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Sleep and circadian rhythm dysfunction is prevalent in
schizophrenia, is associated with distress and poorer clin-
ical status, yet remains an under-recognized therapeutic
target. The development of new therapies requires the iden-
tification of the primary drivers of these abnormalities.
Understanding of the regulation of sleep—wake timing is
now sufficiently advanced for mathematical model-based
analyses to identify the relative contribution of endog-
enous circadian processes, behavioral or environmental
influences on sleep-wake disturbance and guide the devel-
opment of personalized treatments. Here, we have eluci-
dated factors underlying disturbed sleep-wake timing by
applying a predictive mathematical model for the interac-
tion of light and the circadian and homeostatic regulation
of sleep to actigraphy, light, and melatonin profiles from 20
schizophrenia patients and 21 age-matched healthy unem-
ployed controls, and designed interventions which restored
sleep-circadian function. Compared to controls, those with
schizophrenia slept longer, had more variable sleep timing,
and received significantly fewer hours of bright light (light
> 500 lux), which was associated with greater variance in
sleep timing. Combining the model with the objective data
revealed that non 24-h sleep could be best explained by re-
duced light exposure rather than differences in intrinsic cir-
cadian period. Modeling implied that late sleep offset and
non 24-h sleep timing in schizophrenia can be normalized
by changes in environmental light—dark profiles, without
imposing major lifestyle changes. Aberrant timing and in-
tensity of light exposure patterns are likely causal factors
in sleep timing disturbances in schizophrenia. Implementing

our new model-data framework in clinical practice could
deliver personalized and acceptable light—dark interven-
tions that normalize sleep-wake timing.

Key words: entrainment by light/transdiagnostic
psychiatry/light therapy design/clinical predictive
framework/model-data fusion/mathematical model

Introduction

Disturbances in the duration, timing and quality of sleep
are common in schizophrenia. Compared with controls,
people with schizophrenia on average spend more time
in bed, take more time to fall asleep, wake later and have
more interrupted, fragmented sleep episodes.!? Sleep-
wake patterns are more irregular over consecutive nights,
and may be advanced, delayed or not synchronized with
respect to the 24-h day.!*#

In schizophrenia, an expanding body of evidence has
revealed associations between dysfunction of sleep and
circadian timekeeping and greater severity in psycho-
pathology,”’ impaired cognition,* and poorer quality
of life.!®!! In the wider population, chronically dis-
turbed and mistimed sleep are associated with obesity,
cardiometabolic disease, physical inactivity and social
withdrawal.!>!* These problems are over-represented in
schizophrenia, and contribute significantly to premature
mortality.'

Despite compelling arguments implicating sleep and
circadian pathology in schizophrenia, interventions that
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target them have yet to become established in clinical
practice. There is therefore a pressing need for acceptable,
scalable, and cost-effective treatments that address sleep-
circadian disturbance.

The design of effective interventions is facilitated by
an understanding of the factors which give rise to the
disorder. Two important variables that govern sleep-
circadian timing have been identified in the general pop-
ulation. First, the intrinsic period of the circadian clock,
ie, the duration of one cycle of the internal pacemaker,
which is on average slightly longer than 24 h (24:09 h:m *
0:12 h:m)." Individuals with a period at the upper end of
the population distribution are predisposed to misaligned
sleep.'® Second, the light exposure pattern, which is the
primary stimulus through which the circadian clock and
therefore sleep timing is synchronized to the 24-h day.
Insufficient or mistimed exposure to light results in var-
iable sleep that is misaligned to the 24-h day in sighted!’
and blind individuals.'® In schizophrenia however, the
relative contributions to sleep-circadian dysregulation
arising from endogenous biological factors such as the
intrinsic circadian period on the one hand, and influences
related to the light environment, psychopathology or
medication effects, on the other, are unclear.

A powerful approach to disentangling causal influ-
ences is to combine longitudinal data with predictive
physiologically informed dynamic mathematical models.
These models are now so effective that they can explain
circadian timing in a range of conditions,’* and have
been used to gain insights into the mechanisms under-
lying the effects of age, light and social constraints on
sleep.?!=%

Here, we use a physiologically informed model to quan-
titatively analyze sleep-wake patterns using sleep diary
and light data from community-dwelling patients with
schizophrenia and unemployed controls. By extracting
individual model parameters, we examine the relative
contribution of physiological and environmental factors
and then suggest environmental light exposure patterns
to regularize sleep. We propose a pathway for implemen-
tation in clinical practice.

Materials and Methods

Data source and Protocol

Data were collected over a period of 6 weeks from 20 in-
dividuals meeting the DSM-IV criteria for a diagnosis of
schizophrenia (mean age (SD) 38.8 (8.6) years, 5 women),
and 21 healthy unemployed age-matched controls (within
5 years, mean age (SD) 37.5 (9.6) years, 8§ women) from
London. All patients were receiving medication and in a
clinically stable state.

The study protocol was conducted in accordance with
the Declaration of Helsinki and approved by the West
London Mental Health Trust Local Research Ethics
Committee and, for one of the participants, by the
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Lothian Local Research Ethics Committee. All partici-
pants gave written informed consent.

Light exposure patterns, actigraphy, melatonin profiles
and sleep diary data were used in the current analyses.
The feasibility and acceptability of the data collection
methods* and a descriptive analysis of sleep patterns!
have been previously reported. All participants from!
were included in the current analyses. Below we briefly
summarize the data but further details are available in the
Supplementary Material.

Monitoring of Sleep—wake Timing and Light Exposure

Objective rest-activity and light profiles were sampled
continuously in 2-min epochs over 6 consecutive weeks
using the Actiwatch-L (Cambridge Neurotechnology
Ltd, Cambridge, UK). In addition, all participants kept
daily records of bedtime, get-up time, daytime activities,
and deviations from their habitual routines such as cele-
brations. Assessments of “bedtime” and “get-up time”
were inserted into the “Actiwatch Activity and Sleep
Analysis” software (CamNtech UK) for automated cal-
culation of “sleep onset” and “sleep offset” times.

Analysis of Sleep—Wake Cycles and Light Exposure

The periodicities of the rest-activity and light-dark cycle
were assessed by a non parametric approach which makes
no assumptions about the waveform of these rhythms,
figure 1. In this approach, data were folded at a range of
periodicities in steps of 2 min, ie, the resolution of the
actigraphy data. The period which resulted in the smallest
residual variance was considered the dominant period.?
The procedure was implemented in MATLAB.?

Sleep duration was calculated as the time from sleep
onset to sleep offset, with mid sleep timing being the mid-
point of each sleep episode. Mean and variance of sleep
duration were calculated using linear statistics. Since
some participants exhibited very large day-to-day differ-
ences in sleep timing, individual mean and variance of
sleep onset, sleep offset and mid sleep were calculated
using circular statistics.?’

For each participant, three measures that quantified
their light exposure were calculated. These were (i) the
median number of hours of bright light per day (light
intensity > 500 lux), (ii) the median daily light intensity
(lux), (iii) the median daily light intensity on a log scale
(log(lux + 1)).

Assessment of Circadian Phase From Melatonin
Measurements

Over a 48-h period once a week, 17 out of 20 people with
schizophrenia and all 21 people in the control group com-
pleted repeated urine collection for determination of cir-
cadian acrophase for 6-sulphatoxymelatonin (aMT6s)
concentrations.?%
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Fig. 1. Typical rhythms of sleep, activity and light exposure. (a), (d): Light (yellow trace), activity (grey trace), 6-sulphatoxymelatonin
(aMT6s) acrophase (red circles) and sleep timing (horizontal grey bars). (b) and (e): Average pattern of light exposure across the 24-h
day. The shaded regions from white through to dark grey indicate the fraction of time spent at different light levels (>500 lux; between
500 and 100 lux; between 100 and 10 lux, <10 lux). (c) and (f) Residual variance as a function of period for activity and light. These
indicated that light and activity followed a 24 h pattern for the regular sleeper, but a longer than 24-h pattern for the irregular sleeper.

Estimating Determinants of Sleep Timing by
Model-fitting

For each individual, we fed the raw light data into a
nonlinear differential equation model that captures the
known core physiological processes underlying sleep—
wake regulation including sleep homeostasis and circa-
dian rhythmicity*** and the effects of light exposure on
the circadian clock.?-?3%

In order to capture individual differences in physiolog-
ical sleep need and circadian regulation, we fitted two es-
sential parameters of the model namely the mean drive
for wakefulness and the intrinsic circadian period.

Using the Mathematical Model to Design Light
Interventions

The intensity, color, duration and timing of light could all
be tuned, leading to many different possible light inter-
ventions. Our aim was to develop approaches to promote
earlier wake time and synchrony with the 24-h day, that
were low-burden. We therefore focussed on two particular
dimensions: increasing the overall amount of light avail-
able during daytime hours and/or decreasing the overall
amount of light available during the evening/night.

To demonstrate the impact of daytime versus evening
light, we constructed an average 24-h profile of “avail-
able” light that smoothly climbs to a maximum value at
around midday and then decreases to a fixed level during
the evening/night.?® Within the model, this available light
is turned on during model-predicted wake, and is turned
oftf during model-predicted sleep. Thus the model is not
forced to wake up, but self-selects when to be exposed to
light. This self-selection of light is critical for quantitative
prediction of circadian phase and sleep timing.*

Further extensive modeling details are given in the
Supplementary Material.

Statistics

Key variables (variance of sleep onset and offset, mean
daily hours of bright light, fitted intrinsic circadian
period, fitted sleep drive) for schizophrenia and control
participants were compared using the Wilcoxon rank-
sum test. Correlations that factored out the group effect
were tested using the non parametric Spearman’s rho co-
efficient using MATLAB?’s partialcorr function. For the
repeated measures of sleep duration, daily sleep onset
and offset a linear mixed-effect modeling analysis was
carried out.
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Data from one participant with schizophrenia were
collected twice, in the summer and again in the winter.
Since measures of light and of sleep timing differed sub-
stantially between the two seasons this participant was
included twice in all analyses of light and sleep timing
measures but fitting was only carried out in one season
(summer).

Results

Lower Levels of Bright Light Exposure were Associated
with Greater Variance in Sleep Timing

Rest-activity, light exposure, sleep timing, and mela-
tonin phase recorded simultaneously and longitudinally
showed that, relative to controls, those with schizo-
phrenia were heterogenous in their sleep—wake patterns,
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exhibiting excessively long, irregular or fragmented sleep
and misalignment with the 24-h day.! Examples from
control and schizophrenia participants are shown in
figure 1(a) and (d).

Specifically, the average sleep duration was 2:24 h:m
longer in those with schizophrenia than in controls,
(p < 0.0001), see figure 2(a). Sleep onset in those with
schizophrenia was similar to controls (0:30 h:m earlier,
p = 0.36), but sleep offset was significantly later (2:07 h:m
later, p = 0.0004), see supplementary table S2.

The variance of both sleep onset and offset times in
those with schizophrenia was significantly greater than in
the unemployed controls (p = 0.007 and p = 0.010, respec-
tively, n = 21 for both groups), figure 2(b). The two parti-
cipants of figure 1 are close to the extremes of variance in
sleep offset ranking 5th and 39th out of 42, respectively.
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Fig. 2. Sleep is longer and more irregular in people living with schizophrenia than in healthy unemployed controls with irregular sleep
associated with fewer hours of bright light (a) Sleep duration as a function of age for both groups. The grey line is the population average
from a large self-report survey.®® (b) Box and whisker plots showing sleep onset and offset timing for each participant. Each “box” goes
from the 25th to the 75th percentiles of sleep onset/offset. The length of the whiskers is an indicator of the range. The circles within

each box give the median value. Participants ranked 1,2,4 and 5 were classified in ! as having non 24-h rhythms. The arrows mark mean
sleep onset and offset times for each group. (¢) Standard deviation in participant sleep offset versus participant median daily hours of
bright light (light >500 lux). Data were collected from participant sz01 in both summer and winter. Since this individual exhibited large
seasonal differences in light exposure and sleep timing, in panel (b) and (¢) they appear twice (sz01su and sz01wi for summer and winter

respectively).
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Many participants were exposed to little bright light,
with more than half the participants (55%, 14 sz, 9 con-
trols) receiving less than one hour of bright light (>
500 lux) on a typical day. The two examples shown in
figure 1(b) and (e) are close to the extremes, and were ex-
posed to daily medians of 3:06 h:m and no hours of bright
light, respectively. Furthermore, the variation in sleep
offset was significantly correlated with the median daily
number of hours of bright light exposure, figure 2(c),
the mean daily light exposure, (p = 0.030, n = 21 in each
group) and the mean daily log light exposure, (p = 0.043,
n =21 in each group).

Combining Light Exposure Data with a Personalized
Mathematical Model Captured Average Sleep Timing
and Duration

Fitting the mean wake drive and the intrinsic circa-
dian period in the mathematical model enabled mean
sleep duration and timing to be matched for every indi-
vidual, as shown for two examples in Figure 3(a), one
for a control participant with regular sleep, and one
for a schizophrenia participant with variable day-to-
day sleep. The estimated intrinsic periods were 24:10
h:m and 24:10 h:m and the estimated wake drives
were 0.46 and —1.73 (deviation from default value),
respectively.

As further validation of our modeling approach, for
each participant, we compared each urinary aMTo6s
acrophase measurement with the corresponding model
predicted circadian wake propensity minimum. There
was a strong correlation between modeled and observed
acrophase (figure 3(b) and supplementary table S2).

The fitted values of intrinsic circadian period all fell
within a physiologically plausible range (mean (SD)
24:13 (0:11) h:m; range (23:58, 24:50) h), as observed
in protocols specifically designed to assess intrinsic
period.” The distributions for fitted intrinsic circa-
dian period did not differ significantly between people
living with schizophrenia and controls (sz: mean (SD)
24:14 (0:12) h:m; Controls: 24:13 (0:10) h:m; p = 0.67)
figure 3(c).

Conversely, the distribution of the fitted mean wake
drive in schizophrenia was significantly different from
that for controls (sz: mean (SD) —1.82 (1.62); Controls:
0.66 (0.62); p < 0.0001), figure 3(c), suggesting that the
longer sleep durations in schizophrenia may be explained
by a reduced drive for wakefulness.

Designing Pragmatic, User-friendly Light Interventions
to Normalize Sleep Timing and Synchrony Using a
Mathematical Model

Since the model was able to quantitatively predict sleep
duration and timing using raw light data, we next sim-
ulated a range of different “interventions” to normalize

Practical Light Interventions for Improved Sleep

circadian rhythmicity. For illustrative purposes, we used
the light exposure profile of the participant ranked 1st in
figure 2(b) who exhibited non 24-h rhythms as a starting
point, see supplementary figure S3.

Three alternatives are shown in figure 4(a), left panel.
These are (i) increasing the peak environmental or avail-
able light level during the day from 160 to 795 lux;
decreasing the amount of available light in the evening
from 30 to 7 lux; or a mixture of the two, with a moderate
increase in available daytime light (from 160 to 450 lux)
and a moderate decrease in available evening light (from
30 to 20 lux). Each of these profiles has the same result of
restoring a 24 h rhythm with a mean sleep offset of 08:30
in someone with a non 24 h rhythm. The finding that dif-
ferent light interventions result in the same sleep timing is
further highlighted in figure 4(a) (righthand panel) where
the results of approximately 4500 simulations are shown.
figure 4(a) illustrates that access to light of insufficient
intensity during the daytime or of too high an intensity
in the evening result in non 24-h rhythms. The precise
position of the boundary that separates 24-h from non
24-h rhythms and the lines indicating sleep offset times,
are dependent on individual physiological characteristics,
see supplementary figure S4. For example, a longer in-
trinsic period means that a “stronger” signal is needed for
entrainment.

Figure 4(b) proposes an intervention framework for
the application of personalized light interventions in the
clinic which could be incorporated in a remote moni-
toring platform, for example Sleepsight** as outlined in
figure 4(c). In this framework, initial consultation and
advice is followed by quantifying sleep-wake and light
exposure patterns, for example using wearable devices.
With an appropriate software interface, an interven-
tion consisting of a light-availability profile could then
be co-designed with an individual taking into account
individual physiological characteristics and personal
preferences.

Altered Light Profiles were Sufficient to Regularize
Sleep Timing and Synchrony: A Natural Experiment

Light, activity and diary data were collected from one
participant during the summer and again during the
winter, see figure 5. A regular pattern of sleep was ob-
served during summer but a non 24-h rhythm in winter
(figure 5, summer: activity, light, melatonin periods are
all 24:00 h:m. Winter: periods are 24:38 h:m, 24:36 h:m
and 24:34 h:m, respectively). Consistent with seasonal
changes this participant was exposed to less bright light
in winter and for a shorter duration.

The output of the mathematical model accurately
replicated the differences in synchrony between winter
and summer. In the simulation, the only differences be-
tween seasons were the light data fed into the model, ar-
guing for reduced light exposure being a parsimonious
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Fig. 3. Combining light data with a personalized mathematical model for sleep and circadian rhythms explains sleep duration and mean
sleep timing in both those with schizophrenia and healthy controls. (a) Two example fits of the model for a regular sleeper (control) and an
irregular sleeper (schizophrenia). Observed light exposure (yellow trace), activity (grey trace), 6-sulphatoxymelatonin (aMT6s) acrophase
(red circles) and diary sleep timing (horizontal grey bars), are shown. The horizontal light blue bars show model predicted sleep timing with
model predicted circadian wake propensity minima as blue circles. (b) aMT6s acrophase measurements versus model predicted acrophase. (¢)
Distributions of fitted model parameters (intrinsic circadian period and wake drive) for those with schizophrenia and controls.

explanation for the emergence of non 24-h rhythms for
this participant.

Discussion

This study confirms previous findings of significantly in-
creased sleep duration and more variable sleep timing in
schizophrenia.? Greater variability in sleep timing is as-
sociated with lower subjective sleep quality, as well as
poorer mental and physical health outcomes.?>%

Our predictive modeling approach, adds to this by
demonstrating that a combination of significantly reduced
drive for wakefulness, together with reduced light expo-
sure, simulated the longer sleep duration and later sleep
offset seen in schizophrenia precisely and parsimoniously.
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Our findings argue against the existence of core abnor-
malities in the circadian apparatus, and suggest that the
disturbances observed in schizophrenia arise as a conse-
quence of insufficient light exposure. A reduced circadian
drive for wakefulness is likely to be influenced by the ef-
fects of sedative medication, the sleep and waking envi-
ronment, co-morbid sleep disorder, and psychopathology
including the negative symptom dimension, anxiety and
low mood, .33

Foremost, our results underscore how light exposure is
a powerful cue for synchronizing the internal clock with
the day—night cycle, reducing sleep drive and increasing
alertness. We therefore suggest that existing cognitive be-
havior therapies for insomnia (CBT-I) be adapted for
this population, by emphasizing pragmatic circadian
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light interventions. (b) Suggested clinical implementation. (¢) Future personalized data collection, intervention and monitoring using
smart technology, here illustrated as an extension to the Sleepsight project.’* The rest-activity pattern observed in one participant in the
Sleepsight project is shown to the left. The modeled sleep-timing is shown in the middle, with the predicted sleep from an individually
designed light exposure profile to the right. All panels: periods of observed rest are shown in grey. Modeled sleep timing is shown in blue

with the dark blue line showing the circadian wake propensity minima.

interventions that do not necessarily require technologies
such as timed bright light therapy from light boxes, which
are time consuming and not easily embedded into daily
routines.*’ Increasing light exposure can be facilitated by
simple and inexpensive behavioral interventions, such as
sleep and activity schedules which encourage regular ex-
posure to daylight and modifications that promote natural
light in living spaces. Providing lux meters may also help.

We have also demonstrated how light exposure does not
require precise timing. Light exposure is determined by
the light available and the behavior of the participant. Our
simulations indicate that stable entrainment is achieved
by consistent light exposure of sufficient intensity during
daytime hours, and low enough intensity in the evening.
The rationale for our approach is based on well-estab-
lished theoretical principles and empirical observations
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Fig. 5. Natural experiment: changes in light exposure patterns
can regularize sleep timing. (a) Observed light (yellow lines),
activity (grey lines), diary sleep timing (horizontal grey bars) and
6-sulphatoxymelatonin (aMT6s) acrophase (red circles), in winter
and in summer respectively. The horizontal light blue bars show
model predicted sleep timing with model predicted circadian wake
propensity minima shown by the blue circles. (b) Average patterns
of light across the 24 h day in the winter and summer respectively.
The shades of the regions from white through to dark grey
indicate the fraction of time spent at different light levels (>500
lux; between 500 and 100 lux; between 100 and 10 lux, <10 lux).
(c) The residual variance as a function of period for light, further
highlighting the non 24-h rhythm in the winter that is regularized
by the brighter light in the summer.

in many species, including humans.* We emphasize, that
unlike traditional approaches,” our approach does not
require participants to wake early, but instead suggests a
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desirable light exposure profile which is “sampled” by par-
ticipants according to their sleep schedule.

Second, it is necessary to concurrently address factors
that reduce wake drive. Achieving minimum effective doses
of sedative antipsychotic medications, together with careful
consideration of the timing of both sedative and activating
medications, is warranted. Tackling sleep hygiene prob-
lems by minimizing time spent awake in bed, separating
the sleep and wake environments, and scheduling regular
daytime activity, are key to mitigating against behaviors
which diminish wake propensity. The direct, non circadian,
positive effects of light on alertness will also improve sleep-
timing.* Addressing factors interfering with sleep such as
psychotic symptoms, nightmares, racing thoughts or dys-
functional thoughts relating to sleep is also important.

Finally, differences in physiology and personal prefer-
ence mean that what works for one person may not work
for another. We therefore propose a clinical intervention
framework that combines digital technologies for light
and sleep—wake monitoring with model-data fusion to de-
sign bespoke therapies that take into account individual
physiological characteristics (Fig. 4(b)). Furthermore,
since different light exposure profiles can lead to the same
outcome, co-design allows the patient to select a light
availability profile that best suits their schedules, thereby
facilitating adherence.

Our study has several strengths and limitations. As
strengths, we point to the novel modeling approach which
combines multi-variable, real-world longitudinal data with
established models of sleep-wake timing. We note that the
quantitative nature of the model means that the effect of
any light profile can be predicted. Our method may be gen-
eralizable to other disorders, for example those with uni-
polar depression, bipolar disorder or dementia.** However,
we also recognize that modeling between-day variability in
sleep timing, for example as in,* and short-term alerting
effects of light is pending. Further data are also required
to examine the extent to which increasing light alters sleep
duration. Our sample contained more men than women,
although we found little evidence for sex differences in
sleep measures or fitted parameters (see Supplementary
Material). Abnormalities in sleep architecture have been
identified in schizophrenia,* and further work is required
to examine the important interaction between the circa-
dian system and sleep architecture’ in this population.

Supplementary Material

Supplementary material is available at Schizophrenia
Bulletin.
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