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Abstract

Circadian misalignment remains a distinct challenge for night shift workers. Variability in 

individual sleep-wake/light-dark patterns might contribute to individual differences in circadian 

alignment in night shift workers. In this simulation study, we compared the predicted phase shift 

from a mathematical model of the effect of light on the human circadian pacemaker to the 

observed melatonin phase shift among individuals who completed one of four interventions during 

simulated night shift work. Two inputs to the model were used to simulate circadian phase: sleep-

wake/light-dark patterns measured from a wrist monitor (Simulation 1) and sleep-wake/light-dark 

patterns measured from a wrist monitor enhanced by known light levels measured at the level of 

the eye during simulated night shifts (Simulation 2). The estimated phase shift from the model was 

within 2 hours of the observed phase shift in ~80% of night shift workers for both simulations; 

none of the model-predicted phase shifts was more than ~3 hours from the observed phase shift. 

Overall, the root mean square error between observed and predicted phase shifts was better for 

Simulation 1. The light input from the wrist monitor informed by actual light level measured at the 

eye performed better in the sub-group exposed to bright light during their night shifts. The 

findings from this simulation study suggest that using a mathematical model combined with sleep-

wake and light exposure data from a wrist monitor can facilitate the design of shift work schedules 

to enhance circadian alignment, which is expected to improve sleep, alertness and performance.
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Introduction

Shift work has become more and more common as our 24/7 global society has required an 

increasing number of workers to do their jobs at night and/or at irregular hours. According to 

the National Health Interview Survey (NHIS), in 2010 approximately 28.7% of the 

American workforce was engaged in work outside a regular day shift (outside 09:00-

to17:00h; Alterman et al. 2013). Shift workers are exposed to atypical or irregular sleep-

wake schedules which can lead to misalignment between the endogenous circadian timing 

system and the sleep–wake cycle. This misalignment leads to disruption of physiological 

rhythms and may contribute to the development of the adverse health effects associated with 

night shift work, such as increased risk for cardiovascular disease, metabolic syndrome, 

depression, and other health problems (Boivin and Boudreau 2014; Kecklund and Axelsson 

2016; Matheson et al. 2014).

Circadian misalignment, when an individual’s circadian rhythm timing is out of sync to 

his/her sleep-wake times and/or with the natural light-dark cycle, remains a distinct 

challenge for night shift workers, who do not show complete circadian adaptation, even 

when working permanent night shifts (Folkard 2008; Mitchell et al. 1997). The primary 

factors that contribute to this lack of adaptation are thought to be exposure to outdoor light 

during the morning commute home and adopting a night-sleep, and day-active schedule on 

days off (Bjorvatn et al. 2002; Dumont et al. 2001; Mitchell et al. 1997). Melatonin is a 

robust marker of the endogenous circadian clock that is heavily influenced by light exposure 

patterns, and is widely used to determine the circadian phase/alignment in shift workers 

(Benloucif et al. 2005).

There are individual differences in the amount/rate of circadian adaptation/alignment as 

reported in both laboratory- and field-based studies (Chinoy et al. 2016; Dijk et al. 2012; 

Folkard 2008; Rahman et al. 2017). As light is the strongest zeitgeber for the 

synchronization of the circadian timing system, variability in individual light exposure 

patterns/light exposure history (outside work hours) might be an important factor for the 

individual differences found in circadian alignment in night shift workers. Night shift 

workers are not only exposed to different environmental light levels compared to day 

workers, there are also inter-individual differences within shift workers, influenced by 

chronotype, age, and other non-physiological factors, such as the presence of children at 

home (Rabstein et al. 2019).

Previous studies have demonstrated that controlling the pattern of light and dark exposure 

throughout the day constitutes an important factor affecting the adjustment of circadian 

phase (Czeisler et al., 1990; Buxton et al. 2000; Crowley et al. 2003; Duffy et al. 1996; 

Dumont et al. 2001; Eastman et al. 1994; Santhi et al. 2005). In our recent simulated shift 

work study, we found large inter-individual differences in circadian adaptation, i.e., in the 

dim-light melatonin onset (DLMO) phase shifts between baseline (Day shift) and after 3 

night shifts [see Figure 4A in (Chinoy et al. 2016) and Figure 4 in (Isherwood et al. 2020)]. 

Because the participants left the laboratory after their work shifts, each participant probably 

experienced different patterns of light exposure in their real-life setting. Thus, we were 
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interested in whether the patterns of light exposure could explain the individual differences 

in phase shift between the participants.

Therefore, our research question is: Can we explain the individual differences in phase shift 

in response to a night shift schedule (with various interventions) based on individual light 

exposure patterns by applying a mathematical model of the effects of light on the circadian 

system? To investigate this, we used light exposure and rest-activity data collected from a 

wrist-worn device used by participants in our previous study (Chinoy et al. 2016; Isherwood 

et al. 2020) as input to a mathematical model of photic and non-photic effects on the 

circadian system (St. Hilaire et al. 2007). The model estimates circadian phase based on 

sleep-wake timing and the timing and intensity of light exposure, and has been validated 

with data from experimental and field-based settings (Flynn-Evans et al. 2016; Jewett 1997; 

Klerman et al. 2016). Here, we tested the ability of the model to estimate melatonin phase 

resetting within an individual among a group of healthy older participants randomized to 

different sleep timing and light exposure conditions during their transition from day to night 

shift.

Materials and Methods

Participants and Study Schedule

Data used in the present analyses were collected in a series of 10 d simulated shift work 

studies (Chinoy et al. 2016; Isherwood et al. 2020). The study was reviewed and approved 

by the Partners Health Care Human Research Committee, and participants provided written 

informed consent prior to their participation. The protocol conformed to the international 

ethical standards for biological rhythm research studies as outlined in Portaluppi et al. 

(2010).

Participants were 36 healthy non-shift working adults (mean age 58, range 50–66 y; 12 

women, 24 men) living in greater Boston (USA). They each wore a wrist activity-light 

monitor on their non-dominant arm for ~one week immediately before their study began and 

throughout the 10 d laboratory-field study.

Each study began with four simulated day shifts (07:00–15:00h), followed by an off day, and 

then four simulated night shifts (23:00–07:00h). Participants were in controlled lighting 

conditions in the laboratory throughout each simulated shift as well as for ~6 h immediately 

before the first night shift and 24 h after the final night shift so that their circadian timing 

could be assessed (see below). At all other times, participants were outside the laboratory. 

When working day shifts, participants worked in ordinary indoor room light (see below) and 

instructed to spend 8 h in bed attempting to sleep before each shift.

After the fourth day shift, each participant was randomized into one of four intervention 

groups for the following 4 night shifts: control (C); 8 h afternoon-evening sleep timing and 

night shift bright light (ST+L); 8 h afternoon-evening sleep timing (ST); ad libitum 

afternoon-evening sleep timing (SA). The Control group was given no instructions about 

their sleep between night shifts; the ST+L and ST groups were instructed to go to bed 

between 13:00 and 14:00h and spend 8 h in bed attempting to sleep between their night 
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shifts; while the SA group was instructed to not go to bed before 13:00h, with no further 

instructions about how long they should sleep.

In-Laboratory Lighting

All lighting was administered from ceiling-mounted fluorescent lamps (4100 K; Philips 

Lighting, Eindhoven, the Netherlands) and measured from 137 cm above the floor in the 

direction the participant was facing while sitting at the desk where he/she most of the shift. 

Participants in all four groups were exposed to typical indoor room lighting (0.23 W/m2 

(~89 lux) at 137 cm from the floor in the horizontal angle with a maximum of 0.48 W/m2 

(~150 lux) at 187 cm from the floor in the horizontal angle anywhere in the room.) 

throughout all day shifts. Participants in the C, ST, and SA groups had the same lighting 

throughout their first three Night shifts. Participants in the ST+L group had the same 

lighting for the first half (23:00-03:00h) of their first three Night shifts, and then lighting 

was increased to ~2209 ± 342 lux (~4.87 W/m2) for the latter half (03:00–07:00h) of those 

Night shifts. During the circadian phase assessments, lighting for all four groups was 

reduced (~3.3 lx, ~0.0087 W/m2) to allow for dim-light melatonin onset (DLMO) 

assessment.

Circadian Phase Assessment

Circadian phase of the salivary DLMO was assessed before the first Night shift and during/

after last (fourth) Night shift. During these phase estimation procedures, hourly saliva 

samples were collected while the participant remained in dim lighting. Assessment 1 was on 

study day 5 from 17:00 to 23:00h (just before the first Night shift) and Re-assessment was 

from 23:00 on study d 8 (start of the fourth Night shift) through 24:00h on study d 9. Saliva 

samples were frozen and shipped to Solidphase (Portland, Maine, USA), where melatonin 

levels were assayed via direct saliva melatonin radioimmunoassay (BÜHLMANN 

Laboratories AG, Schönenbuch, Switzerland). DLMO was calculated as the clock time at 

which melatonin levels reached a 3.0 pg/mL threshold, using linear interpolation between 

adjacent samples. In cases where melatonin levels did not reach 3.0 pg/mL [2 control group, 

1 ST+L group, 2 ST group participants], a 1.0 pg/mL DLMO threshold was used. Phase 

shifts were calculated as the difference in clock time of DLMO from assessment to re-

assessment.

Actigraphy

All participants wore an activity-light monitor on their non-dominant wrist for 

approximately one week before the study began and throughout the study. Twenty-nine 

participants wore a MotionWatch8 (CamNTech, Cambridge, UK), five wore the Actiwatch-L 

(Mini Mitter Respironics, Bend, Oregon, USA), and two wore the Actiwatch Spectrum 

(Philips Respironics, Eindhoven, the Netherlands). Actigraphy data were collected in 1 min 

epochs.

Model Simulations

For simulations, we used a mathematical model of photic and non-photic effects on the 

circadian system (St. Hilaire et al. 2007), which was coded and run in MATLAB version 
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2015b (The MathWorks; Natick, MA USA). No changes to the model equations or 

parameters were made. All activity data (regardless of device used for collection) were 

scored for sleep or wakefulness per 1 min epoch using Motionware (V.1.1.20, CAmNTech, 

Cambridge, UK) using the high-sensitivity setting. Bed and wake times determined from 

sleep diaries and voicemail call-ins were used as input for sleep-wakefulness analysis. All 

light data from the wrist monitor were read into the model in 1 min epochs. The scored sleep 

was used in the model to determine whether each epoch corresponded to sleep or wake. Two 

simulations were run for each participant using the following assumptions: Simulation 1: 

The raw light level for each 1 min epoch recorded by the wrist monitor was read directly 

into the model as light input. Simulation 2: The raw light level for each 1 min epoch 

recorded by the wrist monitor was read directly in the model as light input, except during the 

8 h simulated night shifts in the lab; during these times, the actual light level at the desk 

where the participant was working (measured in a horizontal direction at 137 cm from the 

floor) was used as the light input to the model.

For missing epochs, the wrist monitor-recorded light level from the last non-missing epoch 

was used. The simulation of each schedule was preceded by 180 d of the participant’s 

habitual pre-inpatient sleep-wake schedule to adjust the starting phase of the model. The 

primary model output was core body temperature minimum (CBTmin), which was rescaled 

to DLMO based on a scaling factor of −6.67 h (St. Hilaire et al. 2007). Phase shifts were 

calculated from the model output as final DLMO phase subtracted from initial DLMO phase 

on the nights corresponding to the times when DLMO was measured in the laboratory.

Statistical Analysis

We constructed Bland-Altman plots, including the mean difference (i.e., fixed bias) and 95% 

limits of agreement (Bland and Altman 1999), to show the difference between the observed 

phase shift and predicted phase shift for Simulation 1 and Simulation 2 in OriginPro 8.5 

(OriginLab, Northampton, MA, USA). We computed the root mean square error (RMSE) 

between observed and predicted phase shifts for each simulation. We also computed the 

proportion of phase shifts predicted by each simulation that fell within 30, 60, or 120 min of 

the observed phase shift.

Results

Of the 36 participants who took part in the studies, three had insufficient melatonin data to 

calculate DLMO phase shifts, six had missing activity and/or light data for conducting 

model simulations, and one had a suspected failure of their Actiwatch-L, leaving 26 for the 

modelling analysis (three who wore an Actiwatch-L and 23 who wore a MotionWatch8). 

This included five participants in the control group (1 Actiwatch-L), five in the ST + L group 

(1 Actiwatch-L), seven in the ST group (1 Actiwatch-L), and nine in the SA group. Twelve 

of 26 participants had missing epochs of data, ranging from 4–17 consecutive min in 10 of 

the 12 participants (average 6.5 min). The duration of missing epochs was more notable in 

two participants, one of whom was missing 83 consecutive min of data and one who was 

missing more than a day of data (1866 min). Overall, the number of missing epochs 
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represented less than ~0.65% of all epochs. Figure 1 shows the observed DLMO phase shifts 

by group for all included participants.

Bland-Altman plots of the differences between observed phase shifts and predicted phase 

shifts for Simulations 1 and 2 are shown in Figure 2. Figure 2 indicates that Simulation 1 

tends to underpredict phase shifts overall and Simulation 2 tends to overpredict phase shifts 

overall, with fixed biases of +26.44 min and –36.24 min, respectively. The RMSEs were 

81.73 and 89.53 for Simulation 1 and Simulation 2, respectively, indicating that Simulation 

1 generated better fits to the data overall. This finding is supported by the mean absolute 

prediction error and standard deviation, which was 64.92 ± 50.63 min for Simulation 1 and 

73.43 ± 52.22 min for Simulation 2. Notably, however, Simulation 2 performs better than 

Simulation 1 on the ST + L group, who were exposed to bright light during the latter half of 

their night shifts. The RMSEs and mean absolute prediction errors and standard deviation 

overall and by group are reported in Table 1.

The observed and predicted phase shifts for each participant for each simulation are shown 

in Figure 3. Simulation 2, but not Simulation 1, underpredicts the magnitude of phase delays 

observed in the Control group, and in three participants predicts advances instead of delays. 

In the ST + L group, both simulations, particularly Simulation 1, underpredict the magnitude 

of phase advances. In the ST group, Simulation 1 and Simulation 2 predict the opposite 

direction of phase shift in 4 participants and 3 participants, respectively. Similarly, in the SA 

group, Simulation 1 and Simulation 2 predict the opposite direction of phase shift in 4 

participants each.

For Simulation 1, 35% of the predicted phase shifts were within 30 min of the actual phase 

shift, compared with 23% for Model 2; 58% and 42% were within 60 min, and 81% and 

85% were within 120 min for Simulation 1 and Simulation 2, respectively. No prediction for 

either model was more than 189 min from the observed phase shift.

Discussion

We used raw light levels (in lux) from a wrist monitor and actigraphy-scored sleep-wake 

information as input to a mathematical model of the effects of light exposure on the human 

circadian pacemaker to predict DLMO phase shifts in healthy older participants. Simulations 

that used the raw light level measured at the wrist (Simulation 1) yielded similar results to 

simulations that used the light levels measured at the eye during the night shift (Simulation 

2), except for the group that received bright light exposure, in which Simulation 2 yielded 

significantly better predictions. The findings from this simulation study, therefore, suggest 

that this mathematical model combined with light exposure and activity data from a wrist 

monitor can facilitate the design of shift work schedules to enhance circadian alignment, and 

thereby optimize sleep, alertness and performance.

The original mathematical model was developed based on group-averaged data and was not 

intended to simulate individual-level data. Nevertheless, the findings from this study suggest 

that the model can yield reasonable estimates of circadian phase shifts when individual light 

level data from a wrist monitor are used as input to the model. Approximately 80% of the 
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simulations yielded phase shift estimates within 2 h of the observed phase shift, and none of 

the model-predicted phase shifts differed by more than ~3 h from the observed phase shift. 

Our current findings are consistent with a recent study (Stone et al. 2019) that used the same 

model (St. Hilaire et al. 2007) to estimate circadian phase from wrist monitor-derived sleep-

wake and light-dark patterns among 25 nursing and medical staff during their transition from 

day/evening shifts to 3–5 consecutive night shifts. In that study, investigators observed a 

mean absolute prediction error and standard deviation of 66.6 ± 52.8 min, and 80% of 

predictions within 120 min of the observed phase shifts. Further development of the model 

will be needed to yield more accurate phase shift estimates using individual-level data.

The major strength of the approach we used is that the mathematical model incorporates 

multiple experimental findings on the effects of the intensity, duration, and timing of light on 

the circadian system as well as non-photic effects into its prediction (St. Hilaire et al. 2007). 

The results suggest that the model can provide an efficient way to estimate the effect of a 

night shift work schedule on predicted circadian phase. Because the model is linked to a 

mathematical model of neurobehavioral performance and alertness (Jewett and Kronauer 

1999), this approach also can be used to predict times of anticipated performance 

impairments.

There are also some limitations to our approach. The model does not take into account all 

factors that may be encountered in an operational setting, such as use of caffeine, which may 

have independent effects on phase shifts (Burke et al. 2015). Participants in this study were 

instructed to not use caffeine, and, therefore, we do not believe that the prediction error was 

due to a phase-shifting effect of caffeine. In addition, the model was not accurate for all 

individuals; for approximately 20% of the individuals in our study, predicted phase shifts 

differed by more than 2 h different from the observed phase shifts, which is consistent with 

the findings from other studies that have used this model to simulate data from actual shift 

workers (Stone et al. 2019). The model currently assumes an intrinsic circadian period of 

24.2 h for all participants; however, there is significant inter-individual variability in intrinsic 

period (Czeisler et al. 1999; Duffy et al. 2011) which likely introduces some error. Although 

we did not know the intrinsic period of our participants, varying intrinsic period input into 

the model would be expected to have improved its predictions of phase shifts. The model 

also does not account for individual differences in physiological light sensitivity.

In conclusion, the findings from this study suggest that mathematical models combined with 

light data from wrist monitors can be useful for developing best practices in work 

scheduling, as part of an integrated approach where light and sleep interventions are used to 

improve adaptation to night shifts.
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Figure 1. Observed phase shifts by group.
Phase shifts (in min) were calculated as initial phase minus final phase based on salivary dim 

light melatonin onset (DLMO) for each participant within each intervention group. 

Participants excluded from the present analysis due to missing data are indicated by open 

symbols. C: control; ST + L: 8 h afternoon-evening sleep timing and night shift bright light; 

ST: 8 h afternoon-evening sleep timing; and SA: ad lib afternoon-evening sleep timing. 

These data were originally reported in (Chinoy et al. 2016 and Isherwood et al. 2020).
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Figure 2. Bland-Altman plots of differences between observed and predicted phase shifts.
Bland-Altman plots show the differences between observed and predicted phase shifts for 

Simulation 1 (left) and Simulation 2 (right). The mean (i.e., fixed bias; solid line) was 

+26.44 min for Simulation 1 and –36.24 min for Simulation 2. The confidence intervals for 

95% limits of agreement (dashed lines) are −131.28 to 184.17 for Simulation 1 and −203.21 

to 130.74 for Simulation 2. Control = filled squares (■); ST+L = open squares (□); ST = 

filled circles (●); SA = open circles (❍).
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Figure 3. Observed versus predicted phase shifts by group.
The observed and predicted phase shift (in min) for each participant is shown. Left panel: 

Observed phase shift vs. Simulation 1; Right panel: Simulation 2. Control = filled squares 

(■); ST+L = open squares (□); ST = filled circles (●); SA = open circles (❍).
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Table 1.

Comparison of performance of Simulation 1 and Simulation 2 overall and by group. RMSE: root mean square 

error; LOA: limits of agreement; MAE (SD): mean absolute error and standard deviation; C: control; ST + L: 

8 h afternoon-evening sleep timing and night shift bright light; ST: 8 h afternoon-evening sleep timing; and 

SA: ad lib afternoon-evening sleep timing.

Simulation 1 Simulation 2

Overall

RMSE 81.73 89.53

Fixed Bias (LOA) 26.44 (−128.13, 181.01) −36.24 (−199.87, 127.40)

MAE (SD) 64.92 (50.63) 73.43 (52.22)

Control

RMSE 18.64 65.90

Fixed Bias (LOA) −17.13 (−33.20, −1.06) −59.49 (−121.61, 2.62)

MAE (SD) 17.13 (8.20) 59.49 (31.69)

ST + L

RMSE 128.58 52.43

Fixed Bias (LOA) 125.80 (67.50, 184.09) 43.60 (−20.21, 107.41)

MAE (SD) 125.80 (29.74) 43.60 (32.56)

ST

RMSE 92.17 90.15

Fixed Bias (LOA) 42.82 (−129.98, 215.61) −5.87 (−196.32, 184.58)

MAE (SD) 72.68 (61.22) 77.09 (50.48)

SA

RMSE 57.54 113.55

Fixed Bias (LOA) −17.28 (−131.37, 96.81) −91.28 (−231.68, 49.11)

MAE (SD) 51.61 (26.98) 94.91 (66.11)
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