting in differences in
test timing and high inter-individual variability between
participants, power of the current analyses was limited.
Further investigation of the lighting intervention in a larger
cohort of night workers is required, to facilitate further
assessment of changes in alertness at multiple time points
across the shift. Inter-individual differences have been
reported in cognitive responses to sleep loss, tolerance to
shift work*® and responses to light.*’ In view of these
findings, future studies should seek to identify individuals
who are most vulnerable to alertness impairment due to
night shift, for example, the 10-23% of shift workers who
are reported to have Shift Work Disorder,’® to receive
personalized lighting interventions. Future studies should
include circadian phase assessment to account for the
impact of individual differences in circadian phase on
alertness, neurobehavioural performance and mood.?*->!

Conclusions

For the first time, this study systematically tested in a within-
subject design the efficacy of increased intensity and blue-
enriched light exposure to enhance alertness in rapidly rotating
night shift workers in an operational occupational setting. The
study has shown that exposure to a higher intensity light with
increased blue light content enhances subjective alertness and
objective performance at the middle and end of the night shift.

6 5 4 https:
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We selected a dual-faceted lighting intervention (increased
intensity and blue wavelength composition) to induce max-
imal improvements in alertness, and to be readily translated
into practice. Improvements in alertness and performance seen
in this study provide support for the potential benefits of light
as a countermeasure against sleepiness during night shift in
rapidly rotating shift workers. Findings suggest light interven-
tions that capitalize on enhancing melanopsin-based responses
may be an effective component of an occupational fatigue
management program. Outcomes from this workplace inter-
vention may inform future lighting standards to improve
safety, productivity and wellbeing in operational settings.
Further studies can examine the benefits of targeted lighting
interventions in individuals most vulnerable to alertness
impairment during night work.
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