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Abstract

Understanding the effects of light on the body at different times of the 24 h solar day is a
topic of increasing interest. In this paper, we use a mathematical model from the literature to
simulate what would be expected of the human circadian clock on different light schedules.
We first reproduce an influential experiment which found eBooks, when compared to a
paper book, delayed sleep by roughly 10 min and melatonin onset by 1.5 h. The model is
able to match the delay in sleep onset but struggles to reproduce the melatonin phase delay.
However, certain initial conditions and parameters are capable of phase shifts consistent
with the original study’s magnitude, suggesting that the original study’s finding may have
been influenced by the pre-study entrainment or variability among the participants. We
next simulate the same protocol under higher daytime light levels (increasing baseline
illumination from 90 to 500 lux) and find that brighter daytime exposure reduces both
sleep onset latency and the variability in phase delay attributable to evening eBook light.
Finally, we explore how the timing of a bright light pulse during the day changes outcomes,
such as sleep onset and circadian amplitude, and how these effects interact with light
during the other hours of the 24 h day. Together, these modeling results suggest robust
daytime light exposure confers resilience against the circadian-disruptive effects of evening
light, generating testable predictions regarding the timing and intensity of beneficial light
interventions for maintaining circadian alignment.

Keywords: light exposure; sleep; circadian health

1. Introduction
People are increasingly interested in the effects of light on the human body. This trend

is visible in both online search activity related to “light and health”, which has quintupled
since 2012 [1], as well as in the rapidly growing markets for blue-blocking glasses and smart
lighting systems, which are projected to expand substantially over the coming decade [2–5].
From a circadian research perspective, it is exciting to see a growing awareness of the many
physiological effects that light has on the body. At the same time, there has been heightened
focus on getting or avoiding light at specific times of the waking day, while ignoring other
times of the day (e.g., “[T]here must be a cut-off time in the morning when it’s pointless to
try to get your sunlight in”—Reddit user, from the post “How late into the morning can I
still get sunlight and feel the benefits?” [6]).
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Simple advice tends to resonate most, so it is no surprise (and not necessarily bad) that
many social media recommendations boil down to “get bright light in the morning” and
“avoid light before bed” [7,8]. However, seminal and emerging research data show these
periods are not the only times light matters for sleep and circadian health. In humans, there
is little evidence for a circadian “dead zone”—a period during which light has no effect on
phase shifting—that is commonly observed in other mammals [9–11]. Rather, the phase
response curves to light exhibit “dead points”, as phase advancing regions cross over to
phase delaying regions and vice versa [12–14]. Moreover, the times when light least affects
circadian phase may be when it most affects circadian amplitude, a challenging quantity
to measure but one that, within an individual, can be taken to reflect the strength of the
body’s circadian clock [15].

To add to the complexity, an individual’s recent lighting history significantly shapes
how the eye—and, by extension, the brain [16]—responds to new light signals [16–18]. The
retina’s sensitivity to light is not fixed; it adapts based on prior exposure, meaning that
sleep and circadian responses to a given light stimulus in the evening can vary dramatically
depending on the context of preceding light–dark patterns during the day. The magnitude
and direction of light’s influence on sleep and circadian timing are modulated by recent
lighting history—including light intensity, duration, spectral composition, and timing
throughout the day and night [19–22]. Since light exposure at any one time interacts
dynamically with the broader lighting context, the full-day lighting environment is crucial
for predicting physiological and behavioral outcomes in response to an intervention given
at a specific time.

Comprehensively investigating the effects of many possible light exposure patterns—
characterized by differences in intensity, duration, and timing—on subsequent sleep and
circadian parameters will require hundreds of hours of research time and millions of dollars
in research funding. In contrast, mathematical modeling offers a fast and cost-effective
approach to evaluate lighting paradigms and generate testable hypotheses. Relevant
to this paper, modeling can help us understand the conditions under which morning
and/or evening light is expected to have significant (or minimal) effects on the sleep and
circadian system. These effects are captured in the model by the phase of the oscillator,
amplitude of the oscillator, and the current saturation of the retina to light (collectively,
the “circadian state”), as well as the amount of homeostatic pressure for sleep. Phase from
the model can be used by itself to predict dim light melatonin onset (DLMO), the gold
standard biomarker for the central circadian pacemaker [23], while phase and homeostatic
pressure from the model can be used to predict downstream outputs like sleep onset [24].
Models moreover allow us to simulate combinations of lighting conditions and individual
phenotypic parameters, such as light sensitivity [25,26]. This approach allows us to begin to
address questions that require a scale and level of control unattainable (or at least extremely
difficult) through experimental methods alone.

In this paper, we use a mathematical model to simulate how light exposure throughout
the day shapes the response to morning and evening light [27]. Our simulations are
based on Skeldon et al.’s [27] model which combines a limit cycle representation of the
human circadian clock with a homeostatic sleep process. We identify an ensemble of
parameter sets for this model that yield physiologically realistic sleep durations higher
than 6.5 h (see Section 4). This setup allows us to mirror typical experimental conditions
and jointly analyze circadian and sleep outcomes across a range of biologically plausible
parameter sets.

We use this model to reproduce a highly influential study, Chang et al. (2015) [28],
assessing the effects of evening eBook light on sleep latency and circadian phase. In that
study, participants were kept in a lab under 90 lux conditions during the day and exposed
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to either an eBook (30 lux) or a paper book (in 3 lux conditions) from 6:00 p.m. to 10:00 p.m.
daily before providing a circadian assessment with DLMO on the 7th day. Participants
then switched to the other condition and repeated the same exposures. Whether the eBook
or paper book was presented first was randomized by subject. That study found a 1.5 h
phase shift and a 10 min increase in sleep onset latency under the eBook condition when
compared to a paper book.

In addition to simulating using the same daytime lux values reported in the original
study—90 lux—we also simulate the case where daytime lux value is brighter (500 lux).
We selected 500 lux as a representative daytime indoor light level because it approximates
commonly recommended illumination levels for indoor environments such as offices,
classrooms, and healthcare settings [7]. For example, lighting guidelines and empirical
measurements of typical indoor environments often report daytime illuminance levels in
the range of ~300–500 lux at eye level [7]. Building on these results, we then simulate the
effects of brief light pulses at different times of the day, against a range of different baseline
lux values, to examine how these exposures influence circadian phase and amplitude
as well as sleep-related outcomes. Such simulations can assist our interpretations and
translations of laboratory experiments to real-world situations [22].

2. Results
2.1. eBook Simulations

Sleep onsets and latencies. Figure 1A provides a schematic overview of the laboratory
conditions under various lighting and experimental conditions, including (i) the real daytime
lab lighting conditions of 90 lux from the Chang et al. [28] study (left panels) and a simulated
daytime lighting condition of 500 lux (right panels), and (ii) the eBook–Book sequence across
the 2-week lab study (top panels) and the reversed Book–eBook sequence (bottom panels).
This four-panel schematic (Figure 1A) aligns with the modeling of sleep onset times (Figure 1B),
with Figure 1C demonstrating the differences in sleep onset latencies (SOL) in the 90 vs. 500 lux
conditions. Here, the mathematical model reproduces the modest increase in SOL observed
in Chang et al. (2015) [28], with a 14.5 min average delay under 90 lux daytime lighting
in the mathematically simulated SOL compared to the 10 min the researchers reported [28]
(Figure 1C, left panel). When simulated under 500 lux daylight (Figure 1C, right panel), SOL
decreases to 5 min, which aligns with most previous studies [29].

Circadian timing differences. Chang et al. [28] originally reported a 1.5 h phase delay
between the two studied conditions, with rhythms shifted 1.5 h later on average in the
eBook condition than in the paper book condition. In our simulations, we calculate phase
shifts as differences in simulated core body temperature minimum timing between constant
posture days. Our simulations are only able to reproduce the 1.5 h phase difference between
the two conditions when the eBook is provided first (eBook–Book, Figure 2A,B, left panels)
and only for a limited set of parameters (near the top of the violin plot, see Table S1 in
Supplementary Material). Indeed, the likelihood of a 1.5 h phase delay appears about as
frequently as a small advance in the eBook-first condition (Figure 2B, left, see endpoints of
the yellow violin plot). The rarity of achieving a 1.5 h phase delay for the eBook relative
to the paper book in the simulations holds even as light sensitivity and other circadian
parameters are varied (Figures S3–S5).

The order of presentation (eBook–Book vs. Book–eBook) influences the extent of the
phase shift observed. Under the 90 lux condition we find a median of 51.3 min phase delay
observed for the eBook-first condition and a median of 12.6 min phase delay observed for
the eBook-second condition in the mathematical simulations (Figure 2B, left panel). For the
500 lux conditions those values are a 56.7 min phase delay for the eBook-first condition and
a 0.6 min phase delay for the eBook-second condition.
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Figure 1. (A) The experimental protocol from Chang et al. [28] (left) as well as our modified version
for simulations. Digitized schedules from Chang et al. 2015 [28] under two different baseline lux
conditions (left: 90 lux, right: 500 lux) are shown. Simulations were performed for the two possible
reading condition sequences (top: eBook-first week, bottom: eBook-second week). Yellow brightness
corresponds to the relative light brightnesses in the protocol, with darkest yellows corresponding to
the dimmest lights. Pink regions correspond to periods of melatonin collection under the constant
posture (CP) procedures. (B) Time evolution of sleep onset for subjects with different sleep parameters
over the course of the simulated protocol shown in A. The distribution is represented by a violin plot
and mean values by circle markers. Constant procedure days are denoted as red violin plots. Left:
90 lux baseline (blue), right: 500 lux baseline (green). Top: eBook-first week, bottom: eBook-second
week. (C) Sleep latency distribution for each reading condition with 90 lux baseline simulations on
the left and 500 lux baseline on the right. Mean sleep latency is denoted as black dots. The mean
sleep latency difference between eBook (gray) and Book (yellow) conditions is denoted by δ, plus or
minus its standard deviation. Values reported in Chang et al. [28] for the fourth and fifth nights of
each condition are shown in red (15.75 min for book condition and 25.65 min for eBook condition;
9.9 min difference).
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Figure 2. (A) Time evolution of circadian phase and amplitude, expressed through the variable x
in [24,27], where x is assumed to hit its lowest value at CBTmin, for subjects with different circadian
parameters on the last day of each reading condition (yellow: eBook, gray: Book). Thick lines
represent the behavior of the model default parameters (orange: eBook, black: Book). Left: 90 lux
baseline, right: 500 lux baseline. Top: eBook-first week, bottom: eBook-second week. Experimental
constant procedure times (melatonin collection) are denoted as red boxes. (B) Phase shift grouped
by reading condition order. Left: 90 lux baseline light, right: 500 lux baseline light. White lines
represent the median of the distribution. The red dashed line indicates the 1.5 h shift reported in
Chang et al. [28] (C) Core body temperature minimum evolution for different equilibration light
schedules. Left: 90 lux baseline (blue), right: 500 lux baseline (green). Top: eBook-first week, bottom:
eBook-second week. Colors correspond to different initial conditions, with darker lines corresponding
to later behaviors prior to the study.
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The fact that order matters in determining the amount of phase shift observed may be
due to the fact that the individuals, assumed to be entrained to a 10:00 p.m. lights-off time
(per the methodology in [28]), are being phase advanced by both the paper book and eBook
conditions relative to their starting phase before the trial. In other words, while a phase
delay may appear to have occurred when comparing phase after the eBook exposure to
phase after the paper book exposure, the outcome under both conditions could be advanced
relative to the individuals’ starting phase.

This can be understood as follows: the protocol has individuals in 3 lux of ambient
room lighting in the paper book condition (Figure 1 in [28]) and roughly 30 lux in the eBook
condition (from the eBook) between 6:00 p.m. and 10:00 p.m., which is likely much darker
than their habitual lighting during those hours under free-living conditions [30,31]. Thus,
they experienced a dark pulse during the phase delay region, which would act to advance
participants. If the eBook phase advanced participants less than the paper book, then it
would appear as a phase delay between the two conditions.

More importantly, if a participant is starting from a very different light schedule
than the one in the study protocol, their pre-study habitual light schedule could influence
the magnitude of the phase advance experienced under these dark pulses as well as the
observed phase difference between the eBook and paper book conditions. Trajectories of
CBTmin over time for different initial conditions (i.e., habitual lights-on times before study
start) are shown in Figure 2C. The simulations in Figure 2A,B assume a 6:00 a.m. lights-on
time as the starting point, consistent with the original protocol in [28]. In Figure 2C, in
contrast, the changes in phase that would be expected over the course of the trial for a
range of pre-study lights-on times (from 5:00 a.m. to 9:00 a.m.) are shown.

When the eBook is given first (under the study conditions of 90 daytime lux), all trajec-
tories except the one corresponding to a pre-study lights-on time of 5:00 a.m. experience a
phase advance between days 1 and 7, which is followed by all trajectories phase advancing
under the paper book condition between days 7 and 13 (Figure 2C, top left). When the
eBook is given second, there is first a large phase advance across all trajectories under
the paper book condition, which then regresses slightly and stabilizes under the eBook
condition (Figure 2C, bottom left).

The end result is that the modeling predicts a larger difference between eBook and
paper book when the eBook is used first, versus when the paper book is used first, in ways
that depend on the schedule the participant was entrained to prior to the trial. While the
individuals in the Chang et al. study [28] were assumed to be entrained to a 6:00 a.m.
lights-on schedule (10:00 p.m. lights off), an individual entrained to a 9:00 a.m. lights-on
time and put into the eBook-first condition would appear to have been delayed 1.34 h by
the eBook relative to the paper book. That same person, however, would appear to have
been advanced 0.31 h by the eBook had they been under the paper book condition first
(Figure 2C, left, dark blue curve on days 7 and 13).

Ninety lux, even when measured at the ocular level, is very dim relative to the
light available outdoors and through windows [31]. When the same simulations are
repeated with 500 lux as the baseline (Figure 1A, right), versus the 90 lux in the original
experiment [28], the effects observed are reduced, with a 5 min delay in sleep onset observed
when averaged across all parameter sets (Figure 1B,C, right). The phase delay is similarly
reduced, with an average phase shift of approximately 1 h when the eBook is provided
first and close to no phase shift observed in the paper-book-first (Book–eBook) condition
(Figure 2A,B, right). Trends in the role of initial conditions, with phase advances occurring
to different extents over the course of the simulated study, remain consistent (Figure 2C).
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2.2. Pulse and Stability Simulations

Our simulations of the eBook study show how the daytime light level can influence
observed outcomes, with brighter daytime light leading to decreased sleep onset latency from
eBook light exposure and reduced influence of interindividual variability on circadian phase.
To more broadly examine how daytime light levels interact with pulses of light at different
times of day to influence sleep behaviors, simulations were conducted using fixed baseline
levels of ambient light (Figure 3A) to which a 5000 lux pulse was applied at different times.

 

 
(A) 

 
(B) 

Figure 3. (A) Actograms showing the effect of a pulse of light for different levels of baseline light. The
vertical axis shows day of simulation, while the horizontal axis shows time of day (double plotted).
The brightness of the light provided to the simulation at that time is shown in the colorbar. Sleep
is shown as gray regions (during which photic input to the circadian clock is assumed to be zero).
Across simulations, light linearly increases from 0 to a baseline lux value between 6:00 a.m. and
8:00 a.m. and linearly decreases back to zero from 6:00 p.m. to 8:00 p.m. The top row corresponds to a
baseline lux value of 0; the middle corresponds to 100 lux as the baseline, and the bottom corresponds
to 1000 lux. In all simulations, a 5000 lux pulse of light is given N hours after waking, where N is
0, 7, or 14. Top to bottom: 0, 100, 1000 baseline lux. Left to right: Pulse at 0, 7, 14 h after waking, to
capture a phase advance, an amplitude boost, and a phase delay. (B) Heatmap of average circadian
amplitude for a 1 h pulse of 5000 lux at different hours after waking (horizontal axis) and different
values of base light levels (daily maximum lux value, vertical axis).

https://doi.org/10.3390/clockssleep8020021

https://doi.org/10.3390/clockssleep8020021


Clocks&Sleep 2026, 8, 21 8 of 14

When pulses of bright light are the only light source (i.e., baseline lux level of zero),
bright light upon waking causes a phase advance and an observed circadian period length
shorter than 24 h (indicating that the phase advance exceeds the 0.2 h daily adjustment
required for a 24.2 h intrinsic period). In contrast, high-intensity light exposure 7 h after
waking produces minimal phase change, while exposure 14 h after waking produces a
significant phase delay and an observed circadian period longer than 24 h (Figure 3A,
upper row). Entrainment occurs when the baseline lux is 100 or 1000 lux (Figure 3A, middle
and bottom row) and the light pulse is given 0 and 7 h after waking. In all cases where a
5000 lux pulse is given 14 h after waking (Figure 3A, last column), a drift at a period greater
than 24 h is seen, but the speed of this drift is reduced when the baseline light is higher.

When the baseline is 100 lux, bedtime in the “light immediately upon waking” sim-
ulations (Figure 3A, first column) occurs earlier than the 7 h after waking simulations
(Figure 3A, middle column) by approximately 52 min, while in the 1000 lux baseline case,
bedtime occurs approximately 21 min earlier. In both cases, total sleep time is nearly
identical within a baseline lux condition. In the 100 lux baseline, there are 7:23 h of sleep
when the pulse occurs at 7 h. In the 1000 lux baseline, total sleep times are 7:31 and 7:32 for
the 0 and 7 h after waking pulse times, respectively.

While phase shifts and circadian period are important markers of circadian dynamics,
amplitude also plays a critical role in determining the strength and stability of circadian
rhythms, as discussed in [15]. To understand the effects of pulse timing and baseline light
on model-derived circadian amplitude, baseline light levels ranging from 0 to 1000 lux
and pulse times ranging from 0 to 14 h after waking were evaluated. Average circadian
amplitude was calculated by averaging across the entire last day of simulation. A brighter
baseline lux tends to increase circadian amplitude, so long as the pulses occur during the
middle of the waking hours (Figure 3B). Maximal circadian amplitude was found on the
1000 lux baseline schedules (the brightest tested), with pulses approximately 5–11 h after
waking, while lowest circadian amplitude was found on schedules where the baseline lux
was lowest and the pulses happened at the extremes of the day (either immediately after
waking or close to bed).

3. Discussion
Modeling can help interpret outcomes of past experiments and generate new, testable

hypotheses with minimal overhead cost. In doing so, we can examine potential mechanisms
by which lighting history and circadian state influence the effect of light at a given moment
in time. For most, light exposure in the morning is going to phase advance the circadian
clock [32,33] while light in the evening will delay it [34–37]. The absence of light during
a period when it is habitually experienced would be expected to have the opposite effect,
with an absence of habitual light in the morning producing a phase delay (relative to the
previously entrained schedule) and the absence of habitual light in the evening producing
a phase advance.

Using a model based on Skeldon et al.’s work [27], we first simulated an eBook
study [28] in which individuals entrained to a 6:00 a.m. wake time were kept in 90 lux
during the day and exposed to either dim light conditions of 3 lux while reading a paper
book or 30 lux from an eBook from 6:00 p.m. to 10:00 p.m. The model is readily able to
reproduce a similar sleep onset latency difference between the two conditions, akin to
that reported in the original experiment. However, the modeling rarely reproduces the
1.5 h phase delay attributed to the eBook in the original work despite the many parameter
sets assessed.

There are two possible explanations for the inability of the mathematical model to
match the observed phase shift in our work. First, because the modeling expects that the
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protocol was phase advancing for both the eBook and paper book conditions, a larger phase
shift between the conditions could have been observed if the participants were entrained to
a later schedule prior to study start than the assumed 10:00 p.m. lights-off time. A person
entrained to a later habitual schedule before coming into the lab and assigned to the eBook–
Book condition could appear later at the end of the eBook condition, not due to eBook
light phase shifting them later but rather the fact that their prior schedule was markedly
different from the study protocol schedule (and they had not finished entraining to the
study schedule at the time of the phase assessment). Second, while the average phase shift
deviated substantially from the values reported by Chang and colleagues [28], there were
some parameter combinations that did reach a 1.5 h phase delay, suggesting that the effect
observed could have been driven by individuals with phenotypes loosely corresponding to
those parameters (see Figure S5 for the distributions as intrinsic period, light sensitivity,
and phase response curve shape are changed). That said, the likelihood of observing a
1.5 h delay in the eBook-first condition with the parameter ranges tested was roughly the
same as that of observing a small phase advance (Figure 2B, left), suggesting that the same
experiment, repeated again, could yield very different results if inter-individual differences
were the cause.

In [28], the authors made a significant effort to control for initial conditions in their
participant pool, noting “Participants were also required to maintain a fixed 8-h sleep
schedule (10:00 PM to 6:00 AM), to complete a daily sleep/wake log, and to call in their
bedtimes and wake times every day during this 3-wk interval. This sleep schedule was
verified by wrist actigraphy (Actiwatch-L; Philips/Respironics) during the week before
admission” (p. 1235). From this, it appears unlikely that a participant entrained to a later
schedule would not have been identified and excluded from participation. At the same
time, our own experience in human subject trials and actigraphy has led us to believe
that anything is possible outside the lab, with devices sometimes purposefully left off
or transferred to another person when real-life demands collide with the requests of the
research team. As such, it is not inconceivable that a person entrained to a later schedule
could have made it past the authors’ rigorous efforts to control for this variable.

Had the baseline light during the day in [28] been of higher intensity, our modeling
suggests that the difference in observed sleep onset latency would have been reduced (from
14.5 min to 5 min). The magnitude of this effect is consistent with results from a recent
meta-analysis summarizing multiple studies on screen use at night [29]. Similarly, the
maximum circadian phase delay seen across parameter sets is reduced when the baseline
lux is increased in our simulations, though a delay is still reliably observed in the eBook-first
condition. The higher-intensity daytime lux condition reduced the spread in the amount
of observed phase shift by more quickly entraining participants to the study conditions
than the 90 lux protocol. Future protocols could place participants on highly entraining
schedules (very bright light during the day, total darkness at night) at the beginning of
or throughout an experimental protocol to reduce the effects of initial conditions and
inter-individual differences on the outcomes of the study.

In addition to simulating experimental protocols, modeling can also make predictions
for experiments which have not been conducted. For instance, models can make testable
hypotheses around how the broader temporal pattern of light exposure—beyond a discrete
pulse of bright light—influences the effects of the pulse, through both clock state (circadian
phase and amplitude) as well as retinal saturation (captured as Process L in the models
used). In general, higher-intensity light during the daytime period, over a duration com-
parable to typical daily sunlight, had a stabilizing effect on the sleep–wake system, with
pulses having less ability to shift sleep/wake timing when baseline light exposure was
brighter. While the system was usually able to entrain to pulses of light delivered 0 and 7 h

https://doi.org/10.3390/clockssleep8020021

https://doi.org/10.3390/clockssleep8020021


Clocks&Sleep 2026, 8, 21 10 of 14

after waking, it was unable to entrain to bright light pulses 14 h after waking, with the
extent to which drift occurred mitigated by the baseline daytime light level.

Higher-intensity light during the day reduced the impact of a morning light pulse on
sleep timing in our modeling. When baseline light was 1000 lux, light upon awakening
and 7 h after waking produced similar effects on circadian clock phase timing and sleep
onset times, with the light pulse 7 h after waking (middle of the day) resulting in sleep
schedules that were on average 21 min later than the schedules where light was given
immediately upon waking. This difference was further amplified when baseline light was
reduced to 100 lux. Under this condition, a light pulse delivered 7 h after waking delayed
sleep onset by 52 min compared with a pulse delivered immediately upon waking. Light
delivered during the middle of the day had a larger boosting effect on circadian amplitude
than light early in the morning or late in the day, consistent with predictions from previous
modeling [15].

In all cases, more baseline light acted as a stabilizer, with higher-intensity light during
the day dramatically reducing the impact of a light pulse 14 h after waking. Depending
on an individual’s phenotype (e.g., light sensitivity or intrinsic circadian period) and inter-
vention goals (e.g., shifting circadian timing versus strengthening rhythmicity), circadian
amplitude may in some cases represent a more suitable target than circadian phase. Consis-
tent exposure to higher-intensity daytime light is one of the clearest strategies for increasing
circadian amplitude [15].

It is critical to note that all of our results are based on mathematical models which
themselves are limited representations of physiology. The retinal processing in the model
used is based on photopic illuminance, with an initial higher transient response followed
by a lower steady state response. Full retinal modeling would include melanopic irradiance
and distinct models for the contributions of rods, cones, and intrinsically photosensitive
ganglion cells. We largely simulate light as constant levels or pulses, when real-world
light can be sporadic and spectrally diverse. Moreover, there are non-circadian effects of
light on the body that are beyond the scope of these models. Our models similarly do
not account for the alerting effects of light, which can be valuable in the morning. We
also report outcomes for circadian amplitude, which is at present more of a theoretical
construct than a measure with an agreed upon, easy-to-capture gold standard [15]. Finally,
our models do not include the dynamics of melatonin in the circadian/sleep–wake system,
with predicted DLMO simply derived from the phase state variable. As such, outcome
variables such as melatonin suppression are outside the scope of our analyses.

Yet models exist to make hypotheses. The simulations presented here, generated from
groundbreaking models developed by several of the authors of [28] and in use by a number
of research groups around the world, suggest that phase shifting effects from eBooks are
likely to be significantly reduced when initial state is controlled for and when baseline light
during the daytime is made brighter. They also suggest that light immediately after waking
and/or light in the middle of the day produce very similar outcomes, so long as the baseline
light level is sufficiently high. This implies that there is no cut-off point in the morning past
which light exposure is irrelevant. Rather, circadian health is a product of light across the
whole 24 h period. The optimal advice may not be to “get light in the morning and avoid
phones at night” but rather to seek the brightest days and the darkest nights while strongly
maintaining inter-day lighting regularity. Future work should examine how interventions
which target light across the full waking day, along with darkness across the whole night,
compare to interventions that focus only on morning light or evening light avoidance.
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4. Materials and Methods
The light schedule from Chang et al. (2015) [28] was digitized for use in our simulations

(Figure 1A, left). Briefly, in that protocol, participants were in 90 lux during the daytime
period, given an eBook or a paper book (depending on which group they were assigned to)
to read between the hours of 6:00 p.m. and 10:00 p.m. in 3 lux light, and then allowed to
sleep from 10:00 p.m. to 6:00 a.m. After five days in one condition (eBook or paper book),
participants were switched to the other condition the following week. On the last day of
the condition, as well as the day after, plasma melatonin samples were collected. These
were used to determine both the extent of melatonin suppression (on the last day of the
condition) as well as the extent of circadian phase shift (the day after).

A limit cycle model of the human circadian clock, which uses light history as its input,
was used to predict circadian phase, circadian amplitude, and retinal saturation, or the
circadian state, over time. The circadian clock is modeled as a van der Pol oscillator with
an intrinsic period near 24 h, driven by light inputs via a photoreceptor saturation process;
light reaching the retina shifts the phase and speed of the oscillator in a manner consistent
with empirical phase response curves. The sleep process follows a two-threshold model
in which homeostatic sleep pressure rises during wake and decays during sleep, with
sleep onset and offset occurring when pressure crosses circadian-modulated upper and
lower thresholds, respectively. Phase was used to predict timing of core body temperature
minimum (CBTmin), which was assumed to happen 7 h after DLMO [38]. We only include
results from one model [27] in this manuscript. However, future work on the open-source
circadian package (https://github.com/Arcascope/circadian) would allow the expansion
of these two-process results to the other circadian frameworks already present as standalone
models in our package [39–42].

Sleep modeling was performed using a recent implementation of the two-process
model [24,27]. Sleep was prevented in the presence of light above a threshold (0.5 lux)
to mimic the study conditions, in which participant wake times were prescribed during
set daytime hours. As a number of model parameters can yield similar sleep phenotypes
and the forced wake up by light imposes new restrictions, a hyperparameter search was
conducted to understand how different parameter choices influenced our outcomes. The
key parameters varied were upper threshold of sleep pressure (µ), difference between
upper and lower sleep pressure thresholds (∆), and sleep pressure decay rate (ꭓ ). The final
ranges chosen for these parameters were µ ∈ [17.5, 19.5], ∆ ∈ [5,9], and ꭓ ∈ [7,11] since they
yielded sleep durations longer than 6.5 h and switched between sleep/wake only twice per
day. We simulated a total of 125 parameter sets. All parameter sets identified that yielded
at least 6.5 h of sleep (n = 61/125, 48%) were included.

Additional modeling of circadian parameters was performed by varying the param-
eters light sensitivity (p), phase response curve shape (κ), and intrinsic circadian period
(τC) in the circadian model. The ranges chosen for these parameters were p ∈ [0.5, 0.7],
κ ∈ [0.4, 0.7], and τC ∈ [23.8, 24.4]. A total of 125 light sensitivity parameter sets were
simulated. For all sets, sleep parameters were µ = 19.0, ∆ = 6.0, and ꭓ = 11.0. All parameter
sets yielded at least 6.5 h of sleep. Figure S2 shows the range of parameters assessed and full
details of the modeling can be found at https://github.com/ftavella/evening_light_article
(accessed on 1 December 2025).

For the simulations of the eBook-vs-book protocol [28], each of these parameter sets
was simulated under two light schedules as per the Chang et al. [28]) protocol: (1) the
condition with the eBook in the first week and paper book in the second week, and (2) the
condition with the eBook in the second week and paper book in the first week. In all cases,
parameter sets were equilibrated for 30 days on a regular schedule (constant 1000 lux from
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6:00 a.m. to 10:00 p.m.) prior to the eBook simulation, unless otherwise specified, in order
to match the protocol described in Chang et al. (2015) [28].

To simulate the effects of a bright light pulse during the day in the presence of a base-
line background light, the same implementation of the two-process model was used [27].
For each simulation, light was set to a nighttime lux value before 6:00 a.m. and after
10:00 p.m. with a linear ramp to the brighter base light level being evaluated between
6:00 a.m. and 8:00 a.m., as well as a linear ramp to the nighttime value from 8:00 p.m. to
10:00 p.m. For all simulations except the base lux of 0 lux, the nighttime value was assumed
to be 50 lux; for the full darkness case, the base lux was assumed to be 0. During sleep,
0 lux was used as input to the circadian model. Simulations were run for 20 days and the
last day was used for analysis. A range of base light levels and pulse times after waking
were evaluated, and average amplitude in the model was extracted from the simulations
for analysis. In addition, actograms were produced to show whether entrainment occurred
for 1 h pulses of 5000 lux occurring immediately upon waking, 7 h after waking, and 14 h
after waking, for base lux values of 0, 100, and 1000 lux.

5. Conclusions
Modeling can illuminate how light over the 24 h day affects health. We find that

modeling reproduces experimental work showing subtle differences in light exposure
in the evening leading to subtle differences in sleep onset latency. We show that large
phase delays observed from eBook light relative to paper books are possible for some
parameter sets but that an alternative explanation for the magnitude of the phase delay is
that individuals were not fully entrained to a 10:00 p.m. lights-off prior to study start. By
simulating light pulses at different times of the day, we show that greater light during the
waking period makes the sleep–wake system more robust to pulses of bright light across
the day and that bright light pulses immediately after waking and during the middle of the
day can be argued to have distinct positive outcomes (shifting sleep earlier vs. enhancing
circadian amplitude). This modeling produces testable hypotheses that can be evaluated in
future work.
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33. Burešová, M.; Dvořáková, M.; Zvolsky, P.; Illnerová, H. Early morning bright light phase advances the human circadian pacemaker
within one day. Neurosci. Lett. 1991, 121, 47–50. [CrossRef]

34. Lack, L.; Wright, H. The effect of evening bright light in delaying the circadian rhythms and lengthening the sleep of early
morning awakening insomniacs. Sleep 1993, 16, 436–443. [CrossRef]

35. Drennan, M.; Kripke, D.F.; Gillin, J.C. Bright light can delay human temperature rhythm independent of sleep. Am. J. Physiol.-Regul.
Integr. Comp. Physiol. 1989, 257, R136–R141. [CrossRef]

36. Czeisler, C.A.; Allan, J.S.; Strogatz, S.H.; Ronda, J.M.; Sánchez, R.; Ríos, C.D.; Freitag, W.O.; Richardson, G.S.; Kronauer, R.E.
Bright Light Resets the Human Circadian Pacemaker Independent of the Timing of the Sleep-Wake Cycle. Science 1986, 233,
667–671. [CrossRef]

37. Smith, M.R.; Eastman, C.I. Phase delaying the human circadian clock with blue-enriched polychromatic light. Chronobiol. Int.
2009, 26, 709–725. [CrossRef] [PubMed]

38. Benloucif, S.; Guico, M.J.; Reid, K.J.; Wolfe, L.F.; L’hermite-Balériaux, M.; Zee, P.C. Stability of melatonin and temperature as
circadian phase markers and their relation to sleep times in humans. J. Biol. Rhythm. 2005, 20, 178–188. [CrossRef] [PubMed]

39. Hannay, K.M.; Booth, V.; Forger, D.B. Macroscopic Models for Human Circadian Rhythms. J. Biol. Rhythm. 2019, 34, 658–671.
[CrossRef] [PubMed]

40. Forger, D.B.; Jewett, M.E.; Kronauer, R.E. A simpler model of the human circadian pacemaker. J. Biol. Rhythm. 1999, 14, 532–537.
[CrossRef]

41. Kronauer, R.E.; Forger, D.B.; Jewett, M.E. Quantifying human circadian pacemaker response to brief, extended, and repeated light
stimuli over the phototopic range. J. Biol. Rhythm. 1999, 14, 500–515. [CrossRef]

42. St Hilaire, M.A.; Klerman, E.B.; Khalsa, S.B.S.; Wright, K.P.; Czeisler, C.A.; Kronauer, R.E. Addition of a non-photic component to
a light-based mathematical model of the human circadian pacemaker. J. Theor. Biol. 2007, 247, 583–599. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/clockssleep8020021

https://doi.org/10.1371/journal.pcbi.1011743
https://www.ncbi.nlm.nih.gov/pubmed/38134229
https://doi.org/10.1073/pnas.1418490112
https://doi.org/10.1016/j.smrv.2024.101933
https://www.ncbi.nlm.nih.gov/pubmed/38657359
https://doi.org/10.1038/s41598-020-75622-4
https://doi.org/10.1016/j.cub.2013.06.039
https://doi.org/10.1152/ajpregu.1989.256.1.R106
https://www.ncbi.nlm.nih.gov/pubmed/2912203
https://doi.org/10.1016/0304-3940(91)90646-B
https://doi.org/10.1093/sleep/16.5.436
https://doi.org/10.1152/ajpregu.1989.257.1.R136
https://doi.org/10.1126/science.3726555
https://doi.org/10.1080/07420520902927742
https://www.ncbi.nlm.nih.gov/pubmed/19444751
https://doi.org/10.1177/0748730404273983
https://www.ncbi.nlm.nih.gov/pubmed/15834114
https://doi.org/10.1177/0748730419878298
https://www.ncbi.nlm.nih.gov/pubmed/31617438
https://doi.org/10.1177/074873099129000867
https://doi.org/10.1177/074873099129001073
https://doi.org/10.1016/j.jtbi.2007.04.001
https://doi.org/10.3390/clockssleep8020021

	Introduction 
	Results 
	eBook Simulations 
	Pulse and Stability Simulations 

	Discussion 
	Materials and Methods 
	Conclusions 
	References

