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ABSTRACT
Aim: As our understanding of light's impact on human health grows, studies examining light exposure and related health out-
comes in everyday settings are increasingly important, particularly in high-risk groups like nightshift workers.
Methods: In this observational study, we monitored personal light exposure and physiological functions in a large cohort of 
healthcare nightshift workers using a spectrally resolved light dosimeter and wearable body temperature, actigraphy, and elec-
trocardiography sensors.
Results: Our findings revealed a common occurrence of unfavorable light conditions during both shift types. During nightshift 
work, participants frequently experienced exposure to biologically potent cool-white LED lighting. On dayshifts, melanopic light 
levels often failed to meet recommended guidelines, with daylight as the primary source of bright light levels. Sleep duration, 
but not quality, significantly varied between shifts, with longer sleep before the first nightshift but shorter sleep on subsequent 
nights. Daytime and nighttime napping helped compensate for reduced sleep on nightshifts. Limited associations between light 
exposure and sleep were found, partially contradicting existing knowledge. Diurnal physiological and activity rhythms followed 
the change from day-active to night-active schedules; however, the change in physiological rhythms appeared partly dissociated 
from that of activity, suggesting a circadian modulation. Moreover, physiological functions exhibited bi-directional phase-shifts 
across consecutive nightshifts, which may have been mediated by differences in daytime light exposure before the first nightshift.
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Conclusion: By employing a multi-wearable approach including recent sensors, we provide new insights into the lighting en-
vironments experienced by nightshift workers and the potential impact of nightshift work and light exposure on endogenous 
circadian rhythms.

1   |   Introduction

Nightshifts constitute a common working condition, with 19% 
of EU workers reporting night work at least once a month [1]. 
Frequent exposure to nightshift work has been associated with 
several negative consequences for health and wellbeing, in-
cluding increased risk for cardiovascular and metabolic disor-
ders [2–4], cancer [5–7], and mental disorders [8–10], as well as 
decreased cognitive performance and more attentional errors 
during night work [11]. A major cause of these negative health 
impacts is the misalignment between the internal circadian tim-
ing of biological processes and the imposed behavioral rhythm 
during nightshifts, resulting in mistimed eating patterns along 
with disturbed and shortened sleep [4, 12], which in itself con-
stitutes a risk factor for poor health and wellbeing [2, 13–15]. 
Hence, evidence-based strategies for mitigating these negative 
health consequences are urgently needed.

An important consideration for nightshift work is light [16], given 
its important role in human physiology and behavior, synchro-
nizing biological processes across the human body to the 24 h day 
[17, 18], as well as directly affecting sleep propensity and alertness 
[19, 20] modulated by the spectrum and dose of light through a 
non-visual retina-brain pathway involving the photopigment 
melanopsin sensitive to the blue part of the visible light spectrum. 
As such, light has been recognized to be implicated in general 
human health and wellbeing [21–23] and can help to mitigate some 
of the negative effects of nightshift work (e.g., [24–29]). However, 
little is known about the association between individual light 
exposure patterns and health outcomes in real-life settings [30]. 
While a number of studies have started to address this knowledge 
gap by monitoring personalized light exposure and health-related 
outcomes with wearable sensors in different populations [31], in-
cluding nightshift workers (e.g., [32–36]), more research is needed 
to understand the intricate role of light during everyday life and 
especially for nightshift work. Specifically, the effects of light ex-
posure on sleep and the timing of the circadian rhythm have not 
been sufficiently investigated, partly due to a lack of non-invasive 
methods for monitoring physiological functions and biologically 
relevant light quantities such as melanopic equivalent daylight illu-
minance (EDI), which is now recognized as the primary quantity 
to describe light exposure in chronobiological and sleep research 
[21, 37]. Moreover, little use has been made yet of recent advances 
in light sensor technology enabling the characterization of spec-
tral diets [38] and with it the lighting environments encountered 
during daily life and their role in health-related outcomes.

In the present observational study, we used a recently developed 
spectrally resolved light sensor [39] to measure melanopic EDI 
profiles and characterize the lighting environment of nightshift 
workers in a healthcare setting with the aim of assessing the 
health potential of light exposure patterns experienced during 
day- and nightshift work. In addition, we aimed to compare self-
reported sleep and the phase of diurnal rhythms of activity, heart 

rate, and core body temperature derived from a non-invasive 
wearable sensor between both shift types and explore associa-
tions with personal light exposure.

2   |   Results

In total, 72 adults (82% female; mean age = 32.5 years, 
SD = 5.8 years) participated in the study during both dayshift and 
nightshift work, of whom 2 participants were lost to follow-up 
for dayshift measurements. Most participants were healthcare 
professionals (36 nurses, 20 physicians, 13 paramedics, 3 oth-
ers). Average self-reported work schedules were from 07:13 h 
(SD = 0.6 h) to 16:30 h (SD = 1.7 h) during dayshifts and from 
21:40 h (SD = 1.2 h) to 07:30 h (SD = 0.7 h) during nightshifts (See 
SI Appendix, Table S1 for all cohort characteristics). The exact 
start and end times of work on each day during the study were 
not available. Most participants worked three consecutive day-
shifts and nightshifts; 12 worked four dayshifts and one partic-
ipant worked four nightshifts. Among dayshifts, 47 occurred in 
summer (daylength ≥ 12 h, March–September) and 23 in winter 
(daylength < 12 h, September–March), and among nightshifts, 
32 occurred in summer and 40 in winter.

2.1   |   Personal Light Exposure

Spectrally resolved light exposure data were continuously mea-
sured with the Spectrace [39] dosimeter prototype while awake. 
Of the 72 participants in the study, no light exposure data were 
available for 12 participants due to unavailability (N = 10), loss 
(N = 1), and malfunctioning (N = 1) of the dosimeter, and data 
from two more participants were excluded post hoc due to shifts 
coinciding with seasonal change in clock time. Consequently, 
data were available from 58 participants in total, with 43 in 
both periods, 4 only in dayshifts, and 11 only in nightshifts. 
Availability of data for only one period was partly due to device 
loss (N = 4) and device unavailability (N = 10).

2.1.1   |   Light Levels

Melanopic equivalent daylight illuminance (EDI) during the 
work period (start of first shift until the end of last shift) was 
compared to recent recommendations [21] for minimum cor-
neal melanopic EDI levels during daytime (> 250 lx), evening 
(< 10 lx), and night (< 1 lx). Bright levels above 250 lx occurred 
almost exclusively during the day (Figure  1a) and more fre-
quently during summer compared to winter and on dayshifts 
compared to nightshifts (SI Appendix, Figure  S1a). On day-
shifts, the mean bright light duration per day was 1.8 h in 
summer and 0.6 h in winter (p < 0.001). It was also lower on 
nightshifts than on dayshifts, with 1 h in summer (p = 0.061) 
and 0.2 h in winter (p < 0.001), due to sleep during daytime 
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(Figure  1a). Moreover, light levels in the evening 3 h before 
self-reported bedtime on dayshifts frequently surpassed the 
recommended maximum of 10 lx (Figure 1b). This was partic-
ularly the case in summer due to the late sunset, with a mean 
daily duration of 1.3 h above this level. Although the current 
recommendations for healthy light exposure [21] only apply to 
day-active individuals (see below), for comparison, on night-
shifts, most light levels before bed and to some extent during 
night work were above 10 lx (Figure 1a).

Given the limitation of the current recommendations to day-
active individuals, to interpret the potential impact of light 
exposure during nightshifts, we used a dynamic model [40] 
that simulates the effective light input modulating non-visual 
responses, with and without considering circadian modula-
tion of light sensitivity (circadian response nvRC and direct 
response nvRD, respectively). Since the nvRD represents a 
smoothed transformation of raw light exposure, the mean nvRD 
(Figure  1c) followed the distribution of melanopic EDI lev-
els in Figure 1a. In contrast, the mean nvRC compared to the 
nvRD was lower during daytime and higher during nightshifts 
(Figure 1c), due to the high circadian sensitivity after habitual 
sleep onset (Figure 1d). Notably, the mean nvRC reached similar 
levels after habitual sleep onset during nightshift work in both 

seasons as during work on dayshifts in summer (Figure 1c,d). 
Hence, despite lower light levels during work on nightshifts 
compared to dayshifts, the theoretical effective input for non-
visual responses was almost the same.

2.1.2   |   Spectral Diet

The use of a spectrally resolved dosimeter allowed to also exam-
ine the spectral distributions of recorded light exposures (i.e., 
the spectral diet [38]). The collected data were classified accord-
ing to seven different light source types (Figure 2a). The most 
prevalent types were cool white LEDs (44%), daylight (24%) and 
fluorescent (22%). The separation of LEDs by their correlated 
color temperature (CCT) into cool white (CCT > 3000 K) and 
warm white (CCT < 3000 K) aimed to identify periods at home, 
given the typical use of warm white LEDs in residential lighting. 
Indeed, higher proportions of warm white LEDs coincided with 
expected periods at home (Figure  2b). Moreover, warm white 
LEDs were predominantly (77%) below 10 lx melanopic EDI, in 
line with recommendations (SI Appendix, Figure S1b).

Daylight constituted a substantial portion of light exposures, 
being the predominant light source in the afternoon after work 

FIGURE 1    |    Light levels experienced by participants during the dayshift (Days) and nightshift (Nights) periods (start of first shift to end of last 
shift) in summer (daylength ≥ 12 h) and winter (daylength < 12 h). (a) Proportion of relevant melanopic equivalent daylight illuminance (EDI) levels 
[21] while awake across participants and days respective to clock time, and (b) respective to self-reported sleep onset. Dashed vertical lines indicate 
the mean sunrise and sunset, and the horizontal bars represent the mean work hours. (c) Mean and SEM of non-visual direct (nvRD) and circadian 
(nvRC) response based on the model proposed by [40], respective to clock time. In contrast to the nvRD model, the nvRC model considers the circadi-
an modulation of the sensitivity to light relative to habitual sleep onset, here calculated as the mean reported sleep onset during dayshifts. The gray 
shaded areas indicate mean nighttime, and the horizontal bars represent the mean work hours. (d) Mean and SEM of nvRD and nvRC respective 
to habitual sleep onset. The gray shaded area indicates the modeled circadian sensitivity to light. Note that for all analyses shown in panels (a)–(d), 
light levels during self-reported sleep were set to 0.1 lx. Cohort sizes per panel: Days, Summer = 28; Days, Winter = 19; Nights, Summer = 16; Nights, 
Winter = 35.
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or daytime sleep (Figure 2b), and provided 75% of the recorded 
melanopic EDI levels above 250 lx (SI Appendix, Figure  S1c). 
However, 60% of daylight light levels were still below 250 lx (SI 
Appendix, Figure  S1b), possibly due to exposure indoors. At 
work during dayshifts, the mean proportion of daylight exposure 
varied substantially across participants (0%–88%, Figure 2c) and 
work environments, with lower exposure for departments such 
as surgery and emergency and higher exposure for departments 
such as rehabilitation (SI Appendix, Figure  1d). As expected, 

from a seasonal perspective, the total daily duration of daylight 
exposure was higher in summer (2.9 h) compared to winter 
(1.6 h, p < 0.001), even relative to photoperiod length (Figure 2d).

The distribution of light sources during working hours 
(Figure  2b) suggests that most work environments were lit by 
cool white LEDs followed by fluorescent sources, which was 
confirmed by examining the proportion of light source types 
during nightshifts, indicating that around 65% of participants 

FIGURE 2    |    Spectral diet during the dayshift (Days) and nightshift (Nights) periods in summer (daylength ≥ 12 h) and winter (daylength < 12 h). 
(a) Normalized spectral power distribution (SPD) from light-dosimetry per classified light source type, the median SPD, and the median melanopic 
daylight efficacy ratio (DER) and correlated color temperature (CCT). The dashed reference SPD indicates the median across the individual classified 
light source SPDs within each light-source type. HID = high intensity discharge. For legibility only a random subset of 500 SPDs per light source type 
is plotted. (b) Proportion of light source types (legend in panel a) across participants over of time. The dashed vertical lines indicate mean sunrise and 
sunset and the black horizontal bars indicate mean typical work hours. (c) Mean proportion of exposure to available daylight at work on dayshifts 
(dependent on photoperiod length and work schedule, indicated by color gradient) per participant. Error bars indicate the mean daily proportion of 
invalid data during work. (d) Daily exposure to daylight relative to photoperiod length. (e) Proportion of light source types (legend in panel a) during 
work hours per participant, sorted by proportion of fluorescent light during nightshifts. The dashed vertical indicates the change of ratio across 1:1 
between fluorescent and LED > 3000 K. (f) Mean melanopic equivalent daylight illuminance (EDI) levels during work hours for the three prevalent 
light source types (legend in panel a). **p < 0.01, ***p < 0.001.

 N=8488 (5%)
 melDER=0.41
 CCT=2639

 N=73612 (44%)
 melDER=0.66
 CCT=4128

 N=36318 (22%)
 melDER=0.51
 CCT=3536

 N=5365 (3%)
 melDER=0.68
 CCT=4150

 N=1356 (1%)
 melDER=0.73
 CCT=4098

 N=40703 (24%)
 melDER=0.96
 CCT=6198

 N=1524 (1%)
 melDER=1.01
 CCT=6669

Median Reference

LED < 3000 K LED > 3000 K Fluorescent HID Incandescent Daylight Twilight

400 550 700 400 550 700 400 550 700 400 550 700 400 550 700 400 550 700 400 550 7000.0
0.2
0.4
0.6
0.8
1.0

Wavelength (nm)

N
or

m
al

iz
ed

 S
PD

(a)

Days Nights

Sum
m

er
W

inter

00 04 08 12 16 20 0000 04 08 12 16 20 00

0.0
0.2
0.4
0.6
0.8
1.0

0.0
0.2
0.4
0.6
0.8
1.0

Clock time (h)

Pr
op

or
tio

n

(b)

0.0

0.2

0.4

0.6

0.8

1.0

Participant

Pr
op

. d
ay

lig
ht

 a
t w

or
k

Daylight available

70%
80%
90%
100%

(c)

******
***

0.0

0.2

0.4

0.6

0.8

1.0

Summer Winter

Pr
op

or
tio

n 
da

yl
ig

ht

Days Nights

(d)

D
ays

N
ights

0.0
0.2
0.4
0.6
0.8
1.0

0.0
0.2
0.4
0.6
0.8
1.0

Participant

Pr
op

or
tio

n 
at

 w
or

k

(e)

*****
***

*****
***

100

101

102

103

104

Days Nights

M
el

an
op

ic
 E

D
I (

lo
g 

lx
)(f)

***

 17481716, 2025, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/apha.70069 by B

ibliotheque de l'U
niversite de G

eneve, D
ivision de l'inform

ation, W
iley O

nline L
ibrary on [15/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



5 of 15

experienced predominantly cool white LED and 35% fluores-
cent lighting at work (Figure 2e; SI Appendix, Figure 1e). This 
distinction was less clear during dayshifts due to daylight expo-
sure and possibly more frequent change of environments. The 
melanopic EDI levels associated with the prevalent light sources 
during work (i.e., LED, fluorescent, and daylight) at ambient 
light levels where spectra could be reliably identified (> 10 lx) 
were significantly different (Figure 2f): mean levels were high-
est for daylight during nightshifts (42 lx) and dayshifts (168 lx, 
all p < 0.001), while levels during nightshifts were higher for 
LED (20.3 lx) compared to fluorescent (13.7 lx, p = 0.003) and 
vice versa during dayshifts (46.7 lx vs. 66.4 lx, p = 0.005). Mean 
photopic illuminance during nightshifts was similar between 
LED (31.5 lx) and fluorescent (27.7 lx, p = 0.69), indicating that 
differences in melanopic EDI were mostly due to differences in 
spectrum. Correspondingly, the mean melanopic efficacy (day-
light efficacy ratio, DER) was higher for LED (0.66) compared to 
fluorescent (0.51, p < 0.001). Despite these differences in levels 
per light source, mean melanopic EDI exposure during night-
shift work was rather similar between participants grouped into 
those with predominantly LED (8.26 lx) and fluorescent lighting 
(7.03 lx, p = 0.49), possibly due to mixed exposure to both light 
sources and dim light levels for which the source could not be 
identified. Indeed, when considering a temporally smoothed 
estimate, the difference in light source levels is apparent, 
demonstrated by a higher cumulative nvRD for the LED (0.72) 
compared to the fluorescent group (0.40, p = 0.029).

2.2   |   Self-Reported Sleep

Participants indicated daily sleep periods in a sleep diary by 
marking consecutive sleep states, where consecutive states of 

sleep or half-sleep constituted individual sleep episodes. The 
longest sleep period per 24 h interval was considered the main 
sleep period (SI Appendix, Figure  S2). During dayshifts, the 
main sleep duration remained stable across all three days (7.10 
to 7.26 h), while during nightshifts, the main sleep duration was 
longer during the 24 h sleep interval starting before the first 
workday (Day 0; 9.03 h) compared to the two following days 
(5.93 and 5.79 h, both p < 0.001, Figure 3a). Furthermore, main 
sleep was longer on Day 0 and shorter on Day 1 and Day 2 com-
pared to dayshifts (all p < 0.001, Figure 3a). Interestingly, when 
accounting for all sleep episodes during each 24 h interval (i.e., 
including naps and shorter sleep bouts), the total sleep duration 
during nightshifts compared to dayshifts was only slightly lower 
on Day 1 (6.79 h vs. 7.29 h, p = 0.062) and Day 2 (6.79 h vs. 7.22 h, 
p = 0.098; Figure 3b), which is explained by the increased num-
ber of sleep episodes beyond the main sleep period during night-
shifts (Figure  3c), compensating for the curtailed main sleep 
duration. For nightshifts compared to dayshifts, sleep quality 
showed a similar trend to main sleep duration (Figure 3d), with 
slightly higher sleep quality on Day 0 (3.86 vs. 3.50, p = 0.054) 
and lower sleep quality towards Day 2 (3.54 vs. 3.84, p = 0.065). 
Note that the addition of the covariates sex, age, chronotype, 
or photoperiod length did not result in a better model perfor-
mance in any of the analyses, indicating little influence on the 
sleep parameters. While earlier chronotypes had slightly ear-
lier bedtimes than later types on dayshifts (22:18 h vs. 22:54 h) 
and later bedtimes on nightshifts (08:36 h vs. 08:06 h), none of 
these differences were significant (all p > 0.72). Furthermore, we 
performed regression analyses to examine inter-relationships 
between sleep parameters, indicating that sleep quality was 
positively correlated with sleep duration (R2 = 0.06, p < 0.001, 
Figure 3e), in line with the similar trends in Figure 3a,d. Main 
sleep duration but not quality during nightshifts was also 

FIGURE 3    |    Estimated marginal means (EMMs with 95% confidence interval) of subjective sleep parameters within 24 h intervals starting on 
20:00 h the day before work (day 0) and the two workdays (day 1 and 2) between dayshifts (Days) and nightshifts (Nights). (a) Main sleep duration 
(sum of sleep episodes during longest sleep period). Legend in panel (d). (b) Total sleep duration (sum of all sleep episodes). Legend in panel (d). (c) 
Number of sleep episodes. Legend in panel (d). (d) Sleep quality of main sleep period (1 = “very bad”, 5 = “very good”). (e) Sleep quality was associated 
with main sleep duration across shift-types. (f) Association of main sleep duration with total sleep during work hours on nightshifts and (g) with 
total sleep duration on the day before nightshift work. Panels (e)–(g) show linear regression lines with 95% confidence intervals. *p < 0.05, **p < 0.01, 
and ***p < 0.001.

*** ***
***
******

4

6

8

10

12

Day 0 Day 1 Day 2

M
ai

n 
sl

ee
p 

du
ra

tio
n 

(h
)(a)

*********

4

6

8

10

12

Day 0 Day 1 Day 2

To
ta

l s
le

ep
 d

ur
at

io
n 

(h
)(b)

** * *

0.5

1.0

1.5

2.0

2.5

Day 0 Day 1 Day 2

Sl
ee

p 
ep

is
od

es
 (N

)

(c)

1

2

3

4

5

Day 0 Day 1 Day 2

Sl
ee

p 
qu

al
ity

Shift−type
Days
Nights

(d)

β = 0.12 *** , R2 = 0.06β = 0.12 *** , R2 = 0.06β = 0.12 *** , R2 = 0.06

1

2

3

4

5

2 4 6 8 10 12
Main sleep duration (h)

Sl
ee

p 
qu

al
ity

(e)
β = −0.65 * , R2 = 0.2β = −0.65 * , R2 = 0.2β = −0.65 * , R2 = 0.2

0

2

4

6

8

10

0 1 2 3 4 5
Total sleep work (h)

M
ai

n 
sl

ee
p 

du
ra

tio
n 

(h
)(f)

β = 0.21 ** , R2 = 0.1β = 0.21 ** , R2 = 0.1β = 0.21 ** , R2 = 0.1

0

2

4

6

8

10

4 6 8 10 12 14
Total sleep day 0 (h)

M
ai

n 
sl

ee
p 

du
ra

tio
n 

(h
)(g)

 17481716, 2025, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/apha.70069 by B

ibliotheque de l'U
niversite de G

eneve, D
ivision de l'inform

ation, W
iley O

nline L
ibrary on [15/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



6 of 15 Acta Physiologica, 2025

correlated to total sleep duration during work and the day before 
work, with shorter duration after more sleep at work (R2 = 0.2, 
p = 0.018, Figure 3f), but longer duration with more sleep on Day 
0 (R2 = 0.10, p = 0.009, Figure 3g). Since total sleep on Day 0 also 
showed a positive tendency with sleep during work (R2 = 0.23, 
p = 0.098), the latter result might rather indicate a tendency for 
good sleepers.

2.3   |   Associations Between Daily Light Exposure 
and Sleep

To evaluate the possible influence of light exposure on sleep pat-
terns, we examined associations between personal light expo-
sure and self-reported main sleep onset, duration, and quality 
using aggregate light exposure metrics calculated for different 
daily intervals on workdays (SI Appendix, Figure S1f): during 
work, the 16 h and 3 h before main sleep onset, and the 3 h before 
and after habitual sleep onset. Contrary to our expectations, only 
a few statistically significant associations were found between 
light metrics and sleep parameters. Earlier bedtime (Figure 4a) 
on nightshifts was associated with higher mean melanopic DER 
during work (R2 = 0.07, p = 0.042) and the 3 h before bed (R2 = 0.16, 
p = 0.008), which may have been due to increased morning day-
light exposure stemming from later bedtime. Similarly, longer 
sleep duration (Figure  4b) on dayshifts was associated with 
higher mean melanopic DER (R2 = 0.31, p = 0.027) and greater 
temporal variability in light levels (R2 = 0.20, p = 0.045) during 
the 3 h before sleep and correspondingly the 3 h before and after 
habitual sleep onset. The association with melanopic DER may 
have been due to increased daylight exposure stemming from 
earlier bedtime allowing for a longer sleep opportunity. Better 
sleep quality (Figure 4c) on dayshifts was associated with more 

time spent at bright light levels (melanopic EDI > 250 lx) in the 
3 h before bed (R2 = 0.19, p = 0.026) and on nightshifts with less 
time spent at low light levels (melanopic EDI < 10 lx) around ha-
bitual sleep onset (R2 = 0.07, p = 0.043). Note that the effect of 
bright light levels during the pre-bed period on dayshifts was 
not significantly moderated by exposure to bright light levels in 
the 13 h prior to the pre-bed period (p = 0.87).

2.4   |   Diurnal Rhythms of Activity, Heart Rate, 
and Core Body Temperature

In addition to light exposure, we assessed the effects of shift 
work on diurnal rhythms of physiological parameters by mon-
itoring continuous physical activity, heart rate (HR) and core 
body temperature (CBT) with wearable sensors. Valid data for 
HR and activity were available from 62 participants during day-
shifts and 56 during nightshifts, while CBT data were available 
from 31 participants during dayshifts and 27 during nightshifts, 
due to the introduction of the CBT sensor halfway through the 
study. Overall, the mean rhythms of the three response variables 
were substantially phase-shifted between dayshifts and night-
shifts as well as in relation to each other (Figure 5a, SI Appendix 
Figure S3a). Specifically, comparing acrophase (i.e., the timing 
of the rhythm peak) between variables per day revealed a later 
phase for CBT compared to activity and HR on day-active days 
(i.e., dayshifts and Day 0 on nightshifts, Figure  5b), while on 
nightshifts, the acrophase of both CBT and HR was earlier than 
for activity. During dayshifts, CBT acrophase was on average 
2.2 h later than activity and 1.7 h later than heart rate (both 
p < 0.001), while during nightshifts, the CBT acrophase was 
1.4 h earlier than activity on Day 1 (p = 0.026) and 1.1 h earlier 
(not significantly) on Day 2 (p = 0.15). While the acrophase of HR 

FIGURE 4    |    Linear mixed model analyses of associations between sleep parameters and aggregate metrics of melanopic EDI during work, 16 h 
and 3 h before main sleep onset, and 3 h before and after habitual sleep onset (mean onset of main sleep period during dayshifts) on workdays for day-
shifts (Days) and nightshifts (Nights). melDER: Melanopic daylight efficacy ratio. melEDI: Melanopic equivalent daylight illuminance. nvRD: Sum of 
non-visual direct response [40]. nvRC: Sum of non-visual circadian response [40]. Disparity index: Temporal variability of light levels. (a) Association 
with earlier main sleep onset, (b) main sleep duration, and (c) main sleep quality. The color scale represents standardized regression coefficients, with 
red indicating a positive effect direction and blue a negative. *p < 0.05, **p < 0.01.
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was similar to activity during dayshifts, HR acrophase shifted to 
being 1 h earlier (not significant) on Day 1 (p = 0.068) and 1.4 h 
earlier on Day 2 (p = 0.01). Between shift types, on workdays 
(Day 1 and 2), the acrophase of all three variables was signifi-
cantly later on nightshifts (p < 0.001, SI Appendix Figure S3b). 
Interestingly, except for CBT, the acrophase of activity and HR 
was also slightly but significantly later for Day 0 on nightshifts 
compared to dayshifts (both p < 0.001, SI Appendix Figure S3b). 
Furthermore, the change in phase between shift type (differ-
ence nightshifts—dayshifts) was not consistent across variables 
on Day 1 and 2 (Figure 5c), with a significantly larger phase dif-
ference for activity compared to CBT and HR, suggesting that 
CBT and HR are not exclusively a reflection of activity patterns, 
but may partly reflect the underlying endogenous circadian 
modulation.

Since activity patterns are typically strongly related to sleep–
wake behavior, the activity bathyphase (i.e., the timing of the 
rhythm trough, 12 h difference from acrophase) should be close 
to the midpoint of sleep. To examine this relationship, we com-
pared the phase angle between bathyphase and the midpoint of 
the main sleep period on the corresponding day per variable be-
tween shift-type (Figure 5d). As expected, the phase angle for 
activity was close to zero and not significantly different between 
shift-type on all days. In contrast, the phase angle was earlier 
on nightshifts compared to dayshifts for CBT on Day 1 (−1.4 h 
vs. +1.5 h, p < 0.001) and Day 2 (−1.2 h vs. +1.3 h, p < 0.001), as 

well as for HR on Day 1 (−1.2 h vs. +0.2 h, p < 0.001) and Day 
2 (−1.1 h vs. −0.05 h, p = 0.007). The differences in phase angle 
for CBT and HR on nightshift workdays were unlikely to be as-
sociated with sleep during work (all p > 0.41). Overall, these re-
sults highlight that the phase relationship between sleep, core 
body temperature, and HR was systematically perturbed during 
nightshifts compared to dayshifts.

2.5   |   Changes in Phase Angle During Nightshifts 
and Association With Light and Sleep

Following these findings, we investigated how the phase of HR 
and CBT changed between consecutive nightshifts and whether 
phase changes were associated with light and sleep outcomes. 
To do so, we calculated the difference in phase angle from sleep 
midpoint between the first and second nightshift and divided 
participants into two groups based on positive shifts in phase 
angle (Delay) and negative shifts in phase angle (Advance) per 
response variable (Figure 6a). Phase angle was significantly dif-
ferent between groups on Day 2 for activity and on Day 1 and 
2 for CBT and HR (all p < 0.05), as well as between Day 1 and 
Day 2 per group for all variables (all p < 0.01). Since there was 
good correspondence between the phase-shift groups derived 
from HR and CBT data (SI Appendix Figure S3c), we combined 
the groups from both variables to examine whether light expo-
sure and sleep were different between the advanced and delayed 

FIGURE 5    |    Analyses of diurnal rhythms of activity, heart rate (HR) and core body temperature (CBT) derived from cosinor analysis for dayshifts 
(Days) and nightshifts (Nights). (a) Mean fitted 24 h rhythms for the three response variables per shift-type. The vertical dotted lines indicate the 
24 h intervals for which cosinor fits were obtained. The horizontal black bars indicate the typical work period. (b) Estimated marginal means (EMM) 
of acrophase (relative to clock time) between variables per day. (c) EMMs of phase difference (in hours) across shift-types (nightshifts—dayshifts) 
between variables per day. (d) EMMs of phase angle (in hours) of bathyphase with the midpoint of the main sleep period between shift-type per day. 
Acrophase: Timing of rhythm peak. Bathyphase: Timing of rhythm trough. Error bars in panels (b)–(d) indicate 95% confidence intervals. *p < 0.05, 
**p < 0.01, and ***p < 0.001.
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phase-shift groups. To consider individual differences in circa-
dian sensitivity to light, we compared nvRC during nightshift 
workdays as a function of habitual sleep onset between phase-
shift groups (Figure 6b), indicating significantly higher light ex-
posure in the Advance compared to the Delay group 6–9 h before 
habitual sleep onset on the first day (p < 0.039). No differences 
in nvRC during work were observed (SI Appendix Figure S3d). 
Note that light exposure was influenced by sleep, visible in a 
(delayed) reduction of mean nvRC during times when more par-
ticipants were asleep (Figure  6c). The duration and quality of 
the main sleep episodes were not significantly different between 
phase-shift groups (Figure  6d,e), although a trend for better 
sleep quality in the Delay compared to the Advance group could 
be observed (3.84 vs. 3.41, p = 0.079, Figure 6e), in line with the 
effects expected from an adaptation to nightshift work. Note 
that chronotype did not influence sleep outcomes, nor was it sig-
nificantly different between groups despite a tendency for more 
moderately early types in the Advance compared to the Delay 
group (9 vs. 4, p = 0.18).

3   |   Discussion

Nightshift work is common and has been identified as a risk 
factor for poor health and wellbeing due to the misalignment of 
internal circadian rhythms and the imposed sleep–wake pattern 
[13]. While evidence from experimental studies has shown that 
light plays an important role in circadian adaptation and mod-
ulating health-related outcomes [16, 30], current understand-
ing of these relationships in everyday life is far from complete, 

necessitating the assessment of personal light exposure and 
lighting environments in combination with relevant outcome 
measures in real-life settings. With this observational study, we 
were able to describe daily light levels and lighting conditions 
experienced by individuals working nightshifts and dayshifts 
by using a spectrally resolved wearable light sensor enabling 
the measurement of biologically relevant light quantities and 
the identification of spectral distributions. These ambulatory 
light measurements were combined with sleep diaries and non-
invasive, wearable sensors for electrocardiographic and body 
temperature measurements, revealing the detrimental effects of 
nightshift work on sleep duration, the disruption of physiolog-
ical processes, and indications for the role of light in sleep and 
circadian adaptation.

A major consequence of nightshift work lies in altered light ex-
posure patterns compared to regular daytime work. The obser-
vations of this study are in line with previous studies in night 
shift workers, showing reduced daytime light levels and low 
but persistent light exposure during the night compared to day-
shift work [32, 35, 41, 42]. Interestingly, even on dayshifts, light 
levels often failed to meet recent recommendations for optimal 
daytime and evening light exposure [21]. These findings are not 
unique to healthcare settings but have recently been reported 
by a similar study in a large general sample of the UK popula-
tion [43], indicating that daytime indoor (work) environments 
are often too dim and evenings too bright. Importantly, our 
results show that daylight played a central role in meeting rec-
ommended daytime light levels, yet daylight exposure at work 
varied substantially across participants despite correcting for 

FIGURE 6    |    Comparison of participants where the phase angle of bathyphase with sleep midpoint shifted later (phase delay) versus earlier (phase 
advance) during consecutive nightshift workdays. (a) Phase angle per response variable between phase-shift groups across participants. The solid 
line indicates the estimated marginal means (EMM) of phase angle per day. CBT: Core body temperature. HR: Heart rate. The following panels com-
pare data from participants in the phase-shift groups based on a combination of HR and CBT (see SI Appendix Figure 2b). (b) EMMs of the mean 
hourly non-visual circadian response (nvRC) and (c) proportion of participants asleep, as a function of time from habitual sleep onset between phase-
shift groups. (d) Duration and (e) quality of the main sleep period on nightshift workdays between phase-shift groups. The shaded areas in panels (a) 
and (b) indicate 95% confidence intervals. *p < 0.05, **p < 0.01, and ***p < 0.001.
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seasonal differences in photoperiod. Reduced daylight exposure 
at work was thus likely the result of different lighting conditions 
at the workplace, highlighting work environments that may 
benefit from targeted interventions, such as in surgery or emer-
gency wards. However, we note that the sample population was 
too heterogeneous to directly compare personal light exposure 
between specific departments and professions.

Note that the recent guidelines by Brown et  al. [21] are pro-
visional, and target light levels may need to be refined with 
evolving research. Moreover, they only allow interpretation of 
personal light exposures in their potential to support health and 
wellbeing of daytime-active individuals, while consensus rec-
ommendations for nightshift workers do not yet exist. One of 
the main problems with lighting advice for nightshifts is the tar-
geted outcome, given that light at night has the potential to shift 
circadian rhythms and increase alertness, but also to suppress 
melatonin [13]. Light exposure targeting circadian adaptation 
may only be advantageous for longer shift periods [44], although 
partial adaptation has been proposed as a potential means to im-
prove sleep for rapidly rotating shift schedules [27]. However, 
the bright melanopic light levels required to induce circadian 
adaptation may lead to the suppression of melatonin [42], a po-
tential factor in the carcinogenicity of nightshift work [45]. Since 
dim light levels may also be disadvantageous due to increased 
sleepiness [46], short-wavelength attenuated light with a lower 
melanopic efficacy has been proposed as a possible solution to 
maintain alertness while limiting melatonin suppression and 
circadian adaptation [47]. Here we found that workplaces were 
lit by either fluorescent lighting or modern cool white LEDs, 
the latter having a higher melanopic efficacy than fluorescent 
sources and much higher efficacy than typical residential light-
ing, resulting in higher melanopic light levels at night. Hence, 
an argument could be made to employ LEDs with a lower mela-
nopic efficacy during nightshifts. Please note that data corre-
sponding to LEDs could also have originated from computer 
screens rather than ambient lighting, given that health care pro-
fessionals spend a substantial amount of time in front of com-
puter screens [48]. Therefore, the true proportion of fluorescent 
lighting may be higher for participants where the LED light from 
screens dominated over ambient fluorescent lighting. Of note is 
also the large proportion of bright daylight exposures after sleep 
on nightshifts, highlighting a potential behavioral strategy that 
may benefit from further investigation given the potentially de-
sensitizing effects of prior bright light exposure on melatonin 
suppression and circadian phase resetting [49–51], and may re-
late to the observed phase-shifts discussed below.

Another problem is that quantitative targets for light exposure 
during nightshifts to promote desired outcomes do not yet exist. 
To address this issue, we used a model of non-visual response 
dynamics, simulating the effective light input to the non-visual 
system [40]. With this model, we showed that the effective light 
input during night work could be similar to that during day-
time work if we consider a circadian modulation in light sen-
sitivity [52, 53], despite much lower light levels during night 
work. Although the model does not predict effects on physio-
logical functions, it allows better comparison of light exposure 
between dayshifts and nightshifts and may help to assess and 
design lighting interventions. For example, in a simulated night-
shift study, similar modeling has been employed successfully to 

design a targeted light intervention for accelerated circadian ad-
aptation to nightshift work [25].

3.1   |   Influence of Shift Work on Sleep 
and Association With Light Exposure

A crucial aspect in nightshift work is the misalignment of en-
dogenous circadian rhythms with sleep–wake behavior, which 
is associated with shortened and disrupted daytime sleep 
[12, 13, 54–56]. Indeed, we found that the duration of self-
reported sleep in between nightshifts (i.e., the main sleep period) 
was on average ~1.5 h shorter than main sleep during day-
shifts, in line with typical findings for shift workers [12, 57–59]. 
However, shorter sleep episodes and naps seemed to make up 
for curtailed main sleep, with total sleep duration of approxi-
mately 7 h, as recommended in recent consensus guidelines for 
healthy sleep in shift workers [60]. In addition, a clear strategy 
for pre-sleeping on the day before the first nightshift was appar-
ent, with longer main sleep and naps, adding up to a total sleep 
duration of almost ~10 h. Overall, these results confirm find-
ings of a large study in Dutch healthcare workers [58], whose 
shift schedules are comparable to Switzerland. Moreover, these 
results are in line with occupational health recommendations 
by the Swiss government, advising napping and pre-sleeping 
as behavioral strategies during nightshifts. These findings may 
also explain the lack of differences in self-reported sleep qual-
ity and the generally high ratings, which contrast with previous 
findings [12, 59, 61]. Sleep quality also correlated to some extent 
with main sleep duration, emphasizing the importance of suf-
ficient sleep. While chronotype [62, 63] and age [58] have been 
reported to influence sleep in shift workers, neither emerged as 
relevant factors in any of our analyses, possibly due to the rather 
low variability in chronotypes and the young age of the studied 
population.

Contrary to our expectations, we did not find strong associations 
between light exposure and sleep. Based on previous research, 
we anticipated a positive effect of bright daytime light exposure 
[43, 64, 65] and a detrimental impact of high melanopic light 
levels shortly before bed [43, 66, 67] on subsequent sleep pa-
rameters during dayshifts, and possibly a positive association of 
light during night work with sleep, due to circadian adaptation 
effects [13, 25, 27]. While we found that a higher average mela-
nopic DER close to bedtime was related to longer sleep duration 
on dayshifts and later bedtime on nightshifts, these results are 
more indicative of a modulation of light exposure by sleep rather 
than the opposite. That is, a later bedtime after nightshifts al-
lows for more time during the photoperiod before bed and hence 
an influence of daylight, resulting in higher melanopic DER. 
The association with longer sleep duration during dayshifts may 
have followed a similar principle, as longer sleep duration was 
associated with earlier bedtime on workdays. However, the rela-
tionship between more time spent at high melanopic EDI levels 
in the 3 h before bed and better sleep quality is surprising as it 
is not consistent with previous findings but may be related to 
elevated light levels due to an earlier bedtime and longer sleep 
duration, although these associations were not statistically sig-
nificant. On the other hand, the finding of lower sleep quality 
with more time spent at lower light levels around habitual sleep 
onset may be due to less circadian adaptation due to lower light 
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exposure during the delay region of the human phase response 
curve [52]. Note that the analyses of the associations between 
light exposure and sleep were limited by a large number of in-
valid light data in the 3 h before bed on dayshifts and after wak-
ing up on nightshifts and possibly due to social activities during 
which participants neglected to wear the light sensor. Moreover, 
the low variability in sleep quality across participants and/or the 
use of a crude 5-point scale to assess sleep quality may have pre-
vented finding stronger associations.

3.2   |   Differential Effects of Nightshift Work on 
Rhythms of Activity and Physiology

As expected from a change from a day-active to a night-active 
schedule, our findings show a substantial delay of 24 h rhythms 
of activity, heart rate, and core body temperature from day shifts 
to night shifts, in line with previous findings for wrist and body 
temperature [68–70]. Note, however, that this change in overt 
rhythms does not necessarily reflect a change in endogenous cir-
cadian rhythms [15]. While CBT and HR are closely correlated 
biomarkers that are modulated by the endogenous circadian 
rhythm [71], they are strongly affected by other factors such as 
sleep, activity, meal intake, and external temperature, masking 
the endogenous circadian modulation [72]. Interestingly, de-
spite these masking effects, we observed a dissociation in the 
effect of night shifts on rhythm phase and phase angle with 
sleep between activity and the two physiological variables, sug-
gesting that the CBT and HR data reveal a modulation by pro-
cesses other than activity. Under conventional sleep conditions, 
the CBT minimum (CBTmin) typically occurs in the latter part 
of the habitual sleep period, with HRmin being slightly phase-
advanced relative to CBTmin [71], which is clearly demonstrated 
here during day shifts. The substantial shift of the overt CBTmin 
and HRmin towards the beginning of the sleep period observed 
during night shifts may be caused by the endogenous circadian 
modulation due to sleep onset closer to the circadian nadir of 
these processes. Although masking effects of sleep initiation 
[73] cannot be excluded, such effects should be consistent be-
tween day and night shifts, which was not the case here.

Light exposure during the night is known to shift the phase of 
endogenous circadian rhythms and thereby allows for adapta-
tion to nightshift work, which is typically assessed using mel-
atonin or blood samples [13]. For example, a previous study in 
healthcare professionals in Australia found an average delay 
of 1.1 h in urinary 6-sulfatoxymelatonin acrophase after 3–4 
nightshifts, with a strong association between phase shifts and 
personal light exposure around the baseline acrophase [36]. 
Since melatonin assays were not available in this study, we di-
vided participants into groups of an advance or delay in CBTmin 
and HRmin sleep phase angle, with an average phase advance 
of 1.6–2.0 h or delay of 2.2–2.4 h after one nightshift, which is 
much larger than what has been reported in the previous study. 
Interestingly, contrary to expectations, we did not find evidence 
for phase delaying effects of light after habitual sleep onset (i.e., 
the delay region of the phase response curve [52]), but rather 
for potential phase advancing effects of light exposure during 
daytime before the first nightshift. Assuming a causal role of 
light exposure, possible mechanisms may be either by means of 
acutely advancing circadian phase, or by reducing the sensitivity 

for phase delaying effects of light during the subsequent night 
[49–51]. In line with beneficial effects of circadian adaptation to 
nightshifts, sleep quality tended to be slightly better for partici-
pants whose phase angle with sleep delayed during nightshifts. 
Together, these findings suggest a potential role of daytime light 
exposure before nightshifts on the degree and direction of circa-
dian adaptation. Moreover, we show that continuous monitoring 
of CBT or HR may be a useful non-invasive and cost-effective 
method to assess circadian phase in shift workers, further high-
lighting the potential of physiological functions with wearable 
sensors as demonstrated by previous studies [69, 70]. However, 
validation of such biomarkers derived from wearable devices 
with robust circadian phase markers such as melatonin concen-
tration or clock gene expression in blood samples or hair follicles 
[13, 15] is required. Finally, beyond rhythm phase, shift work 
and light exposure also influence the amplitude and temporal 
stability of circadian rhythms [13]. To maintain the focus of 
this article on light, sleep, and circadian phase, further detailed 
analyses of cardiometabolic rhythms will be presented in future 
studies.

3.3   |   Limitations

We would like to acknowledge limitations to this study, some 
of which were already discussed above. These limitations were 
imposed largely by the challenges (i.e., logistics and minimizing 
participant burden) of performing field research under opera-
tional conditions in a sensitive domain such as healthcare. Due 
to the complexity of work schedules, the time gap between the 
two shift periods ranged from weeks to several months across 
participants. As a result, some participants worked both shift pe-
riods in different seasons and/or under different social-, work-, 
health-, or lifestyle-related circumstances, which may have bi-
ased the comparisons between shifts. The inclusion of a baseline 
day before each period could have helped to partly overcome 
this limitation. Moreover, day shifts occurred more frequently 
in summer compared to winter and vice versa for night shifts. 
Although seasonal day length was not a significant predictor in 
the analyses of sleep parameters, non-visual sensitivity to light 
can vary with season [74], hence we cannot exclude a bias due to 
the unbalanced distribution across seasons. Furthermore, light 
data were only available from 83% of participants, mainly due to 
the lack of sufficient light sensors while multiple subjects par-
ticipated in parallel. In addition, data were missing due to the 
loss of four sensors. Given their wearing location on the outer 
clothing, light sensors are at a higher risk of being lost (e.g., fall-
ing off when changing clothes, in emergency situations etc.), 
which should be considered when planning similar studies. The 
analyses of self-reported sleep timing were limited by the 30 min 
resolution of the sleep diary. Moreover, not all participants com-
pleted the diary for each day. Due to the core study period end-
ing directly after the last shift, it was not possible to examine 
how different light exposure and sleep strategies affected re-
covery from night shifts (cf. [75]). Additionally, due to lack of 
full 24 h data on the last night shift workday, changes in phase 
angle across consecutive night shifts could only be calculated 
between the first two days. More days may have given a more 
robust indication of phase shifting behavior and its effects on 
sleep. Furthermore, CBT data were only available for a subset 
of participants due to a late inclusion of the wearable thermal 
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sensor in the study, complicating the comparison of phase esti-
mates for HR and CBT data.

4   |   Materials and Methods

4.1   |   Participants and Study Design

The study was conducted among healthcare workers in the 
Geneva area, Switzerland. We aimed to study individuals during 
a short period of nightshift work (as common for rotating shift 
conditions) and an equivalent period of dayshifts for compari-
son. Participants were recruited via postings, announcements, 
and the hospital website. Seventy-two individuals agreed to 
participate in the study (see SI Appendix, Table  S1 for cohort 
characteristics). Inclusion criteria were: adults aged between 
20–50 years, working ≥ 80% full-time equivalent and scheduled 
to work three to five consecutive nightshifts and three to five 
consecutive dayshifts during the study period. Key exclusion 
criteria were: planned or current pregnancy during the study, 
menopausal women, major illness and hospitalization in the 
past month, travel across multiple time zones in the past month 
or during the study. We aimed to include a large sample of in-
dividuals to maintain statistical power with a sufficient mar-
gin for invalid data due to compliance and technological issues 
common in observational studies with wearable sensors. To 
achieve this aim given the recruitment criteria, data were col-
lected between January 2021 to August 2024. The study was 
conducted in accordance with Good Clinical Practices and the 
Swiss Human Research Act and was approved by the cantonal 
research ethics committee of Geneva (BASEC no. 2021-01008) 
and registered on Clini​calTr​ials.​gov (NCT05177965). Written 
informed consent was obtained from each individual prior to 
participation and participants received a monetary compensa-
tion upon completion.

The study comprised two measurement periods of three to five 
days during which participants were asked to: (1) continuously 
wear an ambient light sensor, a combined electrocardiography 
and actigraphy monitor, and a body temperature sensor; (2) fill 
in a daily sleep diary; and (3) complete a baseline questionnaire 
at the initial meeting. Participants met the research team for a 
total of 4 study visits, two per shift period, one at the start (study 
visit 1 and 3) and one at the end (study visit 2 and 4). The dayshift 
period was scheduled so that it was not preceded by nightshifts 
for at least 10 days. Except for one individual, participants started 
with a nightshift period. The first and third visits occurred ~24 h 
before the first work shift, when the different wearable sensors 
were set up. The devices were returned at the second and fourth 
visits, scheduled immediately after the last work shift.

4.2   |   Outcome Measures

Spectrally resolved personal light exposure data were collected 
using the Spectrace [39] dosimeter prototype (SI Appendix, 
Figure  S4a) attached to the outer layer of clothing at chest-
height. Physical activity and heart rate were measured with a 
wearable integrated three-axis accelerometer and single-lead 
electrocardiography monitor (Actiheart version 5, CamNtech 
Ltd., Fenstanton, UK; SI Appendix, Figure S4b) and core body 

temperature data were estimated from a combination of contin-
uous skin temperature and heat flux measurements collected 
with a wearable thermal sensor (CALERA Research, greenTEG, 
Zurich, Switzerland; SI Appendix, Figure  S4c). Both devices 
were directly attached to the skin on the chest. Participants were 
asked to wear the three devices continuously throughout the 
measurement period, except for the light sensor, which was not 
worn during sleep in bed. All continuous data were aggregated 
to 1 min intervals for further analyses. A detailed description of 
the sensors is provided in the SI Appendix.

In conjunction with these continuous physical measurements, 
we assessed daily sleep patterns using a paper sleep diary (SI 
Appendix, Figure S5), in which participants were asked to indi-
cate when they slept by marking sleep states (sleep, half-sleep, 
wake, long wake, drowsy) in 30 min bins, as well as the sleep 
quality of the main sleep period per day on a scale from 1 (very 
bad) to 5 (very good). Moreover, a baseline questionnaire was 
administered at the first study visit, including demographic and 
work-related information, such as age, sex, profession and de-
partment, and typical shift schedules. Moreover, we assessed 
chronotype with the Horne-Östberg Morningness-Eveningness 
Questionnaire (MEQ  [76]) and general sleep quality with the 
Pittsburgh Sleep Quality Index (PSQI [77]).

4.3   |   Statistical Analysis

All data processing, analyses, and figures were performed using 
R version 4.2.2 [78]. Associations between daily outcome vari-
ables and factors of interest were investigated with linear mixed 
models (LMM) using the lme4 (v1.1–31) and lmerTest (v3.1–3) 
R packages. Generalized LMMs were used with a Poisson dis-
tribution for count data and with a binomial distribution for 
proportion data. All LMMs reported here were composed of 
participants as a random effect. The addition of age, sex, chro-
notype, and photoperiod length as covariates to each analysis 
was assessed by comparing model performance (i.e., higher cor-
rected AIC weights) and are only mentioned in the results in 
case they were included. Estimated marginal means were com-
pared using the emmeans (v1.8.3) R package, with Bonferroni 
adjustment of p-values for multiple comparisons. All statistical 
tests assumed a two-sided significance limit of 0.05.

4.3.1   |   Light Exposure

Melanopic equivalent daylight illuminance (EDI), melanopic 
daylight efficacy ratio (DER), and correlated color temperature 
(CCT) were calculated from the interpolated spectral irradi-
ance data. Effective light input to the non-visual system was 
estimated using the direct response (nvRD) and circadian re-
sponse (nvRC) model [40] with habitual sleep onset as indicated 
in the PSQI questionnaire. Types of spectral power distributions 
(SPDs) in the data were identified by means of a distance-based 
classification method with a large set of reference spectra (see SI 
Appendix for details). Invalid data (i.e., periods of non-wear and 
sensor obstruction, see SI Appendix for details) were set to miss-
ing. Data where participants reported being asleep were set to 
0.1 lx for melanopic EDI and photopic illuminance, and missing 
for CCT and melanopic DER.
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4.3.2   |   Diurnal Rhythms of Activity, Heart Rate, 
and Body Temperature

The activity, heart rate (HR), and core body temperature (CBT) 
data were subjected to cosinor analysis, a common straightfor-
ward method to model circadian rhythms in timeseries data [79]. 
Each dataset was split into 24 h intervals starting at 20:00 h (to 
avoid splitting during sleep periods, see SI Appendix Figure S2), 
resulting in three intervals per shift type, outcome measure, and 
participant. For each interval, a 24 h single-component cosine 
was fitted to the normalized data using least-squares optimiza-
tion (circacompare R package, v0.2.0) from which the rhythm 
peak (acrophase) and 12 h later minimum (bathyphase) were 
calculated. The validity of the selected intervals was confirmed 
by moving 24 h window cosinor analysis in 1 h increments, 
showing that acrophase stabilized after 24 h starting from 
20:00 h the day before the first nightshift and stable phase on 
dayshifts (SI Appendix Figure S3a). Before analysis, any invalid 
data (see SI Appendix for details) were set to missing, and inter-
vals with more than 50% missing data were excluded. Activity 
data were log-transformed before analysis, with zero values set 
to 0.1. After subsequent analysis, cosine fits with an R2 value 
of less than 0.05 were excluded. LMMs were used to compare 
rhythm parameters between outcome measures, shift type, and 
daily intervals.

4.3.3   |   Self-Reported Sleep

Self-reported sleep parameters derived from daily sleep diaries 
were compared using LMMs with shift-type and day as fixed fac-
tors. Moreover, sleep onset of the main sleep period was compared 
with chronotype as an additional fixed factor. Associations among 
continuous sleep parameters were examined using covariate-only 
LMMs without additional fixed factors. Associations between 
light exposure (melanopic EDI) on workdays and sleep quality, 
duration, and onset of the subsequent main sleep period were as-
sessed using aggregate metrics calculated for four pre-bed peri-
ods: work, the 16 h before sleep onset (the typical wake period), 
3 h before sleep onset (period with potential direct effects on sleep 
[21]), and the 3 h before and after habitual sleep onset (measure of 
internal time related to onset of melatonin release [80, 81]). These 
metrics included: mean melanopic DER, mean melanopic EDI 
(log-transformed), cumulative nvRD, and nvRC [40], disparity 
index (a measure of temporal variability [82]), the percentage of 
time spent above 250 lx melanopic EDI and below 10 lx, and the 
percentage of exposure to daylight. Note that exposure to specific 
light sources other than daylight was not included due to a lack 
of evidence for effects beyond differences in melanopic activation. 
Metrics were selected based on a recent review [83] and calcu-
lated using the LightLogR (v0.4.2) package [84]. Periods with more 
than 25% invalid light data were excluded from the calculation of 
metrics. All analyses were performed using LMMs with the light 
exposure metric as an independent variable, separately per shift-
type and pre-bed period.

5   |   Conclusion

This observational study in a representative cohort of health-
care nightshift workers in Switzerland using novel spectrally 

resolved wearable light sensing technology showed that light 
exposure patterns and lighting environments differed mark-
edly between day- and nightshifts as well as among individu-
als and job roles. Potentially unfavorable lighting conditions 
including little daylight exposure and low daytime light levels 
were frequently experienced during day- and nightshift work. 
Additionally, differential effects of nightshift work on phase 
shifting between heart rate, core body temperature, and physi-
cal activity suggest that physiological functions monitored with 
wearable sensors could be used as non-invasive biomarkers of 
endogenous circadian rhythms. Nevertheless, associations of 
light exposure with sleep and circadian parameters were lim-
ited, possibly due to existent behavioral strategies. While the 
observational nature of the study does not allow for generating 
direct advice for best (lighting) practices, our findings highlight 
the potential of wearable sensor technology and open promis-
ing avenues for further research, including the investigation of 
lighting solutions with low melanopic efficacy, as well as the im-
pact of daytime light exposure and daylight on sleep and circa-
dian adaptation in nightshift workers.
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