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Key Points@ummary

f

e Shif is highly prevalent and is associated with significant adverse health impact.

O

e The stantial inter-individual variability in the way the circadian clock responds to

chdnging shift cycles. The mechanisms underlying this variability are not well understood.

£

he hypothesis that light-dark exposure is a significant contributor to this

Ef

van awhen combined with diurnal preference, relative timing of light exposure

U

accountedifor 71% of individual variability in circadian phase response to night shift work.

sults will drive development of personalised approaches to manage circadian

among shift workers and other vulnerable populations to potentially reduce the

ﬁ

increased risk of disease in these populations.

This article is protected by copyright. All rights reserved.



Abstract

Night shift show highly variable rates of circadian adaptation. This study examined the
relationshi jght exposure patterns and magnitude of circadian phase resetting in
response temmighshift work. In 21 participants (nursing and medical staff in an Intensive Care Unit

[1cuy) circawse was measured using 6-sulphatoxymelatonin (aMT6s) at baseline (day/evening

shifts of damd after 3 to 4 consecutive night shifts. Daily light exposure was examined

relative to | circadian phase to quantify light intensity in the phase delay and phase advance
portions of, phase response curve (PRC). There was substantial inter-individual variability in
the directio agnitude of phase shift after 3 or 4 consecutive night shifts (mean phase delay -

1:08 £ 1:31 h; range -3:43 h delay to +3:07 h phase advance). The relative difference in the
m r

distributio elative to the PRC combined with diurnal preference accounted for 71% of the

variability il phase shift. Regression analysis incorporating these factors estimated phase shift to

within 60 in 85% of participants. No participants met criteria for partial adaptation to night
work after@o nsecutive night shifts. Our findings provide evidence the phase resetting that
does occur 15'b on individual light exposure patterns relative to an individual’s baseline circadian

phase. one size fits all’ approach to promoting adaptation to shift work using light therapy,
implement ut knowledge of circadian phase, may not be efficacious for all individuals.

IntroductiO

Night smses misalignment between endogenous circadian rhythms and the imposed
work-r with negative consequences for daytime sleep and alertness on shift
(RajaraﬂHdt, 2001; Jensen et al., 2015). Theoretically, the circadian system is able to adapt

to night scmy shifting the timing of the sleep propensity rhythm such that the peak occurs
during the

pacemaker i e imposed sleep-wake cycle leads to improved sleep and neurobehavioural
outcom r et al., 1999; Crowley et al., 2004; Boivin et al., 2012; Chapdelaine et al., 2012;

Boudreau et al., 2013). Under some circumstances, such as the isolated environments of Antarctica

f of the daytime rest period (Eastman & Martin, 1999). Re-aligning the circadian
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(Ross et al., 1995) and North Sea oil platforms (Barnes et al., 1998a), complete circadian adaptation

to shiftwork has been observed. Circadian adaptation, however, is reported to be rare in most

typical fw, even after numerous consecutive night shifts (Folkard, 2008; Ferguson et al.,
2012; Jens 2015).
Pr ings in laboratory and field settings indicate there is substantial inter-

I
individual yariability in the circadian phase shifting response to night shift work in terms of both the

magnitude et al., 1998a; Hansen et al., 2010) and direction of the shift (Dumont et al., 2001;
Gibbs et al§{ 2007) Wariation in the magnitude of phase shift is observed in offshore settings; even
when all workers phase delay over multiple consecutive night shifts, some delay more than others
(Hansen ewy At an individual level, phase advance and phase delay shifts can occur in

al., 2007).

response t e abrupt change from night to day schedules (Deacon & Arendt, 1996; Gibbs et
Factorsghat determine the direction and magnitude of phase resetting in shift workers

have not b matically examined.

Th rk cycle is the primary determinant of resetting circadian phase (Duffy & Wright,
2005), capmducing phase shifts either by advance or delay depending on the timing of
exposure relati current circadian phase (Czeisler & Gooley, 2007). Light phase response curves
(PRC) d e circadian response to light relative to the circadian phase at which light exposure
occurs (Kha ., 2003; St Hilaire et al., 2012). By abruptly shifting the timing of the sleep-wake
cycle, n are exposed to more light during the biological night compared to day workers,

as well as exposure to bright light during the morning commute home (Dumont et al., 2001; Dumont

etal., 201 al differences in the direction and magnitude of phase shift are also observed in
offshore smettings, suggesting differences in the timing of natural light exposure may
influence t ian response to night work (Barnes et al., 1998b). Dumont and colleagues (2001)
examined exposure patterns in night workers, finding that workers with a later circadian
phase \ﬂi to higher intensity light in the evening and darker sleeping environments during
the day“o those with advanced phase. This study did not assess circadian phase prior to
the night sm/ever, so the possible influences of baseline phase differences were not

considere

ies have examined light exposure relative to individual circadian phase in night
workers (e.g., nt et al., 2001). Large variability in phase is observed between individuals in

both healthy controls (Sack et al., 1992; Duffy & Czeisler, 2002; Martin & Eastman, 2002; Burgess et
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al., 2003b; Crowley et al., 2003; Wright et al., 2005; Sletten et al., 2010), and night shift workers
(Deacon & Arendt, 1996; Dumont et al., 2001; Hansen et al., 2010; Ftouni et al., 2015). As the
circadiamo light is phase-dependent, the substantial inter-individual variability that exists
in circadian in night workers means that circadian phase adjustment in response to night shift
work is Iike@etween individuals irrespective of exposure to the same light-dark cycle.

]

Theycurrent study aimed to examine the temporal dynamics of circadian phase shifting from

baseline, o ple consecutive night shifts in nursing and medical staff, and to identify factors

that predi@al phase shifting response, in particular the circadian timing of light exposure.

92,
-

Methods:

Ethical Ap[!ovaz

The study preteeelpwvas approved by the Austin Health and Monash University Human Research
Ethics Co and conformed to the standards set by the latest revision of the Declaration of
Helsinki; igipants provided written informed consent prior to enrolment and received $100
payment upo pletion of the study.

Participanrs

Nursing an | staff were recruited from an Intensive Care Unit (ICU) at Austin Health,
Heidelber a. Nurses worked variable patterns of day (07:00 — 15:30 h), evening (15:00 —
21:30h) a i 21:00 — 07:30 h) shifts. Medical staff worked a consistent rotating roster of 7
consec@ts (08:00 — 20:30 h), 7 days off, and 7 consecutive night shifts (20:00 — 08:30 h).

ParticipMcruited via scheduled in-service presentations, email advertising and targeted
recruitme imgushifts. Staff members were enrolled if their roster contained at least 4 days or
evening shj s off followed by at least 3 or 4 consecutive night shifts during the study period.

Work schedul

e prospectively confirmed (detailed below): 5 participants had a documented
night s 3-4 weeks prior to participation. Of them, one worked a night shift 8 days prior to

baseline, two hadfight shifts 14 days prior, one 16 days prior and another 28 days prior to baseline
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phase collection. Due to the rotating roster, doctors had three weeks in between night shift

rotations.

T

Questioan

Participa-n ?pleted an online sleep-health questionnaire including demographic information
(age, sex, hs index (BMI) and shift work history) and subjective measures of general health
and sleep. {lhe PittSburgh Sleep Quality Index (PSQI; Cronbach’s alpha = 0.80) is a 19-item self-rated
guestionnaire, was used to assess sleep quality and disturbances over the past month (Buysse et
al., 1989; Garpgéntal & Andrykowski, 1998). The Epworth Sleepiness Scale (ESS; Cronbach’s alpha =
0.88) was njsess daytime sleepiness, where participants were asked to rate on a 4-point
scale the chances fhat they would fall asleep in 8 common daily situations (Johns, 1991; Johns,

1992). Thetness-Eveningness Composite Questionnaire (MEQ; Cronbach’s alpha =0.87) is a

13-item qu@stionnaire that was used to assess individual preferences associated with morning or

evening actimitiessSmith et al., 1989). Participants maintained a work log for the duration of their

involveme Q they recorded the start and end times (including breaks) for all shifts. Shift types

were pr onfirmed by timesheet records maintained by hospital administration. Of the

346 shifts rec by participants, 314 shifts matched timesheet records (level of agreement
90.8%; jaries were used for 92.8% of shifts (321 entries), timesheet records were used for
6.4% of shifts (22 entries), scheduled roster for 0.29% (1 entry) and 0.58% could not be used (2 diary

entries fro! separate participants).

®,

Individual light exposure

For the he study, participants wore a wrist activity monitor (Actiwatch Spectrum or

Spectruals Respironics, Bend, OR, USA) on the non-dominant wrist to monitor light
exposure cmsly in 1-minute epochs (medium sensitivity; 40 activity counts per epoch).

Participant ked to wear the device at all times, except when the device could be damaged

(e.g. while ng) or would interfere with the hospital operational requirements, and to ensure
that the sor remained uncovered at all times (e.g. by sleeves).
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Sleep-wake activity

Participants maintained daily sleep diaries throughout the study, recording sleep and wake times for

{

each sleeplepisode, which were used to determine the actigraphy analysis interval for each sleep

episode (A software, Philips Respironics, Bend, OR, USA). If there was a substantial

P

reduction in"activity = 30 minutes prior to or after self-reported bedtime, bedtime was adjusted to

|
occur at thgystart of the period of reduced activity. Similarly if there was a substantial increase in
activity > 30 minutes prior to or after self-reported wake time, wake time was adjusted to the start

of the incrgase in detivity (Ftouni et al., 2015). Actigraphy analysis was used to determine sleep and

¢

wake times wh iary information was not available (10%, 12 sleep entries). Sleep and wake times

were used aghlight data for artefacts (described below).

Us

Circadian p,

I

The rhyth rinary melatonin metabolite, 6-sulphatoxymelatonin (aMT6s), was used as a

marker of 3 W phase (Bojkowski et al., 1987; Lockley et al., 1997). Participants collected

sequential ples at approximately 4-hour intervals (8-hours during the sleep episode) for 48
hours a usly described (Ftouni et al., 2015). Phase assessments were timed to occur at last
rostered d aseline), on their first night shift (night 1), and over the final consecutive night

shift (ni

M;

n a subset of participants, circadian phase was also assessed on a 6™ or 7"

consecutive night shift. For each sample, participants recorded void times, sample collection time,

Assay Facili Versity of Adelaide, Australia), using reagents purchased from Stockgrand Ltd

§

and the to e. A5 ml aliquot was stored frozen at -20°C and subsequently analysed for

aMT6s con an using radioimmunoassay (Aldhous & Arendt, 1988) at the Adelaide Research

(University, , Guildford, UK). Samples were assayed in two batches; The intra-assay

n

coeffici ion (CV) were 7.4% and 6.7%, respectively and the inter-assay CVs were 8.7%,

f

6.3%, 7. ; /mL, 11.5 ng/mL and 19.7 ng/mL, respectively (batch 1, 30% n=376 samples) and
14.9%, 3.5%, 5. t 5.7 ng/mL, 24.1 ng/mL and 41.9 ng/mL, respectively (batch 2, 70% n=881

¥

samples). um detectable concentration was 0.5 ng/mL.

A
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Data analysis
The concentration of aMT6s in each sample in ng/mL was multiplied by the volume of the sample

and divided'by duration of the collection interval to obtain aMT6s concentration per hour (ng/h),

red
6s values was conducted to determine the acrophase (peak) time of the
H
aMT6s rhySm (Nelson et al., 1979). Circadian phase measured on day shift was taken as baseline

and then p ative to the midpoint of the time between the sample and the previous sample.

phase, and to be the same immediately prior to night shifts: sleep and work patterns in

nd night shifts were checked for major changes in behaviour that would be
inconsistent witl this assumption. The degree of phase shift was calculated as the difference in clock

s acrophase at baseline and the final night shift.

Brig:t :lgsexposure data were extracted from wrist actigraphy devices. To account for

artefact da

analysis (Ogyasil et al., 2016). Light data were also excluded when Actiware software indicated the

o coverage of the sensor by clothing, wake time values < 1 lux were excluded from

device was

2001). m

e circadian response to light depends on an individual’s phase at the time of
exposure, lig rns were examined relative to individual circadian phase during the major
advanc egions of the human PRC to light (Khalsa et al., 2003; Figure 1). We assume

aMT6s acrophase as the approximate ‘crossover point’ for the PRC, because previous studies have

. Light data were then log transformed as previously described (Dumont et al.,

reported a!average time difference of approximately 2 hours between plasma melatonin and

aMT6s acrophase (Nowak et al., 1987; Arendt, 1995; Ross et al., 1995; Benloucif et al., 2008), and

the reportg ifference of 1.8 hours between plasma melatonin peak and core body
temperature minimum (Shanahan & Czeisler, 1991). To examine light relative to circadian phase
over each Right shift, a daily aMT6s acrophase was estimated using linear interpolation between the

clock time gf acrophase on baseline and final night shifts. In participants with large differences in

phase (>1 h) between baseline assessment (day shifts) and night one assessment, sleep and wake
times were inspectéd to confirm whether baseline phase could be used as an accurate estimate of

acrophase prior ommencing night shifts.

mine the amount of light exposure during the delay and advance zones of the PRC,

light data were averaged in 90 degree bins for the interval before (‘delay’ zone) and after (‘advance’
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zone) acrophase for the day immediately prior to, and over each night shift. Each 90 degree bin was
calculated individually for each subject to account for variability in phase shift over night shifts, such
that 36Wualled 24 h plus the individual’s phase shift per day. The difference in exposure
to ‘delaying ‘advancing’ light (the difference in average lux 90 degrees before versus 90
degrees a&e) was examined at assumed baseline, over each night shift (night 1, night 2,
night 3,mighisd)mamd averaged across all night shifts. If more than 50% of data for a bin was missing,

data for thWre excluded from the analyses.

St*istical "ralyses were conducted using SPSS version 23 (SPSS Inc., Chicago, IL, USA).
Independent t-tests were used to compare acrophase time at baseline and final night shift,
magnitudew shift, and number of days between baseline phase assessment and first night
shift betw ipants who worked 3 versus 4 night shifts. Pearson correlations were used to

examine the relati@nship between phase shift and potential explanatory factors (baseline phase,

3

age, MEQ, difference in light between ‘delay’ and ‘advance’ zones on each night shift).

X

e outcome of the correlation analysis, multiple linear regression was used to

tion of variance in phase shift explained by the difference between delay and

L
eXposure (at baseline and each night shift) in combination with morningness-

evenin core, BMI, age and acrophase at baseline.

M

Results

Data reten

o1

Of 41 parti @ ho completed data collection, 6 (15%) did not have adequate aMT6s data

(incomplet jon or poor quality aMT6s rhythm determined by cosinor analysis), 8 (20%)
p p q y y y ysis),

q

particip i collect sufficient urine samples for the final night shift, and 2 (5%) had

docum melatonin during the urine collection period. Therefore, data from 25

{

participant ses (16 female); 4 doctors (3 female)), aged 33.4 = 8.4 years (mean £ SD) were

U

included in ses. Demographics, subjective sleep quality, shift work history and shift
schedules im ely prior to baseline phase assessment are reported in Table 1. An additional 3

particip aMT6s data at baseline and on a 6™ or 7™ night shift, plus 1 of the previous data set

A
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who had a repeated phase assessment on the 7" night shift; these participants were also included as

a separate subset of circadian phase data, but were excluded from subsequent light analysis.

I!oh par!lcipants (nurses), phase on day shifts was unavailable so the 48-h urine collection

including t

@ ght shift was used as the baseline. For 7 participants, one or both urine

collection periods wWere shortened due to operational constraints, with urine collected over 24-30
I . . .

hours. In appther 7 participants one or both collections were shortened due to collection errors.

Included Chl (50 collections; 25 participants) had a significant cosinor fit (o set 0.10; 94%

were p < 0M05, 98%were p < 0.10, one collection was p = 0.11).

G

0] articipants with adequate aMT6s data, 4 had insufficient light data due to

S

actiwatch urfétion or noncompliance; one subject had no ‘delay’ light data at baseline, so could

not be include nalyses of relative difference in amount of delaying and advancing light at

Ul

baseline. S ntly 20 participants were included in light analyses at baseline and the regression

analysis.

dll

Circadian phas

At ba the mean aMT6s acrophase time was 4:21 + 1:05 h (range 2:18 — 6:45 h). After

\

3ordc ight shifts, mean acrophase time was 5:18 = 1:37 h (range 1:51 to 8:24 h; Figure
2A). We observed a greater range in acrophase time in workers after four night shifts compared to

three (6:33% and 3:08 h, respectively). There were no significant differences in acrophase at

E

baseline or figakkig

and t(23)

ht shift between participants working 3 or 4 night shifts (t(23) = -0.74, p = 0.850

0.112, respectively; Table 1). There was no relationship between baseline

@

acrophase a score (r =-0.05, p = 0.798), although there was a trend towards a relationship

between aggophase on the final night shift and MEQ scores (r =-0.39, p = 0.052), indicating that

q

individualspwith gregater eveningness scores had a later final night acrophase time.

{

Fig nd 2C show the variability in direction and magnitude of aMT6s phase shift

Lj

between i s. From baseline to the final night shift, 19 participants phase delayed (shift -1:40
+1:00h,r :04 to -3:32 h), and 6 participants phase advanced (shift 1:20 + 1:02 h, range 0:15 —

3:07 h). rences in the direction of phase shift were observed, with no men phase advancing

A

compared to a third (32%) of the women (male range: -0:04 h to -3:18 h delay; female range: +3:07 h
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advance to -3:32 h delay). The magnitude of the phase shift did not differ significantly between

participants working 3 or 4 consecutive night shifts (t(23) = -0.58, p = 0.165).

Bul !o !He variability in shift schedules, there were a different number of days between the

ween number of days between baseline and night shift measurements and

]
I

the magnitSe of phase shift (r =-0.11, p = 0.613).

In wmset of participants who worked 6 (n = 1) or 7 (n = 3) consecutive night shifts the

mean acro baseline was 4:24 &+ 2:22 h (range 2:46 to 7:54 h). After 6 or 7 night shifts there
was mean Acr e time of 9:16 + 4:15 h (range 5:04 to 14:54 h). All 4 participants phase delayed,

with a large fang€in the magnitude of observed phase shift (range -1:57 to -7:14 h).

Variables um with phase shift

Figlire 3 illustrates light exposure in key phase shifting zones for each individual. A significant
positive as was found between phase shift and light exposure relative to circadian phase,
with thoseffec a greater proportion of light in the advance zone more likely to phase advance,
and those with e delay zone light were more likely to phase delay (Figure 4). This relationship

hen measuring light exposure at baseline (r* = 0.27, p = 0.019), during the second

night shift %1, p = 0.003), third night shift (r’= 0.24, p = 0.032), and light averaged over all

Ifts (r , p=0.007). There was no statistical difference in the amount of light

(difference!!n average delaying and advancing light, relative to individual phase) over baseline (t(18)

=-0.44,p r the first 3 night shifts (night 1, t(18) = -0.49, p = 0.628; night 2, t(18) =-0.68, p =
0.507; nig =-0.10, p = 0.926) between those who worked 3 or 4 night shifts. The
magnitude shift was not significantly associated with the acrophase time at baseline (r* =

0.12,p ﬂ (r’ =0.02, p = 0.533), BMI (r* = 0.13, p = 0.073) or diurnal preference (MEQ; r* =
0.12,p ophase on the final night shift was strongly associated with phase shift (r* = 0.61,
p < 0.00Mng the individuals with later acrophase had responded to night shift with larger

phase delaD

<
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Regression analysis

Multiple linear regression demonstrated that the difference between advance and delay zone light
exposure atbaseline, and averaged across all night shifts, accounted for 47% of the variance in

phase shift @ individuals (adj r’= 0.54, p = 0.001). Adding MEQ_ score improved the model,

g he variability in phase shift (adj r* = 0.71, p = <0.001; Figure 5). The regression
I
model preg ted a phase shift within 230 minutes in 45% of individuals, and within £60 minutes in
]

85%. For a |0fa regression models fitted, see Supplementary Table 1.
Discussionw

This study Eemon?ates significant inter-individual variability in the direction and magnitude of

circadian p ft in response to multiple consecutive night shifts in nursing and medical staff

working roSting sEift schedules in the ICU. Furthermore, we showed that this variability can largely

be explain vidual differences in the amount of light exposure in key phase shifting times,

predicted mman PRC to light. Finally, we found that 71% of the observed variability in the
phase shift rés

light ex relative to individual circadian phase and diurnal preference. Using these variables,
we are abl ict magnitude of phase shift to within £60 mins in 85% of individuals (which is

substan

e to night shift work can be explained by a combination of the distribution of

e 6.5h range in phase shifts observed). These findings support the concept that
differences.in light exposure relative to circadian phase strongly contribute to inter-individual

variability i n response to night shift work.

Wd a range of ~4.5 hours in the timing of aMT6s acrophase at baseline, which is

consistent wj ious findings in individuals on regular diurnal schedules assessed in the

laboratory @WVright et al., 2005; Sletten et al., 2010). While it is difficult to determine a true baseline
phase in sm' t wor’rs, all workers had at least 7 days of confirmed day-active schedules prior to
their basel assessment. This variability at baseline may reflect differences in underlying
circadian physiolos such as intrinsic period (Duffy et al., 2001; Wright et al., 2001), differing light-

dark exposure ond@py shifts or longer term differences in work schedules not captured in the work

rosters
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The range in acrophase time after night shifts we observed is similar to that reported in
previous simulated night shift and field assessments of phase in shift workers (Barnes et al., 1998a;
Crowleyw; Hansen et al., 2010; Ftouni et al., 2015). While we saw a larger range in
acrophase tj r 4 night shifts compared to 3 nights, this was not explained by group differences
in average mor light exposure patterns. After 6 or 7 night shifts, the range in acrophase
was evan |angem(@s8 h), despite the small subset sample size. Previous work in operational settings
has observw phase shifts with increased number of consecutive night shifts (Barnes et al.,

1998a; Jena 2015). It may be that the additional time on the changed light-dark cycle

allowed fo our participants to continue phase shifting over the fourth night shift. Together
these findi de evidence that the timing of aMT6s acrophase varies considerably in night shift

workers, b ay and night shift schedules.

A large ragge in both the direction and magnitude of phase shift was observed over 3 to 4
night shifts dagieating considerable inter-individual variability in the circadian response to night
shifts. Whilgprevious findings indicate there is inter-individual variability in circadian response to

changes in li k schedules in highly controlled laboratory (Deacon & Arendt, 1996) or

geographid ed field settings (Barnes, Deacon, et al., 1998; Barnes, Forbes, et al., 1998; Gibbs

etal., 2 dy extends previous work to demonstrate considerable variation between
individuals in irection and magnitude of phase shift response to night work in a naturalistic
setting. ility in phase shifts observed in this study highlights the importance of
investigating individual level data when assessing circadian response to shift schedules and the
subsequen!mplications for safety on shift. Significant performance impairments have been

observed in night workers tested within £3 h either side of aMT6s acrophase (Ftouni et al., 2015).

ings, most workers in our sample would therefore have been at work or
commuting h t a biologically high-risk time, particularly if the aMT6s acrophase had shifted to
occurin th‘first hours of the daytime sleep. Conversely, individuals who phase advanced would be

shifting thegnadir ig performance earlier in the evening, and thus be at work or possibly commuting

{

to work at a similarly high-risk biological time.

U

Ea d Martin (1999) propose that partial adaptation (i.e. shifting melatonin peak into
the first ha daytime sleep episode) is sufficient to see improvements in performance and

safety o fter 3 or 4 consecutive night shifts we observed one subject with acrophase

A

occurring after 8:00 am, and two later than 7:00 am; none of the participants started their daytime
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sleep prior to aMT6s acrophase time. Therefore, by this criterion, none of our subjects could be
considered even partially adapted to night work after 3 or 4 nights. In the subset of participants who
workedWshifts, two met criteria for partial adaptation to night shift, with acrophase time
occurring Wi e first half of the daytime sleep episode. One of these participants showed a clear
gradual demiming in the 7 days prior to night shift, which is indicative of a delay in the
timing ofi lighimexpesure conducive to phase delays. Previous findings of partial adaptation to night
shift were w after a larger number of night shifts (>7 nights) and/or followed interventions

specificallydési to promote phase shifts by manipulating light exposure (Eastman & Martin,
1999; Boivi es, 2002; Crowley et al., 2003), or were in remote offshore settings with limited
exposure t sunlight (Barnes et al., 1998a; Barnes et al., 1998b; Gibbs et al., 2007; Hansen et
al., 2010). iMdings indicate that it is unlikely that workers in a hospital setting will adapt to night

schedules W|t:|n §>r 4 nights without a substantial targeted intervention that modifies light-dark
exposure. have implications for the wellbeing of such night shift workers. Gumenyuk et al.

(2012) fould that circadian phase in workers who met criteria for Shift Work Disorder was within the

range of th ed for day-active workers after being exposed to at least 3 consecutive night
shifts. In ¢ ose without Shift Work Disorder symptoms showed markedly delayed circadian
phase inre o the same exposure to night shifts. These findings suggest that lack of circadian
adapta night shift may contribute to shift work intolerance and clinical manifestations such as
sleepiness iSomnia, which are the hallmark symptoms of Shift Work Disorder.

We did not observe any phase advances in the 6 males included in the analysis, compared to
arangein Sase shift direction in females (6 phase advanced, 13 phase delayed). This apparent sex

difference was.not explained by differences in the number of night shifts, occupation or diurnal

preference Jiffering light exposure patterns. Phase advances have been previously observed

in malesinre to light pulses in the laboratory (Warman et al., 2003) and in offshore shift work
settings (G‘bs et al., 2007). It is not clear whether the difference in direction of phase shift between
sexes is dug to diffgrences in underlying physiology (e.g. sex differences in length of intrinsic period
(Duffy eMEastman et al., 2017) or sensitivity to phase shifting effects of light (Goel & Lee,

1995; Karatsoreosit al., 2011)), or whether we did not see phase advances in males due to the small

sample size.

rence between amount of phase delaying and phase advancing light exposure

showed a strong relationship with the direction and magnitude of phase shift across the schedule,
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supporting the hypothesis that the individual pattern of light exposure relative to circadian phase is
a major determinant of circadian response to shift work. Previous work has documented the 24-hour
profile Wure in night workers, and compared the light profiles with circadian phase
position at of a series of night shifts (Dumont et al., 2001). This study found that workers
with a delamn phase had greater light exposure during the evening compared to those
with aduaneedsphase. We have extended this work to examine light exposure patterns relative to
individual thase, over a measured phase shift across consecutive night shifts. In doing so
we quantifigd the@gattern of light exposure, based on a PRC established in the laboratory (Khalsa et
al., 2003) t redictions about when the circadian pacemaker is likely to be most sensitive to
the phase ffects of light. By examining the difference between the amount of phase
delaying an a®€ advancing light, we were able to estimate the net phase shifting signal of light

exposure for eac?dividual. This finding suggests that, as expected, light exposure plays a critical

role in det circadian response to shift work in a field setting, in a manner that is predictable

from a phf response curve.

By i@n, these results indicate that manipulation of light exposure is an important
componen@ito tervention attempting to promote circadian phase shifts to reduce the negative
conseq ight shift work. Given the large variability in circadian phase at baseline,
generalised r endations of light exposure based on clock time is not necessarily a suitable
approa kers, and may actually be counterproductive. For example, an individual with

aMT6s acrophase occurring early in the night shift (e.g., 3 am) being advised to seek light during the
night and e!oid bright morning light exposure on the commute home (which can be difficult to
achieve in pragtice; (Lockley, 2005)) will not be reducing the phase advancing effects of light as
intended. | @ ey will likely be exposed to phase advancing light in the latter part of the night

shift, after th 6s acrophase, and avoiding light during the commute home would have minimal

impact in c@unteracting these effects. Accordingly, interventions aimed at promoting circadian

adaptation!o nigﬁwork would likely have greater efficacy if light exposure recommendations are
based on the timing of an individual’s circadian phase rather than generalised management based
on clock time. ConWersely, an intervention approach that has been proposed to account for

individual variabiliy in circadian phase is to systematically shift the timing of light exposure so as to

al phase shifting in individuals across a range of circadian phases (Mitchell et al.,
1997; Crowley , 2003). Notwithstanding the potential utility of this approach, we suggest that

knowledge of circadian phase can inform improved personalised intervention strategies for shift
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work, to either promote adaptation (followed by re-adaptation) or non-adaptation, depending on

the specific shift rotations.

Er*mus work has found relationships between diurnal preference and phase response to

eep-wake (and consequently light-dark) schedules, with greater eveningness
ed With larger phase delays following a delay in the light-dark cycle (Mitchell et al.,
]

t et al., 2001). While we did not find a significant association, participants who had the
s scores showed the largest phase delays. No participants in our sample were
morning-types, ibly because these individuals have self-selected out of shift work due to lower
tolerance (Saksvik et al., 2011). We suggest that the relationship between phase shift and diurnal

preferenc haVe been stronger with a larger range in MEQ scores. Furthermore, diurnal

preferenceﬁated with individual differences in circadian period in healthy volunteers (Duffy
. Diff

etal., 2001 nces in circadian period are associated with the magnitude of phase shift
following a elay in the light-dark cycle (Eastman et al., 2016). In our study, including diurnal
preferenceNg a regression model with light exposure accounted for an additional 17% of variability

in phase shj sample, a larger individual contribution than other factors such as BMI (8%) or

aMT6s acr@ph baseline (5%) when each factor was tested in combination with light data. This

observati s that diurnal preference provides important additional information in predicting
circadian res o night work. and longer circadian period has been associated with larger phase
delays. investigation is, however, required to determine whether there are differences in

the phase response curve to light as a function of diurnal preference.

It ih that shift workers’ diurnal preference is related to activity-rest behaviours

which influ @ at-dark exposure, thereby influencing circadian phase shift response to night
shifts. For eXaimpi®,

individuals with strong evening type tendency may inadvertently seek more light
througrﬂt, increasing the likelihood of greater exposure during phase delaying times. We
did not e a relationship between MEQ score and acrophase at baseline. This may be due
toa nuriHons, including unstable phase relationships whilst on rotating shift schedules,
inadequat size, and/or the influence of homeostatic processes on
morningnﬂgness scores due to differences in dissipation of sleep pressure (Mongrain et

al., 2006).
The la oportion of variability in phase shift explained by our regression model has

potential applications for individualised shift work management, with customised phase shift goals
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based on initial phase position to distribute sleepiness between individuals across the night shift. For
example, for evening-type individuals with late phase the goal would be a phase delay in preparation

for nighMeep after the shift, whereas morning-type individual could adapt by phase
advance an before the shift. Complementary shift scheduling could utilise this approach, such
that indivi&nixture of advanced and delayed phase position are on shift together, to
reduce accigdemtmisk on shift by spreading acrophase time (and thus time of reduced alertness and
poor perfoMacross the shift schedule. Shift work interventions may also incorporate phase

shifting strafégi preparation for night shifts to reduce the risk of alertness impairment in the

first few sh ar to schedules for phase delay or advance prior to transmeridian travel to

reduce jetlmss et al., 2003a).

Whi issstudy has high ecological validity, there are a number of limitations. Due to the
naturalistic setting®we had limited control over confounding factors such as drug use, which may
influence t rement of urinary aMT6s (Arendt, 2005). Participants with self-reported use of

sleep medi€ations were excluded from analysis, however. We classified delay and advance zones
based on alMkéssaerophase, relying on Khalsa’s human PRC (Khalsa et al., 2003) which was
developedib a & olled laboratory setting, referenced to core body temperature minimum relative

to the npidpei ight exposure. Given that recent work suggests that the majority of the light

effect occurs the start of a light exposure (Chang et al., 2012) we tested whether

realign RC to light onset would improve our estimate of light exposure, however we did
not find any significant improvement in our phase predictions. We also assumed a linear phase shift

across nigl'!shifts in order to make predictions about individual delay and advance zones of the PRC.

Future work cgllecting urine continuously across all night shifts would more accurately map the

temporal d siof phase shifting and light exposure. Given that we include light relative to phase
over each ni ift, calculated using knowledge of circadian phase after successive night shifts, our
regression fodel must be considered explanatory rather than predictive of phase shift. Additionally,
we measur'd Iigh’;sing a wrist-worn device, which is a potential source of error as this is not

necessarily equivalent to the light hitting the cornea, and ultimately the retina.

Thi potentially limited by the impact of light suppression of melatonin synthesis on
aMT6s profj or work has, however, reported a strong relationship between circadian phase
measur urinary cortisol (less impacted by light exposure) and aMT6s (n = 7; average Pearson

r+SD =0.98 + 0.01, p<0.01) (Barger et al., 2012). Measuring circadian timing via urinary aMT6s is
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well-established in the literature as a reliable assessment of phase in field settings, and has been
utilized successfully in numerous prior studies of shift workers including nurses (Dumont et al., 2001;
Hansen M Dumont et al., 2012; Ftouni et al., 2015) on North Sea oil rigs (Barnes et al.,
1998a; Bar ., 1998b; Gibbs et al., 2002; Gibbs et al., 2007; Thorne et al., 2008) and in
Antarctica && Arendt, 1991; Ross et al., 1995). This method has also been used in a
numbemof elimiealsgopulations and laboratory settings (e.g., (Bearn et al., 1989; Skene et al., 1990;
Deacon & m994; Deacon & Arendt, 1996; Lockley et al., 1997)).

Cirgadian r@sponse to light depends on multiple factors, including intensity, timing,

wavelength and light history (Czeisler & Gooley, 2007). In this study we have considered intensity,

SC

timing, andito extent light history by examining light across the night shift schedule; however,
we have n d in light wavelength. The circadian pacemaker is particularly sensitive to phase

resetting by shortaWvavelength light (Lockley et al., 2003; Gooley et al., 2010). We used estimated

U

photopic lu e Actiwatch Spectrum rather than measurements from the blue light channel

for the foll@Wwing reasons: (i) familiarity with photopic lux measure in the field generally; (ii) the

Fl

strong correlatieasgbserved between photopic lux and data from the blue irradiance channel

measured B ot of our participants (n=8, average = SD Pearson’s r =0.97 £ 0.01, p < 0.0001)
and (iii blue channel data from the Actiwatch spectrum are not sufficient at this stage

for assessing pact of changes in the spectra of light exposure on biological responses. We

W

recogni future it may be possible to measure melanopic lux or melanopic/photopic lux
ratios (Lucas et al., 2014) using wearable devices. Such devices were not available at the time that

we undert@0k this work.

[

Ou indicate that ICU workers do not show partial circadian adaptation to night

0

shifts over nsecutive night shifts, although there are large individual differences in both

direction a tude of circadian phase shift. These findings provide strong evidence that

n

baselin hase and the individual light exposure patterns over the night shifts largely

[

determi adaptation to shift schedules, and that current ‘one size fits all’ approach to

shift work ions may be counterproductive for some individuals.

U

A
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Figure Legends

Figure 1. !kse response curve to light (adapted from Khalsa et al., 2003), where 0 on the abcissa

represent @ core body temperature minimum (CBTmin) in healthy subjects. Light exposure
uces phase delays, while exposure after CBTmin leads to phase advance shifts.
We used aT6s acrophase as a proxy for CBTmin. Light exposure was examined in the 90 degrees
before andhividual acrophase times, where light is predicted to induce the greatest phase
delays or a‘vance’depicted by the bars either side of 0. Dark grey indicates the delay zone, light
grey indicates aduance zone. Each 90 degree bin was approximately 6 hours. Reproduced in part

from Khals@ egial. (2003).
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Figure 2. A. ts of aMT6s acrophase time at baseline and at the final successive night shift.

Outliers are shown as closed circles. B. Clock time of aMT6s acrophase at baseline (D1-D7) and on
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final night shift (N3 or N4) for each participant plotted by study day. Baseline acrophase is plotted on
the day aMT6s was measured, and is assumed to be acrophase immediately prior to night shifts. C.
Change Wrophase time from baseline to third (N3) or fourth (N4) night shift (acrophase at
baseline mi phase at final night shift). Negative time indicates a phase delay (acrophase
occurred a&k time after working night shifts compared to baseline), and positive indicates
a phasemdvameenfacrophase occurred at an earlier clock time after night shifts than at baseline).
Men are reMd as open triangles and women are shown as filled circles.
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Figure £sure relative to circadian phase for each participant. The circles represent logy,
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zone at baﬂ,t night shift (N1), second night shift (N2), third night shift (N3) and fourth night

shift (N4). bighimis®®Veraged relative to individual circadian phase: the x axis represents circadian

degrees (3 es = 24+daily phase shift), such that 0 indicates acrophase each day. Triangles
s acrophase in clock time at baseline and final night shift (error bars show 95%

confidence intervals). The difference between light in delay compared to advance zones was
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examined at baseline and each night shift to examine the relationship with the direction of phase

shift for each participant.
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Figure 4.R

the 90

ip between phase shift and the difference between delay and advance light in

ither side of acrophase time at baseline, first night shift (N1), second night shift

(N2), third night shift (N3), fourth night shift (N4), and averaged over all night shifts (Mean Night).
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Negative phase shift indicates phase delay; positive phase shift indicates phase advance. Negative
lux difference indicates a greater amount of delaying light (90 degrees before acrophase), while
positivewce indicates a greater amount of advancing light exposure (90 degrees after
acrophase%&edto delaying. Men are represented as closed triangles, women as open circles.
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Figure 5. Predigi

s actual phase shift for each participant from two models: A. phase shift
lated using regression model incorporating the difference between light in the

delay and advancé%ones at baseline, and averaged across the night shifts; B. phase shift predictions
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calculated using a regression model using the difference between in the delay and advance zones at
baseline, averaged across the night shifts, and MEQ score. Predictions using this model (B) show less
predictinared to predictions obtained without including MEQ score (A). Black symbols
indicate ac e shift; open symbols indicate predicted phase shift. Men are represented with
triangles, @circles. Negative phase shift = phase delay, positive = phase advance.
Participantsmamemamked according to their phase shift.
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Table 1. Characteristics for participants included in acrophase dataset (n=25).

I 3 Night Shifts 4 Night Shifts Total
Q Mean Mi M Mean Mi M Mean Mi M
n n n
(SD) n ax (SD) n ax (SD) n ax
H
Demograpﬁs
3, 3, 6,
Sex (fnale, féimale)
9 10 19
Occmurse, 12 9, 21
ctor) ,0 4 A
Age iears) 33(7) 24 45 33(10) 25 58 33(8) 24 58
ﬁ/mz) 24(4) 16 30 23(3) 17 30 24(4) 16 30
psal 7(3) 2 12 5(2) 3 8 6(2) 2 12
m ESS 6(4) 1 11 6(3) 2 11 6(3) 1 11
MEQ 40 (4) 35 49 37(5) 27 45 38(5) 27 49
Circadian Tim
B hase 4:11 2: 6 4:31 2: 6 4:21 2: 6
(hh:mm) (1:20) 18 45 (1:02) 45 19 (1:05) 18 45
1+ Nihhase 4:34 3: 5 4:42 2: 6 4:39 2: 6
:mm) (1:01) 20 53 (1:04) 49 19 (1:02) 49 19
ight 5:20 3: 6 5:16 1. 8: 5:18 1. 8:
acr:mm) (1:21) 37 46 (2:10) 51 24 (1:37) 51 24
-1:09 3 00:45 1 1:08 3
Ph i :mm) 2: 3: 3:
(1:31) 07 (1:47) 28 (1:39) 07
41 32 43
Shifts Priomine
Acrophase (days
ay shifts 5(2) 2 8 6* (4) 0 14 6 (3) 0 14
No. evening shifts 5(2) 1 9 3*(3) 0 10 4 (3) 0 10
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No. days off 7 (2) 3 10 6 (6) 11 7 (2) 11
No. other 1(1) 0 3 2*(3) 9 1(3) 9
|* nlgHt shifts 0(1) 0 3 1* (3) 7 1(2) 7
18(4) 6 21 17 (6) 29 18 (5) 29
bas
H
Shift work!'isto“
(years)
. 10.50 7.08 8.72
shifts 3 23 30 30
(6.16) (8.03) (7.25)
m_ . 10.50 7.00 8.68
Evening shifts 3 23 30 30
j (6.16) (8.12) (7.32)
. . 11.00 7.54 9.20
N shifts 3 23 30
(5.86) (7.59) (6.90)
Note: BMI = ass Index, PSQI = Pittsburgh Sleep Quality Index, ESS = Epworth Sleepiness Scale,
MEQ = Mo Eveningness Questionnaire. * p<0.05, 3 night shifts versus 4 night shifts.
Negative pRias indicates phase delay; positive phase shift indicates phase advance.
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