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Abstract
Light not only allows us to see but is also fundamental to our health and well-being. Several
parameters of light exposure, such as wavelengths, intensity, and timing of exposure, all play an
important role on its effects on psychophysiological functions. The way in which studies have
previously quantified light (based on intensity), has been found to be inadequate since it does not
consider the spectrum of light which influences non-visual effects. Among these non-visual
effects, light has been found to have antidepressant effects, however, these effects remain

inconsistent for non-seasonal depression and their underlying mechanisms remain elusive.

The three research studies in this thesis investigated the effects of light on mood. The first study
focused on the direct pathway between light and mood, aiming to predict mood outcomes based
on the amount of intrinsically photosensitive retinal ganglion cells (ipRGC) stimulation from
polychromatic light in healthy individuals. The second and third studies focused on the indirect
pathways, exploring predictors and underlying mechanisms of mood improvements by means of
sleep and circadian re-alignment in the context of non-seasonal depression. These studies
explored the antidepressant mechanisms of monochromatic light therapy and predictive models

of mood improvement.

The results from study | (systematic review) suggest that ipRGCs may not be as involved in the
mood improvement associated with polychromatic light. Drawing strong conclusions from these
results are, however, cautioned. Mood metrics used across the studies were inconsistent and the

light sources were not designed to maximally stimulate ipRGCs.

The results from study 11 (open-label trial) support the notion that light therapy does have

antidepressant effects in people with non-seasonal depression. The underlying mechanisms for
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these antidepressant effects may involve improvements in sleep initiation and daytime
functioning. Individuals with difficulties with fallings asleep and waking-up may be those that

respond most prominently to light therapy.

The results from study 111 (randomized controlled trial) indicate that depression symptoms
improved slightly more in the active light therapy condition as opposed to a placebo condition.
Although this effect was modest across the overall group, there were considerable inter-
individual variations in treatment response. The degree of improvement in mood was associated
with improvement in pre-sleep thoughts and the circadian rhythmicity of skin temperature. Short
REM latency and worst global subjective sleep were predictive of greater response to light

therapy.

Overall, further research is required to disentangle the involvement of the different
photoreceptors in the mood response to polychromatic light in healthy individuals.
Monochromatic light therapy for non-seasonal depression yields overall modest antidepressant
effects. Clinical applications of light therapy may benefit from further research investigating

differential effects in sub-groups of depression and underlying mechanisms in larger studies.
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1.1 Mood Disorders and Their Associated Burden

Various types of mood disorders have been delineated and characterized to better
describe the various types of pathological mood disruptions. Among these are Major Depressive
Disorder (MDD), Bipolar Disorder (BD), and Persistent Depressive Disorder (PDD). In the
Diagnostic and Statistical Manual of Mental Disorders, 5th Edition (DSM-V), MDD is described
as a condition where there is a clear-cut change in an individual’s cognition, affect, and
neurovegetative functions which lasts a minimum of 2 weeks. This is also often accompanied by
sleep disturbances (such as insomnia, hypersomnia, initial insomnia). BD, now separated from
depressive disorders in a distinct section in the DSM-V, has a cyclical presentation of manic and
depressive episodes which are notably accompanied by marked changes in sleep. Specifically,
manic/hypomanic episodes are typically associated with a critical reduction in sleep and the
depression episode with daily hypersomnia or insomnia. Finally, PDD is characterized as a lower
level depressive mood on more days than not for at least two years (American Psychiatric
Association, 2013).

Mood disorders have increasingly been a topic of concern with their augmented presence
in our society. One study collecting Canadian data from 2002 to 2007 found an increase from
year to year in the cumulative incidence of major depressive episodes (2002/03 (2.9%), 2004/05
(5.7%), 2006/07 (7.2%); Wang et al., 2010). They further suggest that the higher prevalence
among young individuals would make this demographic group one to focus on while developing
prevention efforts. More recent data from Statistics Canada (collected via the Canadian
Community Health Survey; CCHS) echoes this increase in diagnosed mood disorders (such as
MDD, BD, or PDD) from 2017 to 2018 (12-17years old: 4.5% to 4.6%; 18-34years old: 8.9% to

10.1%; 35-49years old: 9.1% to 9.7%; 50-64years old: 9.9% to 10.3%; Statistics Canada, 2019).
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It thus appears that a more important increase over time occurs in young adults. Outside of
Canada, prevalence rates follow a similar trend. One study done in the United States from 2005
to 2015 found a significant increase in depression prevalence (even when adjusting for
demographic factors), and this increase was especially rapid in younger individuals (Weinberger
et al., 2018).

With the alarming increase in the prevalence of mood disorders, also comes an increase
in associated burden. This includes diminished quality of life, cognitive impairments,
psychosocial problems, work disability, risk of suicide, cardio- and cerebrovascular problems,
and societal/economic burdens. All of these factors also play a critical role in the higher
mortality risk faced by individual with mood disorders (Fajutrao et al., 2009; Lépine & Briley,
2011; Nixon et al., 2017). In fact, in 2013, depression was observed to be the second leading
cause of disability worldwide (Vos et al., 2015). The French GAZEL cohort study found that
workers on sick-leave due to a psychiatric disorder such as mood disorders were at an increased
risk of mortality due to suicide, cardiovascular disease, and smoke-related cancer as compared to
workers without psychiatric sick-leave (Melchior et al., 2010). In the USA, on average, 27 days
of work are lost per year per individual with depression, which was estimated to be a loss of
$36.6billion per year (Kessler et al., 2006). Furthermore, depression has been found to have a
bidirectional relationship with marital disruptions, specifically, people with marital disruptions
(e.g., divorce or separated) tend to develop depression and those with depression tend to
experience martial disruptions (Bulloch et al., 2009). Overall, this emphasizes how depression
has far reaching impacts beyond the individual suffering from depression. In addition, a wide
array of factors also affects the course of illness and clinical outcomes of an individual with

depression. Notably, those who remitted from depression but were faced with psychosocial and
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persistent sleep impairments thereafter were found to be more likely to experience a relapse into
depression (Giles et al., 1987; Rush et al., 1986; Solomon et al., 2004; Steiger & Holsboer,
1997). Overall, individuals with mood disorders are faced with significant burden that affect
various aspects of their lives, which in turn also has widespread impacts on a family, social and
economic front. This reality highlights the urgent need to prevent and treat mood disorders.
Sleep and circadian abnormalities have been proposed to have a significant pull on the
onset, maintenance, and relapse of mood disorders. These sleep disturbances have been
suggested to be driven, in part, by underlying circadian abnormalities. Key circadian
abnormalities that have been consistently found in past research on mood disorders include
disturbances of the sleep-wake cycle, body temperature, and hormones (such as melatonin and
cortisol). The present thesis will expand on these circadian abnormalities by first defining what
circadian rhythms are and how they interact with sleep in a healthy state (section 2), followed by
an in depth look at the circadian abnormalities commonly observed in people with mood
disorders (section 3). This will be followed by a look at the potential of circadian rhythms as a
treatment target for mood disorders (section 4), trailed by the therapeutic potential of light for the

management of mood disorders (section 5).

1.2 Circadian Rhythms and Sleep
1.2.1 Circadian rhythms and the clocks defined
Numerous aspects of our physiology are carefully timed and synchronized to both
internal and external events. Franz Halberg (1959) coined the term circadian rhythms, signifying
“about a day”, which refers to the approximate 24hr cycles, or oscillations, followed by several

physiological and behavioral functions such as the sleep-wake cycle, body temperature, brain
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activity, hormone production, and cell regeneration (Aschoff, 1979; Halberg, 1969; Pittendrigh,
1993; Rietveld, 1996). This biological 24hr periodicity likely evolved from the 24hr periodicity
of our planet’s axal rotation enabling organisms to adapt to the light-dark cycle of their
environment (Husse et al., 2015).

An interesting quality of circadian clocks is that they maintain some rhythmicity even
when isolated from external cues for extended periods of time, and this, even at the cellular level
(Husse et al., 2015; Kleitman, 1963; Yoo et al., 2004). However, if left isolated from external
cues for long periods of time, a free-running pattern begins to appear in the sleep-wake cycle due
to the approximate nature of the 24hr period of the circadian clocks (Kleitman, 1963). In other
words, the daily resetting of the body clocks by external cues such as the sun, a process known as
entrainment, is key in maintaining circadian periodicity very close to 24.0hr so that the circadian
system stays synchronised with the external light-dark cycle. These external cues are also known
as Zeitgebers (external elements that help synchronize our “world within” with our “outer
world”) and include, but are not limited to social cues, food intake, exercise, and the light-dark
cycle (Wirz-Justice, 2007). Among these, light (and darkness) has been deemed as the strongest
Zeitgeber (Li et al., 2006).

The suprachiasmatic nucleus (SCN) was established as the location of the primary
mammalian circadian pacemaker (“master” biological clock) in 1972 (Moore & Eichler, 1972;
Stephan & Zucker, 1972). Specifically, the SCN is a bilaterally paired hypothalamic nucleus near
the midline and third ventricle and resting above the optic chiasm (Weaver, 1998). It is often
considered at the top of the circadian hierarchy whereby the SCN sends signals to the peripheral
clocks to keep them in sync (Husse et al., 2015). This was demonstrated by various studies

where lesions to the SCN in rats brought about rhythmicity problems in corticosterone levels,
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drinking, and physical activity among other problems (Moore & Eichler, 1972; Stephan &
Zucker, 1972). In other words, this master clock allows mammals to optimally sync behavioural
and physiologic rhythms (such as their sleep-wake cycle, their hormone fluctuations, and body
temperature rhythms) with their external world (Mohawk et al., 2012).

Photonic input from the eye travels through non-visual pathways (mediated in part by the
melanopsin-expressing intrinsically photosensitive retinal ganglion cells (ipRGCs)) and project
to various parts of the brain, including the SCN (Berson et al., 2002). Specifically, the M1
IpPRGC type (1 among 5 ipRGC types) projects to the SCN via the retinohypothalamic tract
(RHT; Hannibal et al., 2004). This is thought to be one of the physiological mechanisms via
which light influences a range of non-visual functions, including circadian rhythms.

A multitude of peripheral circadian oscillators (or peripheral body clocks) also contribute
to the regulation of our daily rhythms. These peripheral oscillators can be found in virtually
every cell, tissue, and organ of our body (Dibner et al., 2010). From the SCN, hormonal and
neuronal information is sent to these local clocks which influences circadian behaviour and
physiology (Dibner et al., 2010). It is the properly timed interplay between these various clocks
that allow the maintenance of a healthy state. In certain cases, external factors, such as food
intake restriction (Damiola et al., 2000; Stokkan et al., 2001) and light (Fonken & Nelson, 2014)
can cause peripheral clocks to become uncoupled with the SCN which creates circadian
disruptions. These disruptions have been theorized and explored as one of the variables
contributing to various health problems such as dysplasia, obesity, diabetes, cardiovascular
disease, cancer, sleep disorders, and mood disorders (Angelousi et al., 2018; Antunes et al.,
2010; Logan & McClung, 2019; Momma et al., 2017; Pan et al., 2011; Polo et al., 2017,

Robillard et al., 2013; Surridge-David et al., 1987; Vilches et al., 2014; VVoiculescu et al., 2016;
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Xiong et al., 2018; Zhao et al., 2018; Zhou et al., 2018). The circadian misalignment across

various circadian rhythms found in mood disorders will be expanded upon in section 3.

1.2.2 Sleep and circadian rhythms in healthy individuals
Sleep-wake regulation

The Two-Process Model has been proposed to explain the regulation of sleep and wake
states (Borbély, 1982). It involves dynamic interactions between the circadian signal sent by the
master clock (Process C) and the homeostatic drive linked to the accumulation of sleep pressure
during wake and its dissipation during sleep (Process S). During the day sleep pressure
progressively increases while the master clock compensates to keep us awake. During the
evening, sleep pressure is high, and the master clock signal weakens leading to increased
sleepiness. At night, sleep pressure decreases, and the master clock signal continues to decrease
which enables us to stay asleep. In the morning, sleep pressure dissipates and the master clock
signal increases which wakes us up. It is the interplay of these two processes that modulate sleep
propensity and define when we fall asleep and wake-up. Core body temperature, melatonin, or
cortisol are often used as a marker for Process C and Slow Wave Activity (SWA) for Process S.
Sleep architecture

Sleep can be divided into 2 types: rapid eye movement (REM) and non-REM (NREM)
sleep. NREM is further divided into 3 stages (NREM1 to NREM3) and is characterized by
specific electroencephalogram (EEG) signals such as spindles (NREM?2), k-complexes
(NREM2), and slow waves (NREM3). REM sleep is known for its variable speed brain waves
(Alpha, Theta, sawtooth waves), rapid eye movements and muscle paralysis. There is also a

higher likelihood of dreaming in this sleep stage which is associated with more vivid and/or
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bizarre dreams as compared to dreaming in other stages of sleep (Payne & Nadel, 2004). Sleep
typically progresses through the different NREM and REM stages and cycles every 90 minutes.
A higher proportion of NREM sleep is usually seen early in the sleep period and gradually
transitions to a higher proportion of REM by the end of the sleep period. Sleep architecture
varies considerably from birth to old age (Kryger et al., 2014). For instance, from preteen to
adolescence, slow wave sleep (NREM3) decreases by 40% and continues to do so with
advancing age (Keenan et al., 2013).
Chronotypes

The characterizing of individual time preference to go to sleep, wake-up, and undertake
cognitive and physical activities, also known as a chronotype, is often used as a proxy of
circadian phase. From the classical view of chronotypes, circadian preference is assessed with
questionnaires such as the MEQ (Horne & Ostberg, 1976). Chronotypes can be seen along a
continuous spectrum spanning from “morningness” to “eveningness”, or from a categorical
perspective ranging from morning types (M-Type; morning larks) who prefer doing activities
and going to sleep at earlier times, all the way to evening types (E-Type; night owls) who prefer
later schedules (Natale & Cicogna, 2002). Somewhere in the middle are intermediate types (I-
Type), which is where the majority of individuals have been found to score (Urban et al., 2011).
Endogenous circadian markers

Melatonin (N-acetyl-5-methoxytryptamine) is a soporific hormone facilitating sleep
initiation and maintenance (Brown, 1994). Tryptophan is synthesized into melatonin through
various steps, which involves serotonin and norepinephrine input to the pineal gland (Cardinali
& Pévet, 1998; Simonneaux & Ribelayga, 2003). The pineal gland is considered a

neuroendocrine transducer; photopic information is received at the retina and transferred to the
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pineal gland via the SCN. In a dark environment, norepinephrine is released, which activates [3-
adrenergic receptors and mediates the induction of pineal serotonin N-acetyltransferase and
increases melatonin concentrations, whereas a bright environment will withhold the release of
norepinephrine, thus keeping melatonin levels low (Brzezinski, 1997; Klein & Weller, 1972).
Light not only has the ability to supress melatonin, but it can also shift the secretion rhythm of
melatonin (Lewy et al., 1980; Shanahan et al., 1997). Melatonin release has been found to be
closely harmonized with one’s habitual sleep-wake cycle, where it increases prior to one’s
habitual bedtime and decreases near habitual waketime (see Figure 1; Benloucif et al., 2005). A
circadian phase marker known as dim light melatonin onset (DLMO) is widely used to
characterize the circadian phase of the melatonin rhythm and can be determined from urine,
plasma, or saliva (Benloucif et al., 2005). DLMO is characterized as the point in time where
concentrations of melatonin reach a certain threshold. On average this occurs between 19:30 and
22:00 in adults (Pandi-Perumal et al., 2007). Due to the circadian phase delay naturally occurring
during adolescence, DLMO tends to progressively shift later with age within this developmental
phase (Crowley et al., 2014). Desynchronization of melatonin’s rhythm (due to e.g. jet lag, shift
work, daylight savings time) has been associated with sleep disturbances and daytime
functioning problems (Burch et al., 2005; Drake & Wright, 2010; Harrison, 2013).

The rhythms of the hormone cortisol, like other circadian rhythms, is highly driven by the
SCN (Moore & Eichler, 1972) but is also strongly modulated by the hypothalamic-pituitary-
adrenal (HPA) axis. The HPA axis is involved in the regulation of glucocorticoid production by
stimulating forward and feedback inhibition loops between the hippocampus, hypothalamus,
pituitary, and adrenal cortex (Keller et al., 2017; Nicolson, 2008). The cortisol awakening

response (CAR) is thought to be reflective of HPA axis function and is characterized by a peak
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cortisol secretion 30 to 45 min post awakening and a return to baseline by 60minutes after
awakening (Pruessner et al., 1997; Wilhelm et al., 2007; Wist et al., 2000). Cortisol has alerting
effects and has been found to be elevated in the evening in some individuals with sleep initiation
difficulties such as insomnia (Rodenbeck et al., 2002). From a 24hr perspective, cortisol levels
have been characterized as low in the evening, gradually increasing over the night, reaching the
acrophase (or peak) in the morning, and gradually decreasing during the day (see Figure 1,
Czeisler & Klerman, 1999; Desir et al., 1980; VVan Cauter et al., 1994). Individuals with an E-
type chronotype have shown lower salivary cortisol for the first hours following sleep offset
compared to M-types, which was not explained by a difference in total sleep time nor time of
awakening (Kudielka et al., 2006). With its near 24-hour rhythm, cortisol can be used as a phase
marker of the circadian clock (Desir et al., 1980; Van Cauter & Refetoff, 1985).

Body temperature can be divided as skin (distal (feet and hands); proximal (thigh,
forehead, infraclavicular region)) and core body temperature (CBT). Distal skin temperature
tends to increase during the evening and decrease in the morning, whereas CBT follows the
inverse pattern. Specifically, it decreases in the evening about 60 minutes before sleep, reaching
a minimum between 1-3hours before wake-up time and increasing afterwards (see Figure 1;
Krauchi & Wirz-Justice, 1994; Murphy & Campbell, 1997). This drop in CBT in the evening is
important for sleep initiation, and the continued low temperature levels are important for sleep
maintenance (Okamoto-Mizuno & Mizuno, 2012).

Various factors can have masking effects on circadian markers such as melatonin,
cortisol, and CBT. These factors include bright light, food intake, movement, posture, and
ambient temperature (Brandenberger et al., 1982; Brandenberger & Follenius, 1975; Duffy &

Dijk, 2002; Jung et al., 2010; Rietveld et al., 1993). Constant or semi-constant routines are
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implemented in the aim of reducing the effect of these masking factors and more accurately

assess circadian parameters (Duffy & Dijk, 2002; Rietveld et al., 1993).

11
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Figure 1. Sleep and Circadian Rhythms in Healthy Individuals. Variations in circadian rhythms across clock time in relation to the sleep
episode (in green). The phase angles between DLMO and Habitual Sleep Onset Time (PA-1), DLMO and CBT nadir (PA-2) and Habitual Sleep
Onset Time and CBT nadir (PA-3) are depicted in red. The main circadian parameters (acrophase, amplitude and mesor) are shown for the
melatonin rhythm as an example. DLMO; Dim Light Melatonin Onset.
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While many circadian rhythms are co-occurring, they are also influencing one another in
significant ways (Germain & Kupfer, 2008). For instance, the increase in cortisol during the day
and melatonin during the evening have been found to have a role in the entrainment of peripheral
oscillators (Balsalobre et al., 2000; Pevet & Challet, 2011). Melatonin has also been found to be
inversely coupled with core body temperature, and 40% of its amplitude can be accounted for by
the hypothermic properties of melatonin (Cagnacci, 1992). Circadian fluctuations in subjective
alertness, cognitive performance, and short-term memory have also been linked to CBT, where
the nadir of CBT is associated with lower performance. This suggest that these cognitive
outcomes may be controlled by the same pacemaker as endogenous rhythms such as body
temperature (Johnson et al., 1992). Research also suggests that the position and duration of the
sleep period relative to the endogenous circadian phase has a relationship with mood (Taub &
Berger, 1973). In fact, the temporal organization of these rhythms is important for several
aspects of mental health (Baron & Reid, 2014). Experimentally induced alterations in the
temporal relationship between the light—dark cycle and circadian rhythms can induce mood
impairments (Boivin et al., 1997; Surridge-David et al., 1987). Consequently, it has thus been
suggested that circadian rhythms disruption may play a role in the pathophysiology of mood
disorders (Germain & Kupfer, 2008; Wirz-Justice, 2006).

Chronotypes: its relation with endogenous circadian markers and developmental changes

In relation to chronotypes, it has been found that M-types have a higher daytime oral
temperature with an earlier acrophase and lower post acrophase compared to E-types, whereas
the I-types (intermediate-type) body temperature profile was somewhere in between M-Types
and E-Types (Horne & Ostberg, 1976). These robust body temperature rhythms are a result of

changes in heat production and heat loss, with heat production being phase advanced by 1.2
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hours in relation to heat loss (Aschoff & Heise, 1972). The average CBT in healthy individuals is
roughly 37°C with £+ 1°C (Aschoff, 1983). CBTnadir, Which is the time if the minimum of the
fitted sinusoidal curve of the CBT rhythms, is often used as the circadian phase marker for body
temperature.

Chronotypes are highly correlated with endogenous circadian phase markers such as core
body temperature minimum (CBTmin) and dim light melatonin onset (DLMO) (Andrade et al.,
1992; Baehr et al., 2000; Bailey & Heitkemper, 2001; Duffy et al., 2001). Variations in
chronotypes are largely influenced by genetic factors (Hur, 2007; Hur et al., 1998).

Across the lifespan, there is a general tendency for children to be M-types, delaying
towards more eveningness during adolescence and young adulthood (peak eveningness at
approximately age 20 (Roenneberg et al., 2007)), and then receding back towards more
morningness with in older adulthood (Caci et al., 2005; Carrier et al., 1997; Paine et al., 2006;
Randler et al., 2009; Wickersham, 2006). On average, individuals over the age of 60 reach an
early chronotype that is even earlier than during childhood (Roenneberg et al., 2007). There are
also indications of differential age-related changes in males and females, where women attain
their maximum eveningness by the age of 19.5 (Roenneberg et al., 2004) and males by the age of
21. Males remain with a later chronotype for the majority of adulthood, with this difference
dissipating by the age of 50 (around menopause; Adan & Natale, 2002; Hollandera et al., 2001).
Overall, variations in chronotype linked with age and sex (associated with puberty and
menopause) suggests that endocrine factors may play a key role in age-dependent changes in
chronotype across the lifespan (Carskadon et al., 1993; Gau & Soong, 2003).

Sleep-wake cycles are regulated based on the interaction between the circadian and sleep

homeostasis processes, and external cues notably processed by photoreceptors. The sleep-wake
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cycle feeds back onto these processes (Dijk & Lockley, 2002) and is closely tied to an
individual’s chronotype. Age-related changes also occur where younger individuals have a later
sleep-wake cycle as compared to older individuals (Yoon et al., 2003). Sleep and wakefulness
can start occurring at altered times and/or become out of phase with internal circadian rhythms
should the factors previously mentioned become distorted (Dijk & Lockley, 2002). The phase of
the sleep-wake cycle is typically defined using the time of sleep onset and offset, or sleep

midpoint, which corresponds to the clock time equidistant to sleep onset and offset.

1.3 The Circadian and Sleep Profile of Mood Disorders: What we Know so Far

As an extension to the Two-Process Model (Borbély, 1982) described above in healthy
individuals, Borbély also proposed the S-Deficiency Model which describes Process S as not
rising enough during wake in people with depression (Borbely, 1987; Wirz-Justice, 2006).
Specifically, this deficiency in the Process S would cause a reduced homeostatic pressure which
would result in sleep disturbances such as increased sleep onset latency, shorter total sleep time,
less SWS, and a reduced REM latency (David J Kupfer et al., 1984; Staner et al., 2003).
However, seeing as sleep deprivation may diminish the phase-shifting ability of light by means
of reducing the signal reaching the SCN, the body clock may be influenced by sleep homeostatic
pressure. Thus, a continuous interaction between the Process C and Process S is likely (Borbély
et al., 2016). Moreover, the reduced SWS as a result from early awakenings, could provide the
opportunity for REM sleep to present itself in the early portion of the night (Borbély et al.,
2016). Within the S-Deficiency Model, this early REM onset latency could be understood more

so as the result of a disrupted homeostatic process rather than an endogenous phase advance.
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However, in addition to alterations in the homeostatic process, clear circadian abnormalities,

including phase shifting, have been tied to mood disorder in other lines of works.

1.3.1 Sleep architecture in mood disorders

Mood disorders are often accompanied by altered sleep architecture, with as many as
90% of individuals with depression reporting difficulties with falling asleep, staying asleep and
early morning awakenings (Almeida & Pfaff, 2005; Tsuno et al., 2005). Meta-analyses of studies
in adolescents and young adults with depression found an increase in self-reported subjective
sleep disturbances, longer sleep onset latency (SOL), poorer sleep efficiency, disrupted sleep
continuity, and lighter sleep as compared to controls (defined as having more NREM 1 sleep;
Baglioni et al., 2017; Lovato & Gradisar, 2014). Studies in adults with affective disorders also
found decreased sleep efficiency, total sleep time (TST) slow-wave sleep (SWS), rapid eye
movement (REM) latency, and an increase in REM sleep and density as compared to controls
(Benca, Obermeyer, et al., 1992; Pillai et al., 2011). Overall, there are some indications that sleep

abnormalities associated with depression change with age (Armitage, 2007).

1.3.2 Endogenous circadian rhythms in mood disorders

Altered melatonin levels and temporal dynamics have been repeatedly described in
individuals with mood disorders. However, limited research has been done in adolescents and
young adults. Of the current research in that age group and in non-clinical samples, melatonin
onset has been found to be delayed (Carpenter et al., 2017; Melo et al., 2017), with this delay
being more pronounced in individuals with bipolar as opposed to unipolar depression (Robillard,

Naismith, Rogers, Scott, et al., 2013). Keeping in mind that depression is a heterogenous
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condition with various sub-types, subgroups of people with mood disorders may have different
profiles of melatonin rhythms (Robillard, Carpenter, Rogers, et al., 2018). Specifically, there was
a cluster of individuals with a more conventional circadian timing and another with a delayed
timing. The DLMO of the delayed cluster was 3.7hrs later compared to the conventional timing
cluster (Robillard et al., 2018). Increased depressive symptoms severity has also been found to
linked to lower evening melatonin levels and delayed DLMO (Robillard et al., 2018; Sundberg et
al., 2016).

Cortisol abnormalities in depression are typically tied back to HPA axis hyperactivity
(Linkowski et al., 1985; Steckler et al., 1999) and those with elevated HPA activity have been
found to be less responsive to psychotherapy (Fischer et al., 2017). The CAR in adolescents with
depression was found to be increased compared to controls (Ulrike et al., 2013) and was also
found to be a significant predictor of subsequent development of MDD (Adam et al., 2010).
Conversely, other studies in older individuals with depression have reported a blunted CAR
(Rhebergen et al., 2015; Stetler & Miller, 2005). The phase of cortisol rhythms in individuals
with depression has been reported to be advanced with an earlier secretion acrophase (Dietzel et
al., 1986; Goetze & Tolle, 1987; Koenigsberg et al., 2004; Linkowski et al., 1985), reduced
circadian amplitude (Posener et al., 2000), and a more variable secretion pattern (Peeters et al.,
2004). That being said, other studies have also reported no difference in cortisol parameters
between mood disorders and controls (Oren et al., 1996; Thalén et al., 1997). In brief, evidence
suggests that cortisol rhythms and HPA axis activity may be dysregulated in individuals with
depression, but further work is required.

Body temperature rhythms in the context of depression have also been reported as altered

compared to healthy controls. Specifically, depression has been associated with a blunted 24hr
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temperature amplitude (Avery et al., 1982; Daimon et al., 1992; Souétre et al., 1989), higher
nocturnal temperature (Avery et al., 1982; Duncan, 1996; Souétre et al., 1989), and mesor
(Daimon et al., 1992) in both skin and CBT measurements. An earlier CBT nadir has also been
reported (Dietzel et al., 1986), and commonly normalizes with clinical improvements in

depressive symptoms (Avery et al., 1982).

1.3.3 Chronotypes in mood disorders

High rates of E-type chronotype have repeatedly been reported in people with mood
disorders (Au & Reece, 2017; Melo et al., 2017) and have even been associated with depressive
symptom severity, even in healthy individuals (Hidalgo et al., 2009). This has been further
supported by a study which studied adolescents and young adults with primary mood disorders
compared to healthy controls (Fares et al., 2015). A higher proportion of E-types was found in
those with mood disorders compared to controls and was associated with increased symptom
severity and psychological distress. A later chronotype has also been associated with several
other outcomes such as diurnal mood variations where worst mood occurred in the morning
(Antypa et al., 2016) and impaired emotional regulation (Horne & Norbury, 2018).

Few studies (Hasler et al., 2011; Robillard, Carpenter, Rogers, et al., 2018) have looked
at biological rhythms simultaneously across multiple physiological systems in people with mood
disorders, which has left many circadian rhythms studied in isolation. Considering that circadian
rhythms are in complex multisystemic interactions with one another, and that multiple rhythms
have been reported to be disrupted in individuals with depression, circadian rhythms are likely

involved in the pathophysiology of depression and offer a therapeutic target avenue.
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1.3.4 Interactions among circadian rhythms in mood disorders

Considering that a greater circadian misalignment is associated with more severe
depression symptoms (Emens et al., 2009; Wehr et al., 1979) and that circadian rhythms are
dynamic interacting processes, it is not only important to look at these rhythms individually, but
also from a holistic point of view in order to properly understand the dysregulation of this
complex system. This can notably be approached by assessing circadian phase angles, which is
defined as the time difference between two circadian phase markers and is reflective of internal
circadian alignment. Studies using this approach have found that a greater phase angle between
sleep midpoint and CBTmin, and between DLMO and CBTmin are associated with more severe
depressive symptoms (Hasler et al., 2010). Moreover, a larger phase angle between cortisol
acrophase and DLMO were associated with MDD (Buckley & Schatzberg, 2010). Another study
found subgroups with differing profiles of circadian alignments among those with affective
disorders; there was a group with an inverted phase angle between evening melatonin release and
habitual sleep time where DLMO occurred after habitual sleep time, and this was associated with
more severe depression. Similarly, the same group had a longer phase angle between CB Tmin
with the midpoint of sleep (Robillard et al., 2018). In summary, circadian misalignment between

endogenous rhythms and the sleep-wake cycle may be key markers for depression.

1.3.5 Sleep-wake cycles in mood disorders

Objective actigraphy studies assessing the sleep-wake cycle have reported poor sleep
efficiency, longer sleep duration, a more variable sleep schedule, poorer sleep consolidation, and
blunted circadian amplitude in youth with mood disorders (Carpenter et al., 2017; Glod et al.,

1997; Robillard et al., 2014, 2015). Delayed sleep onset and offset times have also continuously
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been associated with low mood (Robillard et al., 2018; Surridge-David et al., 1987) and
depression, especially during adolescence and young adulthood when this delay is naturally
occurring (Roenneberg et al., 2007). This association is even more pronounced in the context of
bipolar disorder (Robillard, Naismith, Rogers, Ip, et al., 2013). Early studies suggested that
depression may be associated with an advanced phase (Beck-Friis et al., 1985; Gwirtsman et al.,
1989; Nair et al., 1984; Pflug et al., 1976), however subsequent studies pointed to an associated
phase delay (Hasler et al., 2010; Kitamura et al., 2010). Considering the age-related changes in
sleep-wake timing and considering that older studies were commonly done in older individuals
who are typically prone to a phase advance, this inconsistency in the direction of phase shifts
may be age-related. Regardless of the variations in direction of the phase shift (delay/advanced),
and other sleep-wake abnormalities, these studies suggest a certain level of underlying circadian
system vulnerability which may, in part, be driven by a dysregulation of endogenous rhythms.

Considering that different physiological rhythms resynchronize at different rates during
phase-advance or delay (Moore-Ede et al., 1982), it is possible that certain rhythms get lost in
constant resynchronization due to the constant phase changes shaped by today’s societal
demands and fast paced environment. Various social commitments, daylight saving time, quick
travel to different time zones, and shift work, to name a few, may all contribute to this chronic
internal chaos which may contribute to certain health problems, such as mood disorders. In the
context of adolescences, circadian phase is pulled back and forth due to the interplay of imposed
early school start times and a developmental biological phase-delay. This age group may thus be
at a higher risk for circadian disruption and the potential associated mood disorders and

hospitalization for suicide (Logan & McClung, 2019; Nixon et al., 2021).
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1.4 Circadian Rhythms, a Therapeutic Target for Mood Disorders

The current predominant theory for the etiology of seasonal affective disorder (SAD) is
the phase-shifting hypothesis, where low mood occurs due to the misalignments between
circadian rhythms and habitual sleep-wake time (Lewy et al., 2022). Normalization of sleep and
circadian rhythms in the context of other types of mood disorders would also appear to be a
promising avenue of treatment for low mood. This should be done before undertaking other more
cognitive approaches to treating depression or simultaneously (Forest et al., 2005). Such
abnormalities have been found to be implicated in the pathogenies of mood disorders (Baumann
et al., 2004; Carskadon et al., 2004; Klerman, 2005; Moon et al., 2016; Srinivasan et al., 2006)
and there are indications that the restoration of these abnormalities may contribute to the
remission of mood disorders and relapse-prevention (Gorwood, 2010; Wehr et al., 1979). Among
others, melatonin agonists (Kennedy & Emsley, 2006; Robillard et al., 2018), interpersonal and
social rhythm therapy (Crowe et al., 2020) have been successful at restoring sleep and circadian
abnormalities and increasing mood. In sum, therapeutic tools targeting phase advancing the
circadian system may be key in alleviating mood disorders and may represent a less invasive
option for young individuals who are still in a developmental stage.

One of the other ways of manipulating circadian rhythms is with the use of properly
timed bright light exposure, also known as light therapy (Even et al., 2008; Perera et al., 2016).
This notably occurs via the suppression and phase shifting of melatonin by the master biological
clock in the SCN following light input conveyed by photoreceptors (Lewy et al., 1988). The
effects of light on the circadian system are influenced by three main factors: intensity, spectrum,
and timing. Intensity levels as low as 1.5 melanopic lux have been reported to supress melatonin,

with 305 melanopic lux being the saturation threshold (Prayag et al., 2019). Shorter wavelength
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light (light in the blue-green part of the spectrum; 447 — 484nm) has been consistently found to
be the most effective when it comes to circadian manipulation (Brainard, Hanifin, Rollag, et al.,
2001; Cajochen et al., 2005; Gooley et al., 2010; Lockley et al., 2003, 2006; Revell et al., 2005,
2006; Zaidi et al., 2007). Finally, timing of the light exposure also plays a crucial role. Light
exposure prior to the CBTmin is associated with a phase delay, exposure at the CBTmin Will result
in no phase shifting, and exposure after the CBTmin Will create a phase advance (Khalsa et al.,
2003).

In the context of mood disorders and considering the phase delay occurring during
adolescence and young adulthood, where melatonin rhythms are shifted (Robillard et al., 2015),
being exposed to bright light, especially in the blue-green spectrum, in the morning could help
re-align the delayed phased in this target population. Traditionally light therapy has been
delivered via a light box which requires the user to constantly face the light source. The recent
development of portable light therapy glasses offers a more efficient and constant delivery of
light.

Due to the close interactions between the circadian rhythms of different physiological
systems, phase shifting the melatonin rhythm can lead to a cascade of changes in other rhythms
and this combined effect may contribute to the antidepressant effects of light therapy. As an
example, one study found a phase advance of about 1hr in core body temperature following
morning light therapy (Burgess et al., 2004). Moreover, not only does light have melatonin
supressing, chronobiotic (circadian phase shifting), and antidepressant effects, but it also acts on
different non-visual pathways to increase cognitive functions such as alertness (Cajochen et al.,
2005) and memory (Bersani et al., 2008; Yoshiike et al., 2019). Improved cognition has been

found to be linked to improved functional disability in people with mood disorders (Lee et al.,
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2015), which may suggest that one of the ways via which light may improve mood could be by
improving cognition. In sum, restoring sleep and/or circadian rhythms has beneficial effects on
mood, and light may be one of the means of achieving this with collateral effects on various
physiological systems and cognition. This could be considered as an indirect pathway underlying

some of the antidepressant effects of light.

1.5 Current Evidence about the Effects of Light for Mood

With the consideration that we evolved with light, and that today’s western society and
other parts of the world are spending more time indoors with less exposure to the rich benefits of
natural light, it is logical to make the bridge between this type of environment, disrupted
circadian rhythms, and low mood (Harb et al., 2015).

Light therapy has been established as first-line treatment for SAD (Campbell et al.,
2017), but this is not the case for non-seasonal depression. Despite reviews indicating equal or
better effect sizes as compared to antidepressant drugs (Al-Karawi & Jubair, 2016; Even et al.,
2008; Golden et al., 2005; Penders et al., 2016; Perera et al., 2016), and as opposed to the
numerous studies indicating the efficacy of light therapy for SAD (Glickman et al., 2006; Golden
et al., 2005; Rosenthal et al., 1984), results from studies using light therapy for non-seasonal
depression remain inconsistent. Certain studies done with individuals with mood disorders
indicate significant improvements in mood with light therapy (Beauchemin & Hays, 1997;
Kripke et al., 1992; Martiny, 2004; Wirz-Justice et al., 2011), while others do not (Dauphinais et
al., 2012; Mackert et al., 1991; Yerevanian et al., 1986). In the general population, light has also

been found to have benefits on mood and cognition (Cajochen, 2007; Duffy & Czeisler, 2009).
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Numerous suggestions have been postulated to explain these inconsistencies. Among
others, it has been proposed that this might result from the considerable heterogeneity across
people with depression (Perera et al., 2016). In other words, the variety of depression sub-types
(Beijers et al., 2019) and the considerable variability in sleep and circadian profiles may
influence treatment response to light therapy. For instance, 40% of individuals with depression
had a delayed circadian profile which was also associated with abnormal circadian organization
and more severe mood symptoms when compared to those who presented with a more
conventional circadian profile (Monteleone & Maj, 2008; Robillard et al., 2018). If the
antidepressant effects of light therapy are in fact partly driven by sleep and circadian restoration,
those with a disrupted circadian rhythm may be a key subgroup to target. Importantly, previous
light therapy trials did not take into account these subtypes of sleep and circadian profiles linked
with mood disorders which may have obscured significant changes in subgroups of individuals.

Another possible contributing factor to the inconsistent results of previous light therapy
trials is the questionable placebos that have been used. Previous studies have used various
placebo conditions such as exposure to dim light, dim red light, dim yellow light, and a
deactivated negative ion generator to name a few (Benedetti et al., 2003; Fritzsche et al., 2001;
Neumeister et al., 1996; Yamada et al., 1995). However, a study looking at melatonin
suppression via light has warranted caution in interpreting such studies since even lower levels of
light are sufficient to supress melatonin levels (Prayag et al., 2019). The rational for using red
light as a placebo is that blue-green light is the strongest wavelength to influence circadian
rhythms (Cajochen et al., 2005). That being said, there are indications that infrared light, which
is even further away from blue on the light spectrum, could be equally effective as bright white

light in increase mood (Meesters et al., 1999). Additionally, although a negative ion generator
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can be deactivated, it does not represent a comparable placebo condition for light therapy. This
therefore creates a great need for better adapted placebo conditions to fully disentangle the
antidepressant effects of light therapy.

Another limitation of past studies pertains to potential differences in light characteristics.
With the discovery of ipRGCs (Freedman et al., 1999; Lucas et al., 1999) and their involvement
in the light effects on human non-visual physiology and behaviour (Abbott et al., 2018; Rupp et
al., 2019), it became apparent that the previous methods of reporting light in photometric light
measures using V, spectral weighting function (i.e. photopic lux) were insufficient for predicting
the non-image-forming effects of a given light source. This was driven by the assumption that
non-imagine-forming photoreceptors may have a different spectral sensitivity as compared to the
other photoreceptors and that the peak circadian, behavioural, and physiological sensitivity of the
visual spectrum (447-484nm) was different than the peak predicted with V;, (555nm). Lucas et al.
(2014) proposed that effective irradiance (W/cm?) for each photoreceptive input (short-/
medium-/ long-wavelength cones, ipRGCs, and rods) should also be reported in order to increase
comparability and replicability of studies. The International Commission on Illumination
published an international standard for metrology of light exposure in 2018 (CIE, 2018), which
indicates that a-opic Equivalent Daylight Illuminance (EDI) should be reported for each of the 5
photoreceptors. The different peak sensitivity for each photoreceptor type can be seen in Figure
2. This shift in methods underlines not only the need to translate past studies so they can be
properly compared, but also another possible explanation for the lack of consistency in past

research on light therapy.
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Figure 2. The a-opic action spectra for the five photoreceptors (CIE, 2018). Small cone; ssc(L),
medium cone; smc(A), long cone; sic(A), rhodopic; srm(X) and melanopic; smei()), plotted against

wavelength, A.

1.6 Other Benefits of Light

Along with its mood enhancing effects and its fundamental benefit of allowing us to see,
light has an influence on many aspects of life such as cognition (Vandewalle et al., 2009) and
well-being (Fernandez et al., 2018; Ospri et al., 2017; Legates et al., 2012). Some of these effects
are thought to stem mainly from the non-visual pathways from the eye to the brain, which could
be considered the direct pathway. The ipRGCs, which are the main non-visual photoreceptors
linked to the melanopsin system, also receive synaptic impulses from neighboring visual
photoreceptors (S-, M-, L-cones and rods) which contribute to non-image-forming functions
(Belenky et al., 2003; Dacey et al., 2005; Jusuf et al., 2007; Schmidt & Kofuji, 2010; Wong et

al., 2007). Peak sensitiviy for these five photoreceptors are: S-cone (Vi max = 440 nm) ipRGC
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(Vamax = 482 nm), rod (V, max = 507 nm), M-cone (Vi max = 543 nm) and L-cone (V; max =
566 nm; Feigl & Zele, 2014). Functions related to mood, learning, sleep and circadian rhythms
were significantly altered in studies where ipRGCs were ablated, suggesting that the melanopsin
system plays a central role in these functions (Guler et al., 2008; Legates et al., 2012, 2014).
However, while many studies focused on the melanopsin system, the five photoreceptor systems
are closely interacting and their relative contribution for the effects of light on well-being in

healthy individuals remains poorly understood.

1.7 Objectives

The present thesis aims to explore the direct and indirect pathways underlying the effects
of light on mood, as well as to gain some insights on for whom bright light exposure can have
positive effects on mood. Firstly, how specific light parameters stimulating distinct types of
photoreceptors may predict mood in healthy individuals will be explored (Study I). Secondly, the
time course of mood improvements with light therapy will be examined (Study II). Thirdly, it
will be determined whether the antidepressant effects of light therapy in young people with non-
seasonal mood disorders can be predicted by their initial sleep and circadian profile and whether
these antidepressant effects are modulated by parallel changes in sleep and circadian rhythms
(Studies 11 & 111). A new placebo condition will be tested to assess the efficacy of light therapy.
Finally, biomarkers of treatment response and more accessible putative predictors of the
antidepressant effects of light therapy that could potentially be used in clinical settings will be
assessed (Study I11). These hypotheses and predictions are further detailed as follows for each

study:
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Assessing the Effects of Polychromatic Light Exposures on Mood in Healthy Adults:
A Systematic Review on the Relative Contribution of a-opic Equivalent Daylight
IHluminances (Study 1)
1. Hypothesis: Different light exposure parameters can predict mood in healthy individuals.
Prediction: Melanopic EDI will be more strongly associated with positive mood

compared to other a-opic EDIs.

Temporal Dynamics of Subjective Sleep Profiles Predicting Mood Improvements during

Adjunctive Light Therapy Combined with Sleep Rescheduling (Study I1)

1. Hypothesis: Combing light therapy and a phase advance of the sleep-wake cycle should
improve mood.

Prediction: Depression symptoms will be reduced after four weeks of light therapy
combined with a phase advance of the sleep-wake cycle.

2. Hypothesis: The relationship between changes in mood, sleep, and daytime functioning
along the course of light therapy combined with a phase advance of the sleep-wake cycle
will vary across the early (after two weeks) and later (after four weeks) intervention
phases.

Prediction: The reduction in depression symptoms in the first two weeks of light therapy
combined with a phase advance of the sleep-wake cycle will be associated with
improvements in sleep initiation and quality, whereas the reduction in depression
symptoms in the last two weeks will be associated with improvements in sleep offset and
daytime functioning.

3. Hypothesis: Subjective sleep-related metrics can predict mood improvement following
light therapy combined with a phase advance of the sleep-wake cycle.

Prediction: Individuals with greater difficulties getting to sleep and waking up prior to
the intervention will show the greatest reduction in depression symptoms following light

therapy combined with a phase advance of the sleep-wake cycle.
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The Synergy of Mood Improvements, Adjunctive Light Therapy and A Novel Light
Placebo; A Randomized Control Trial (Study I11)
1. Hypothesis: Light therapy will be more efficacious than a placebo condition to alleviate
depressive symptoms severity.
Prediction: There will be a greater decrease from pre- to post-intervention in depression
symptom severity in the active light therapy condition as compared to the placebo
condition.
2. Hypothesis: Potential mechanisms of action and predictors of the antidepressant response
to light can be characterized by in-depth sleep and circadian assessment.
Prediction:
Across the intervention, mood improvements (reduced score on the QIDS-A17-C)
will parallel:

a) Circadian Model: phase advance of the acrophase and increase in circadian
rhythmicity (R?) for rest-activity and peripheral body temperature cycles.

b) Sleep Model: improved scores for GCTI, LSEQ — GTS, and higher sleep
efficiency derived from actigraphy.

Those with the highest decrease in depressive symptoms (reduced score on the

QIDS-A17-C) following light therapy will be those with:

a) Circadian Model: more delayed and desynchronized circadian rhythms (later
DLMO, later CBTnadir, shorter REM latency).

b) Sleep Model: more sleep disturbances (shorter TST, lower sleep efficiency
derived from actigraphy).

3. Hypothesis: More accessible predictors of the antidepressant response to light can be
characterized by self-reported and ambulatory sleep and circadian measures.
Prediction: Those with the highest decrease in depressive symptoms (QIDS-A17-C) in
response to light therapy will be individuals with:

a) Circadian Model: delayed and weaker circadian rhythms (later acrophase
and lower circadian rhythmicity (R?) for the rest-activity and peripheral body
temperature cycles).

b) Sleep Model: worse sleep disturbances (poor scores on the GCTI, LSEQ-
GTS, and PSQI).
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Abstract
Obijective/Introduction: This is a systematic review of studies that assessed the effects of
polychromatic (white) ambient light on mood in healthy adults. It was hypothesized that higher
melanopic EDI would be associated with better mood.
Methods: A total of 2,994 publications were identified and 14 met inclusion criteria. Spectral
power distribution, illuminance, mood measures, and methods were documented. Using the CIE
S026 toolbox, a-opic equivalent daylight illuminances (EDI) were calculated for each of the five
photoreceptors characterizing the light exposures in each study. Regression models were applied
to determine how a-opic EDI, duration, and timing relate to mood.
Results: The results showed that none of the five a-opic values were significantly associated with
mood (all estimates < 0.044, p > 0.490). A longer duration of light exposure (all estimates <
0.154, p < 0.018) and timing of light exposure in the morning (all estimates < 0.233, p <0.001)
were associated with better mood, but these effects did not persist after adjusting for the data
being nested within studies. Qualitative observations indicated that mood outcomes were
comparable across light conditions with distinct a-opic EDI profiles, and that none of the studies
included had a peak for melanopic EDI greater than the other a-opic EDI values.
Conclusions: The hypothesized association between melanopic EDI and mood could not be
supported due to the restricted range of a-opic EDI profiles calculated a-posteriori from
published studies. There is a need for studies contrasting selected light parameters to identify

which subtypes of photoreceptors are maximally involved in the effects of light on mood.

Keywords: polychromatic light, mood, light exposure, ipRGC, a-opic equivalent daylight

illuminance
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2.1.1 Introduction

In addition to stimulating visual perception, light influences many non-visual
physiological and psychological processes, including cognition, sleep, and mood (Cajochen,
2007; Duffy & Czeisler, 2009; Golden et al., 2005). Light intensity, spectrum, duration, and
timing are all thought to play a role in these non-visual effects (Prayag et al., 2019). Over recent
years, researchers have revealed the prominent involvement of intrinsically photosensitive retinal
ganglion cells (ipRGCs) in regulating circadian rhythms, melatonin secretion, and other
biological processes. ipRGCs express melanopsin, a photopigment making them photosensitive.
They also receive synaptic input from other retinal photoreceptors (S-, M-, L-cones and rods)
and contribute to diverse physiological and behavioral functions (Belenky et al., 2003; Brown et
al., 2021; Dacey et al., 2005; Jusuf et al., 2007; Schmidt & Kofuji, 2010; Wong et al., 2007).
Direct pathways linking ipRGCs and various brain regions involved in emotional processing
have also been found: in both animal: (Fernandez et al., 2018; Hattar et al., 2006; Huang et al.,
2019; Legates et al., 2014) and human (Vandewalle et al., 2010; Weil et al., 2022) studies. While
many studies focused on the melanopsin system, all photoreceptor systems closely interact and
their relative contribution to the effects of light on mood in healthy humans remains poorly
understood. Furthermore, because indoor lighting is typically polychromatic (i.e., white
appearing and inclusive of many wavelengths), there is a need to move beyond monochromatic
light comparisons, which are often used in studies that examine fundamental processes.
Specifying light exposures

To synthesize the evidence gathered to date on the effects of polychromatic light on
mood, the light specifications from past studies need to be converted to a standard scale to

decipher the relative contribution of the different photoreceptors. It has become apparent that
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reporting light in photopic illuminance was, based on the classical photoreceptors’ peak
sensitivity at 555 nm, inadequate for predicting the effects of a given light source on ipRGC-
influenced functions since melanopsin has a peak sensitivity at 483 nm. In order to improve
comparability and replicability of studies, it was proposed that effective irradiance of a light
source should be calculated for each photoreceptor type (Lucas et al., 2014). The units initially
proposed were, however, not consistent with the Systeme International (SI) of weights and
measures (CIE, 2015), which would have complicated future scientific progress.

In 2018, the International Commission on Illumination published an international
standard for the metrology of light exposures, known as CIE S026:2018 (CIE, 2018). The CIE
system defines physical quantities based on action spectra for the five known photoreceptor
types, the quantities being given the adjectives S-cone-opic, M-cone-opic, L-cone-opic, rhodopic
(rod sensitivity), and melanopic (melanopsin based light sensitivity of ipRGCs). Collectively
these are known as a-opic quantities. CIE S026: 2018 provides definitions that are SI-compliant,
which ensures measurement traceability. Using spectral irradiance data for a given light exposure
and these action spectra, one can calculate the five a-opic irradiances that characterize that light
exposure. One can relate these a-opic irradiances to the equivalent exposure of the CIE standard
daylight illuminant (D65), and express the value as an illuminance, known as the a-opic
Equivalent Daylight Illuminance (EDI), in lux. Converging past results on a common scale using
the CIE S026:2018 metrology system may enable more accurate conclusions and
recommendations to be drawn about the properties of polychromatic light that may support better

mood.
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Objectives/ Hypotheses

This systematic review integrates existing data relating to the effects of polychromatic
light exposure on mood in healthy human adults based on the contribution of the different
photoreceptors as estimated by a-opic EDI. Considering previous findings (e.g., Legates et al.,
2012; Vandewalle et al., 2010) higher melanopic EDI was predicted to be the a-opic measure

most strongly associated with positive mood.

2.1.2 Methods

Data Sources

This report is part of a broader systematic review addressing the optimal light
characteristics for mood, cognition, and physiological responses (other themes will be addressed
in subsequent reports). The publication search was conducted in the databases PubMed, Web of
Science, Scopus, PsycINFO, and in the journals Lighting Research & Technology, LEUKOS —
Journal of llluminating Engineering Society, and conference proceedings on January 15™, 2020.
Grey literature (conferences and other unpublished reports) was searched in APA PsycExtra on
September 30th, 2020. The pre-defined search strategy used for each database can be found in

the supplemental material (S1. Search Strategy). Only studies published in English or French

between 1990 and 2020 were considered. The review protocol was registered in PROSPERO
(CRD42020149818). Although we had initially planned to do a quality and risk of bias
assessment inspired by the Cochrane 'Risk of bias' assessment tool (Higgins et al., 2011) for
randomized controlled trials and the Risk of Bias Criteria for Effective Practice and Organization

of Care (EPOC) Reviews, such approaches turned out to be not optimally adapted for the studies
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included in the current review (e.g., particular challenges regarding blinding due to the nature of
the interventions). Hence, we opted to focus on summarizing core methodological information
relevant for light research as was done in a previous Cochrane review (Pachito et al., 2018).
Nevertheless, all studies included in the final dataset were reviewed by the authors and deemed

to be of sufficient methodological quality to be included in the current study.

Study Selection

The collective search for mood, cognition, and physiological responses returned 2,994
potentially relevant publications, from which 1,113 duplicates were removed. Only studies
conducted with healthy human adults (> 18 years old) were included. Studies focused on people
with mental or physical health conditions were excluded from this review, but studies in
individuals with myopia, hyperopia, or astigmatism were included. To be included, studies were
required to provide sufficient light characteristics based on vertical light measurements to
quantify a-opic equivalent daylight illuminance (a-opic EDI) values using the CIE toolbox (see
Data Processing section for details) or the light source needed to be reported in S 026 or CIE TN
003 quantities. Studies reporting only a-opic equivalent daylight luminance (EDL) were
excluded because this metric is not directly comparable with EDI values. Studies were excluded
if they were based on non-ocular light perception (eyes closed), were limited to light conditions
that varied across the study (e.g., dynamic lighting), involved light exposure during sleep, used
only monochromatic light, or only provided outcome data following a night of total sleep
deprivation. Studies on shift work (real or simulated) were excluded because in such studies
many extraneous variables, in addition to light exposure, can affect mood. If the full article was

not available or no new empirical data was provided (e.g., previously published data or a
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review), the publication was also excluded. In the last step, all studies with outcomes related to
mood were selected to be included in the current report. For the purpose of this review, mood is
considered to reflect affect, hedonic tone, and/or happiness-sadness.

The screening of the dataset was done in multiple steps (see Figure 3). First, the above
criteria were applied for screening the titles and abstracts (1,881 publications for mood,
cognition, and physiological responses) which was completed twice by two research assistants
using the Covidence software (Melbourne, Australia). This resulted in 467 publications being
retained. These publications were then subject to a full-text evaluation using the criteria
previously mentioned and again done twice by two research assistants. The resulting dataset,
containing 111 publications, was then revised by the Scientific Advisory Board to ensure no key
publications were missed. The final dataset for this report includes 14 publications with mood
outcomes and for which light exposures could be calculated. Quality checks were completed by a
different individual from the research team after each step. The authors of selected articles were
contacted to collect more information if all criteria were met but the article was lacking certain

details.
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Figure 3. PRISMA Flow Diagram

Records identified through
database searching Dunlicat d
2994 Articl uplicates remove
( f icles) - (1113 Articles)
Title/abstracts screened after
duplicates removed
(1881 Articles) Records exizluded
] (1414 Articles)
Full-text articles assessed for
eligibility Full-text articles excluded,
(467 Articles) With reasons
i s (453 Articles)
* Missing information (178)
. * Light related exclusion (99)
Studies H}cmded *  Other exclusion criteria (83)
(14 Articles) * Not related to mood (93)

Note: Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA; Page et
al., 2021).

Data Processing

Light exposure and outcome extraction
Following data extraction, light information for the publications that did not report light
characteristics as EDI values based on the CIE S026:2018 metrology system were converted

(toolbox available at https://doi.org/10.25039/S026.2018.TB; CIE, 2018) and scaled to the

photopic illuminance reported in the study. Several articles provided spectral data in 1 nm bands.
For other publications that reported spectrum information as a spectral power distribution (SPD)
figure, these figures were digitized to extract numerical values for each 5 nm band
(WebPlotDigitizer, Version 4.4, California, USA). Visual inspection and manual adjustments

were implemented to reduce error in all digitized data extraction.
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Correa et al. (2016) reported the Lucas et al. (2014) “melanopic illuminances”. We
converted this value into the CIE S026 melanopic EDI using a conversion factor (Schlangen &
Price, 2021). No conversion factor exists for other a-opic EDIs; therefore, only melanopic
irradiance was analyzed for this study. Viola et al. (2008) reported that the light exposures
included a combination of daylight and electric light, but there was sufficient information
available to estimate melanopic EDI for the conditions.

Subjective mood outcomes included measures such as the Positive and Negative Affect
Schedule (PANAS; Watson & Clark, 1988) or other Likert scales, visual analogue scales, and
check lists pertaining to mood. Means and standard deviations or standard errors were
transcribed from each article; outcomes reported in figures were also digitized to extract central
tendencies and variance indices. Only scales with higher scores reflecting better mood were
included. Raw scores were converted to standardized scores using the following formula:

i (Mean in a given light condition — Minimum possible score)
Standardized Mood =

(Maximum possible score — Minimum possible score)
When mood measures were collected at multiple time points within a single light condition, the
time point showing the strongest mood effect, the largest sample size, or the longest elapsed time
between light onset and the mood measure was selected (in that order).
Additional study details, such as light exposure duration and time of day of light
exposure, were also aggregated into the database. These were considered as possible factors

influencing light effects.

Statistical Analyses
Standard meta-analytic approaches were not appropriate for this review because the

lighting conditions used in the reviewed studies varied considerably and the main focus of the
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current review was the contribution of the five a-opic EDIs on mood outcomes rather than global
effect sizes.

Multiple linear regression using the maximum likelihood estimates approach was applied
to determine how standardized mood outcomes (dependent variable) were associated with each
of the a-opic EDIs (continuous in lux), while adjusting for duration (continuous in minutes) and
time of light exposure (categorical: morning (7:00 to 11:59), afternoon (12:00 to 16:59), night
(17:00 to 6:59), or uncontrolled times). Distinct regressions were fit for each a-opic EDI because
of the small sample size and multicollinearity (within any one light condition, the five a-opic
EDI values are inherently correlated). The a-opic EDIs and duration of exposure were logio-
transformed to improve normality. Additional exploratory analyses with interaction terms
between a-opic EDIs, time and duration of exposure were also conducted (see supplemental
table S3). Interaction terms did not yield any significant effects and therefore, this report focuses
on the simpler regression without interaction terms.

A second set of analyses was conducted to account for the fact that these data stem from
light exposure conditions overlapping across multiple studies integrated in a meta-analysis.
Linear mixed-effects regressions were conducted using the same design as the multiple
regression described above with the addition of the study identifier as a random-effect parameter.

All regressions were performed using the “lm” function or the “Ime4” package (Bates,
2020) of the R software, version 4.1 (R Core Team, 2021). The Akaike Information Criterion
(AIC) was used to compare the multiple linear regression to the linear mixed-effects regression,
with lower AIC values indicating a better balance between goodness-of-fit and parsimony of the

regression model (Akaike, 1987).
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Similar to approaches used in previous reviews on light (Souman et al., 2018), data was

separated by light characteristics and visually presented to highlight patterns in light profiles.

2.1.3 Results

Study characteristics

Table 1 summarizes the characteristics of the included studies. Overall, these studies
included a total of approximately 475 participants (339 female; 57 % female) exposed to a total
of 52 light conditions following a crossover (n = 31 light conditions), cross-sectional (n = 12
light conditions), or mixed (n = 9 light conditions) design. None of these studies used
pharmacological pupil dilation. Two publications were based on field studies, seven on simulated
office environments, and five on laboratory studies. Eight studies had a controlled lighting period
to adapt the eyes prior to the experimental light conditions. Other methodological characteristics

of the included studies are reported in Table 1.
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Table 1

Methodological details for each light condition across all studies.

42

Reference Study n Age Sex Control for Time of Time of exposure Duration Light Photopic EDI Mood measure
Design* (X +SD) (%F) previous light exposure Notes/ Details (minutes) Sources Illuminanc (s-cone/ m-cone/ I-cone/ rhodopic/
history e (Ix) melanopic)
Smolders et al. Crossover 28 23.0 (4.1) 57.1 ~36 min AM, PM, Night AM: 9:00, 10:20,11:45 225 Ceiling and 200 137.6/ 176.0/ 200.1/ 141.1/ 127.0 Positive affect (happy) 5-
2014 i1 28 23.0 (4.1) 57.1 PM: 13:15, 14:45,16:15 wall 1000 703.4/ 875.7/ 1002.4/ 701.3/ 631.7 point Likert Scale §
florescence
tubes |
Veitch et al. 2012 Cross 20 Unspecified  51.2 Uncontrolled AM 8:45 - 11:45 **%%160 A matrix of 7 ~500 88.1/179.7/ 239.2/ 115.3/ 91.3 Mood Scores-
sectionalt 25 ynspecified  51.2 LEDs ~500 266.7/ 229.6/ 236.9/ 227.7/ 235.8 Pleasantness
(Affect Grid)
Correaetal. 2016  Crossover 15 19.9 (3.2) 68.2 <12 min Night 22:00 65 A matrix of <3 n/a/ nfal nfal nfal 1.4 Mood 9-point Likert
l 15 199(32) 682 16 LEDs 3550 nfal nfal n/al nfal 1635.6 Scale §
Huiberts et al. Cross 18 21.7 (2.0) 61.1 ~36 min AM 9:00 - 10:30 52 Recessed 165 143.3/ 153.8/ 164.4/ 136.4/ 128.5 Happy 5-point Likert
2017 sectionalf 208(2.2) 810 PM 15:45 - 17:15 ceiling 165 143.3/ 153.8/ 164.4/ 136.4/ 128.5 _ Scale
luminaires (Single item mood
18 21.7 (2.0) 61.1 AM 9:00 - 10:30 with three 1700 1211.1/ 1527.5/ 1693.0/ 1255.3/ 1138.4 question) §
21 208(22) 810 PM 15:45 - 17:15 tJt'f;rse(sgi\r}\tl) 1700 1211.1/ 1527.5/ 1693.0/ 1255.3/ 1138.4
17 20.7 (2.1) 64.7 AM 9:00 - 10:30 165 143.3/ 153.8/ 164.4/ 136.4/ 128.5
17 20.5 (2.4) 47.1 PM 15:45 - 17:15 165 143.3/ 153.8/ 164.4/ 136.4/ 128.5
17 20.7 (2.1) 64.7 AM 9:00 - 10:30 1700 1211.1/ 1527.5/ 1693.0/ 1255.3/ 1138.4
17 20.5 (2.4) 47.1 PM 15:45-17:15 1700 1211.1/1527.5/ 1693.0/ 1255.3/ 1138.4
Iskra-Golec et al. Crossover 30 28.3 (2.8) 100.0  Uncontrolled AM 7:15 15 120 ceiling 500 261.4/ 437.7/ 495.4/ 329.7/ 285.0 Hedonic tone Mood
2012 T 30 28.3(2.8)  100.0 AM 7:14 - 11:45 285 '“”;';;:res 500 261.4/ 437.7/ 495.4/ 329.7/ 285.0 (UW'Sgh'\ef'Ccl’(oﬁift;’Jec“Ve
30 28.3(2.8) 100.0 PM 7:15 - 14:15 435 containing 4 500 261.4/ 437.7/ 495.4/ 329.7/ 285.0
30 28.3 (2.8) 100.0 AM 7:15 15 fluorescent 500 856.3/ 530.0/ 495.1/ 564.4/ 585.1
tubes
30 28.3(2.8) 100.0 AM 7:14 - 11:45 285 f 500 856.3/ 530.0/ 495.1/ 564.4/ 585.1
30 28.3 (2.8) 100.0 PM 7:15-14:15 435 500 856.3/ 530.0/ 495.1/ 564.4/ 585.1
Knaier et al. 2018 Cross 13 26.0 (6.7) 61.5 Uncontrolled AM 8:00 25 Two 4400 4250.3/ 4268.4/ 4302.7/ 3801.5/ 3576.4  Multidimensional Mood
sectionalf 15 o5067) 538 fluorescent 230 2222/ 223.1/ 224.9/ 198.7/ 186.9 State Questionnaire

lights
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Huiberts et al.
2015

Veitch 1997

Leichtfried et al.

2015

Chellappaet al.
2011

Borragan et al.
2017

Smolders et al.
2012

Viola et al. 2008

Ru et al. 2019

Crossover
11

Cross
sectional}

Crossover
11

Crossover

i

Crossover

i

Mixed**+

Crossover

i

32
32
32

32
26
26

33
33
16
16
16

16
16
16
16
16
16
17
17
17
17

41
42

94
94
28

Unspecified
Unspecified
Unspecified
Unspecified
35.7 (8.2)
35.7 (8.2)

33.0(7.2)

33.0(7.2)
243 (2.1)
24.3(2.1)

243 (2.1)

243 (2.1)
243 (2.1)
24.3(2.1)
24.3(2.1)
243 (2.1)
243 (2.1)
23.7 (3.6)
23.7 (3.6)
23.7 (3.6)
23.7 (3.6)
22.0 (4.0)
22.0 (4.0)

36.4 (10.2)
36.4 (10.2)
20.2 (1.6)

56.3
56.3

43.8

43.8
50.0
50.0

515
515
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
41.2
41.2
41.2
41.2

46.3
53.1

47.9
47.9
67.9

15 min

Unspecified
length

100 min

210 min

Uncontrolled

30 min

Uncontrolled

5 min

AM

PM

AM, PM

AM

Night

PM

AM, PM

AM, PM

9:00 - 11:45

12:15 - 16:45

Unspecified

7:40 - 8:10

21:30 - 23:30

15:00 - 17:00

Condensed from am

(9:00 or 11:00) and pm

(1:00 or 3:00) groups

8:30 - 16:45

10:00 - 17:00

375

****90

30

30
70
110
30
70

110
30
70

110
20

37.5

495

22

Recessed ceiling

luminaires with

three florescent
tubes (54W)

Recessed
fluorescent
troffers with
40W lamps
Fluorescent
lamps

2 fluorescent
and
1
incandescent
light

Wearable
glasses-like
device

Ceiling and
wall surface-
mounted
luminaires
each
containing six
fluorescent
tubes (28W)
2 fluorescent
tubes

200
1000

200

1000
680
680

5000
400
40
40
40

40
40
40
40
40
40
<200
2000
<200

2000

200
1000

310.35
421.07
100

137.7/ 176.9/ 200.6/ 144.9/ 132.2
652.3/ 874.5/ 1000.3/ 691.2/ 616.8

137.7/ 176.9/ 200.6/ 144.9/ 132.2

652.3/ 874.5/ 1000.3/ 691.2/ 616.8
168.5/ 252.0/ 288.0/ 179.8/ 159.5
218.8/ 273.2/ 287.5/ 240.3/ 226.6

4903.9/ 4856.4/ 4905.3/ 4363.0/ 4171.2

224.1/ 347.7/ 395.2/ 251.0/ 213.9
10.5/ 31.7/ 40.7/ 21.6/ 18.3
10.5/31.7/ 40.7/ 21.6/ 18.3

10.5/31.7/ 40.7/ 21.6/ 18.3

37.9/39.2/ 38.9/ 35.0/ 32.8
37.9/39.2/ 38.9/ 35.0/ 32.8

37.9/39.2/ 38.9/ 35.0/ 32.8
7.0/29.9/40.5/16.1/11.1
7.0/ 29.9/40.5/16.1/11.1

7.0/ 29.9/40.5/16.1/11.1

0.0/ 36.2/ 248.0/ 2.3/ 0.3
2343.4/ 1910.8/ 2027.4/ 1807.6/ 1897.0
0.0/ 36.2/ 248.0/ 2.3/ 0.3

2343.4/ 1910.8/ 2027.4/ 1807.6/ 1897.0

127.6/ 176.0/ 199.6/ 138.8/ 124.3
638.2/ 880.0/ 997.9/ 694.1./ 621.7

269.3/178.3/ 167.4/ 192.7/ 200.2
119.4/ 153.1/ 167.3/ 127.5/ 117.9
37.2/ 81.6/ 100.8/ 55.4/ 47.0

43

(MDMQ) — good/bad
mood scale
Happy 5-point Likert
Scale (Single item mood
question) §

Pleasure (Russell and
Mehrabian Three Factor
Mood Scale)

Subjective mood (VAS) §

Subjective well-being
(VAS) §

Affect (VAS)

Positive Affect (PANAS)

Positive affect (happy) 4-
point Likert Scale §

Positive mood (PANAS)
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Mixed*** 28 20.2 (1.6) 67.9 AM, PM, 6 ceiling 1000 373.0/ 816.1/ 1007.9/ 553.6/ 470.2 Mood Appraisals

& 29 202(16) 655 Night mounted 100 102.4/ 98.1/ 98.4/ 91.0/ 87.8 (PANAS)
29 20.2 (1.6) 65.5 with 3 LED 1000 1024.5/ 980.8/ 984.2/ 909.9/ 877.6

tubes
and

3 mounted

luminaires

with 2 LED
tubes

Note: Time of exposure categorized into AM (6:00-11:59), PM (afternoon; 12:00-16:59), Night (17:00-6:59), standard deviation (SD), light emitting diodes (LED), Positive and Negative Affect Schedule (PANAS),
Visual Analogue Scale (VAS), University of Wales Institute of Science and Technology (UWIST), Equivalent daylight illuminance (EDI). *Study design relevant to light conditions included in this review, **Mixed
design in which all participants were exposed to all light conditions in a crossover manner, but where most participants were allocated to either a morning or an afternoon session cross-sectionally. ***Mixed design
in which participants were exposed to different illuminance levels in a crossover manner but were allocated to either a high or low Correlated Color Temperature. **** Not a multiday light exposure study design.

tCounterbalanced order of light exposure. fRandomized groups. T{Randomly assigned to counterbalanced order. All light measurements taken at eye level or converted to vertical (Veitch et al 1991, 2012 & Viola et al 2008). F: females. §
Custom-made mood measures. § Spectral data was provided in 1nm bands.
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Relative contribution of a-opic EDIs

45

Figure 4 shows plots of standardized mood metrics as a function of the five a-opic EDIs.

A sub-division of these plots by duration (< 30 minutes, 30 to 60 minutes, and > 60 minutes;

minimum = 15 minutes, maximum = 495 minutes) can be found in the supplemental material

(S2).

Figure 4. Standardized mood metrics as a function of each a-opic EDI
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Note: Results did not differ when the two studies with low EDI values were removed, therefore

the two studies were kept in the analyses.



THE MULTIFACETED IMPLICATIONS OF LIGHT 46

Based on multiple linear regression, higher mood ratings were significantly associated
with longer light exposure (all estimates < 0.154, p < 0.018) and with morning light exposure
compared to uncontrolled timing of light exposure (all estimates < 0.233, p < 0.001) for all a-
opic EDIs (see Table 2). None of the a-opic EDIs were significantly associated with mood
outcomes (all estimates < 0.044, p > 0.490).

Table 3 reports statistics from the linear mixed-effect regression in which the study
identifier was added as a random effect. Significant random effects of study identifiers (all F >
12.6, p <0.001) were found for each a-opic EDIs regression. The time (all estimates <|0.153|, p
> 0.128) and duration of exposure (all estimates <|0.020|, p > 0.484) effects did not survive this
adjustment for the study identifiers. None of the a-opic EDIs were found to be significantly
associated with mood outcomes (all estimates <0.004, p > 0.849).

The AIC was significantly lower in the linear mixed-effect models (all AIC < -95.2
compared to the multiple linear regression models (all AIC > -33.4; Chi-squared > 67.3, p <
0.0001), suggesting that the linear mixed-effect regression models had a better balance between

goodness-of-fit and parsimony than the multiple linear regression models.
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Table 2. Multiple linear regression models assessing the relationship between a-opic EDIs and mood

S-cone-opic M-cone- opic L-cone- opic Rhodopic Melanopic
Est. SE p Est. SE p Est. SE p Est. SE p Est. SE p

Time (vs
morning)

Uncontrolled -0.22 0.065 0.001 -0.23  0.065 0.001 -0.23  0.064 0.001 -0.23  0.064 0.001 -0.23  0.062 0.001

Afternoon -0.09 0.063 0.163 -0.09 0.063 0.190 -0.08  0.066 0.215 -0.08  0.064 0.208 -0.08 0.063 0.193

Night 0.09 0.099 0.383 0.08 0.094 0.393 0.05 0.075 0.524 0.07  0.086 0.440 0.06 0.074 0.454
Duration 0.15 0.059 0.012 0.15 0.058 0.013 0.14  0.058 0.018 0.15 0.057 0.015 0.14  0.056 0.014
a-opic EDI 0.04 0.062 0.490 0.04 0.053 0.499 0.01 0.019 0.720 0.02 0.040 0.571 0.01 0.030 0.645

Note: Estimates (Est.; calculated for fixed effects per one unit of logo-transformed values for continuous variables, and relative to morning for time of exposure (categorical: morning (6:00 to 11:59),
afternoon (Noon to 16:59), night (17:00 to 6:59), or uncontrolled times), Standard Error (SE), and p values.

Table 3. Linear mixed-effect models assessing the relationship between a-opic EDIs and mood

L-cone-opic M-cone-opic S-cone-opic Rhodopic Melanopic
Est/F SE/SD p Est/F SE/SD p Est/F  SE/SD p Est/F SE/SD p Est/F  SE/SD p

Study Identifier 1325 0172 <0.001 1324 0172 <0.001 13.24 0.172  <0.001 1324  0.172 <0.001 12.62 0.165  <0.001
Time (vs morning)

Uncontrolled -0.15 0.103  0.146 -0.15 0.103 0.144 -0.15 0.103  0.143 -0.15 0.103  0.143 -0.15 0.099 0.128

Afternoon -0.03  0.024 0.185 -0.03 0.024 0.185 -0.03 0.024  0.186 -0.03 0.024  0.186 -0.03 0.023 0.177

Night 0.10 0.186  0.606 0.10 0.186  0.608 0.09 0.185  0.617 0.10 0.185  0.611 0.10 0.135 0.474
Duration -0.02  0.028  0.486 -0.02 0.028  0.486 -0.02 0.028  0.484 -0.02 0.028  0.485 -0.02 0.027 0.487
a-opic EDI 0.00 0.019  0.849 0.00 0.016  0.856 0.00 0.006  0.958 0.00 0.013 0.874 0.00 0.009 0.903

Note: F values for Study Identifier and Estimates for all other parameters (Est.; calculated for fixed effects per one unit of logie-transformed values for continuous variables, and relative to morning for
time of exposure (categorical: morning (6:00 to 11:59), afternoon (Noon to 16:59), night (17:00 to 6:59), or uncontrolled times), Standard Deviation (SD) for Study Identifier and Standard Error (SE)
for all other parameters, and p values.



THE MULTIFACETED IMPLICATIONS OF LIGHT 48

Mood outcomes across distinct a-opic EDI profiles

Figure 5 depicts a-opic EDI values for each light condition in each study included in this
review separated by exposure duration (< 30minutes, 30-60 minutes, and > 60 minutes). Overall,
a-opic EDIs ranged from 0 to 4,905 lux and different EDI profiles emerged where certain
photoreceptors had higher EDI values depending on the light source spectrum. Specifically, in
two of the light conditions the S-, M-, and L-cone-opic EDIs were higher than the rhodopic and
melanopic EDIs (Knaier et al., 2018; Leichtfried et al., 2015). Five light conditions had higher S-
cone-opic EDIs relative to all other EDIs (Borragan et al., 2017; Iskra-Golec et al., 2012; Ru et
al., 2019; A. U. Viola et al., 2008), 11 had higher L-Cone-opic EDIs (Borragan et al., 2017;
Huiberts et al., 2015, 2017; Ru et al., 2019; K. C. H. J. Smolders et al., 2012; K. Smolders & de
Kort, 2014) and none had a peak for the M-Cone-opic, rhodopic, or melanopic EDIs (including

those studies that had targeted ipRGC stimulation).
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Figure 5.
0-30min
5000
4500
4000
3500
= |skra-Golec et al. 2012
3000 === Borragan et al 2017.
=
=S m—RU et al. 2019
3 »500 ——Smolders et al. 2014
§ ~ e Kraier et al. 2018
3 \\
2000 N ——— -~
\\ e — e
1500
1000
500
0

S-cone a-opic M-cone a-opic L-cone a-opic Rhodopic Melanopic

Note: Studies are grouped by color and the conditions differentiated by type of line (e.g., dotted,
dashes), Equivalent Daylight llluminance (EDI).
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Table 4 reports standardized mood outcomes averaged across these different EDI
profiles. Although the small number of light conditions included in each EDI profile precluded
statistical analyses by EDI profile, mood outcomes were observed to be highly comparable
across the different EDI profiles. A figure depicting the EDI profiles of light conditions with a
peak in the short wavelength section of the spectrum can be found in the supplemental material
(S4). As can be seen, these studies did not have higher melanopic EDI values as compared to the
other photoreceptors. A figure of all SPDs with a peak in the short-wavelength range and their

associated EDI profile can also be found in the supplemental material (S5).

Table 4. Mood metrics across the different relative a-opic profiles

n of conditions Mean SD Min Max

S-cone higher 5 065 024 0.30 0.83
L-cone higher 11 041 011 012 0.53
SML-cone higher 2 053 044 0.23 0.84
Similar EDI across a-

opic 31 050 0.19 0.10 0.86

Note: Correa et al 2016 was not included in profile analyses because only melanopic EDI could
be retrieved.

Synthesis of individual study findings

Nine studies out of the 14 included in this review did not report any significant effect of
light intensity or spectral composition on mood (Borragan et al., 2017; Correa et al., 2016;
Huiberts et al., 2015, 2017; Iskra-Golec et al., 2012; Knaier et al., 2018; K. C. H. J. Smolders et
al., 2016; Veitch, 1997). Of the five studies reporting a significant effect, all observed that better
mood was associated with higher illuminance light conditions (Chellappa et al., 2011;
Leichtfried et al., 2015; Mason et al., 2022; Ru et al., 2019; K. Smolders & de Kort, 2014; A. U.

Viola et al., 2008) and/or higher correlated color temperature (CCT) (Chellappa et al., 2011,
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Leichtfried et al., 2015; A. U. Viola et al., 2008), except for one study reporting an association
with lower CCT (Ru et al., 2019). Most of the studies with short light exposures had the highest

a-opic EDI values (see Figure 5).

2.1.4 Discussion

Results from this systematic review could not reveal any significant effects of a-opic EDI
values on mood outcomes. Accordingly, the inspection of individual study results revealed that a
large proportion of the studies included in this review did not report any significant effect of light
intensity or spectrum on mood outcomes. These observations could not support the proposed
hypothesis that the effects of polychromatic light on mood would rely more heavily on
melanopic photoreceptors. Better mood was associated with morning light exposure and longer
durations of exposure, as would be expected based on previous studies (e.g., Smolders et al.,
2012, 2013). This suggests a potential dose-response curve more dependent on the timing and
duration of light exposure than on a-opic differences in EDI values in the ranges of
polychromatic light covered in the current review. However, these effects of timing and duration
were no longer significant in the more complex models adjusting for the data being nested within
studies. Conclusions regarding the lack of association with melanopic EDI are limited, notably
because of the restricted range of EDI profiles that have been tested so far in published
polychromatic studies. This highlights the need for further studies to assess interactions between

EDI, duration, and timing of exposure more directly.
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Associations between mood and a-opic EDIs

Current findings depart from those of previous controlled studies focused on narrowband
(close to monochromatic) light on mood (e.g., Vandewalle et al., 2010). Our systematic review
could not confirm that variations in light intensity and spectrum within polychromatic white light
have short term effect on mood in healthy individuals. Some of the previous research has shown
that short-wavelength light, daytime light with higher melanopic EDI, and general lighting with a
higher CCT can improve mood and well-being (Borisuit et al., 2015; Mills et al., 2007; Minch et
al., 2020; A. U. Viola et al., 2008; Xiao et al., 2021). In the current review, after rescaling light
on comparable units to estimate its effects on individual photoreceptors, there was no clear
evidence that the intensity of light exposure predicted mood and no evidence that stimulation of
any one photoreceptor was more influential on mood than others. One reason for this might be
the small differences between the a-opic EDIs for any one light condition within studies (seen in
the overall relatively flat profiles, presented in groups by exposure duration, in Figure 5).

Through visual inspection of light data from individual studies, we sought to identify
profiles of peaks across a-opic EDIs. This aimed to determine whether the different light sources
in this combined dataset could differentiate exposures to the different photoreceptors
(particularly the ipRGCs) and to provide insight into which photoreceptors could be linked to
mood outcomes. None of the polychromatic light conditions from the included studies had a
higher peak in melanopic EDI compared to other a-opic EDIs. This prevented any insights on a-
opic EDI profiles which may activate ipRGCs more strongly than other photoreceptors. Some
studies did use conditions in which polychromatic light resulted in higher S-, M-, and/or L-cone-
opic EDIs, but the mood outcomes were rather similar across these light conditions. There might

have been a slightly higher mood rating on average in conditions with a higher peak in S-cone-
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opic EDI (see supplemental material, S2), but this remains to be confirmed through larger
datasets enabling statistical comparisons.

Overall, the current observations are limited by the a-opic EDI distribution of the specific
polychromatic light used in the reviewed studies. Despite using light sources with an SPD peak
in the short-wavelength range (“blue-enriched light”), many studies used light where these peaks
were combined with peaks in longer-wavelength light (red light). This creates a light which may
be deemed to be more visually natural, which was likely an important goal for these studies, but
would not necessarily lead to a major peak in melanopic EDI relative to other a-opic EDIs. For
instance, beyond the increase in ipRGC activations, this type of light could also lead to increased
L-cone activation. It was expected that the EDI profiles of study conditions with a SPD peaking
in the short wavelengths would have higher melanopic EDI. This was, however, not observed.
Importantly, the light stimulus in many of these studies were not designed to preferentially
activate the ipRGCs; many of these studies aimed to increase the short-wavelength components
of polychromatic light which have long been tied to non-visual effects, but not to maximally

activate ipRGCs specifically.

Mood, duration, timing of light exposure, and melanopic EDI

The primary goal of including duration and time of exposure in these analyses was to
control for these factors because they are known to influence the effects of light on mood
(Bedrosian & Nelson, 2017; Chang et al., 2012; Chellappa et al., 2011; Khalsa et al., 2003;
Riger et al., 2013; St Hilaire et al., 2012; G. Vandewalle et al., 2015). Specifically, it has been
suggested that improvements in mood are likely to manifest over longer durations of bright light

exposure or when repeated over several days (Partonen & Lonngvist, 2000), although no dose-
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response curve has been created yet, to our knowledge. A large longitudinal study also reported
that individuals with more daytime spent outdoors have a reduced risk of lifetime depression
(Burns et al., 2021). Furthermore, greater improvements in mood have been reported following
light exposure in the morning compared to other times of the day (Bedrosian & Nelson, 2013,
2017; Leichtfried et al., 2015). It is also understood that high melanopic EDI during the day and
low melanopic EDI light exposure during the night is supportive for alertness, circadian rhythms,
and sleep (CIE, 2019), which can indirectly influence mood (Baron & Reid, 2014; DeWeerdt,
2022; Finan et al., 2015; Kahn-Greene et al., 2007). This being said, the evidence on an
association between light, sleep/circadian rhythms, and mood in healthy individuals remains
conflicted (Bohmer et al., 2021). In the current review, the effects of duration and time of
exposure did not survive more complex models accounting for data being nested within studies.
Considering that in the articles covered in the current review, the variations in light exposure
durations and time of exposures were limited (n=16 morning, n=12 afternoon, n = 11 night,
uncontrolled time = 12), no strong conclusion should be drawn about these parameters. However,
it is unlikely that variations in time of exposure were significant confounders affecting the main
a-opic results at the center of the current review’s objectives since we observed no significant

interaction between time of exposure and a-opic EDIs (see supplemental material table S3).

Study population
Mood is a complex phenomenon that can be influenced by many contextual factors which
are bound to vary from one study to the other, such as other properties of the physical

environment, social interactions, and a vast range of situational and personal factors. These
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factors could not be measured or quantified in this review and are very likely to have created
significant noise in the data.

One may also postulate that a-opic EDIs may be a stronger predictor of positive mood in
the context of mood disorders than for general mood in mentally healthy individuals. Firstly, in
the context of mood disorders, poorer mood creates a greater potential for mood improvement
whereas, in mentally healthy people, general mood might plateau, leaving less room for potential
improvements. Accordingly, one study (Smolders et al., 2012) included in the current review
highlighted that their participants felt on average happy and without tension or sadness prior to
light exposure, which left little room for improvement. Secondly, tools to measure general mood
(often based on a single question) might not have enough sensitivity as compared to scales used
to measure combinations of specific symptoms linked to mood disorders. Thirdly, individuals
with mood disorders could respond differentially to light than healthy individuals. Indeed, there
are indications that light may have a different effect in individuals with mood disorders
compared to controls (Laurenzo et al., 2016). This notion is supported by previous observations
of variations in the human peak sensitivity of melanopsin to short wavelength light (Bailes &
Lucas, 2013), the contribution of ipRGCs to mood regulation processes in rodents (Legates et al.,
2012, 2014), and the abnormal sensitivity of the circadian clock to light in the context of mood
disorders (Ben Bullock et al., 2019; McGlashan et al., 2019; K. Roecklein et al., 2013).
Furthermore, studies have shown that light (monochromatic and polychromatic) can elevate
mood in the context of mood disorders (Geoffroy et al., 2019; Glickman et al., 2006; Meesters et
al., 2016, 2018; Nixon et al., 2021) and fMRI studies also suggest that it can increase brain

responses to emotional stimuli (Vandewalle et al., 2010).
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Methodological refinement

Studies conducted prior to the publication of action spectra on melatonin suppression
(Brainard, Hanifin, Greeson, et al., 2001; Thapan et al., 2001) and the identification of ipRGCs
(Berson et al., 2002) necessarily could not be designed to target these photoreceptors, nor use
current reporting standards for light as these had not yet been established. The literature
landscape spreading over these different periods thus necessarily holds methodological
inconsistencies and gaps. With the benefit of more knowledge, guidance documents have been
developed to ensure that future investigations can be more readily compared (CIE, 2020;
Spitschan et al., 2019). Authors are recommended to report a-opic EDIs (or at least illuminance
and light source SPD) measured at the eye in the direction of gaze in addition to horizontal light
measurements. The luminance distribution of the physical space also affects what the retina
receives and by extension the ipRGC-influenced response to light (CIE, 2020; Glickman et al.,
2003; Lasko et al., 1999; Riger et al., 2005; Visser et al., 1999). Therefore, researchers also
should describe, in detail, the physical space used in the study (e.g., surface reflectance, temporal
light modulation characteristics, color fidelity, and intensity/spectrum measurements from
different possible viewing perspectives, where applicable; see CIE, 2020).

Designing light source spectra to target specific photoreceptors is more complex than
increasing the exposure to specific wavelengths (e.g., adding a spectral peak around 490 nm to
target ipRGCs) because the results could differ in color appearance or color rendering, or could
also stimulate other photoreceptors more than intended. Therefore, studies using metameric
spectral tuning may be required to fully differentiate the relative influence of distinct a-opic
profiles of polychromatic light on mood. Metameric lighting, which has matching light source

color appearance with different SPDs, is a quickly growing field, with studies already exploring
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its use on alertness and melatonin production (Allen et al., 2018; Souman et al., 2018). Using this
method, a recent study employed a multi-channel LED system to find chromaticity areas in the
CIE xy color space that are relevant for melanopic efficacy (Zandi et al., 2021). Keeping in mind
that increased color fidelity can induce better mood (Cajochen et al., 2019), more studies
investigating mood in combination with this lighting approach optimized for ipRGC activation

are needed.

Limitations

The vast methodological inconsistencies across studies hinder firm conclusions. The
variety of mood measures used across the studies also limit their comparability by reducing
construct validity. Mood, a difficult construct to measure that may be conceptualized in different
ways (Larsen & Diener, 1992), was integrated as a secondary measure in several of the studies in
this review.

This review was limited by the light conditions used in published studies, which were not
designed from the outset to cover distinct a-opic profiles and were confounded by other factors.
For instance, most studies which had higher a-opic EDIs were also the ones where the duration
of light exposure was the shortest which may have confounded results. Considering that in mice,
there are direct effects of light on mood driven by a direct projection of ipRGCs to the
perihabenular (PHb) and lateral habenula (LHb; Aranda & Schmidt, 2021; Fernandez et al.,
2018; Legates et al., 2012). the involvement of ipRGCs in mood responses to light could
possibly emerge more clearly from studies comparing well-controlled polychromatic light

conditions that clearly differ in a-opic EDI.
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In contrast to other reviews, which have included monochromatic light exposures
(Brown, 2020; Siraji et al., 2022), this review focused on the effects of polychromatic light,
which is more common in naturalistic living environments. This perhaps reduced the a-opic EDI
differences between experimental conditions relative to the contrasts typically attained when
comparing monochromatic light conditions. However, limited a-opic EDI differences increased
the generalizability of the findings.

The lack of reported or controlled pre-exposure history also created an important
limitation in the interpretation of results. Light exposure can change the sensitivity of ocular
photoreception to subsequent exposures (Chang et al., 2011; Hebert et al., 2002; Jasser et al.,
2006; Kozaki et al., 2015; te Kulve et al., 2019; Zeitzer et al., 2011). Without consistent
information concerning prior light exposure, it was not possible to control for differences
between studies on this variable. Most studies had a multiday exposure design which may have
additional uncontrolled factors that could account for the resulting mood outcomes. Visual
comfort and glare have been found to affect mood (Borisuit et al., 2015; Cajochen et al., 2019).
Considering that many studies did not control or study these variables, they may have masked
mood improvements.

Considering representativeness, although the samples were overall balanced for sex,
many of the studies included participants from a limited age range, often young adults. There

was also limited cultural variability, as most were performed in Europe or North America.
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2.1.5 Conclusions

Overall, the results from this systematic review could not support the hypothesis that higher
polychromatic light exposure intensity detected by any one of the five ocular photoreceptors
described in CIE S026:2018 is associated with better mood. Although further work based on
polychromatic light sources with EDI profiles specifically designed to enhance the relative
stimulation of ipRGCs is required, the current findings could imply that the differential
activation patterns of photoreceptor subtypes may have limited influence on the mood enhancing
effects of polychromatic light over rather short-term light exposures and within the narrow range
of EDI profiles that were included in the current review. The range of a-opic EDI profiles
covered in this review may have been too limited to tease apart the effects of spectrum and
intensity from the strong effects of light exposure duration and between-study differences in
procedure and/or context. As such, more polychromatic light studies are warranted to
systematically test specific combinations of a-opic EDI values optimally targeting each
photoreceptor while controlling for exposure duration. Consistent use of the CIE metrology
system to measurements of light exposures in all studies of physiological and behavioral
outcomes will enable more accurate conclusions about the potential involvement of different
photoreceptor systems in the effects of light in humans. Such information could enable revised
guidance for interior lighting design and for daily light exposure patterns supportive of well-

being, health, and performance.
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Supplementary Material
S1. Search Strategy
Scopus

(( TITLE ( light OR wavelength OR illumin*) AND TITLE-ABS-KEY ( cognit* OR alert* OR
vigilance OR sleepiness OR attention OR memory OR psychomotor OR "reaction time" OR
"response time™ OR arous* OR productivity OR mood OR pupil* OR electroretinography OR
well-being OR physiology OR circadian OR brain OR fmri OR eeg OR electroencephalography
) AND TITLE-ABS-KEY (‘human OR adults OR participants OR men OR women OR male OR
female OR subject ) AND TITLE-ABS- KEY ( poly* OR "white light" OR spectrum* OR
"bright light" OR "light pulse” OR "Light flash™ OR ( light AND exposure ) ) AND NOT
TITLE-ABS-KEY ( membrane OR nano* OR dna OR tissue OR drosophila OR mice OR rat OR
cat OR fish OR "shift work™ OR shiftwork OR "seasonal affective disorder" OR neonatal OR
infant OR children OR treat* OR disorder OR species OR jaundice OR psoriasis OR tumor OR
tumour OR glaucoma OR cancer OR polymer* OR hamster OR chick* OR injury OR fly ) ))
AND ( LIMIT-TO (SRCTYPE, "j") OR LIMIT-TO ( SRCTYPE, "p") ) AND ( LIMIT-TO (
DOCTYPE, "ar" ) OR LIMIT-TO ( DOCTYPE, "cp") ) AND ( LIMIT-TO (PUBYEAR, 2020
) OR LIMIT-TO (PUBYEAR, 2019 ) OR LIMIT-TO (PUBYEAR, 2018 ) OR LIMIT-TO (
PUBYEAR, 2017) OR LIMIT-TO (PUBYEAR, 2016 ) OR LIMIT-TO ( PUBYEAR, 2015)
OR LIMIT-TO (PUBYEAR, 2014 ) OR LIMIT-TO ( PUBYEAR, 2013 ) OR LIMIT-TO (
PUBYEAR, 2012 ) OR LIMIT-TO (PUBYEAR, 2011 ) OR LIMIT-TO ( PUBYEAR, 2010)
OR LIMIT-TO (PUBYEAR, 2009 ) OR LIMIT-TO ( PUBYEAR , 2008 ) OR LIMIT-TO (
PUBYEAR, 2007 ) OR LIMIT-TO (PUBYEAR, 2006 ) OR LIMIT-TO ( PUBYEAR, 2005 )
OR LIMIT-TO (PUBYEAR, 2004 ) OR LIMIT-TO ( PUBYEAR , 2003 ) OR LIMIT-TO (
PUBYEAR, 2002 ) OR LIMIT-TO (PUBYEAR, 2001 ) OR LIMIT-TO ( PUBYEAR, 2000 )
OR LIMIT-TO (PUBYEAR, 1999 ) OR LIMIT-TO ( PUBYEAR, 1998 ) OR LIMIT-TO (
PUBYEAR, 1997 ) OR LIMIT-TO (PUBYEAR, 1996 ) OR LIMIT-TO ( PUBYEAR, 1995)
OR LIMIT-TO (PUBYEAR, 1994 ) OR LIMIT-TO ( PUBYEAR, 1993) OR LIMIT-TO (
PUBYEAR, 1992 ) OR LIMIT-TO (PUBYEAR, 1991 ) OR LIMIT-TO (PUBYEAR, 1990))
AND ( LIMIT-TO (LANGUAGE, "English" ) OR LIMIT-TO ( LANGUAGE , "French") OR
EXCLUDE ( LANGUAGE , "German" ) OR EXCLUDE ( LANGUAGE , "Japanese" ) OR
EXCLUDE ( LANGUAGE, "Polish" ) OR EXCLUDE ( LANGUAGE , "Portuguese” ) OR
EXCLUDE ( LANGUAGE , "Croatian" ) OR EXCLUDE ( LANGUAGE , "Spanish" ) OR
EXCLUDE ( LANGUAGE , "Thai"))

PsycINFO/Embase

((light or wavelength or illumin*).ti. and ((cognit* or alert* or vigilance or sleepiness or
attention or memory or psychomotor or "reaction time" or "response time™ or arous* or
productivity or mood or pupil* or electroretinography or well-being or physiology or circadian
or brain or fmri or eeg or electroencephalography).ab. or (cognit* or alert* or vigilance or
sleepiness or attention or memory or psychomotor or "reaction time™ or "response time" or
arous™ or productivity or mood or pupil* or electroretinography or well-being or physiology or
circadian or brain or fmri or eeg or electroencephalography).ti. or (cognit* or alert* or vigilance
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or sleepiness or attention or memory or psychomotor or "reaction time" or ""response time" or
arous* or productivity or mood or pupil* or electroretinography or well-being or physiology or
circadian or brain or fmri or eeg or electroencephalography).id.) and ((human or adults or
participants or men or women or male or female or subject).ab. or (human or adults or
participants or men or women or male or female or subject).ti. or (human or adults or participants
or men or women or male or female or subject).id.) and ((poly* or "white light" or spectrum™* or
"bright light" or "light pulse™ or "Light flash” or (light and exposure)).ab. or (poly* or "white
light" or spectrum™ or "bright light" or "light pulse” or "Light flash" or (light and exposure)).ti.
or (poly* or "white light™ or spectrum* or "bright light" or "light pulse™ or "Light flash” or (light
and exposure)).id.)) not ((membrane or nano* or dna or tissue or drosophila or mice or rat or cat
or fish or "shift work™ or shiftwork or "seasonal affective disorder" or neonatal or infant or
children or treat* or disorder or species or jaundice or psoriasis or tumor or tumour or glaucoma
or cancer or polymer* or hamster or chick™ or injury or fly).ab. or (membrane or nano* or dna or
tissue or drosophila or mice or rat or cat or fish or "shift work™ or shiftwork or "seasonal
affective disorder™ or neonatal or infant or children or treat* or disorder or species or jaundice or
psoriasis or tumor or tumour or glaucoma or cancer or polymer* or hamster or chick* or injury
or fly).ti. or (membrane or nano* or dna or tissue or drosophila or mice or rat or cat or fish or
"shift work" or shiftwork or "seasonal affective disorder™ or neonatal or infant or children or
treat* or disorder or species or jaundice or psoriasis or tumor or tumour or glaucoma or cancer or
polymer* or hamster or chick* or injury or fly).id.) limit 1 to human

limit 2 to yr="1990 - 2020" limit 3 to (english or french)

Web of Science

TI=(light OR wavelength OR illumin*) AND TS=(cognit* OR alert* OR vigilance OR
sleepiness OR attention OR memory OR psychomotor OR "reaction time" OR "response time"
OR arous* OR productivity OR mood OR pupil* OR electroretinography OR well-being OR
physiology OR circadian OR brain OR fmri OR eeg OR electroencephalography) AND
TS=(human OR adults OR participants OR men OR women OR male OR female OR subject)
AND TS=(poly* OR "white light" OR spectrum* OR "bright light" OR "light pulse” OR "Light
flash™ OR ( light AND exposure )) NOT TS=(membrane OR nano* OR dna OR tissue OR
drosophila OR mice OR rat OR cat OR fish OR "shift work™ OR shiftwork OR "seasonal
affective disorder” OR neonatal OR infant OR children OR treat* OR disorder OR species OR
jaundice OR psoriasis OR tumor OR tumour OR glaucoma or cancer or polymer* or hamster or
chick* or injury or fly)

Refined by: LANGUAGES: (ENGLISH OR FRENCH )

Timespan: 1990-2020. Indexes: SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI.

Lighting Research and Technology

[[Title light] OR [Title wavelength] OR [Title illumin*]] AND [[All cognit*] OR [All alert*] OR
[All vigilance] OR [All sleepiness] OR [All attention] OR [All memory] OR [All psychomotor]
OR [All "reaction time™] OR [All "response time"] OR [All arous*] OR [All productivity] OR
[All mood] OR [All pupil*] OR [All electroretinography] OR [All well-being] OR [All
physiology] OR [All circadian] OR [All brain] OR [AIll fmri] OR [All eeg] OR [All
electroencephalography]] AND [[All human] OR [All adults] OR [All participants] OR [All
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men] OR [All women] OR [All male] OR [All female] OR [All subject]] AND [[All poly*] OR
[All "white light"] OR [All spectrum*] OR [All "bright light"] OR [All "light pulse"] OR [All
"light flash™] OR [[All light] AND [All exposure]]] AND NOT [[[All membrane] OR [All
nano*] OR [All dna] OR [All tissue] OR [All drosophila] OR [All mice] OR [All rat] OR [All
cat] OR [All fish] OR [All "shift work™] OR [All shiftwork] OR [All "seasonal affective
disorder"] OR [All neonatal] OR [All infant] OR [All children] OR [All treat*] OR [All disorder]
OR [All species] OR [All jaundice] OR [All psoriasis] OR [All tumor] OR [All tumour] OR [All
glaucoma] OR [All cancer] OR [All polymer*] OR [All hamster] OR [All chick*] OR [All
injury]] AND [All or fly]] within Lighting Research & Technology Since 1990

LEUKOQOS/ Journal of the Illuminating Engineering Society

[[Publication Title: light] OR [Publication Title: wavelength] OR [Publication Title: illumin*]
OR [Publication Title: pupil*]] AND [[All: cognit*] OR [All: alert*] OR [All: vigilance] OR
[All: sleepiness] OR [All: attention] OR [All: memory] OR [All: psychomotor] OR [All:
"reaction time"] OR [All: "response time"] OR [All: arous*] OR [All: productivity] OR [All:
mood] OR [All: pupil*] OR [All: electroretinography] OR [All: well-being] OR [All:
physiology] OR [All: circadian] OR [All: brain] OR [All: fmri] OR [All: eeg] OR [All:
electroencephalography]] AND [[All: human] OR [All: adults] OR [All: participants] OR [All:
men] OR [All: women] OR [All: male] OR [All: female] OR [All: subject]] AND [[All: poly*]
OR [AIl: "white light"] OR [All: spectrum*] OR [All: "bright light"] OR [All: "light pulse™] OR
[All: "light flash™] OR [[All: light] AND [All: exposure]]] AND NOT [[All: membrane] OR
[All: nano*] OR [AIll: dna] OR [All: tissue] OR [All: drosophila] OR [All: mice] OR [All: rat]
OR [AIll: cat] OR [AIll: fish] OR [All: "shift work™] OR [All: shiftwork] OR [All: "seasonal
affective disorder"] OR [All: neonatal] OR [All: infant] OR [All: children] OR [All: treat*] OR
[All: disorder] OR [All: species] OR [All: jaundice] OR [AIl: psoriasis] OR [All: tumor] OR
[All: tumour] OR [All: glaucoma] OR [All: cancer] OR [All: polymer*] OR [All: hamster] OR
[All: chick*] OR [AIl: injury] OR [All: fly]] AND [in Journal: LEUKOS] AND [Publication
Date: (01/01/1990 TO 31/12/2020)]

PubMed

((((hight[Title] OR wavelength[Title] OR illumin*[Title]) AND (cognit*[Title/Abstract] OR
alert*[Title/Abstract] OR vigilance[Title/Abstract] OR sleepiness[Title/Abstract] OR
attention[Title/Abstract] OR memory[Title/Abstract] OR psychomotor[Title/Abstract] OR
"reaction time"[Title/Abstract] OR "response time"[Title/Abstract] OR arous*[Title/Abstract]
OR productivity[Title/Abstract] OR mood[Title/Abstract] OR pupil*[Title/Abstract] OR
electroretinography[Title/Abstract] OR well-being[ Title/Abstract] OR physiology[Title/Abstract]
OR circadian[Title/Abstract] OR brain[Title/Abstract] OR fmri[Title/Abstract] OR
eeg[Title/Abstract] OR electroencephalography[Title/Abstract])) AND (human[Title/Abstract]
OR adults[Title/Abstract] OR participants[Title/Abstract] OR men[Title/Abstract] OR
women[Title/Abstract] OR male[Title/Abstract] OR female[Title/Abstract] OR
subject[Title/Abstract])) AND (poly*[Title/Abstract] OR "white light"[Title/Abstract] OR
spectrum*[Title/Abstract] OR "bright light"[Title/Abstract] OR "light pulse”[Title/Abstract] OR
"Light flash"[Title/Abstract] OR ( light[Title/Abstract] AND exposure )[Title/Abstract])) NOT
(membrane[Title/Abstract] OR nano*[Title/Abstract] OR dna[Title/Abstract] OR
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tissue[Title/Abstract] OR drosophila[ Title/Abstract] OR mice[Title/Abstract] OR
rat[ Title/Abstract] OR cat[Title/Abstract] OR fish[Title/Abstract] OR "shift
work"[Title/Abstract] OR shiftwork[Title/Abstract] OR "seasonal affective
disorder"[Title/Abstract] OR neonatal[Title/Abstract] OR infant[Title/Abstract] OR
children[Title/Abstract] OR treat*[Title/Abstract] OR disorder[Title/Abstract] OR
species[Title/Abstract] OR jaundice[Title/Abstract] OR psoriasis[Title/Abstract] OR
tumor[Title/Abstract] OR tumour[Title/Abstract] OR glaucoma|Title/Abstract] OR
cancer[Title/Abstract] OR polymer*[Title/Abstract] OR hamster[Title/Abstract] OR
chick*[Title/Abstract] OR injury[Title/Abstract] OR fly[Title/Abstract])

Add filters — Human, 1990-2020, English, French
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S2. Standardized mood metrics as a function of the five a-opic EDIs divided by duration

66
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Log10 (Melanopic EDI (lux))

Log10 (Melanopic EDI (lux))
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S3. Interaction terms between a-opic EDIs, time and duration of exposure
L-cone-opic M-cone-opic S-cone-opic Rhodopic Melanopic
Est/F SE/SD p Est/F SE/SD p Est/F  SE/SD p Est/F  SE/SD p Est/F  SE/SD p
Study Identifier 1430 0.168 <0.001 13.89  0.169 <0.001 1409  0.170 <0.001 1406  0.170 <0.001 13.02  0.163  <0.001
Time (vs morning)
Uncontrolled -0.14 0173 0415 -0.19 0165 0265 -0.18 0148  0.229 -0.19 0156 0242 -0.19 0.149  0.221
Afternoon -0.06 0.085 0.468 -0.06 0.082 0443 006 0.071 0385 -0.07 0077 0385 -0.06 0.073  0.39
Night 0.39 0.296 0.198 0.15 0.258 0.568 0.08 0.196 0.705 0.07 0.214 0.734 0.13 0.147 0.371
Duration 0.05 0.308 0867 022 0218 0.318 -0.16  0.082  0.062 024  0.127  0.067 016  0.089  0.075
a-opic EDI 003 0.178 0.864 -0.12 0123 0.332 -0.08  0.047 0.100 -0.13  0.073  0.089 009 0055  0.115
a-opic EDI*length of exposure*Uncontrolled -0.02 0.132  0.866 0.09 0.093 0.341 0.06 0.039  0.129 0.10 0.058  0.104 0.07 0.045  0.141
a-opic EDI*length of exposure*Morning -0.02 0114 0871 008 0081 0.323 0.05 0.031  0.094 0.09 0.049  0.080 0.06 0.036  0.102
a-opic EDI*length of exposure*Afternoon 001 0115 0.904 009  0.084 0311 006  0.035 0.101 009  0.053 0.083 0.07 0.040  0.110
a-opic EDI*length of exposure*Night -0.12 0196  0.530 007 0144 0641 0.07 0.041  0.087 0.11 0.081  0.199 0.05 0.033  0.134

Note: F values for Study Identifier and Estimates for all other parameters (Est.; calculated for fixed effects per one unit of logio-transformed values for continuous variables, and relative to morning for

time of exposure (categorical: morning (6:00 to 11:59), afternoon (Noon to 16:59), night (17:00 to 6:59), or uncontrolled times), Standard Deviation (SD) for Study Identifier and Standard Error (SE)

for all other parameters, and p values.
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S4. EDI Profiles of study conditions with a peak in short-wavelength region of the spectrum
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wavelength section of the spectral power distribution (SPD). Viola et al. 2008 and Correa et al.
2016 are not included since there EDIs were not extract from an SPD.
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S5. Spectral power distribution for studies with an SPD with at least one peak in short
wavelength light and EDI profiles
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Veitch et al. 1997

SPD EDI Profile
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Abstract
Background: Light therapy yields inconsistent results in people with non-seasonal depression,
which may in part be due to heterogeneous responses and the temporal dynamics of changes in
sleep, daytime functioning, and mood. This study assessed the timeline of the antidepressant
effects of light therapy and sleep rescheduling relative to changes in sleep and daytime sleep-
related factors and sought to identify predictors of treatment response in young people with

depression.

Methods: Twenty-four individuals with depression (mean + SD: 21.2 £ 1.0 years old; 17% male)
underwent adjunctive morning light therapy with a wake-up phase advance over four weeks.
They completed the Beck Depression Inventory-11 (BDI-11) and Leeds Sleep Evaluation

Questionnaire.

Results: On average, BDI-II scores decreased significantly after four weeks of intervention
(F(2,32) = 3.5, p = .044, np? = 0.18). After two weeks, improvements in the ease of getting to
sleep and sleep quality were significantly associated with BDI-Il improvements (F(2,21) = 6.3, p
=.007). From two to four weeks, improvements in daytime sleep-related factors were
significantly associated with BDI-11 improvements (F(2,12) = 6.0, p = .015). More sleep-related
difficulties prior to the intervention tended to predict BDI-Il improvements across the four weeks

of light therapy (F(2,14) = 3.7, p = .053).Limitations: Open-label design and small sample size.

Limitations: Open-label design and small sample size.

Conclusions Sleep-enhancement emerging in the early phase of light therapy and sleep

rescheduling may subsequently alleviate sleep-related daytime dysfunctions, which may in turn
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further improve mood. Controlled trials are required to confirm whether the antidepressant
effects of light may be linked to the attenuation of sleep-related difficulties, and whether sleep

difficulties may be useful predictors of the antidepressant response to light therapy.

75
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Highlights

e Sleep-enhancement following light therapy may contribute to rapid mood improvements.

e Subsequent alleviation of sleep-related daytime dysfunction may further improve mood.

o Self-reported sleep variables may predict antidepressant response to light therapy.

Keywords: Light therapy; Depression; Sleep
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2.2.1 Introduction
Light therapy has long been used to restore sleep and circadian rhythms (Terman et al.,
1995). Its efficacy for mood improvement in the context of seasonal affective disorder is also
well established (Lam & Levitt, 1999), but findings remain somewhat inconsistent for people
with non-seasonal depression (Tuunainen et al., 2009). This discrepancy may notably be

influenced by the considerable heterogeneity in depression phenotypes.

For instance, various profiles of sleep have been observed in people with depression;
some show conventional sleep and circadian patterns, while others have various degrees of sleep
initiation/maintenance difficulties and/or circadian phase shifts (Gillin et al., 1979; Robillard et
al., 2018). The degree of sleep and circadian disturbances has been found to be associated with
more severe depression (Kerkhofs et al., 1988; Robillard et al., 2018), and sleep problems are
thought to contribute to the maintenance of depression (Dolsen et al., 2014). It has thus been
proposed that actively restoring sleep and circadian rhythms may enhance mood (e.g. Hickie et
al., 2013).

The response to antidepressant medications relative to placebo has been reported to
emerge after two weeks (Quitkin et al., 1984), but little is known about the time course of the
antidepressant effects of light therapy. A study on seasonal affective disorder reported greater
reductions in depressive symptoms following four weeks of light therapy (Bauer et al., 1994).
Considering the fairly rapid sleep-enhancing and chronotropic effects of appropriately timed
light exposure (Lack et al., 2007), improvement in the ease to fall asleep, driven by sleep and
circadian restoration, may have rapid direct effects on mood. Since high fatigue levels are also
associated with more severe depression (Tylee et al., 1999), sleep improvements following light

therapy could also have subsequent indirect effects on mood by facilitating waking-up, feeling
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more refreshed upon awakening, and increasing daytime functioning. The profile of sleep
difficulties and daytime consequences of poor sleep may thus be some of the factors modulating
the antidepressant response to light therapy. This may be especially relevant during youth, a
period marked by delayed circadian rhythms and sleep initiation difficulties, two factors which

may interact with the sleep disturbances linked to depression.

This open-label study aimed to evaluate the time course of mood improvements during
adjunctive light therapy combined with a phase advance of wake-up time and to determine how
it relates to sleep and sleep-related daytime outcomes in young people with depression. It was
hypothesized that improvements in depressive symptoms during light therapy would be
associated with sleep improvements occurring early in the course of the intervention and with

subsequent improvements in sleep-related daytime functioning.

2.2.2 Methods

Participants

Young individuals with a diagnosis of a depressive syndrome were recruited from
specialised mental health facilities in Ottawa (Canada) and Sydney (Australia) across multiple
seasons. All participants met the following entry criteria: between 15 and 30 years of age; current
diagnosis of a depressive syndrome (e.g. major depression, dysthymia) confirmed by their
healthcare provider; at least mild depressive symptoms on the self-rated version of the Quick
Inventory of Depressive Symptomatology [QIDS-SR16 or QIDS-A17-SR; Score >6 (Rush et al.,
2003); and had a first episode of depression before the age of 25 years.

Exclusion criteria were: any self-reported sleep disorders (except insomnia or circadian

disorders); medical conditions that could explain the current depression, contribute to sleep
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difficulties or pose risks for bright light exposure; psychiatric comorbidities (except anxiety);
significant substance dependence; using medications increasing risks of photoallergic reactions;
recent shift-work or transmeridian travel. None of the participants started medications that may
affect sleep, circadian rhythms, or alertness within the month preceding study entry.

This study was approved by institutional research ethics boards. All participants provided
written informed consent and assent was obtained from legal guardians of those under 16 years
of age.

Procedures
Participants received a brief educational session about the biological clock and light.

They were lent a pair of light-emitting glasses (RE- TIMER, Re-Time Pty Ltd, Australia; blue-

green 500 nm dominant wavelength; 506 Lux Im/m2; a-opic equivalent daylight (D65)
illuminance values can be found in Table S6 and a photograph of the glasses in Figure S8) to use
at home every day for four weeks as an adjunct to standard clinical care. They were instructed to
wear the light-emitting glasses for 45 to 60 min upon awakening, starting at their habitual wake
up time, and to progressively shift light exposure earlier by 15 min every day until the end of the
intervention or until they reached 7.30am.
Measurements

The Beck Depression Inventory-11 (BDI-I1) and Leeds Sleep Evaluation (LSEQ)
questionnaires were administered at baseline (prior to the intervention start), after two weeks
(early phase), and after four weeks (late phase) of intervention.

The BDI-II (Beck et al., 1961) is a 21-item questionnaire with good sensitivity and
specificity, an internal consistency of 0.9, and a re-test reliability ranging between 0.73 to 0.96

(Wang & Gorenstein, 2013). Occurrences of minimal clinically important differences (MCID) on
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the BDI-11 from pre- to post-intervention were determined for each participant based on a
previously established threshold (i.e. 17.5%; Button et al., 2015).

The LSEQ counts 10 analogue scale items creating four subscales: getting to sleep (GTS),
quality of sleep (QOS), awake following sleep (AFS), and behavior following wakefulness
(BFW) (Parrott & Hindmarch, 1980). Internal consistency has been found to range from a=0.78
to 0.92 (Tarrasch et al., 2003).

Statistics

Statistical analyses were conducted with the Statistical Package for Social Sciences (IBM
SPSS Statistics for Windows, Version 23.0. Armonk, USA). Repeated measures ANOVAS were
used to assess changes in depressive symptoms across the intervention period.

Multivariate linear regressions were used to evaluate associations between relative
changes in mood (BDI-II re-calculated without sleep items to avoid circularity) and: i) relative
changes in sleep indices (GTS and QOS) in the early intervention phase, and ii) relative changes
in indices of sleep-related daytime functioning (BFW and AFS) in the later phase. A multivariate
linear regression was also run to determine if the initial profile of the ease of falling asleep and
waking up in the morning (GTS and AFS) predicted changes in mood across the four weeks of
intervention. Univariate regressions were used for exploratory analyses.

The LSEQ data for two participants was missing for the last two weeks of the study.

These participants were excluded from analyses involving the LSEQ at this time point.

2.2.3 Results
Thirty-one participants were recruited, and of those, 24 completed at least 2 weeks of the

intervention and were thus included in the analyses (see descriptive characteristics in table 5).
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Seven participants were lost to follow-up after four weeks. Treatment adherence is outlined in
Figure S9 of the supplemental material. Depression severity at study enrollment ranged from
mild to very severe (QIDS scores between 7 and 25). There was no significant correlation
between the main outcome variables and age or hours of illumination documented at each
individual's geographic location on the date at which they started the intervention. There was no

significant effect of sex or psychotherapy status on the main outcome variables (all p>.050).

Table 5. Sample characteristics

N=24
Mean (SD)
Age (years) 21.2 (1.0)
QIDS score 13.1 (1.0)
N (%)
Sex (males) 4 (17)
Comorbid anxiety disorder 13 (54)
Regular Alcohol Use 5 (23)
Regular Cannabis Use 3(14)
Taking any type of psychotropic medication 14 (58)
Antidepressants 13 (54)
Atypical-Antipsychotics 1(4)
Anticonvulsant 1(4)
Benzodiazepine 1(4)
Psychostimulant 2 (8)
Engaged in psychotherapy 15 (63)
Engaged in psychotherapy and taking psychotropic medication 12 (50)

Note: Regular alcohol and cannabis use refers to using weekly or more frequently.

Overall changes in depressive symptoms

There was a main effect of time for total BDI-11 scores across the intervention period
(F(2,32)=3.5, p=.044, np>=0.18; Fig. 6). No significant overall change was observed during the
early phase, but there was a trend for a decrease during the late phase (t(16)=2.0, p=.063) and a
significant decrease across the entire intervention period (t(16)=2.5, p=.023). A minimal

clinically important difference on the BDI-11 was observed after the intervention in 59% of
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participants (n = 10/17). The average reduction in BDI-11 scores over the intervention period was
21.1% (SD = 41.0%).

Fig. 6. Changes in Depression Symptoms Across Four Weeks of Intervention
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Note: Changes in the Beck Depression Inventory-11 (BDI-I1) scores across the three study time points (BL
(baseline): before intervention start (mean + SD: 23.4 + 8.4), FUPL1.: after 2 weeks of intervention (mean + SD:
22.6 £9.1), FUP2: after 4 weeks of intervention (mean + SD: 19.1 + 10.9)). A score lower than 14 on the BDI-II
indicates minimal depressive symptoms. Error bars represent standard errors of the mean. *: p<.050, *: p <0.065.
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Associations between changes in depressive symptoms and sleep-related outcomes

The global multivariate regression for depressive symptoms changes in the early
(F(2,21)=6.3, p=.007, Adjusted R?=0.37) and late (F(2,12)=6.0, p=.015, Adjusted R?=0.42)
intervention phases were significant (see Table S7 in supplementary material for regression
coefficients). Over the first two weeks of the intervention, improvements on the BDI-1I were
independently associated with improvements on the GTS ($=0.51, p=.009), but not the QOS

($=0.23, p=.207) subscale. Over the third and fourth weeks, improvements on the BDI-II were
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independently associated with improvements on the BFW ($=0.74, p=.011), but not the AFS

(#=—0.06, p=.817) subscale. Similar results were found in univariate regression.

Baseline sleep profile and changes in depressive symptoms across the intervention

A trend was found for the global multivariate regression predicting overall depressive
symptoms changes along the intervention based on initial sleep profiles (F(2,14)=3.7, p=.053,
R2=0.25). None of the predictors had a significant independent contribution to this model.
Univariate regression showed that depressive symptom changes were associated with worse
initial sleep and sleep-related daytime functioning as measured by the GTS (Adjusted
R2=0.28, f=—0.53, p=.028) and AFS (Adjusted R?=0.29, f=—0.54, p=.025) subscales,

respectively.

2.2.4 Discussion

The present findings suggest that depressive symptoms attenuate with considerable inter-
individual variability along the course of four weeks of light therapy and sleep rescheduling.
This is associated with rapid improvements in sleep and subsequent alleviation of sleep-related
daytime dysfunctions. Treatment response was found to vary based on the magnitude of sleep
improvements across the intervention, supporting the idea that sleep restoration may represent
one of the mechanisms underlying the mood enhancing effects of bright light exposure.

As opposed to the more rapid antidepressant response reported in other studies
(e.0. Kripke et al., 1992), we observed an overall significant reduction in depressive symptoms
only after four weeks of light therapy and sleep rescheduling. One of the potential factors that

may contribute to this difference is the apparatus used to deliver the light therapy, which differed
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notably in terms of the intensity and spectral composition of light. Also, in addition to being
younger than in most previous trials, participants in the current study were outpatients. Inpatients
are more likely to be in an acute illness phase that may allow for a more rapid treatment
response.

Our findings suggest that the ability to fall asleep, most likely resulting from circadian
entrainment, facilitated by the phase advancing properties of light (Lack et al., 2007) and the
progressive advance of wake-up time, may start improving fairly rapidly after the start of light
therapy combined with sleep rescheduling. This could possibly contribute to changes in mood in
the early intervention phase. Subsequent mood improvements in the later intervention phase
were associated with enhanced quality of wake following sleep. In sum, light therapy and sleep
rescheduling may have firstly facilitated sleep initiation, most likely via circadian entrainment,
which may be accompanied by rapid positive effects on mood, and secondly these improvements
in sleep may have in turn led to an attenuation of the daytime consequences of sleep disruptions,
with additional mood benefits. This echoes previous observations in youths with depression
showing that sleep problems are associated with poorer daytime functioning and low mood
(Wolfson & Carskadon, 1998).

Herein, individuals who initially had worse difficulties falling asleep and more trouble
awakening in the morning tended to have more pronounced mood improvements following
morning light therapy and sleep rescheduling. The fact that the combination of these two factors
tended to be predictive of the antidepressant response and that these factors were significant
predictors at the univariate level but were not independently predictive at the multivariate level
could suggest that they may be strongly connected in their relation to individual mood sensitivity

to light and sleep interventions. In line with the notion that restoring sleep and circadian rhythms
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may contribute to depression remission (e.g. Hickie et al., 2013), this suggests that light therapy
combined with sleep rescheduling may be a relevant therapeutic tool, especially in this
identifiable subgroup of people with depression.

This study is limited by its open-label design and adjunctive nature precluding inferences
of causality, small sample size, age range spanning across multiple developmental phases, and
imperfect adherence. Also, it was not possible to differentiate the effects of light therapy from
that of sleep rescheduling. To further disentangle the relative contribution of circadian
entrainment from other possible pathways via which light could influence mood, future studies
could notably compare a regularly timed daily light therapy schedule to irregular light therapy
schedules. Larger placebo-controlled trials with objective measures are required to delineate the
role of sleep restoration, circadian entrainment, and sleep-related daytime outcomes in
the antidepressant effects of light. Although subjective measures have their limitations, the fact
that scores on simple questionnaires could possibly predict treatment response suggests that
further work should be done to assess whether such accessible tools may be used to orient the
planning of sleep-related interventions in clinical settings.

Overall, the current findings reinforce the hypothesis that some of the underlying
antidepressant mechanisms of light therapy concurrent with a progressive advance of wake-up
time in youths with depression may possibly be linked to the restoration of sleep, circadian
rhythms, and related daytime outcomes. Subjective sleep characteristics could conceivably
predict treatment response and may thus represent a useful and accessible tool to orient treatment

decisions.
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Supplementary Material
Temporal Dynamics of Subjective Sleep Profiles Predicting Mood Improvements During
Adjunctive Light Therapy Combined with Sleep-Rescheduling

S6. a-opic Equivalent Daylight (D65) Illuminances for the Light Emitting Glasses

Photoreceptor Photopigment a-opic
EDI

S-cone photopsin

Short-wavelength cones (S) (cyanolabe) 262.80
Medium-wavelength cones (M) M_ffrﬂzfor]SEZE)S'n 947.25
Long-wavelength cones (L) L_Egrr;ihegfggg)s n 617.68
Rods Rhodopsin 1303.91
IPRGCs Melanopsin 1318.12

Photoreceptor weighted a-opic equivalent daylight (D65) illuminance (a-opic EDI) values (in lux) as per international standard
CIE 026/E:2018. (CIE, S. (2018). 026/E: 2018. CIE system for metrology of optical radiation for ipRGC-influenced responses to
light. Vienna: Commission Internationale de [’éclairage. Toolbox available at

https://doi.org/10.25039/S026.2018.TB) ipRGCs: Intrinsically photosensitive retinal ganglion cells.
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S7. Summary of multiple regression models

Univariate Models Multivariate Models
Coefficients Full Model Coefficients Full Model
B p F df p Adj. R? B p F df p Adj. R?

Early Relative Improvements on the BDI-II

Overall model 6.3 2,21 0.007 0.37
A GTS 0.57 0.004 105 1,22 0.004 0.32 0.51 0.009
A QOS 0.35 0.000 3.1 1,22  0.090 0.13 0.23 0.207

Later Relative Improvements on the BDI-I1

Overall model 6.0 2,12 0.015 0.42
A AFS 0.36 0.193 1.9 1,13  0.193 0.13 -0.06 0.817
A BFW 0.71 0.003 13.0 1,13 0.003 0.50 0.74 0.011

Overall Relative Improvements on the BDI-11

Overall model 3.7 2,14 0.053 0.25
BL-GTS -0.53 0.028 5.9 1,15 0.028 0.28 -0.30 0.318
BL-AFS -0.54 0.025 6.2 1,15 0.025 0.29 -0.34 0.271

A: Relative change scores calculated as the difference between two adjacent time points divided by the score at the initial time
point: A) BDI-II (recalculated without the sleep items) and GCTI= [(Baseline — Follow-up 1)/ Baseline * 100] for the early
intervention phase and [(Follow-up 1 — Follow-up 2 )/ Follow-up 1 * 100] for the late intervention phase); B) LSEQ and FOSQ
(higher scores reflect better positive outcomes) = [(Follow-up 1 - Baseline)/ Baseline * 100] for the early intervention phase and
[(Follow-up 2 — Follow-up 1)/ Follow-up 1 * 100] for the late intervention phase.
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S8. Light Projection from the Light Emitting Glasses

Reproduced with permission from Re-Timer Pty Ltd.



THE MULTIFACETED IMPLICATIONS OF LIGHT

S9. Treatment Adherence

N

Number of Participants

N

22-29 14-21 14 or less
Days of Light Therapy

Reported number of days using light therapy glasses in the morning for 30 to 60 minutes across the four weeks
intervention. Adherence data was missing for one participant. During the four weeks (28 days) of intervention, 12
participants (50% of the total sample) reported using the light therapy glasses in the morning for 30 to 60 minutes
between 22 and 29 days, 6 participants (25%) reported using them between 14 and 21 days, and 5 participants (21%)
reported using them on less than 14 days.
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Abstract
Background: The different sub-types of depression and the various ways in which light can
affect mood have clouded our understanding of the efficacy of light therapy for depression. This
study explores whether the effects of light therapy are superior to that of a placebo while

identifying potential sleep and circadian mechanism of action and treatment predictors.

Methods: Twenty-seven individuals in a major depressive episode (mean + SD: 24 +5.6; 11%
male) underwent two weeks of active green (500nm) light exposure and two weeks of a placebo
condition in a cross-over design with a two-week washout period in-between. Before the
intervention, they completed a semi-constant routine protocol and were instructed to use the light
therapy glasses for 30 minutes to one-hour after their habitual sleep offset thereafter. Self-
reported- and clinician-rated questionnaires on sleep and mood were done before and after each

intervention arm. Actigraphy and skin temperature were collected continuously across the study.

Results: At the end of the study, more than 50% of participant where either unsure or believed
that they had been allocated to an active infrared condition as opposed to a placebo infrared
condition. There was a significant main effect of time on depression symptoms (reduction in
symptoms from pre- to post-intervention; F(1,22) = 12.6, p = .002, np? = .36), but no significant
effect of Condition (active vs placebo). There was a trend for a Time*Condition interaction
(F(1,22) = 4.2, p = .053, np? = .16) in which improvements in depression symptoms were
slightly greater in the active compared to the placebo condition. The degree of improvements in
intrusive pre-sleep thoughts (5 = .52, p = .035) and skin temperature rhythmicity (5 = -1.07, p =

.032) during the intervention were significantly correlated with improvements in mood. Short
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REM latency (8 = -.45, p = .047) and worst global subjective sleep (5 = .53, p = .045) prior to the
intervention was associated with improved mood. Overall, responders had higher minima, lower

amplitude, and lower mesor of skin temperature compared to non-responders (p < .05).

Limitations: Small sample size and potential confounding effect of partial sleep deprivation.

Conclusions: Light therapy was found to yield mild antidepressant effects in people with
depression, but these effects were variable from one individual to the next. Findings suggested
that attenuation of pre-sleep cognition and the restoration of skin temperature rhythmicity may
be involved in the mechanisms underlying the antidepressant effects of light therapy. Short REM
latency and poor sleep may be possible predictors of treatment response. Larger studies are
needed to disentangle the heterogeneous response to light therapy in people with non-seasonal

depression.

Keywords: Light Therapy, Depression, Sleep
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2.3.1 Introduction

The effects of light on various behavioural and physiological processes have been studied
(Duffy & Czeisler, 2009; Lockley et al., 2006; Xiao et al., 2021). It is well established that light
can have mood enhancing effects, and many mechanisms by which this may occur have been
proposed, notably through direct and indirect pathways. Direct pathways involve the impacts of
light on parts of the brain involved in emotion regulation, such as the amygdala (Legates et al.,
2014). Through indirect pathways, which is the focus of the current study, light could improve
mood by re-aligning disrupted circadian rhythms and/or restoring sleep (Germain & Kupfer,
2008; Vogel et al., 1980, 1990).

Sleep and circadian disruptions are thought to be involved in the pathogenesis of mood
disorders. This is notably supported by experimental studies which demonstrated that delaying
sleep onset causes a reduction in mood in healthy subjects (Surridge-David et al., 1987). It has
long been proposed that the restoration of circadian rhythms can contribute to depression
remission and relapse-prevention (Germain & Kupfer, 2008; Gorwood, 2010; Hickie et al., 2013;
Monteleone et al., 2011; Wirz-Justice, 2009). Considering that light is the strongest synchroniser
to entrain endogenous circadian rhythms to the 24-hour cycle, it is a strong chronotherapeutic
tool.

The circadian phase delay, characteristic of the adolescent developmental period, is
exacerbated in young people with emerging affective disorders (Robillard et al., 2013; Robillard
et al., 2013). Abnormally flat circadian amplitude and disturbed timing of melatonin and body
temperature rhythms have been observed in adults with depression (Mendlewicz et al., 1979;
Nair et al., 1984). For instance, some studies observed a phase-advance of the evening rise in

melatonin secretion (dim light melatonin onset; DLMO; Rubin et al., 1992) or of the nocturnal
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melatonin peak (Beck-Friis et al., 1985; Nair et al., 1984), while others reported a delay in
DLMO (Beck-Friis et al., 1985; Hasler et al., 2010), nocturnal melatonin peak (Crasson et al.,
2004; Rubin et al., 1992), or morning melatonin offset (Tuunainen et al., 2002). These
abnormalities in circadian rhythms are likely to worsen sleep disturbances commonly associated
with depression. Although most of these studies integrated individuals from large age ranges
(e.g., 23-67 years), a phase delay may be more frequent in adolescents and young adults with
mood disorders (Robillard et al., 2013). Considering that the chronobiotic effects of bright light
exposure are strongly influenced by the time of the day, with sleep and circadian rhythms being
shifted earlier by morning light and later by evening light, exposing these groups of individuals
to light in the morning may help advance their circadian rhythms to an earlier time, improve their
sleep, and increase mood.

The efficacy of light therapy for mood improvement is well established in people with
seasonal affective disorder (Rosenthal et al., 1988; Thalén et al., 1995). In the context of non-
seasonal depression, while mild to moderate antidepressant effects have been reported following
light therapy, the quality of the evidence remains low, and no clear factors have been found to
properly explain the heterogeneity in treatment responses (Tao et al., 2020). Major depressive
disorder is an illness with a wide range of possible presentations and aetiologies, which are likely
to strongly influence the response to bright light exposure. For instance, if the antidepressant
effects of light therapy are modulated by circadian and sleep functions, people with mood
disorders who have a delayed rest-activity cycle or more severe sleep difficulties may have a
better response to morning light therapy than those with more conventional circadian and sleep
profiles. There is thus a need to investigate biomarkers to identify the best candidates for light

therapy, and to better understand mechanisms of treatment response.
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Another important methodological challenge in the design of studies assessing the effects
of light therapy resides in the difficulty to create a valid placebo condition. Previous studies have
used various placebos such as dim light, dim red light, dim yellow light, and normal room light
(under 300lux) (Deltito et al., 1991; Fritzsche et al., 2001; Giedke & Bloching, 1989; Sitet al.,
2018; Wirz-Justice et al., 1986). This being said, a study looking at melatonin suppression via
light has warranted caution in interpreting such studies since even low levels of light are
sufficient to supress melatonin levels (Prayag et al., 2019). More robust methods to create
placebo conditions are required to fully disentangle the antidepressant effects of light therapy.
One published article proposed that infrared light has positive impacts on mood and circadian
rhythms in seasonal depression (Meesters et al., 1999). Furthermore, studies using animal models
of depression suggested that infrared radiation has potential antidepressant effects (Tanaka et al.,
2011; Tsai et al., 2007). Since infrared light is non-detectable to the human eye, these studies
opened the door to create a credible rationale for a placebo condition in which participants could
be led to believe that they are being exposed to active but non-visible light.

The aims of this study are to establish whether antidepressant effects of light therapy are
superior to that of a placebo condition (Objective 1), to determine predictors of treatment
response and potential mechanisms of action nested within sleep and circadian physiology
(Objective 2), and to identify accessible screening tools that may predict treatment response
(Objective 3). It is hypothesised that:

Objective 1 — There will be a greater decrease from pre- to post-intervention in
depression symptom severity in the active light therapy condition as compared to the placebo

condition.
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Objective 2 — Improvement on circadian and sleep variables across the intervention will
parallel mood improvements. Individuals with more desynchronized circadian rhythms and sleep
disturbances at baseline will be those with the highest decrease in depression symptoms
following light therapy.

Objective 3 —A combination of more accessible self-report and ambulatory measures will

predict treatment response to light therapy.

2.3.2 Methods

Participants

Young individuals with unipolar mood disorders were recruited from the Royal Ottawa
Mental Health Centre (ROMHC) through posters, clinician referrals, and waitlists. All
participants met the following entry criteria which was assessed by a clinician or clinical student:
between 13 and 35 years of age, at least mild depression symptoms on the self-rated version of
the Quick Inventory of Depressive Symptomatology (QIDS-A17-SR; Score >6, ;Rush et al.,
2003), and met criteria for a major depression episode as defined by the M.I.N.I. International
Neuropsychiatric Interview 7.0.2 for DSM-5 (American Psychiatric Association, 2013).

Participants were excluded if they had any evidence of: a sleep disorder (except for
insomnia and circadian disorders); medical conditions that could explain the current depression
(e.g., chronic pain, cancer), contribute to the sleep-wake difficulties, or pose risks associated
with bright light exposure; a formal diagnosis of seasonal affective disorder, psychotic disorder,
PTSD and/or rapid-cycling bipolar disorder; being currently in a euthymic, manic, or mixed
episode (based on psychiatric assessment); significant alcohol or other substance dependence;

medications that increased the risk of photoallergic reactions and/or taking hypnotics,
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benzodiazepines, or neuroleptics; shift-work involving overnight shifts or recent travel to a
different time zone. None of the participants started medications that could affect sleep, circadian
rhythms, and/or alertness within the month preceding study start.

Written informed consent was provided by all participants and assent was sought from
parents or legal guardians if participants were under the age of 16 years. The study was approved

by the Research Ethic Board of the Institute of Mental Health Research (REB #2015007).

Procedures
A. Baseline Assessment
Ambulatory Sleep and Circadian Monitoring

Skin temperature, wrist actigraphy, and a sleep log were used to monitor changes in skin
temperature and the rest-activity cycle throughout the study (i.e., starting 7-days before the first
intervention arm and ending with the last intervention arm).
In-laboratory Sleep and Circadian Assessment

Participants attended the laboratory 5 hours prior to their habitual sleep time to undergo a
semi-constant routine protocol under controlled light exposure (i.e., below 10 lux), posture (i.e.,
semi-recumbent in a comfortable chair), movement and food intake to derive circadian metrics
before and after polysomnography. The timing of all measurements was based on the
individual’s mean actigraphic sleep schedule over the week prior to intervention.

Throughout the constant routine, participants wore an actigraphy device which measured
movement and light exposure. Core body temperature (CBT) was also measured using an

ingestible capsule-size sensor. Participants were allowed to eat light snacks served at room
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temperature during that period, but they were not to drink coffee, tea, or other caffeinated
products. Participants also completed their baseline questionnaires during this time.

Starting 4.5 hours before their habitual sleep time, participants were asked to remain
seated and awake in a controlled light environment. Eleven saliva samples were collected every
30-minutes until 1-hour past habitual sleep time, which created a 1-hour phase shift of bedtime.
After the last saliva sample, participants were invited to sleep until their habitual wake up time.
During this period, their sleep was recorded with polysomnography. Morning saliva samples
were collected upon awakening and 10, 20, 30, 40, 60 minutes after waking up. Saliva samples

were centrifuged and frozen for subsequent analysis of melatonin concentration.

B. Intervention

Following baseline assessment, all participants underwent two intervention arms in a
cross-over design following a randomized counterbalanced order: two weeks of active light
therapy with green light and two weeks of placebo intervention. During both treatment arms,
participants completed a sleep, mood, and light exposure log to track changes and monitor
adherence to the treatment schedule. Prior to starting the first arm, participants watched a 10-
minute educational video on the effects of light, and specifically infrared light, on the biological
clock and mood with the aim to maximise treatment expectancies uniformly across participants

and intervention arms.

In both the active and placebo condition, all participants were lent a pair of light emitting
glasses (RE-TIMER, Re-Time Pty Ltd, Australia; blue-green 500 nm dominant wavelength; 506
Lux Im/m?; a-opic equivalent daylight (D65) illuminance values can be found in Table S10 and a

photograph of the glasses in Figure S11) to use at home every day for two weeks. They were
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instructed to wear the light glasses for 45 to 60 minutes starting 5 to 20 minutes following their
individual habitual wake up time as determined by actigraphy at baseline. However, in the
placebo condition, they were deceptively told that these glasses emit infrared light, which is
invisible to the human eye. These placebo glasses did not emit any light (when pressing the ‘on’
button, participants activated the same visual indicator as in the active condition informing them

that the glasses are “turned on”, but the light output was deactivated).

The active and placebo interventions were separated by a two-week wash-out period (i.e.,
without using the glasses). Half of the participants started with the placebo condition and the
other half started with the active condition. Randomization to the two condition orders was
stratified by sex and age (13-18 years old, 19 to 25 years old, and 25 to 35 years old) and was
conducted by a research assistant not involved in any other aspect of this project. Across both

arms and the entire study, all participants remained engaged in their ongoing treatment.

C. Deception

Considering the aim of creating a credible placebo condition while keeping the deception
level as low as possible, participants were told (both verbally and via the study information
statement) that they would undergo both an active and a placebo intervention but based on a
slightly different protocol than the one that effectively took place.

Participants were misled to believe that this study investigated the effects of light therapy
based on green light and infrared light exposure as compared to two different placebo conditions:
using “placebo green” or “placebo infrared” glasses designed to look exactly the same as the real
green or infrared glasses when they are turned on, but in which the most active components of

the light was deactivated so that they were no longer effective. Half of the participants were told
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that the green light was the active condition, and the infrared light was the placebo condition,
while the other half of the participants were told that the infrared light was the active condition,
and the green light was the placebo. Participants were told that they would be randomly allocated
to one of the following four groups:

a) starting with active infrared light followed by ‘placebo green light’,

b) starting with ‘placebo green light’ followed by active infrared light,

c) starting with active green light followed by ‘placebo infrared light’,

d) starting with ‘placebo infrared light’ followed by active green light.

However, all participants were only allocated to either group c) or d). See Figure 7 for details.



THE MULTIFACETED IMPLICATIONS OF LIGHT

Screening
Screening Interview
QID5-A17-5R and ASRM

Baseline 1
HAMD, QIDS-A17-C and YMRS
Ambulatory Monitoring

Week 1

Baseline 2
In-lab Circadian Assessment
Questionnaires

Week 2

r Video presentation and Randomisation 1

(2 weeks)

Follow-up 1
QIDS-A17-C and Questionnaires

Week 4

Washout Period

Follow-up 2

QlID5-A17-C and Questionnaires

Week 6

Active Green Light Placebo “Infrared”
(2 weeks)

Ambulatory Monitoring

(2 weeks)

Placebo “Infrared” Active Green Light

Bupojuoly Alojenquy

(2 weeks)

R’

Follow-up 3

Week 8 QlD5-A17-C and Questionnaires

Follow-up 4

Online Questionnaires

}

Follow-up 5

Questionnaires

Week 10

Week 12
Debriefing

Figure 7. Crossover design protocol
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D. Follow-up assessments

Immediately before and after each intervention arm, participants visited the research site
to undergo a psychological assessment and fill out some questionnaires (see table 6). After each
intervention arm, participants underwent monitoring of possible side effects. Following the

completion of the second arm, participants underwent a debriefing session.

E. Assessment of the effectiveness of the placebo condition and debriefing

To try to estimate the level of credibility of the placebo condition, questionnaires were
administered to assess treatment expectations before each intervention arm (at BL and FUP2),
and treatment satisfaction after each intervention arm (at FUP1 and FUP3). Questionnaires about

nocebo/placebo effects were also administered at the end of the second condition.

Measurements/ Materials
Questionnaires/Assessments
The following assessment scales and questionnaires were administered at the time points

highlighted in table 6.

Table 6. Assessment scales and questionnaires at each study time points

BL FUP1 FUP2 FUP3

(W1-2) | (W4) (W6) (W8)

Assessment Scales

Modules A, C and AY of the M.I.N.I. X

QIDS-A17-C X X X X

Questionnaires
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GCTI

LSEQ

MEQ

FOSQ

FSS

X| X| X| X| X| X

PSQI

BL: Baseline, FUP: Follow-up, W: Week. Quick Inventory of Depressive Symptomatology clinician based
(QIDS-A17-C), The Glasgow Content of Thoughts Inventory (GCTI), Leeds Sleep Evaluation Questionnaire
(LSEQ), Horne-Ostberg questionnaire (MEQ), Functional Outcomes of Sleep Questionnaire (FOSQ), Fatigue
Severity Scale (FSS), Pittsburgh Sleep Quality Index (PSQI).

Modules A, C and AY of the M.L.N.I.

The M.LN.I. International Neuropsychiatric Interview 7.0.2 for DSM-5 (D Sheehan,
2016) is a standard structured clinician-based assessment tool commonly used in clinical trials to
confirm psychiatric diagnoses. It uses a decision-tree structure to assess the diagnostic criteria for
mental disorders based on DSM-5 criteria. Its general content has been validated with a Cohen’s
kappa of 0.84, sensitivity of 0.96, and specificity of 0.88 for major depressive disorder (Sheehan
et al., 1998). Modules A (major depressive episodes), C (manic and hypomanic episodes), and

AY (persistent depressive disorder) were used to confirm current diagnoses at study enrollment.

Quick Inventory of Depressive Symptomatology (QIDS-A17-C)

This version of the QIDS has been designed to account for some of the atypical
symptoms of depression more commonly found during youth. Focussing on the past week, it
contains 17 items for which respondents are asked to rate the severity of symptoms such as sleep

disturbances (either reductions or increases in sleep), sadness, irritability, appetite, and weight
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changes (either reductions or increases), and restlessness. Internal consistency for the QIDS-

A17-C was found to be high (a = .84; Haley, 2009).

The Glasgow Content of Thoughts Inventory (GCTI)

The 25-item GCTI (Shahid et al., 2011) was used to assess the content, character, and
intrusiveness of cognitions occurring prior to sleep initiation in the prior week. The GCTI was
found to have an internal consistency of .87 and a test re-test reliability of .88 (Harvey & Espie,

2004).

Leeds Sleep Evaluation Questionnaire (LSEQ)

The LSEQ is a 10-item analogue scale with four subscales: getting to sleep (GTS), quality
of sleep (QOS), awake following sleep (AFS), and behavior following wakefulness (BFW)
(Parrott and Hindmarch 1980). Internal consistency has been reported to range from = 0.78 to

0.92 (Tarrasch et al., 2003).

Horne-Ostberg Morningness Eveningness Questionnaire (MEQ)

The Horne-Ostberg morningness-eveningness Questionnaire (J. A. Horne & Ostberg,
1976) is a 19-item questionnaire evaluating the time at which one feels most alert, and prefers to
go to sleep, wake-up and conduct different types of activities. It generates a total score ranging
between 16 and 86, with higher scores reflecting stronger ‘morningness’. MEQ scores between
86 and 70 are considered to reflect ‘definite/extreme morning” chronotype, 69-59 to reflect
’moderate morning’ chronotype, 58-42 to reflect ‘intermediate’ chronotype, 41-31 to reflect

‘moderate evening’ chronotype, and 30-16 to reflect ‘definite/extreme evening’ chronotype. All
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items were found to be homogenous and with a high internal consistency of .82 (C. S. Smith et

al., 1989).

Functional Outcomes of Sleep Questionnaire (FOSQ)

This questionnaire has 30 items assessing the impacts of sleepiness or tiredness on
behaviors pertaining to physical, mental, and social daily activities. For each item, respondents
are asked to rate the severity of these impacts using the following scale: 0 =1 don’t do this
activity for other reasons, 1 = Yes, extreme, 2 = Yes, moderate, 3 = Yes, a little, 4 = No. Five
subscales are generated when scoring including: Activity Level, Vigilance, General Productivity,
Social Outcome, and Intimacy and Sexual Relationships. The internal reliability of these
subscales has been found to be « = 0.86 to 0.91 and the total score to be « = 0.95. Test-retest
reliability has been found to range from r = 0.80 to 0.90 for the subscales and r = 0.90 for the

total score (Weaver et al., 1997).

Fatigue Severity Scale (FSS)

Compared to other fatigue scales, this brief questionnaire has been reported to generate a
more comprehensive measure of fatigue-related severity, symptomatology, and functional
disability. It is based on the past week and includes 9 items for which various aspects of fatigue
are rated from 1 (‘strongly disagree’) to 7 (‘strongly agree’) and a 10™ item rating general fatigue
on a scale ranging from 0 (‘worst’) to 10 (‘normal’; Krupp et al., 1989). Internal consistency has

been reported as & = 0.929 and test-retest correlation as r = 0.916 (Chung & Song, 2001).
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Pittsburgh Sleep Quality Index (PSQI)

The PSQI is a 24-item questionnaire based on the last two weeks, with a seven-
component score ranging from 0 — 21 points, was initially developed to assess sleep disturbances
related to mood disorders and is currently one of the most widely used sleep questionnaires for
various clinical populations, notably insomniacs. A global score higher than 5 is indicative of
significant sleep disturbances. Research has shown that the PSQI has a high degree of internal
consistency (Cronbach’s o = 0-83), sensitivity (89-6%), and specificity (86-5%) in distinguishing
good and poor sleepers. It was also found to have high test-retest reliability (r = 0-85, p < 0-00;

Buysse et al., 1989).

Ambulatory Measures
Actigraphy

Micro Motionlogger watches were used for actigraphy monitoring (Ambulatory
Monitoring Inc., Ardsley, NY, USA; AMI). This Actigraph model allowed for simultaneous data
collection of activity, ambient light, and off-wrist detection over several days. The watch was set
to 1-minute epochs to maximise battery life. Data was manually scored, and off-wrist periods
were removed. Action-W Version 2.7.3045 software (AW2.7; Ambulatory Monitoring Inc.,
Ardsley, USA) was used to generate sleep parameter estimates such as Total Sleep Time (TST,;
the total amount of minutes spent asleep), Sleep Efficiency (SE; the percentage of time spent
sleeping during a given sleep period), and Sleep Onset/Offset (the time of falling asleep and
waking up). A custom MATLAB script for extended cosinor models was used to calculate

parameters such as the acrophase (the time at which the fitted curve reaches its peak), circadian
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rhythmicity (a goodness of fit measure between the data and the fitted curve), and amplitude

(difference between the peak and through of the fitted curve; Marler et al., 2006).

Peripheral Body Temperature

Thermochron iButtons (iButtonLink, LLC, Whitewater, USA) were used to monitor
peripheral body temperature. The iButton was placed on the non-dominant side of the abdomen,
near the navel. A numerical method was implemented to preprocess the skin temperature
recordings. Most of the artifacts were mainly due to sensor displacement or disconnection. Large
segments containing aberrant temperature were manually removed, then an algorithm was
implemented to correct short, abrupt temperature drops and transients. This algorithm is based on
the “LOESS smoother” and computes the trend from a locally weighted regression that smooths
local transients in the recordings (Cleveland et al., 1990). The fluctuations with amplitude larger
than the mean of the negative fluctuations were considered as missing data, whereas positive
fluctuations larger than 3 degrees Celsius were identified as artifacts and marked as missing data.
These missing temperatures were then estimated with a local interpolation. The final signal was
then obtained with a moving local averaging smoother (11-point window) over the entire recording
(Fronczek, 2008). Data was then submitted to an extended cosinor model to derive the acrophase

and circadian rhythmicity index (Marler et al., 2006).

Sleep Log

A custom sleep log was created with 3 sections (to complete when waking up, during the
day, and before going to sleep). It contained questions relating to sleep, mood, and social
activities. It also asked participants to log treatment details such as time and duration of

treatment. The sleep log was utilized consistently across the 12 weeks of the study (de Alcantara
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Borba et al., 2020) and was used as a validation tool for scoring actigraphy and to confirm

treatment adherence.

In-Lab Measures
Saliva Collection

Saliva was collected using Salivettes® (Starstedt AG & Co., Niimbrecht, Germany) to
measure cortisol and melatonin concentrations. Samples were centrifuged for 10minutes and
frozen in -20°C before being transferred and stored into a -80°C freezer. Samples were assayed
in duplicate using ELISA (Novolytix, Switzerland). The mean detection threshold was
0.20+0.05 pg/mL and the coefficients of variability were <10 and <15 for Intra- and Inter-assay
%CV respectively. DLMO was defined as the time when melatonin concentration reached a
threshold of 3pg/mL and remained above this threshold for the next three samples. Evening and
morning melatonin levels were characterised using the area under the curve computed with the
trapezoid method in the samples collected within 60 minutes of each individual bedtime and in

the 40 minutes following awakening in the morning.

Core Body Temperature (VitalSense Pill)

The Philips VitalSense ® (Mini Mitter Co., Inc., Bend, OR, USA) temperature capsule was
used to collect core body temperature. The capsule passes through the gastrointestinal tract and
collects and transmits body temperature 4 times per minute for a period of 12-48hours. The device
was found to be as accurate as a rectal probe monitor and was better accepted by participants
(McKenzie & Osgood, 2004). To extract the Nadir value from the previous temperature signal, a

3+-degree polynomial fit was applied from which the minimum temperature value and its
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corresponding time were analytically computed to obtain the Nadir parameters. To evaluate the
goodness of fit, the statistical R: parameter was computed. This parameter is defined by the given
function, R: = 1- (RSS/TSS), where RRS corresponds to the sum of squares of residual and TSS
corresponds to the total sum of squares of the data. This parameter is between 0 and 1. Better the

fit is, closer to 1 is the parameter value.

Polysomnography

Level 1 Polysomnography (PSG) was acquired with two systems. Some participants
underwent PSG at a sampling rate of 500 Hz using the Embla N7000 system and RemLogic
software (Natus Medical Incorporated, San Carlos, CA, USA). Loose electrodes were placed
according to the 10-20 system with: 13 scalp electroencephalogram (EEG) channels (F3, Fz, F4,
C3,Cz,C4, P3, Pz, P4, 01, 02, Al, and A2), ground and reference channels, right and left
electrooculograms (EOG), and 2 chin electromyograms (EMG). Respiration was monitored with
2 respiratory effort belts. Other participants underwent PSG at a sampling rate of 500 Hz using a
128-channel EEG cap (Braincap, Brain Products Gmbh, Germany) connected to four MR-
compatible 32-channel amplifiers (Brainamp, Brain Products Gmbh, Germany). The montage
also included a ground, and 2 EOG leads. The FCz channel was used as the active EEG
reference. Skin resistance was reduced to below 5 KOhm for EEG channels and below 10 KOhm
for other channels. Signals were acquired with BrainVision Recorder software (Brain Products
Gmbh, Germany). A registered sleep technologist performed sleep stage scoring in accordance
with the American Academy of Sleep Medicine guidelines (Berry et al., 2016). Total sleep time

and sleep efficiency (ratio of total sleep time to the time spent in bed) were computed.
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Statistics

Statistical analyses were conducted with the Statistical Package for Social Sciences (IBM
SPSS Statistics for Windows, Version 23.0. Armonk NJ, USA). Descriptive analyses were done
to capture rates of adherence, treatment expectation, as well as pre-intervention sample
characteristics, mental health, and sleep profiles.

For the main analyses, all data was curtailed to 1.5 SD to handle outlying values.
Normality was then assessed with the Shapiro-Wilk test and log or square root transformations
were used to improve normality when required. Analyses were done with an intention to treat

framework and effect sizes were calculated for all analyses.

Obijective 1. Effects of Light Therapy as Compared to a Placebo Condition

Minimal clinically important differences in depression symptoms were computed based
on a 2-point reduction on the QIDS-A17-C (Hedayati et al., 2017; Walther et al., 2017). QIDS-
A17-C scores were also submitted to a repeated measures analyses of covariance (ANCOVA)
with two within-subject factors: Time (pre- versus post-intervention arm) and Condition
(Placebo versus Active light therapy) while controlling for the intervention order (placebo first
and active second versus active first and placebo second). Interactions were decomposed using

paired t-tests.

Objective 2. Predictors of Treatment Response and Potential Mechanisms of Action
To investigate associations between changes in mood (i.e., QIDS-C-17 relative change
score calculated from baseline to post-intervention) and circadian/sleep improvements along the

course of the active intervention, two multiple regression models (adjusted for the intervention
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order) were run on metrics amenable to field measurements, one focused on sleep and one
focused on circadian rhythms. The sleep model was designed to assess the potential contribution
of changes in factors reflecting sleep initiation and sleep maintenance problems (Predictors:
changes in pre-sleep arousal (i.e., GCTI), changes in the ease of getting to sleep (LSEQ GTS),
and changes in sleep efficiency (actigraphy)). The circadian model was designed to assess the
potential contribution of changes in the timing and robustness of two circadian rhythms
(Predictors: acrophase and circadian rhythmicity index (R2) of the rest-activity and peripheral
body temperature rhythms).

To determine predictors of treatment response, multiple regression analyses will assess
whether longitudinal improvements in depression (i.e., QIDS-A17-C relative change score
calculated from baseline to post-intervention) in the active intervention arm can be predicted by
baseline in-laboratory physiological measures (collected prior to any intervention). Due to the
limited sample size, two models were run (adjusted for the intervention order): i) Sleep model
(Predictors: total sleep time and sleep efficiency (both from polysomnography), and ii) Circadian
timing model (predictors: time of DLMO, time of the nadir of core body temperature (CBT), and

latency to REM Sleep).

Obijective 3 (Identify accessible predictors of the antidepressant response to light therapy)

To determine whether treatment response can also be predicted by more accessible
baseline measures, two multiple regression models (adjusted for the intervention order) were
computed: i) Sleep model (Predictors: baseline scores for GCTI, LSEQ GTS and PSQI)), and ii)
Circadian timing model (predictors: baseline acrophase and circadian rhythmicity index (R?)

from actigraphy and peripheral body temperature) to assess whether these more accessible
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metrics are predictive of improvements in depression (i.e. QIDS-C-17 relative change score
calculated from baseline to post-intervention arm) in the active intervention arm. A partial
correlation (adjusted for the order of the intervention arms) was also conducted between pre-
intervention HO scores and improvements in depression.

Exploratory analyses were conducted to compare more comprehensive baseline circadian
profiles across the subgroup of participants who underwent an MCID to those who did not based
on the following parameters: acrophase, amplitude, mesor and circadian rhythmicity index (R?)

of the rest-activity cycle and peripheral temperature rhythms.

2.3.3 Results
Sample Characteristics
Table 7 reports demographic and clinical characteristics. Overall, this sample ranged
from 16 to 35 years of age and contained 89% females. The mean QIDS-A17-C score fell within
the range for moderate depression. Most participants (78%) were using psychotropic medications
(see details in table 7), and about half of the sample was undergoing psychotherapy at the time of
study enrolment. All but one participant had a PSQI score suggestive of significant sleep

disturbances, yet there was high inter-individual variability in actigraphic sleep estimates.

Table 7. Sample characteristics

Count % Min Max  Mean SD
Demographic and clinical factors
Age (years) 16.0 35.0 24.0 5.6
Sex (Females vs Males) 24 89%
QIDS-A17-C 5.0 17.0 12.7 35
Comorbid anxiety disorder 15 60%
Using psychotropic medication 21 78%

Engaged in psychotherapy 14 5206
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Circadian preference

Morning Type 2
Intermediate Type 13
Evening Type 5

MEQ Total Score

Actigraphic Sleep Estimates
Rest Onset time (Clock time)
Rest Offset time (Clock time)
Sleep Efficiency (%)

Total Sleep time (hours

Sleep Factors
GCTI

Pittsburgh Sleep Quality Index (PSQI)
PSQI above threshold 26
PSQI Total Score
LSEQ Subscales
Getting To Sleep
Quality Of Sleep
Ease of Awakening from Sleep
Behaviour Following Wakefulness

Diurnal impacts of sleep problems

Functional Outcomes of Sleep Questionnaire (FOSQ)
FOSQ Total Score
FOSQ subscales
General Productivity
Social Outcome
Activity Level
Vigilance
Intimate Relationships and Sexual Activity
Fatigue Severity Scale (FSS)
FSS above threshold 11
FSS Total Score

10%
65%
25%

96%

41%

35.0

20:59
5:21
50.1

4.0

1.0

3.0

2.3
1.0
1.0
13

13

15
1.0
1.3
14
1.0

1.8

70.0

27:17
13:58
98.8
10.1

53.0

14.0

4.3
4.0
5.0
3.7

3.9

4.0
4.0
3.8
4.0
4.0

5.0

47.4

24:17
8:39
88.2

7.2

29.9

9.0

3.1
2.3
2.3
2.1

29

2.9
2.8
2.5
31
3.0

3.8

8.0

1:25

1:56

10.9
15

13.9

2.8

0.6
0.8
11
0.5

0.6

0.6
0.8
0.7
0.6
1.0

0.7

113

Quick Inventory of Depressive Symptomatology clinician based (QIDS-A17-C), The Glasgow Content of Thoughts
Inventory (GCTI), Leeds Sleep Evaluation Questionnaire (LSEQ), Horne-Ostberg questionnaire (MEQ), Pittsburgh
Sleep Quality Index (PSQI). Functional Outcomes of Sleep Questionnaire (FOSQ). Fatigue Severity Scale (FSS).

MEQ data was missing for 7 participants.
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Placebo perceptions and adherence to the intervention

At the end of the study, participants were asked which one of the intervention arms they
thought were the active and placebo condition and less than 50% of participants believed the
green light condition (active) was the active condition.

On average, the total number of sessions lasting over 30 minutes and within four hours of
waking up was 10+3.6 in the active condition (ranging from 2 to 15 sessions) and 11.7+2.3 in the
placebo condition (ranging from 7 to 16 sessions). In the active condition, 89% (24/27)
participants completed at least 5 sessions of light therapy lasting over 30 minutes within the

prescribed time window.

Effects of Light Therapy on Mood as Compared to a Placebo Condition

In the active condition, 74.1% (20/27) of participants underwent a minimal clinically
important reduction in depression symptoms relative to baseline as assessed by the QIDS-A17-C.
Depression symptoms severity as assessed by the QIDS-A17-C before and after the placebo and
active condition are presented in table 8 and figure 8. The ANCOVA controlling for the
intervention order revealed a significant main effect of Time, in which QIDS-A17-C scores
decreased significantly from pre- to post-intervention (F(1,22) = 12.6, p = .002, np? = .36). The
main effect of Condition did not reach statistical significance (F(1,22) = 0.1, p = .918, np? <
.01). A non-significant trend was observed for the Time*Condition interaction (F(1,22) =4.2,p =
.053, np? = .16). Specifically, QIDS-A17-C scores decreased significantly from pre- to post-
intervention in both conditions, but this effect was slightly more pronounced in the active
condition (t(26) = 3.5, p =.002, Cohen’s d = .67) than in the placebo condition (t(23) = 2.6, p =

.015, Cohen’s d = .53).
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Table 8. Effect of light therapy
Pre-Intervention  Post-Intervention ~ Contrasts decomposition
Cohen's
n Mean SD n Mean SD  t(df) p d
Placebo 24 110 42 22 89 35 26(23) .015 .53

Active 24 100 40 24 76 3.6 35(26) .002 .67

Values represent scores for the QIDS-A17-C: Clinician-rated Quick Inventory of Depressive Symptomatology for
Adolescents. Pre-intervention: before the intervention arm. Post-intervention: after the intervention arm.

Figure 8. Global changes in depression symptoms
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12 = Active
O
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Pre-Intervention Post-Intervention

QIDS-A17-C: Clinician-rated Quick Inventory of Depressive Symptomatology for
Adolescents. Pre-intervention: before the intervention arm. Post-intervention: after the
intervention arm. Error bars indicate Standard Error of the Mean. *: p=.015, Cohen’s d =
53 . **:p=.002, Cohen’s d = .67

Since there was a trend for the Time*Condition*Order interaction term (F(1,22) = 4.2, p
=.053, np? = .16), secondary analyses were conducted to assess the influence of the intervention
order on these effects. Figure 9 shows QIDS-A17-C scores before and after the placebo and
active condition based on the order in which they occurred. In both order groups, there was a
significant decrease in depression symptoms from pre-intervention to post-intervention in the
first intervention arm (i.e. regardless of whether this was the placebo (t(13) = 3.9, p =.002,
Cohen’s d = 1.0) or active (t(10) = 2.3, p =.041, Cohen’s d =.70) intervention). However, in the
second intervention arm, the active condition decreased depression symptoms (t(15) = 2.7, p =

.018, Cohen’s d = 0.67), whereas there was no such effect in the placebo condition (t(9) = -0.02,
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p =.985, Cohen’s d < .01). Sensitivity analyses confirmed that these effects persisted if only
including participants with at least 4 days of light therapy with the target timing and duration
(supplemental material S12.). These effects also persisted when excluding the sleep items from
the QIDS-A17-C total scores (supplemental material S12.). None of these effects survived

adjustment for sex or age.

Figure 9. Changes in depression symptoms stratified by intervention order
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Order: 1st Placebo - 2nd Active
16

14

12
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Placebo Active
Pre Post Pre Post

QIDS-Al17-C

QIDS-A17-C: Clinician-rated Quick Inventory of Depressive
Symptomatology for Adolescents. Error bars indicate Standard Error of the
Mean. Pre: before the intervention arm, Post: after the intervention arm.
*p<.050

Potential Mechanisms of Action and Predictors of Treatment Response
Associations between mood and sleep improvements

Coefficients from the multiple linear regression models assessing how relative changes in
depression symptoms during the active intervention relate to changes in sleep and circadian
factors (adjusted for the order of the intervention arms) are presented in Table 9.

The model based on changes in sleep factors predicted 31% of the variance in depression
symptoms improvements (adjusted R? = .12). Higher mood improvement (decrease in QIDS-
A17-C from baseline to post-intervention) was significantly associated with higher improvement
in pre-sleep cognitions (i.e., decrease in GCTI scores from baseline to post-intervention; = .52,
p = .035). Changes in mood were not significantly associated with changes in sleep efficiency (5
=.04, p = .864) or in the ease to fall asleep as reflected by the LSEQ GTS subscale (5 =-.14, p =

517).
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The model based on changes in circadian factors predicted 74% of the variance in
depression symptoms changes (adjusted R? = .41). Higher improvement in circadian rhythmicity
of peripheral body temperature (i.e., an increase in the Cosinor model fit from baseline to post-
intervention) was significantly associated with higher mood improvements (i.e., decrease in
QIDS-A17-C from baseline to post-intervention; g = -1.07, p = .032). There was no significant
association between changes in depression symptoms and the acrophase of peripheral body
temperature (f = -.10, p =.342), nor in the acrophase (5 = .08, p =.770) or circadian rhythmicity
(B = .65, p =.112) of the activity-rest cycle.

Similar results were observed when excluding the sleep items from the QIDS-A17-C
scores, except that a new significant association emerged between lower improvement in
circadian rhythmicity of the activity-rest cycle (i.e., a decrease in the Cosinor model fit from
baseline to post-intervention) and higher mood improvements (i.e., decrease in QIDS-A17-C
from baseline to post-intervention; g = .75, p = .020).

Table 9. Associations between depression improvements following active light therapy and sleep
and circadian changes.

95% ClI for B

B SE LL UL Beta p
Sleep Model
Intervention Order 296 13.18 -25.14 31.06 0.05 0.825
GCTI total score (per 1 point) 0.30 0.30 0.30 0.30 0.52 0.035
LSEQ GTS (per 1 point) -1.65 2.48 -6.94 364 -014 0517
Sleep Efficiency (per 10%) 169 97.17 -190.23 22399 0.04 0.864
Circadian Model
Intervention Order 26.53 1750 -22.06 75.12 045 0.204
Actigraphy
Acrophase (per hour) 020 064 -1.58 1.98 0.08 0.770
Circadian Rhythmicity (R?) 46.36 2283 -17.04 109.75 0.65 0.112
Peripheral Temperature
Acrophase (per hour) -470 13.71 -4277 3338 -0.10 0.749

Circadian Rhythmicity (R?) -3940 1223 -73.36 -5.44  -1.07 0.032
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DV: relative change in QIDS-A17-C from baseline to after active intervention arm.
Sleep efficiency based on actigraphy. SE: Standard error of B, Cl: Confidence interval,
LL: lower limit, UL: upper limit, DLMO: dim light melatonin onset, CBT: core body
temperature, REM: rapid eye movement sleep. The Glasgow Content of Thoughts
Inventory (GCTI). Leeds Sleep Evaluation Questionnaire (LSEQ) — Getting To Sleep
(GTS).

Obijective sleep and circadian predictors of treatment response

Coefficients from the multiple linear regression models assessing whether initial sleep
and circadian characteristics (measured at baseline, prior to the intervention start) were
associated with relative changes in depression symptoms occurring during the active light
therapy intervention (adjusted for the order of the intervention arms) are presented in Table 10.

The model based on baseline polysomnographic sleep characteristics predicted 17% of
the variance in subsequent depression symptoms changes (adjusted R? = .047). Neither total
sleep time (5 = .37, p =.120), nor sleep efficiency (# =.30, p = .222) were significantly
associated with changes in depression symptoms.

The model based on baseline endogenous circadian characteristics predicted 24% of the
variance in depression symptoms changes occurring during the active light therapy intervention
(adjusted R? = .076). Shorter latency to REM sleep was significantly associated with higher
improvements in depression symptoms along the course of the active intervention (f =-.45,p =
.047). This effect became a trend when the model was applied to QIDS-A17-C scores
recalculated without the sleep items (5 = -.42, p = .063; see further details in supplemental
material S12.). No significant association was found for DLMO (5 = .15, p = .534) or CBT nadir
(8 =-.03, p = .905).

Table 10. Associations between initial sleep and circadian profiles and depression changes
following active light therapy.

95% CI for B
B SE LL UL Beta p
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Sleep Model
Intervention Order 21.13 13.21 -6.42 48.68 0.36 0.125
Total Sleep Time (per min) 0.14 0.09 -0.04 0.33 0.37 0.120
Sleep Efficiency (per log 10%) 1356  10.76 -8.87 36.00 0.30 0.222

Circadian Model

Intervention Order 20.30 12.43 -5.72 46.33 0.35 0.119
DLMO (per log hour) 9252 14590 -212.86 397.89 0.15 0.534
CBTnadir (per log hour) -12.62 103.92 -230.13 20490 -0.03  0.905
REM Latency (per log min) -28.32 13.34 -56.23 -0.40 -0.45  0.047

DV: relative change in QIDS-A17-C from baseline to after active intervention arm. Sleep
metric based on actigraphy. SE: Standard error of B, Cl: Confidence interval, LL: lower
limit, UL: upper limit, DLMO: dim light melatonin onset, CBT: core body temperature,
REM: rapid eye movement sleep.

Identify accessible predictors of the antidepressant response to light therapy

Coefficients from the multiple linear regression models assessing accessible sleep and
circadian predictors of relative changes in depression symptoms during the active intervention
(adjusted for the order of the intervention arms) are presented in Table 11.

The model based on sleep characteristics predicted 22% of the variance in depression
symptoms changes (adjusted R? = .08). Worse global sleep quality as assessed by the PSQI at
baseline was significantly associated with higher improvements in depression symptoms (f =
.53, p =.045). This effect did not persist when excluding the sleep items of the QIDS-A17-C (5
= .41, p =.122). Baseline pre-sleep cognitions (GCTI) and ease of getting to sleep (LSEQ GTS)
were not significantly linked to changes in depression symptoms.

The model based on baseline circadian characteristics predicted 8% of the variance in
depression symptoms changes (adjusted R? < .01). None of the circadian parameters assessed in
the multiple regression model were found to be significant predictors of mood changes (5 < .16,
p > .638). There was no significant correlation between total MEQ scores and mood changes

following the intervention (r = .06, p = .819).
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Table 11. Associations between initial sleep and circadian profiles derived from accessible
metrics and depression changes following active light therapy.

95% CI for B

B SE LL UL Beta p
Sleep Model
Intervention Order 5.55 12.27 -19.90 31.00 0.10 0.655
PSQI total score (per 1 point) 52.04 24.44 1.36 102.73 0.53 0.045
GCTI total score (per 1 point) -0.31 0.50 -1.36 0.73 -0.15 0.543
LSEQ GTS (per 1 point) 9.71 12.08 -15.35 34.76 0.18 0.430
Circadian Model
Intervention Order 11.72 16.77 -24.82 48.25 0.20 0.498
Actigraphy
Acrophase (per hour) -30.56  127.23 -307.77 246.64 -0.07 0.814
Circadian Rhythmicity (R?) 149.56 1013.62  -2058.92 2358.05  0.06 0.885
Peripheral Temperature
Acrophase (per hour) 5.90 18.59 -34.61 46.41 0.12 0.756
Circadian Rhythmicity (R?) 202.44  418.96 -710.39 111526  0.16 0.638

DV: relative change in QIDS-A17-C from baseline to after active intervention arm. SE: Standard
error of B, Cl: Confidence interval, LL: lower limit, UL: upper limit. Pittsburgh Sleep Quality
Index (PSQI. The Glasgow Content of Thoughts Inventory (GCTI). Leeds Sleep Evaluation
Questionnaire (LSEQ) — Getting to Sleep (GTS).

Exploratory analyses: Characteristics of the responder subgroup

Table 12 contrasts the initial demographic, clinical, sleep and circadian profiles in
individuals who responded to the active light therapy intervention compared to those who did not
respond (based on the QIDS-A17-C MCID and adjusted for the intervention order). Responders
initially had slightly but not significantly more severe depression symptoms than non-responders.
The two groups did not differ significantly in terms of general demographic and clinical profiles.
A non-significant trend suggested that responders had worse subjective sleep as reflected by
higher PSQI total scores (F = 3.85, p = .061, np? = .14). Compared to non-responders,
responders had a significantly higher minima and lower amplitude and mesor of the circadian

rhythm of skin temperature (all p < .050).
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Table 12. Baseline characteristics of responders and non-responders
Non-Responders Responders
p2
Mean SD Count % Mean SD Count % F / Chi® p Cramer'svP
Demographic and clinical profile
Sex (Females vs Males) 7 100% 17 85% 1,18 0.277 0.21
Age (years) 26.00 5.66 2335 556 0.77 0.388 0.03
QIDS-A17-C 1143 4.08 13.10 3.24 0.25 0.619 0.01
Comorbid anxiety disorder 4 5% 1 61% 0.03 0.856 0.04
Using psychotropic medication 7 100% 14 70% 2.70 0.100 032
Engaged in psychotherapy 4 43% 9 55% 0.31 0.580 0.11
Age at onset of sleep problems (years) 1664  7.33 1543 627 0.31 0.582 0.01
Age at onset of mood problems (years) 1150 409 1315 4.90 1.69 0.206 0.07
Subjective sleep profile
FSS 3.78 052 375 079 0.12 0.731 0.01
PSQI 700 271 9.65  2.60 3.85 0.061 0.14
LSEQ - GTS 324 053 3.07 0.60 0.20 0.659 0.01
LSEQ - QOS 229 070 225  0.90 0.23 0.636 0.01
LSEQ - AFS 3.00 147 200 081 4.49 0.045 0.16
LSEQ - BFW 214 074 2.12 0.44 0.34 0.568 0.01
GCTI 26.00 13.49 3125 14.13 0.25 0.623 0.01
Actigraphic sleep estimates
Rest onset time (clock time) 0:17  1:.04 0:20 1:28 0.03 0.863 <0.01
Rest offset time (clock time) 8:34  1:04 8:36 156 0.02 0.896 <0.01
Midpoint of the rest period 4:25  0:57 4:39 1:59 0.07 0.787 <0.01
Sleep Efficiency (%) 87.21 11.26 89.96  6.58 1.27 0.271 0.05
Total Sleep Time (hours) 6.77 122 737 1.25 1.75 0.198 0.07
Circadian Profile
Chronotype - MEQ 3.30 0.192 0.41
Neither 3 50% 10 71%
Morning 0 0% 2 14%
Evening 3 50% 2 14%
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Endogenous circadian markers

DLMO (clock time) 21:48  1:28 21:49 151 0.00 0.985 <0.01
MT AUC 60min pre-sleep (pg/mL*hour) ~ 11.09 855 17.84  11.09 2.24 0.153 0.12
MT AUC 40min post S|eep (pg/mL*hour) 1.78 1.00 2.43 1.45 0.92 0.349 0.04
CBT Nadir (clock time) 2:49  2:42 3:.04 235 0.01 0.928 <0.01
CBT Minima (°C) 3656 0.8 36.60 0.23 119 0.288 0.05
Circadian Phase Angles
DLMO-SleepON (hours) 258  1.82 248 098 0.13 0.721 0.01
SleepMid-CBT (hours) LeL 29 163 2 0.02 0881 <0.01
DLMO-CBT (hOUI‘S) 5.07 2.49 5.30 1.42 0.07 0.800 <0.01
Skin temperature rhythm
Acrophase (clock time) 04:20  02:04 09:44  09:58 1.00 0.320 0.05
Minima (log °C)* 076  1.38 190 097 5.77 0.030 0.28
Amplitude (log °C)* 160 277 070 1.93 5.23 0.037 0.26
Mesor (log °C)* 156  0.01 155 001 9.64 0.007 0.39
Circadian Rhythmicity Index (R?) 025 015 026 017 0.05 0.828 <0.01
Activity rhythm
Acrophase (clock time) 16:17  1:01 16:17  01:49 0.07 0.788 <0.01
Minima (log activity count) 047 040 043  0.34 0.13 0.719 0.01
Amplitude (log activity count) 176 051 177 034 0.09 0.764 <0.01
Mesor (log activity count) 135 015 132 019 0.16 0.698 0.01
Circadian Rhythmicity Index (R?) 050  0.20 049 014 0.01 0.910 <0.01

Quick Inventory of Depressive Symptomatology clinician based (QIDS-A17-C), The Glasgow Content of Thoughts Inventory (GCTI), Leeds Sleep Evaluation
Questionnaire (LSEQ), Horne-Ostberg questionnaire (MEQ), Pittsburgh Sleep Quality Index (PSQI). Fatigue Severity Scale (FSS). Dim Light Melatonin Onset
(DLMO). Core Body Temperature (CBT). Rapid Eye Movement Sleep (REM). Melatonin Area Under the Curve (MT AUC). * p < 0.05, *) non-significant
trend.
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2.3.4 Discussion

Summary of Results

Past results from light therapy studies in people with non-seasonal depression have been
rather inconsistent (Martensson et al., 2015; Perera et al., 2016; Tuunainen et al., 2009). This
may have been influenced by methodological limitations such as the difficulties with blinding
inherent to light interventions and the considerable heterogeneity of this clinical group and their
response to light intervention. To the best of our knowledge, this is the first cross-over
randomized controlled trial of light therapy to use a placebo condition that does not involve dim
or red light (both of which may induce some effects on mood (Meesters et al., 1999; Prayag et
al., 2019). Despite the small sample size, mild effects of active light exposure were found to
exceed placebo effects after taking in account the fact that our placebo condition was confounded
with potential antidepressant effects of partial sleep deprivation. Our results also confirmed a
considerable inter-individual variability in the antidepressant response to light and unveiled
potential predictors and mechanisms of action which should be further investigated in larger

samples.

Effects of Light Therapy as Compared to a Placebo Condition

Considering that most participants expected the infrared light condition to work and that
less than half of the participants believed the green light was the active condition at the end of
the study suggests that inducing deception about the inactive placebo condition being invisible
because it involves infrared light is feasible. Results also suggest a strong placebo effect, with a
significant decrease in depression symptoms during the inactive condition. However, active light

exposure had an effect above and beyond this placebo effect. This was evidenced by the fact
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that: 1) the improvement in mood was slightly but significantly greater in the active compared to
the placebo condition when they occurred as the first intervention arm, and ii) when the active
condition occurred in the second intervention arm, it led to further mood improvement beyond
the level already attained after the placebo condition.

The mood improvements seen during the first two weeks of the intervention, regardless
of the condition, could have also been influenced by factors other than a placebo effect. Notably,
the circadian assessment protocol used prior to the first intervention arm involved a partial sleep
deprivation in which sleep onset was delayed by one-hour to extend salivary melatonin sampling
as previous studies suggested that DLMO can occur past bedtime in young people with
depression (Robillard et al., 2013). Sleep deprivation is known to lead to antidepressant effects
(Wirz-Justice & Van Den Hoofdakker, 1999). In the current study, mood changes in the placebo
condition where apparent when the placebo condition occurred straight after the circadian
assessment, but not when the placebo condition took place in the last intervention arm (i.e., four
weeks after the circadian assessment, when the partial sleep deprivation effects would have
subsided). Hence, the “placebo” effect may in fact reflect the effect of partial sleep deprivation,
at least in part. It is also possible that partial sleep deprivation accelerated the emergence of
mood improvements during light therapy, since a similar previous study without any sleep
deprivation component reported mood improvements only occurring after four weeks of
treatment (Nixon et al., 2021). Furthermore, studies have demonstrated that light therapy
administered after sleep deprivation can prolong the antidepressant effects of sleep deprivation
(e.g., Echizenya et al., 2013; Neumeister et al., 1996; Van Den Burg et al., 1990; Wehr et al.,

1985). Overall, this echoes other evidence supporting the combination of sleep-based and
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chronotherapeutic approaches for the management of depression (Dallaspezia & Benedetti,
2011).

Nevertheless, a significant attenuation of depression symptoms did occur when the active
light intervention took place during the second arm, that is 4 weeks after the night of partial sleep
deprivation, a period where the antidepressant effects of sleep deprivation are likely to have
faded. Thus, our results suggest that the light exposure component of the intervention also drove
significant changes in depression in the likely absence of synergistic interactions with sleep
deprivation. Of note, for the subgroup who started with two weeks of active light therapy, we
observed that the effects of light therapy on depression symptoms were sustained over at least 6

weeks.

Potential Mechanisms of Action

The reduction in pre-sleep intrusive thoughts across the active light intervention phase
was associated with the degree of mood improvement, suggesting that this may be linked to
some of the mechanisms of action underlying the antidepressant effects of light. This finding
replicates preliminary results from a similar open-label study showing that individuals with worst
pre-sleep thoughts were those who experienced a greater antidepressant effect from light therapy
(Nixon et al., 2018). Conversely, no such association was found between improvements in mood
and changes in the subjective ease of falling asleep and or changes in objective sleep efficiency.
Although these findings should be interpreted with caution considering the small sample size, it
may be possible that one of the main drivers of sleep-related antidepressant effects of light
therapy could operate via a shift towards a mental state around bedtime that is more conducive to

sleep. The means through which this could operate remain to be elucidated, but it could be
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postulated that morning bright light exposure may induce a phase advance of the circadian
rhythm of melatonin, which may increase sleep propensity in the evening, which may in turn
attenuate concerns about difficulties falling asleep at night. Importantly, these pre-sleep
concerns, often a conduit for negative ruminations, may previously have been actively
contributing to adverse mood states.

The degree of improvement in the circadian rhythmicity of skin temperature across the
active intervention arm was also associated with improvements in mood. The rhythmicity of
mood variations has previously been found to be associated with the rhythmicity of skin
temperature, whereby high subjective mood rhythmicity is associated with low skin temperature
rhythmicity and vice-versa (Barbini et al., 1998). Since people with major depression have been
found to experience abnormally pronounced circadian rhythms in mood, it is possible that light-
related improvements in the rhythmicity of body temperature could help stabilize mood
variations in this group. Of note, preliminary findings in youth with depression indicated that
pre-sleep intrusive thoughts are associated with sleep disturbances and that sleep disturbances are
associated with poor skin temperature rhythmicity (Nixon et al., 2022). Thus, the convergence of
changes in pre-sleep cognitions and changes in the rhythm of body temperature as two factors
contributing to the antidepressant response to light reinforces the notion that both sleep and
circadian processes may be involved in some of the mechanisms of action underlying light
therapy.

Overall, these results add to previous findings suggesting that mood improvements with
light therapy may also parallel increased daytime activity, a phase advance of the rest-activity
cycle, less wake time during the first third of sleep, a return to a normal mesor in core body

temperature (decrease in mesor; Benedetti et al., 2007; McEnany & Lee, 2005). Previous work
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on the underlying antidepressant mechanisms of light therapy reported that mood improvements
parallel changes in neural responses in the medial prefrontal cortex, and a decrease in the
glutamine/creatine ratio in the anterior cingulate cortex in the inter-hemispheric region
(Benedetti et al., 2009; Benedetti et al., 2009; McEnany & Lee, 2005). It is also likely that light
could alleviate depression symptoms via other mechanisms, including direct impacts on some of
the neural circuits involved in emotional processing (e.g., LeGates et al., 2014; Vandewalle et

al., 2010).

Predictors of Treatment Response

While the overall antidepressant effects of the intervention relative to the placebo and
partial sleep deprivation effects were modest, the current results confirmed that individuals with
certain physiological profiles responded better to the intervention than others. The proposed
laboratory sleep model and ambulatory sleep model predicted 17% and 22%, respectively, of the
variance in depression symptoms changes. Hence, home-based sleep measures had equivalent
and even slightly better predictive value than more costly and hard to access laboratory
measures. In contrast, the laboratory circadian model and ambulatory circadian model predicted
24% and 8% of the variance, respectively. This suggests that more research is needed to refine
circadian measures that could be collected in the field. Furthermore, larger studies are needed to
combine sleep and circadian ambulatory predictors. Herein, neither the polysomnography
parameters selected as metrics of sleep quantity and quality (TST and SE), nor some of the most
commonly used endogenous circadian phase markers (i.e., DLMO or the nadir of CBT)
significantly predicted improvements in mood across the active light intervention. Conversely,

shorter REM latency prior to treatment predicted improvements in mood. Depression-related
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abnormalities in both homeostatic and circadian regulations could influence the timing of the
emergence of REM sleep. From this perspective shorter REM sleep latency may be a marker of
abnormal interactions between processes S and C, a phenomenon at the core of the indirect
antidepressant effects of light putatively resulting from the restoration of sleep and circadian
functions. Short REM latency has long been established as a marker of depression,
independently of drug effects, age, and other changes in sleep (Argyropoulos & Wilson, 2005;
Benca et al., 1992; Holsboer-Trachsler & Seffritz, 2000; D.J. Kupfer, 1976). It has successfully
been used as a treatment predictor for trimipramine combined with light therapy or sleep
deprivation (Holsboer-Trachsler & Seffritz, 2000) and other depression treatments such as
tricyclic antidepressant medications (Rush et al., 1989; Svendsen & Christensen, 1981), which
loosely parallels the serotonergic mechanisms of light therapy for mood improvements.
Specifically, similar to what is observed with tricyclic antidepressant medications, light has been
proposed to increase serotonin concentrations (Rao et al., 1992), which has been found to
suppress REM sleep (Vogel et al., 1990). Although a few previous studies did not report a
normalization of REM latency following light therapy (McEnany & Lee, 2005; Rosenthal et al.,
1984), it would be important to further explore whether changes in REM latency along the
course of light therapy is commensurate to the antidepressant response to light therapy. Further
studies are also required to assess physiological predictors of treatment responses in larger
samples. Past studies have identified sleep deprivation responders to predict treatment response
to light therapy in people with depression (Fritzsche et al., 2001), and hypersomnia, increased
eating, and a younger age to predict treatment response in people with SAD (Lam, 1994).

Whether these last findings may extend to non-seasonal depression remains to be determined.
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These findings have important clinical implications, as they nuance the often modest and
inconsistent antidepressant effects reported in global samples with depression by highlighting
identifiable subgroups of individuals for whom light therapy may be most effective. In line with
models of personalized mental health care, this could inform the development of assessment
tools to inform treatment plans. However, polysomnography requires considerable financial and
technical resources that restrict its access in many healthcare settings. Hence, we thought it

important to assess more accessible predictors of treatment response.

Accessible predictors of the antidepressant response to light therapy

In search for more accessible predictors, we observed that poor subjective sleep quality as
indexed by the PSQI can predict improvements in mood following light therapy. Conversely,
neither intrusive pre-sleep thoughts, the subjective ease of falling asleep, nor morningness-
eveningness preference were found to predict mood improvements based on the multiple
regression models.

Exploratory analyses comparing responders to non-responders to light therapy unveiled
significant differences in the initial profile of core skin temperature. Compared to that of non-
responders, the circadian variations in skin temperature observed in responders in the week prior
to the intervention start were characterised by a lower amplitude, a lower mesor, and an elevated
minima. Previous research has reported similar circadian abnormalities of skin temperature in
people with depression as compared to healthy subjects (Daimon et al., 1992; Germain &
Kupfer, 2008). This profile suggests that individuals who responded to light therapy may have

had a weaker circadian signal prior to the intervention.
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Limitations/Future Directions

Overall, the small sample size restricts the scope of this study since it is likely that the
full breath of sleep and circadian profiles of depression were not captured. A larger sample is
needed to better identify the possibly larger array of predictors of treatment response and
mechanisms of action. Moreover, although the cross-over design of the current study allowed for
within comparisons, the two-week wash-out period between both arms was likely insufficient.
Specifically, when the placebo condition followed the active condition, residual effects of the
active arm carried over into the placebo arm.

The tools used to quantify sleep and circadian rhythms bare their own limitations. For
instance, while polysomnography is the golden standard for sleep assessment and provides in-
depth sleep metrics, this approach shows only a limited picture since it is typically restricted to a
single night of sleep recording in an artificial laboratory environment. Although actigraphy is
less precise and remains blind to sleep architecture metrics, it can capture sleep through a wider
lens of time, offering a view of variations of sleep through time. Therefore, using both
approaches to compliment to each other allows for a more complete picture to emerge.

Another limitation pertains to the fact that adherence to the intervention was not perfect.
Furthermore, self-reported estimates of duration in using light therapy have been found to poorly
match objectively measure durations (Erin E. Michalak et al., 2007). Hence, considering that a
daily log was used to measure adherence in the current study, it is possible that adherence was
lower than what was documented. As suggested by Chan and colleagues (2022), motivational
interviewing or cognitive behavioral therapy in combination with light therapy may represent an
approach that could increase adherence. In concert with using more objective approaches to

measuring adherence such as light sensors placed as a pendant or attached to the torso (M. G.
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Figueiro et al., 2013; E. k. Lee et al., 2022), these two approaches could increase adherence and
monitor it more accurately.

Future studies could also explore the effects of blue light considering that is has greater
effects on melatonin suppression, increasing body temperature and heart rate, as well as
increasing alertness and reducing subjective sleepiness as compared to green light (Cajochen et
al., 2005; Lockley et al., 2006). It is possible that the effects could have been greater and/or
quicker if blue light, instead of green light, was used in the current study. Although many studies

have compared blue and green light, none were studied with an adequate light placebo.

2.3.5 Conclusions
This study supports the notion that poor sleep and skin temperature may play a significant role in
the antidepressant effects of light therapy in the context of non-seasonal depression. Now that
alternative means of creating a placebo condition for light therapy have been established as a
viable option, larger studies, with a cross-sectional design or a longer wash-out period, are
needed to fully disentangle the sleep and circadian predictors and mechanisms contributing to the

antidepressant response to light therapy in non-seasonal depression.
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Supplemental Material

Light Therapy Associated with Sleep, Circadian and Mood Improvements in People with
Depression; A Randomized Control Trial

S10. a-opic Equivalent Daylight (D65) Illuminances for the Light Emitting Glasses

Photoreceptor Photopigment a-opic EDI
Short-wavelength cones (S) S-cone photopsin (cyanolabe) 262.80
Medium-wavelength cones (M) M-cone photopsin (chlorolabe) 947.25
Long-wavelength cones (L) L-cone photopsin (erythrolabe) 617.68
Rods Rhodopsin 1303.91
IPRGCs Melanopsin 1318.12

Photoreceptor weighted a-opic equivalent daylight (D65) illuminance (a-opic EDI) values (in lux) as per international standard
CIE 026/E:2018. (toolbox available at https://doi.org/10.25039/S026.2018.TB; CIE, S. (2018). 026/E: 2018. CIE system for
metrology of optical radiation for ipRGC-influenced responses to light. Vienna: Commission Internationale de [’éclairage)
ipRGCs: Intrinsically photosensitive retinal ganglion cells.



https://doi.org/10.25039/S026.2018.TB
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S11. Light Therapy Glasses
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S12.
Objective 1. Effects of Light Therapy as Compared to a Placebo

Analyses restricted to the subgroup with minimal adherence to the intervention

Results comparing depression symptoms before and after the placebo and active condition based
on the order in which they occurred persisted when including only the subgroup with at least 4
days of light therapy with the target timing and duration. In both order groups, there was a
significant decrease in QIDS-A17-C scores from pre-intervention to post-intervention in the first
intervention arm (i.e., regardless of whether this was the placebo (t(12) = 3.6, p =.004, Cohen’s
d = 1.0) or active (t(10)= 2.3, p =.041, Cohen’s d = .71) intervention). However, in the second
intervention arm, the active condition decreased QIDS-A17-C scores (t(13) = 2.2, p =.050,
Cohen’s d = 0.56), whereas there was no such effect in the placebo condition (t(9) <-0.1, p =
985, Cohen’s d < .01).

Analyses excluding the sleep items

Results comparing depression symptoms before and after the placebo and active condition based
on the order in which they occurred persisted when excluding the sleep items of the QIDS-A17-
C scores (i.e., QIDS-Sleep). In both order groups, there was a significant decrease in QIDS-Sleep
from pre-intervention to post-intervention in the first intervention arm (i.e., regardless of whether
this was the placebo (t(13) = 3.9, p =.002, Cohen’s d = 1.1) or active (t(10) = 2.3, p = .044,
Cohen’s d = .69) intervention). However, in the second intervention arm, the active condition
decreased QIDS-Sleep (t(15) = 2.7, p=.015, Cohen’s d = 0.68), whereas there was no such
effect in the placebo condition (t(9) = 0.3, p=.801, Cohen’s d =.08).

Objective 2. Predictors of Treatment Response and Potential Mechanisms of Action

Results on analyses assessing predictors of treatment response and potential mechanisms of
action remained similar when excluding the sleep items of the QIDS-A17-C scores (i.e., QIDS-
Sleep; see tables S12 and S13).

A) Potential mechanisms of action

The model based on changes in sleep factors predicted 29% of the variance in QIDS-Sleep (adjusted R? =
.10). Higher improvement in pre-sleep cognitions (i.e., decrease in GCTI scores from baseline to post-
intervention) tended to be associated with higher mood improvements (i.e., decrease in QIDS-A17-C
from baseline to post-intervention; = .48, p = .054). Changes in depression symptoms were not
significantly associated with changes in sleep efficiency (f =-.01, p = .960) or in the ease to fall asleep as
reflected by the LSEQ GTS subscale ( = -.17, p = .454).

The model based on changes in circadian factors predicted 90% of the variance in depression symptoms
changes (adjusted R? = .77). Higher improvement in circadian rhythmicity of peripheral body temperature
(i.e., an increase in the Cosinor model fit from baseline to post-intervention) was significantly associated
with higher mood improvements (i.e. decrease in QIDS-A17-C from baseline to post-intervention; 3 = -
1.18, p =.005). Conversely, a lowering of circadian rhythmicity of the activity-rest cycle (i.e. an decrease
in the Cosinor model fit from baseline to post-intervention) was associated with higher mood
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improvements when excluding the sleep items of the QIDS-A17-C (p = .75, p = .020). There was no
significant association between changes in depression symptoms and the acrophase of peripheral body
temperature (= -.10, p = .605, nor in the acrophase of the activity-rest cycle (B = .13, p = .467).

S12. Associations between depression (QIDS-A17-C minus the sleep items) improvements
following active light therapy and sleep and circadian changes.
95% CI for B

B SE LL UL Beta p
Sleep Model
Intervention Order 5.84 14.66 -25.40 37.07 0.09 0.696
Sleep Efficiency (per 10%) -0.55 10.80 -23.57 22.48 -0.01 0.960
GCTI total score (per 1 point) 0.30 0.14 -0.01 0.60 0.48 0.054
LSEQ GTS (per 1 point) -2.12 2.76 -8.00 3.76 -0.17 0.454
Circadian Model
Intervention Order 31.97 11.90 -1.06 65.00 0.50 0.055
Actigraphy
Acrophase (per hour) 0.35 0.44 -0.86 1.56 0.13 0.467
Circadian Rythmicity (R?) 58.47 15.52 15.38 101.56 0.75 0.020
Peripheral Temperature
Acrophase (per hour) -5.23 9.32 -31.12 20.65 -0.10 0.605
Circadian Rythmicity (R?) -47.31 8.31 -70.39 -24.22 -1.18 0.005

B) Predictors of treatment response

The model based on baseline polysomnographic sleep characteristics predicted 23% of the variance in
improvements in depression symptoms as reflected by the QIDS-Sleep (adjusted R? = .11). Sleep
efficiency (6 =.30, p = .212) was not significantly associated with changes in QIDS-Sleep. Conversely,
higher total sleep time tended to be associated with improvements in QIDS-Sleep (f = .45, p = .055),

The model based on baseline endogenous circadian characteristics predicted 24% of the variance in
changes on the QIDS-Sleep (adjusted R? = .083). Shorter latency to REM sleep tended to be associated
with higher improvements in QIDS-Sleep (8 = -.42, p = .06). No significant association was found for
DLMO (5 = .23, p =.316) or CBT nadir (8 =-.01, p =.978).

S13. Associations between initial sleep and circadian profiles and depression changes (QIDS-A17-C
minus the sleep items) following active light therapy.

95% ClI for B

B SE LL UL Beta p
Sleep Model
Intrervention Order 25.42 13.98 -3.75 54.59 0.40 0.084
Total Sleep Time (per min) 0.19 0.09 0.00 0.39 0.45 0.055

Sleep Efficiency (per log 10%) 14.69 11.39 -9.06 38.45 0.30 0.212
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Circadian Model

Intrervention Order 24.67 13.58 -3.74 53.08 0.39 0.085
DLMO (per log hour) 164.07 159.29 -169.32 497.46 0.24 0.316
CBThnadir (per log hour) -3.21 11346 -240.68 234.26 -0.01 0.978
REM Latency (per log min) -28.81 1456  -59.29 1.67 -0.42 0.063

Objective 3. Identify accessible predictors of the antidepressant response to light therapy

Coefficients from the multiple linear regression models assessing accessible sleep and circadian
predictors of relative changes in depression symptoms during the active intervention (adjusted for the
order of the intervention arms) are presented in Table S14.

The model based on sleep characteristics predicted 17% of the variance in depression symptoms changes
(adjusted R? = .02). Worse global sleep quality as assessed by the PSQI at baseline was no longer
significantly associated with higher improvements in depression symptoms when excluding the sleep
items from the QIDS-A17-C (5 = .42, p = .122). Baseline pre-sleep cognitions (GCTI) and ease of getting
to sleep (LSEQ GTS) were not significantly linked to changes in depression symptoms.

The model based on baseline endogenous circadian characteristics predicted 8% of the variance
in depression symptoms changes (adjusted R? < .01). None of the circadian parameters assessed
in the multiple regression model were found to be significant predictors of mood changes (5 <
.14, p > .690). There was no significant correlation between total HO scores and mood changes
following the intervention (r = -.02, p = .933).

S14. Associations between initial sleep and circadian profiles derived from accessible metrics and
depression changes (excluding sleep items) following active light therapy.

95% ClI for B

B SE LL UL Beta p
Sleep Model
Intervention Order 7.87 13.84 -20.83 36.56 0.12 0.575
PSQI total score (per 1 point) 44.34 27.56 -12.82 101.49 0.41 0.122
GCTI total score (per 1 point) -0.11 0.57 -1.28 1.07 -0.05 0.854
LSEQ GTS (per 1 point) 6.64 13.62 -21.61 34.89 0.11 0.631
Circadian Model
Intervention Order 14.46 18.43 -25.69 54.61 0.23 0.448
Actigraphy
Acrophase (per hour) 8.44 139.80 -296.16 313.04 0.02 0.953
Circadian Rythmicity (R?) 13596 1113.79  -2290.78  2562.70 0.05 0.905

Peripheral Temperature
Acrophase (per hour) 4.39 20.43 -40.12 48.90 0.08 0.833
Circadian Rythmicity (R?) 187.84  460.36 -815.20 1190.88 0.14 0.690
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SECTION 3

DISCUSSION
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3.1 Summary of Study Findings
Study | (Systematic review)

The objective of study | was to predict optimal light exposure parameters for mood in
healthy individuals. Results do not support the hypothesis that melanopic EDI predicts mood
improvements. Our findings cannot confirm that ipRGCs play an as important role in the mood
improvements associated with light. However, this systematic review is restricted by
considerable limitations of the studies that were available to date, which calls for further research

in this area.

Study Il (Open label trial)

The first objective of study Il was to evaluate the time course of mood improvement
following light therapy. Results support the hypothesis that mood improvements would occur
after four weeks of intervention.

The second objective was to characterize the temporal dynamics of improvements in
sleep, daytime functioning and mood following light therapy. Results support the hypothesis that
improvements in mood would be associated with improvements in getting to sleep in the early
stages of light therapy (i.e., following the first two weeks of intervention). Results also support
the hypothesis that, later in the course of light therapy (i.e., after four weeks of intervention),
mood improvements are associated with the alleviation of tiredness upon awakening and in the
daytime.

The third objective was to identify sleep-related predictors of treatment response.
Difficulties with falling asleep and waking up prior to the intervention were associated with

improvements in mood following light therapy. This study supports the use of subjective sleep
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characteristics as predictors of treatment response which was utilized and expanded upon in the

randomized controlled trial included in this thesis (study I11).

Study 111 (Randomized controlled trial)

Building on study 11, study Il further explored, the antidepressant effects of light therapy
for non-seasonal depression in a randomized controlled trial conducted in a sample distinct from
that of Study I1. The first objective was to determine whether the antidepressant effects of light
therapy surpass that of a placebo condition. Only a main effect of time was found (decrease in
depression symptoms from pre- to post-intervention), which was most likely confounded by the
effects of partial sleep deprivation induced in the “placebo condition”. However, a non-
significant trend for a Time*Condition interaction indicated that this decrease in depression
symptoms was slightly more pronounced in the active compared to the placebo condition. These
results somewhat support the notion that light therapy yields modest antidepressant effects in
people with major depression disorder.

The second objective was to identify potential mechanisms of actions and treatment
predictors. Mood improvements following light therapy were significantly associated with
improvements in pre-sleep cognitions and the circadian rhythmicity of skin temperature. Shorter
REM latency was found to be predictive of subsequent improvements in depression symptoms
following light therapy.

The third objective sought to find more accessible self-reported measures to predict mood
improvements. Subjective sleep scores on the PSQI predicted mood improvements following

light therapy. Additional exploratory analyses unveiled that light therapy responders, as
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compared to non-responders, had a significantly higher minima and lower amplitude and mesor

of the circadian rhythm of skin temperature.

3.2 The Intertwinement of Light and Mood

3.2.1 Mood & the sub-groups of non-seasonal depression

There are different mechanisms by which light influences mood, notably the indirect
pathway via changes in sleep and circadian rhythms (Germain & Kupfer, 2008; Vogel et al.,
1980, 1990) and the direct pathways via which light affects brain regions involved in mood and
emotions processing (Legates et al., 2014). It is likely that slight variations in the functioning of
these processes may lead sub-groups of individuals to respond differently to light, both in
healthy individuals and in those with mood disorders. In the context of mood disorders, different
studies have identified several sub-groups of individuals with homogeneous profiles of
depression relating to the presence of symptoms, severity, circadian timing profiles, and mood
dynamics (Goldberg, 2011; Lux & Kendler, 2010; Robillard, Carpenter, Rogers, et al., 2018; Ten
Have et al., 2016; van Genugten et al., 2021). For example, one study found two MDD
subgroups based on the patterns of structural network irregularities (Yang et al., 2021). These
results point to the fundamental diversity of mood disorders and are aligned with the possibility
that certain sub-groups may respond differently to light. Considering that most light therapy
studies have grouped these different types of depression profiles as one, it is not surprising that
the efficacy of light therapy for non-seasonal depression has often been found to be inconsistent

(Even et al., 2008).
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Diversity of circadian rhythms and sleep profiles linked to mood disorders

As outlined in the introduction, various studies have indicated the presence of different sleep-
wake profiles, circadian rhythm abnormalities, and sleep disturbances in people with depression
(Germain & Kupfer, 2008). This offers a wide net of options in determining depression sub-
groups who may be more responsive to light therapy. Some authors coined the term circadian
depression as a phenotype for mood disorders that combined various markers such as a disrupted
24hr sleep-wake cycle, weight gain, little subjective energy, and reduced motor activity
(Carpenter et al., 2021). In the context of clinical mood disorders, it was also found that
melatonin release may start increasing later in the evening in people with BD compared to those
with unipolar depression (Robillard et al., 2013). Expanding on disrupted 24hr sleep-wake
cycles, other studies are finding distinct sleep-wake profiles in depression such as ‘disrupted
sleep’, ‘long sleep’, and ‘delayed sleep-wake’ with the latter being associated with worst mood
than those with a more conventional circadian profile (Carpenter et al., 2017; Robillard,
Carpenter, Rogers, et al., 2018). Other less common circadian rhythm disorders present in certain
people with depression also include advanced phase disorder (Gwirtsman et al., 1989; Pflug et
al., 1976), and non-24hrs sleep-wake rhythm disorder (or “free-running disorder”; Brown et al.,
2011; Hayakawa et al., 2005). Importantly, some of these circadian abnormalities may be
associated with deregulation of light mechanisms. Notably, it has been reported that melatonin
production can be supressed by light more easily in people with BD than in controls, suggesting
a heightened melatonin sensitivity to light (Dallaspezia et al., 2009).

As seen in Figure 10, various sleep-wake cycles and sleep profiles were observed in the

actigraphy data collected as part of study I1l. This included profiles suggestive of insomnia,
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delayed sleep-wake phase, and non-24hour cycles. This highlights the level of inter-individual

circadian and sleep variability across different people with non-seasonal depression.
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Figure 10. Left panels: examples of actograms derived from actigraphy data in participants with mood
disorders. Each row is a 24-hour period and clock time is on the x-axis; Black line (physical activity);
Pink box (missing data); Blue box (scored as sleep); Yellow line (light level); Pink line (body
temperature). Right Panels: raw activity counts (y-axis) across time (in hours — elapsed time since
configuration of actigraphy) during the entire week of actigraphy monitoring. Blue dots: log-transformed
datum collected for each 60sec epochs. Pink curve: extended cosinor fitted curve. Red curve: cosinor

fitted curve. Cosinor analyses accounted for clock time, but figures used elapsed time in hours.

Interestingly, the sleep-related predictors of treatment response to light therapy and potential
underlying mechanisms between studies Il & 111 were not found to be the same which may be
explained by the sleep rescheduling of study Il or the partial sleep deprivation of study IlI.
However, a third possibility is that both studies had different proportions of individuals with
distinct sleep and circadian profiles in their sample. Specifically, study Il might have had more
individuals with problems fallings asleep, whereas study I11 might have had individuals with
poor overall sleep prior to intervention. This highlights the need for studies with larger samples
to better understand what these proportions look like at a generalizable level. Considering that

the sleep profile of responders between studies Il & Il are those with sleep initiation problems
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and poor overall sleep, these results may suggest that some of the responders to light therapy
may initially present with insomnia or delayed sleep phase.

When examining objective sleep metrics in study 111, a shorter REM latency was found to
be a predictor of treatment response. These results are aligned with the S-Deficiency Model
proposed by Borbély (Borbély et al., 2016), where the homeostatic pressure of these individuals
may be disrupted creating this short REM latency (Borbely, 1987). In addition to this, naps have
been found to potentially reduce REM latency (Werth et al., 1996). In addition to short REM
latency being a marker of depression (Berger & Riemann, 1993), it can be speculated that those
who responded to light therapy may have initially taken daytime naps which shortened REM
latency. This may also be related to the daytime functioning improvements found in study I,
whereby responders may initially take naps leading to short REM latency, and light therapy may
first act on improving daytime functioning which progressively leads to mood improvements.
The link between light, REM, and depression can also be influenced by the serotoninergic
system, which is explained in more depth in section 3.2.2. Of note, although considered a core
sleep disturbance in depression (Benca et al., 1992; Holsboer-Trachsler & Seffritz, 2000; Kupfer,
1976), not all individuals with depression have this marker of increased REM sleep pressure,
suggesting another potential significant sub-group within the heterogeneous population that

represent people with depression.

IPRGC sensitivity
Another potential sub-group of people with mood disorders relevant to light
interventions lies at the ipRGC level. By measuring the post-illumination pupil response (PIPR),

studies have found that individuals with SAD have a decreased retinal sensitivity associated with
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pathways involved in the non-image-forming light input (K. Roecklein et al., 2013).
Hyposensitivity of the melanopic system has also been characterized in unipolar depression,
where melatonin suppression to light is lower than in people with remitted depression or healthy
controls (McGlashan et al., 2019). In contrast, individuals with BD have been found to supress
melatonin more easily than controls, suggesting altered melatonin sensitivity to light in the
opposite direction (Dallaspezia et al., 2009). Results are not entirely consistent for bipolar
disorder (Lam et al., 1990; Ritter et al., 2020; Whalley et al., 1991), however some studies have
found that evening melatonin may start increasing later in people with BD compared to people
with unipolar depression (Robillard et al., 2013). This may notably be influenced to the
combination of electronic device use in the evening and the sensitivity in melanopsin signalling
via ipRGCs in this group (Bullock et al., 2019).

Amplification of the ipRGC signal leading to discomfort has also been found in
individuals with migraines (Mcadams et al., 2020), which is suggestive of possible variations in
IpPRGC sensitivities in healthy populations. Regarding sleep timing, one study found that healthy
individuals with a later mid-sleep timing had a more pronounced PIPR which suggest a stronger
response to blue light (Wisse P. van der Meijden et al., 2016). This suggest that a subgroup of
healthy individuals with a more delayed sleep may also have a more sensitive melanopic system.
In study I, the involvement of five different classes of photoreceptors based on their respective
sensitivity to different types of polychromatic light were explored to see if any would predict
improvements in mood in healthy individuals. Considering the melanopic involvement in the
non-visual effects of light, it was expected that melanopic EDI would predict mood
improvements, however no significant relationship was found between mood and the level of

light-induced stimulation of any of the classes of photoreceptors.
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Considering the different profiles of mood disorders and the notion that a diversity of
pharmacologic agents are commonly used (various antidepressant medication such as selective
serotonin reuptake inhibitors, serotonin-noradrenaline reuptake inhibitors, tricyclic
antidepressants, monoamine oxidase inhibitors) since there is not a one fits all treatment
approach, light therapy may also be a treatment approach only suitable for a subset of
individuals. From a sleep perspective, this may represent those with a greater difficulty falling
asleep, overall poor sleep, and shorter REM latency (studies Il & I11). In healthy individuals with
normal circadian and sleep profiles, inter-individual differences in the sensitivity of mood to

light may be better characterized by ipRGC sensitivities.

3.2.2 Potential mechanisms of action of light on mood
Indirect pathway

The indirect pathway through which light may influence mood, notably via
improvements in circadian rhythms and sleep with downstream effects on mood, has long been
the rational given to explain the mechanisms underlying the antidepressant effects of light and is
the basis for studies Il & I11. Specifically, the restoration of sleep and circadian rhythms via light
has long been proposed to engender mood improvements (e.g., Hickie et al., 2013; Wehr et al.,

1979). Several findings issued from our studies support this notion.

Attenuating intrusive pre-sleep thoughts. It has been proposed that depression is an
adaptation rather than a disease. The “analytical rumination hypothesis”, (Andrews & Thomson,
2009; Watson et al., 2002) suggests that depression is adaptive to help focus one’s attentions on

solving complex social problems. Although potentially beneficial from an evolutionary
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perspective, in today’s day and age which includes significant social media use (i.e., creating
pressure of being always connected, concerns about constant judgement, unrealistic nature of the
content that is often portrayed, and social desirability), these social problems may be exaggerated
and more difficult to manage. This may be one of the factors contributing to the increased
presence of depression and rumination in our society.

With pre-sleep intrusive thoughts improving along the course of light therapy in study IlI,
the question of how light may help with rumination arises. It is possible that improvements in
both Process C and S resulting from light therapy may attenuate pre-sleep rumination. Morning
bright light may result in a phase advance of melatonin rhythms (Process C), which may lead to
earlier wake up times, and thus a greater build-up of sleep pressure by the evening (Process S),
which may in turn attenuate concerns regarding difficulties with falling asleep.

Light therapy may also help with rumination if the daytime history of light exposure is
considered. Studies have shown that increased light exposure during the day can attenuate the
effects of nighttime light on melatonin suppression (Hébert et al., 2002; Rufiange et al., 2007; K.
A. Smith et al., 2004). Specifically, this could mean that the negative effects on sleep (melatonin
suppression) from nighttime use of light (e.g., smart phone, tv, laptop) could be attenuated by
light therapy delivered in the daytime. This could lead to increased sleepiness in the evening
which could reduce the risks of rumination. This phenomenon could also expand to mentally
healthy individuals, whereby daytime light therapy (increased light exposure) may act as a
countermeasure for nighttime light exposure, which may ultimately lead to improved sleep and

mood.
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Restoring sleep / circadian rhythms. The overall sleep metrics that improved with light
therapy suggest a sleep-driven mechanism for mood improvement with light. Indeed, our results
align with the proposition that light may produce antidepressant effects through changes in sleep
regulation, notably via the homeostatic process (Stephenson et al., 2012). By alleviating sleep
disruptions and promoting alertness in the morning, light therapy may, in turn, induce a better
dissipation of sleep pressure during the night, and help tone down residual sleep pressure in the
morning. Study Il proposed that improvements in mood paralleled improvements in sleep in a
two-step fashion across the temporal progression of the light therapy. Specifically, the first two
weeks of light therapy saw improvements in sleep initiation and quality of sleep, whereas the
following two weeks saw improvements in sleep-related indices of daytime functioning.
Considering that the mood improvements surfaced in the last two weeks, it is possible that the
most immediate effects of light pertain to sleep improvement, which then leads to improvements
in sleep-related daytime function, which may be a more prominent driver of the antidepressant
effects of light therapy.

In contrast, the antidepressant effects of light therapy were immediately seen in study I11.
These results should however be taken lightly since an important difference between Studies |1
and 11 is that study Il involved partial sleep deprivation while study Il did not. The Two-Process
model (Borbély, 1982) is a helpful theoretical framework to understand the antidepressant effects
of sleep deprivation. Specifically, sleep deprivation increases sleep debt by building homeostatic
sleep pressure. Increased homeostatic sleep pressure has been associated with increased
astrocytic signaling to adenosine receptors which alleviates low mood (Hines et al., 2013). Once
the sleep debt is dissipated, the antidepressant effects of sleep deprivation may also dissipate,

which could explain the short-term antidepressant effects of sleep deprivation. Another
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possibility for explaining the short-term antidepressant effects is that sleep deprivation can
increase cortisol levels (Wright et al., 2015), a hormone promoting arousal, which may then
facilitate activation, a phenomenon known to enhance mood. The fact that this surge in cortisol
stops when sleep homeostasis is re-established, may also explain why these effects would be
short lived (McEwen, 2006). Since sleep deprivation may also reduce the phase-shifting
capabilities of light by decreasing the strength of the signal to the SCN (Challet et al., 2001),
Process C may be influenced by homeostatic sleep pressure which suggest a continued
interaction between both processes (Borbély et al., 2016). Bearing in mind that improvements in
skin temperature rhythmicity parallel improvements in mood and sleep, it is possible that
homeostatic disruption also parallels circadian disruptions. Specifically, with both circadian and
sleep changes occurring along the course of light therapy, the concept that both Process S and C
are influenced by light therapy is reinforced. This also opens the door to the possibility that
certain sub-groups of people with depression may benefit from light therapy more through

improvements in the Process S, and others through the Process C.

Direct pathway

The direct pathway via which light affects mood (effects likely to occur in a short
timeframe), can be seen at various physiological levels. In recent years, the potential
involvement of photoreceptors, such as the ipRGCs, in the effects of light on mood has
increasingly gained interest and is the foundation for study I. This mechanism likely also played
arole in studies Il & I11; however, these studies were not designed to investigate these
mechanisms. All photoreceptor types play a role in the effects of light on mood in varying

degrees, but ipRGCs are most sensitive to blue light due to the increased presence of melanopsin
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(Hatori & Panda, 2010). This type of light is also known to have the strongest effects on mood
(Meng et al., 2018; Vandewalle et al., 2010). Furthermore, ipRGCs convey light information not
only to the SCN (implications for circadian rhythms; Wahl et al., 2019), but also to other brain
regions that are involved in mood such as the amygdala, the lateral habenula, the bed nucleus of
the stria terminalis, and the dorsal raphe nucleus (Li & Li, 2018). This suggests that light input
can influence mood independently from the master clock, thus not involving the indirect
pathway. Also, blue light, as compared to green light, has been shown to increase the functional
connectivity between the temporal cortex voice-sensitive area, the amygdala, as well as a
hypothalamic area near a hypothalamic cluster while processing emotional stimuli (Vandewalle
et al., 2010). This suggest that blue light can enhance positive and negative stimuli, which
highlights the potential importance of using light in a positive behavioural context.

Overall, it is possible that the null results from study | regarding melanopic EDI
predicting mood may stem from the lack of blue light found in the polychromatic light sources.
From the perspective of the direct pathway, the results from this study may have also differed if
it were done in individuals with mood disorders. This is supported by studies that demonstrated
that individuals with mood disorders have abnormal melanopsin-driven PIPR responses to light
(Berman et al., 2018; Feigl et al., 2018; Laurenzo et al., 2016; Maynard et al., 2017).
Additionally, a study done with individuals with SAD found that blue light exposure can
enhance the response in the posterior hypothalamus while listening to emotional stimuli, while
green light will reduce these responses. The effects were not found in the healthy controls
(Vandewalle et al., 2011).

Beyond mood, the direct pathways of light also suggest that light can influence other

behavioural and physiological outputs. Specifically, light has been found to be highly involved in
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cognitive functions and to increase alertness-related subcortical structures such as the
hypothalamus, brainstem, and thalamus (Vandewalle et al., 2009). Bearing this in mind, the
follow-up review to study I will investigate light profiles most prominently linked to effects on
cognition. Cognition is also affected in the context of mood disorders, with low energy, fatigue,
and cognitive difficulties being associated with depression and contribute to worsening mood
(Corfield et al., 2016; Gotlib & Joormann, 2010). Considering that light can directly improve
cognitive difficulties, it is possible that the antidepressant effects of light therapy may, in part, be
driven by these improvements. Investigating cognitive difficulties prior to light intervention and
their potential improvements following light therapy may inform our understanding of the
potential modulating effect of cognition as another indirect pathway via which light could

influence mood.

The possible involvement of serotonin in the direct and indirect effects of light on mood

None of the studies in this thesis directly measured serotonin. However, the involvement
of this neurotransmitter in responses to light exposure, circadian rhythms, sleep, and depression
is worth discussing as this may have some implications for the putative mechanisms underlying
the antidepressant effects of light.

In terms of the direct pathways of light on mood, it has been found that a lower amount
of serotonin binds to serotonin 1a receptor sites in limbic brain regions when individuals are
exposed to low levels of light, suggesting a modulation effect of light on serotonin uptake
(Spindelegger et al., 2012). This may have important implications for the effects of light on
mood, since serotonin influences emotional processing (Cowen & Browning, 2015), with

serotonin neurons under afferent control of stress-responsive brain areas (Chaouloff, 2000) and
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projecting to regions involved with mood regulation (Lowry et al., 2008). Indeed, changes in
serotonin signaling are thought to play a key role in the pathophysiology of mood disorders and
represent a major therapeutic target that has been widely exploited by pharmacological agents.
From this perspective, light-induced modulation of the serotonergic system is likely to play a
role in the direct effects of light on mood.

With respect to the indirect pathways of the effects of light on mood, serotonin is also
known to have an endogenous rhythm and to peak during the active phase of the 24-hour cycle
(Challet, 2007). Stressors may impact the circadian system through the bi-directional
communication between the circadian system and serotonin. Since the synthesis of serotonin is
mainly driven by the circadian secretion of glucocorticoids (Malek et al., 2005, 2007), serotonin
follows this rhythmic release within the SCN (Cagampang & Inouye, 1994), and in turn,
pharmacological manipulations of serotonin can induce phase shifts in the biological clock via
the SCN and this may be time of treatment and dose-dependent (Prosser et al., 1990). Studies
have also found that the endogenous production of serotonin is directly linked to the duration of
sunlight and rises rapidly in brighter light (Lambert et al., 2002). Although this remains
speculative, one could postulate that light-induce changes in serotonin could induce circadian
phase shifts, which in turn could reinforce mood improvements via the indirect pathway. One
study comparing non-seasonal depression and healthy individuals found that the serotonin mesor
increased for both groups following light therapy, but that the increase was twice as high in those
with depression (Rao et al., 1992). With this in mind, a greater sensitivity to the modulating
effects of light on the serotoninergic system may be present in depression. From a sleep
perspective, serotonin helps synthesise adenosine during the day, a sleep-promoting substance

accumulating with the length of time spent awake, which is in line with the homeostatic build-up
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of sleep pressure in Process S and becomes inactive at night to enable sleep (Adrien, 1995).
Sleep deprivation can increase serotonin function in people with depression (Salomon et al.,
1994), which may help explain its temporary antidepressant effects. Thus, the resulting sustained
antidepressant effects seen in study 111, may be a result of sleep deprivation first affecting
serotonin functioning followed by light therapy helping to sustain this change in functioning

after the dissipation of the acute effects of sleep deprivation.

3.2.3Time

Circadian rhythms are a concept of time anchored in behavioral and biological patterns.
When using light to manipulate these patterns, a certain number of 24-hour cycles may need to
occur to observe changes at the biological, behavioral and/or psychological level, and these may
take varying amounts of time. As can be seen in daylight savings, the repercussions of this
transition can often be seen for up to 2 weeks (Valdez et al., 2003). In study Il as compared to
study 111, there was a longer delay in the emergence of mood improvements, despite both studies
administering the same light therapy device in the morning. It is additionally surprising that
study 11 had longer delays since it had an integrated sleep rescheduling component which would
conceptually help phase advance the sleep-wake cycle. One potential explanation for this
difference lies in the partial sleep deprivation of an hour that was induced as part of study 11 (an
artefact of the fact that bedtime was pushed back to enable later saliva sampling). It is possible
that the antidepressant effects of sleep deprivation were manifested and then maintained through
light therapy. This is notably likely since both conditions saw a significant improvement in mood
in the first arm following this partial sleep deprivation, which was not present in the second arm.

Therefore, without a partial sleep deprivation it may take four weeks for sleep/circadian
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mechanisms to improve which then leads to mood improvements. This is aligned with previous
work demonstrating that light therapy can be used to maintain the effects of sleep deprivation
(Neumeister et al., 1996). Furthermore, despite acute effects of light, such as light stimulating
emotion regulation regions of the brain (Vandewalle et al., 2010), it may subjectively take longer
for individuals to feel the change in their global mood, especially for healthy individuals who
presumably have overall higher and more stable mood levels to start up with. Study | mainly
reviewed studies measuring the acute effects of light on healthy people who may have little room
to improve in mood. It may thus take even longer for changes in mood to be quantified in this
population. Certain sub-groups, such as those with altered light-sensitivities may explain in part
the variations in response time in healthy individuals. It is also important to note that study |
revealed a significant effect of light exposure duration which indicates that there was an effect of
light on mood, even if this effect did not seem to vary based on the level of stimulation of
different classes of photoreceptors. If more of the included studies had longer durations of light
exposure and had a light profile that stimulated the melanopic system in a greater way, it may
then be possible to see melanopic EDI and perhaps other photoreceptors predict mood.

Figure 11 depicts the contrast between the study Il & 111 light source EDI profile versus
study | EDI profiles. As can be seen, L-cone and S-cone EDI values appear to be higher than
melanopic EDI in polychromatic light, even in the studies suggestive of “blue-enriched” light
(study 1). In contrast, the blue/green light of the Re-Timer glasses used in studies Il & 111 is
maximally targeting ipRGCs and has a higher melanopic EDI value, as expected, than the cone
EDI values. Since the peak sensitivity of rhodopsin (see Figure 2) is near the wavelength of the

Re-Timer glasses (500nm), it is not surprising that its EDI value was also high.
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Figure 11. Profiles of a-opic EDI across the different light conditions included in study I in grey

scale and Re-Timer glasses used in studies 11 & 11 in blue.

3.2.4 Treating mood disorders with chronotherapies

Circadian rhythm sleep-wake disorders (CRSWD), such as delayed and advanced sleep-
wake phase disorders, are often hard to separate from insomnia which is more sleep-related than
circadian. This is also often confounded in clinical practice where people are treated for initial or
terminal insomnia, when in reality they have a delayed or advance sleep-wake cycle respectively.
This highlights not only the importance of increasing awareness about these disorders, but also
the importance of creating accessible tools to differentiate sleep- and circadian-driven

disturbances and deliver the appropriate treatment.
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Coming back to the point that there are different sleep/circadian profiles found across
different individuals with depression (Germain & Kupfer, 2008; Hayakawa et al., 2005; Pflug et
al., 1976), using light therapy in these different contexts could also require a slightly different
approach. Indeed, light has different effects depending on the time of exposure (Minors et al.,
1991). When aiming to induce a phase advance in someone who has a delayed phase (Figure 12 -
A), using light in the morning (after the CBTnadir) would help shift circadian rhythms to an
earlier/more conventional time. Conversely, light exposure in the evening (before the CBTnadir)
would worsen/delay even more the circadian rhythms. In the case of an advanced phase (Figure
12 - B), evening light would be the treatment of choice since it would help delay the rhythms,

leading to a later/normal sleep onset.
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Figure 12. Phase Shifting with Light - delayed and advanced sleep-wake phase disorders. Proposed
timing of light therapy for delayed (A) and advanced (B) sleep-wake phase disorders. Variations in
circadian rhythms across clock time in relation to the sleep episode (in green). DLMO; Dim Light Melatonin

Onset. See Figure 1 for normal circadian rhythm profile for reference.

In the case of a non-24hr circadian rhythm, one of the common interventions is to wait
until the individual reaches the desired sleep onset time and then administer melatonin in the
evening and bright light therapy in the morning to help stabilize the biological clock and
maintain rhythms in place (Malkani et al., 2018; See figure 10, for a representation of a non-24hr
sleep-wake cycle).

As can be seen in Figure 10, various circadian profiles were present in study 111, however,
the predetermined protocol for the study did not allow for modification of the timing of light
therapy. Although a limitation for this study, it underlines the need for light therapy studies to
create protocols that have flexibility in its application to accommodate the heterogeneous nature

of mood disorders and sleep/circadian rhythm profiles.
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The combination of different chronobiological approaches with light therapy may also
show greater improvements in mood. Agomelatine, a melatonergic agonist (at both MT1 and
MT?2) and 5-HT2c antagonist, also has antidepressant properties (Kennedy & Emsley, 2006; Loo
et al., 2002). These antidepressant effects are likely due, in part, to its ability to help re-align
circadian disruptions in depression (Robillard, Carpenter, Feilds, et al., 2018), and its similar
effects at the serotonin receptor level as antidepressants (Kasper & Hamon, 2009). As was seen
in study 11, the combination of partial sleep deprivation and light therapy may have generated
faster antidepressant effects in contrast to light therapy alone, which is aligned with previous
sleep deprivation studies (Echizenya et al., 2013; Sahlem et al., 2014). One study found that
combining sleep deprivation (wake therapy) with light therapy and sleep advance by 1hr was
well tolerated and improved mood in hospitalized patients with non-seasonal depression
(Danilenko et al., 2019). The combination of treatments operating on both the Process S and C
has started to grow in the literature (Benedetti et al., 2013; Martiny et al., 2012; Wu et al., 2009),

showing faster and longer-lasting effects.

Aligned with the previously mentioned benefits of combining different chronotherapies,
combining light therapy with other types of treatment approaches may also yield important
benefits for mood, sleep, and circadian rhythms. Specifically, combining antidepressants with
light therapy is more effective than either of them alone (Benedetti et al., 2003; Benedetti et al.,
2003; Lam et al., 2016), which suggests synergistic effects between circadian, sleep, and
serotonergic treatments on mood. One possibility is that SSRIs increase the sensitivity of the
circadian system which may lead to more effective light therapy (McGlashan et al., 2018).

Combining exercise with light therapy has also been shown to enhance mood improvements
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(Leppéamaki, 2006; Partonen et al., 1998), and potentially even more so with cognitive

behavioural therapy (Richter et al., 2014; Rohan et al., 2007).

3.3 Applications & Implications
Results from these studies open the doors to multiple application avenues with important
implications for research and clinical work which extend to different groups of individuals and

different settings.

3.3.1 Integrative lighting implications

Light is an important feature of our physical environment. The results of study | suggest that
the relative role of ipRGCs (or the other photoreceptors) in improving mood in healthy
individuals may not be as prominent as previously thought. Thus, this systematic review cannot
justify going to great lengths to rearrange living and working lighting to target melanopic EDI
(or other photoreceptors). Key limitations caution any strong conclusions. For instance, some
studies used polychromatic light that was intended to be “blue-enriched”, but which was found
not to activate ipRGCs preferentially.

Firstly, light sources that are considered blue-enriched are created with the idea that ipRGCs
would be heavily targeted since they are maximally sensitive to short wavelength light (Berson et
al., 2002). The EDI profile of these light sources would be expected to maximally stimulate
melanopic EDI, however, this was not found to be the case in the included studies, and likely for
most blue-enriched polychromatic light sources. To keep the white appearance in light, red (long
wavelength light) needs to be integrated in the spectrum of the light source, however, this

creates, according to study I, an EDI profile that does not actually target ipRGCs (melanopic
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EDI) preferentially. Although this study did not show significant effects of EDI reflective of
distinct photoreceptor systems, the limited range of EDI profiles that this study was based on
does not allow us to rule out the possibility that there is in fact and effect. Future studies using
polychromatic light that properly targets ipRGCs are needed (see section 3.5).

Secondly, since polychromatic light is the type of electrical lighting that we are most exposed
to in our daily lives, the implications of finding a statistical model to predict and then design
mood enhancing polychromatic light sources is critical. Since humans spend increasing amounts
of time indoors, the indoor environment should be optimized with well-being, health, and
performance in mind. Certain studies have started to explore the effects of manipulating lighting
in offices, schools, homes, and hospitals with promising results (Dalke et al., 2006; Gasio et al.,
2003; Viola et al., 2008). As this field progresses, there is increasing recognition of the ethical
implications that need to be considered. Specifically, knowing that there are light specifications
that can benefit health and performance, is it ethical to continue to install light sources that do
not offer these benefits? In opposition, is it ethical to install light sources that can be detrimental
to health? In hospital settings where patients are trying to heal, having constant lights with high
amounts of blue light may be beneficial for staff, but unfavourable for patients who are trying to
sleep and keep a normal circadian rhythm (Cain & Phillips, 2021). Many research teams across
the world are currently investigating best practices, such as lighting schedules mimicking natural
daylight variations (Giménez et al., 2017; Volf et al., 2020) and using blue-depleted light in the
evening (Vethe et al., 2021). In most cases, lighting in living spaces, offices, schools, and

hospitals remain unoptimized and large-scale applications remain to be done.
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3.3.2 Research implications/applications

At a research level, study 111 contributed significantly to the literature of light therapy and
lighting in general by creating a novel placebo that can be accurately called a placebo.
Considering the difficulties with blinding inherent to light stimulation and ensuing complexity of
creating a placebo for light, other approaches were used in the past, such as red light and low
light (Deltito et al., 1991; Fritzsche et al., 2001; Sit et al., 2018). Although being able to contrast
the effects of these conditions, they cannot be considered true placebos since light, in all its
forms, can have an effect on mood outcomes (Prayag et al., 2019). Using conditions with an
absence of light may be more robust as a placebo than previous approaches focused on adjusting
the intensity/spectrum of light. This can be attained by slightly leading individuals into deception
by suggesting that the light source is emitting infrared light, which is invisible to the human eye,

when in fact there is no light being emitted.

Studies 11 & 111 suggested that light therapy may increase mood (likely by means of
readjusting sleep homeostatic processes and circadian rhythms). Considering that multiple other
mental health disorders have also been found to have these circadian and sleep disturbances (e.qg.,
Cardinali et al., 2006; Poon et al., 2018; Wagner, 1999), and that study I1l demonstrated the
usability of a new type of light placebo condition, a first application of these studies is extending
this methodology directly into studies targeting other clinical groups. Studies have started to look
at the effects of light therapy for other disorders such as PTSD (Elliott et al., 2022; Youngstedt et
al., 2022; Zalta et al., 2019), Parkinson’s disease (Paus et al., 2007; Rutten et al., 2019; Sonja
Rutten et al., 2012), and dementia (Ancoli-Israel et al., 2002; Burns et al., 2009; Hanford &

Figueiro, 2013; van Maanen et al., 2016), with mixed results. More research could explore the
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differences in ipRGC sensitivities in these groups, via PIPR, and potentially uncover predictors
of treatment response. Exploring these possible sub-groups within these populations and doing

so with a more robust placebo may also help further uncover the benefits of light therapy.

3.3.3 Wellness enhancement and treatment implications/applications

In terms of clinical implications, studies Il & I11 reinforce the notion that light therapy
can be used to improve mood in people with formal mood disorders and that the orientation of
patients towards this type of treatment could be informed by profiling sleep and circadian
features that may predict therapeutic response. This is especially relevant considering the
heterogenous response to light therapy in people with non-seasonal depression is diverse.
Determining the best treatment approach for major depression is often a trial-and-error path to
determining the optimal treatment. Having tools to determine who will and will not respond to a
given treatment is beneficial to all, from the individual’s perspective to a healthcare system and
economic standpoint. Studies I & 111 have brought us one step closer to our ability to do so by
proposing a predictive treatment response model for light therapy through circadian and sleep
measures. In line with personalized medicine, this may facilitate more rapid and efficient
orientation of patients toward treatments to which they are more likely to respond based on
features of their sleep/circadian profiles. More research is needed to expand and optimize these

predictive models.

Accessing treatment for depression and seeing results can take large amounts of time.
This is namely true due to the long wait lists, waiting for appointments, the trial an error of
finding the right therapist, and then also going through the trial and error of finding the right

medication, at the right dose, and finally, the long delays in seeing clinical results. The effects of
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standard antidepressant medication typically start to manifest about 10-14 weeks after treatment
start (Fava, 2000; Trivedi, 2006). Light therapy may be an easily accessible option with rather
rapid action of 2-4 weeks (studies 11 & I11). It also does not yield major side effects. From this
perspective, it is an appealing intervention to offer some relief while waiting for the effects of
pharmacological treatments to emerge and could be maintained as an adjunctive treatment in
later stages of care. As compared with the side effects of antidepressant medication, which is a
common obstacle for treatment compliance (Zajecka, 2000), light therapy, which only has
limited mild side effects (Benedetti, 2018; Terman & Terman, 2005), may also yield greater
treatment adherence. Yet, other compliance obstacle arises with light therapy due to elements
such as motivation to keep a strict wake-up schedule to administer light at the right time (Terman
& Terman, 2005) and sitting in front of a light box for long periods of time. Possible solutions
would be help shape light therapy into a habit which could be done with habit stacking and
rewards. With regards to sitting in front of a light box for long periods of time, studies Il & I11
can be used as an example where light therapy glasses, as opposed to a light box was used. This
option allows people to better integrate light therapy into their morning routine which is thought

to increase adherence.

Beyond the effects of light on mood, restoring sleep and circadian rhythms in people with
mood disorders through light therapy has been found to have important implications for other
dimensions of physical health. For instance, it has been postulated that sleep and circadian
disruptions linked to altered mood states may contribute to the elevated prevalence of
cardiovascular and metabolic conditions in people with mood disorders (Nixon et al., 2017). Of

note, light therapy is also used to help with sleep and circadian pathologies regardless of the
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presence of mood disorders (Gooley, 2008; Montgomery & Dennis, 2002; van Maanen et al.,

2016).

Considering both the direct and indirect pathways of the effects of light on mood,
applying light therapy as a first line of treatment in both mood and sleep clinic settings may be
key. Despite the silo-like structure often characterising the different departments of hospitals, the
applications of light therapy for sleep/circadian as well as mood disorders are an example of
interventions well suited for integrated healthcare. This is especially true considering that relapse
in depression can occur when sleep/circadian issues are left unresolved (Forest et al., 2005).
Considering the high frequency of sleep and circadian disruptions in psychiatric populations, in
an ideal scenario, individuals referred for mental health treatments should systematically be
screened for sleep/circadian disturbances. They should be relayed to a sleep clinic if any
accessible measures (such as those used in studies Il & 111 e.g., sleep questionnaire, actigraphy,
body temperature sensor) are suggestive of a sleep or circadian disruption so these can be
addressed. Resulting from this same screening, a light therapy plan can also be put in place
reflecting their circadian profile (see section 3.2.4). This combination of early mood
interventions may help meet the need for safer, faster acting, more effective, and better tolerated
treatment options for depression in conjunction with other therapies targeting full remissions

(Moller, 2008)
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3.4 Weakness/strengths
Overall strengths and weaknesses

The fact that none of the polychromatic light sources in the articles included in our
systematic review (study 1) did preferentially target ipRGCs represents a clear limitation.
However, one of the review’s strength lays in the fact that the focus was on polychromatic light.
Monochromatic light, which is often the light source used in studies investigating the effects of
IPRGC:s, is not easily generalizable to typical living lighting, which tends to be polychromatic.
Thus, studying typical living lighting, as was done in our review, allows for greater
generalisability. Similarly, both studies Il & 111 had considerable generalisability because the
light therapy intervention was administered as an adjunctive treatment to participants’ ongoing
clinical care. Although this may induce some weaknesses, such as potentially blurring the effects
of light therapy itself by diminishing or enhancing its effects through potential synergistic
interactions for example with serotonin-based medications, it represents more accurately the
manner in which light therapy would likely be utilized in this population, which counts many
individuals already undergoing various forms of mental health treatments.

All studies also have the strength of highlighting realistic considerations for the
implementation of light interventions. If replicated in further work, the findings of study I argue
against complex manipulation of the spectrum of ambient polychromatic light to enhance mood
in the general population. Furthermore, both studies 11 & 111 explored accessible low costs
measures that can be used to predict treatment response such as self-reported questionnaires and
ambulatory sleep monitoring. Although not as precise compared to tools used in a laboratory or
clinical settings such as PSG and hormone sampling, which was also explored in study IlI, these

types of measures may be more readily implementable in standard mental health care settings.
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Finally, a great strength of study Il1 is its use of a novel placebo condition which enables
greater accuracy in drawing conclusions about the effects of light, as compared to previous
“placebos” (i.e., based on variations in light intensity and\or spectrum which may still have
yielded some effects on mood; Deltito et al., 1991; Fritzsche et al., 2001; Sit et al., 2018; Wirz-
Justice et al., 1986) as discussed previously. However, the inclusion of partial sleep deprivation
prior to the intervention starts in study 111, may have hindered the capability of clearly comparing
the placebo to the active condition without the confounding factor of increased sleep pressure
(which may have antidepressant effects). A simple study design comparing the active to the
placebo would be needed.

As a general weakness across all three studies, results may only be representative of
western cultures since study | consisted mainly of studies done in this part of the world, and
study Il was done strictly in Canada. However, study Il had a multisite sample (Canada &
Australia) which expands the representative nature of these results. In studies Il & 111, the
recruitment age range was roughly 13 to 35 years old. Although age was controlled for in the
study 111 analyses, it was not for study Il. Considering that this range spans multiple
developmental periods (Salmela-Aro, 2011), it is possible that the effects of light therapy may
have varied with age due to hormonal changes, brain/eye development, and changes in circadian
rhythms. Unfortunately, the final sample sizes did not allow for exploring potential age-related
differences. More studies are needed to better disentangle these effects. Furthermore, more
females than males participated in studies Il & I11. This is however aligned with data indicating
that women are twice as likely to experience depression in contrast to men (Kessler et al., 1994;
Nolen-Hoeksema, 2001). Considering the influence of normal shifts in gonadal hormones in the

menstrual cycle which influence neuroregulatory systems that play a role in mood disorders
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(Bloch et al., 2000; Rubinow et al., 1998; W. Freeman, 2022), it is possible that the timing of
light therapy within that cycle might have influenced the results. Good adherence to treatment in
studies Il & I11 was found, which is consistent with previous studies done with light boxes and
similar to compliance rates with antidepressant medications (Michalak et al., 2002; Michalak et
al., 2007). However, it important to consider how this information is collected. As was done in
studies Il & I11, most studies rely on self-reported diaries which can introduce error and social
desirability biases. A previous study asked participants to call a time-stamped machine when
doing the light therapy sessions (Sit et al., 2018). This method, however, still relied on
participants to self-report. More research is needed to determine more efficient and precise ways
of measuring adherence to light therapy, an area where wearable and nearable technology may

be of great value (Lee et al., 2022).

Subjective measures

Another limitation across all three studies can be found in the use of self-reported
measures. Although these are easy measure to use and administer, a disadvantage is the risk of
receiving answers that are untruthful or invalid. When asked to reflect on one’s sleep or mood in
the past month/week, it can be hard to average it together when many variations occur from day
to day, which has been reported to occur more prominently in people with mental disorders
(Abad & Guilleminault, 2005). This is especially true for the PSQI which asks respondents to
average their sleep over the past month. Also, many items on the BDI-Il may reflect sleep issues
rather than depression symptoms (Carney et al., 2009) which may cloud conclusions about mood

improvements. For this reason, study Il removed certain sleep items when calculating total
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scores. Study 111 opted to use the clinician rated QIDS to quantify mood improvements along
treatment and analyses were also re-run after removing sleep items.

In healthy individuals, it can also be hard to capture small variations in mood through
guestionnaires since mood may not reach considerably low levels and may be more
homogeneous from one person to the next. Additionally, in study I, many questionnaires
measuring mood do not seem to measure the same construct of mood, which limits the ability to
pull accurate conclusions about mood in meta-analyses. Typically, these questionnaires were
also more simplistic than questionnaires assessing complex combinations of symptoms related to

mood disorders, which may be more sensitive to slight variations.

Light history

Considering that prior light history can reduce the sensitivity of the circadian system
(Chang et al., 2011; Hébert et al., 2002; Jasser et al., 2006; Smith et al., 2004), lack of reporting
on or controlling for light history is a limitation that applies across all three studies. In study |,
eight of the 14 included studies reported or controlled for light history. Bearing in mind that light
history over several days, and not just a few hours prior to a study may impact results (Hébert et
al., 2002), that most of the included studies that did report or control for light history did so for a
short period of time, and that only a small set of variables can be controlled for in our study due
to small sample size, light history was also not controlled for in the meta-analysis of study I. In
studies Il & 111, only a short period of light exposure (30min to 1hr) was delivered to
participants, which may have helped supress morning melatonin for those with a delayed phase

and who were normally exposed to low levels of light. However, for those with a bright light
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environment, this intervention may have had little additional effect on the circadian, sleep or

mood systems.

Evening light

Considering that light exposure in the evening has been found to impact sleep,
homeostatic sleep pressure, and circadian-driven aspects of sleep (Chang et al., 2015; Lastella et
al., 2020; Smotek et al., 2020; Wams et al., 2017), not controlling for variations in ambient light
exposure at that time in studies Il & I11 represent another limitation. Using devices that emit light
before bedtime has also been associated with a delayed sleep phase and a later DLMO as
compared to controls, thus suggesting that those with a delayed sleep schedule may participate in
light-related behaviors that favor a later bedtime (Van der Maren et al., 2018). It is possible that
this behaviour, often used as a way of distraction, may be linked to the high prevalence of
intrusive pre-sleep thoughts in this population. Future studies should explore combining morning

light therapy with evening dark therapy to counterbalance these effects.

3.5 Future Directions
3.5.1 Integrative lighting
Being limited by the available studies in the literature that used light with little melanopic
activation, Study I highlights the need for studies with polychromatic light with better shorter
wavelength integration. The limitation with adding more short wavelength light into
polychromatic light, is that the light source no longer looks white which is why longer
wavelength light is typically added in parallel. One way to counter this is with the recent

development of metameric spectral tuning lighting, which can alter the non-visual impact of light
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without changing the appearance of the light source (e.g., color of the light; Allen et al., 2018).
The EDI profile of these light sources could be created to maximise ipRGC activations while
remaining white in appearance, which has important ecological validity implications. Thus, re-
running the search for study I in a few years, specifically on metameric lighting studies, could
enable the study of more diverse EDI profiles that may be better suited to investigate whether
melanopic EDI can predict mood outcomes in healthy individuals. Such studies looking to better
understand the effects of metameric lighting on mood could undertake a study design that
encompasses all the lessons learned from all three studies. At the light level, this would include
controlling for duration of exposure, time of day, the photoperiod, and taking detailed measures
of the environmental setting. Measuring mood could take different forms. In the context of
healthy individuals, there would need to be standardization of mood metrics and in a clinical
setting the use of more robust clinical assessments such as the QIDS-C or HAM-D. More
objective measure of mood could also be used to compliment these more subjective measures.
This may include an objective proxy such as brain correlates of emotional processing (e.g.,
through ERP or fMRI) or physiological response to emotional stimuli (e.g., heart rate, skin

conductance, skin temperature, or pupil response).

Metameric lighting could also have important applications if combined with dynamic
lighting (lighting that changes in spectrum/intensity across the 24hr cycle). As discussed in
section 3.3.3, studies are starting to integrate dynamic lighting into settings like hospitals
(Buikstra et al., 2020), nursing homes (Wahnschaffe et al., 2017), and the space station (Rahman
et al., 2022) to help keep circadian rhythms aligned. Combining both approaches could allow

viewers to perceive no variations while benefiting from the optimized spectrum for a given time
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of day. In the context of mood disorders, this could extend into changing light therapy boxes or
glasses for ambient lighting that can meet their needs at different times of day, which would not
only increase adherence, but potential benefit for others in their household. At a larger scale,
deployment of wearable light sensors (e.g., daysimeter) paired with experience sampling
methodologies to capture mood simultaneously would enable naturalistic environment data of
mood and light over long periods of time. Variations in both light and mood could also be paired
with Al-based social media mood indices (Roy et al., 2020). At an even larger scale, these social
media mood indices could also be paired with regional light information enabling population

level research about light and mood variations.

At the other end of the spectrum, red (630-660nm), near infrared (810-850nm), and infrared
(900nm) light are also shedding light on the many non-ocular benefits such as reduced pain
(Haslerud et al., 2015; Huang et al., 2015; Stausholm et al., 2019), improved cognition in people
with dementia (Chao, 2019; Nizamutdinov et al., 2021), and mood improvements in people with
MDD (Cassano et al., 2018). This range of the light spectrum is associated with heat emission
and considering the global ecological needs to reduce energy usage, windows and light bulbs
(i.e., incandescent bulbs) which once allowed for and emitted infrared light, are now being
modified to shield from (Wu et al., 2018) and reduce infrared light, notably through
implementing LED lights. This may have important implications in settings such as hospitals or
retirement homes where infrared light may be beneficial beyond enabling sight (i.e., pain).
Future studies could investigate the combined effects of infrared light at a non-ocular level with
short-wavelength light at the ocular level. Strictly at the ocular level, it may also be beneficial to

investigate the combined effects of red light at night, which has been shown to attenuate
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vigilance and accelerate the transition from wakefulness to sleep (van der Meijden et al., 2018),
with morning blue light. This could result in faster re-alignment of circadian rhythms by address

both pre- and post-sleep, which may lead to faster antidepressant effects.

3.5.2 What is left to investigate with regards to light therapy interventions

With the magnitude of data generated from the light intervention trials included in this
thesis, there remains considerable research questions that could be further explored beyond the
scope of the current thesis. It would be relevant to adapt the cosinor models applied to actigraphy
and body temperature data to detect potential changes in the circadian period of these rhythms.
Studies have shown that individuals with mood disorders display unstable/abnormal circadian
periods (Pflug et al., 1981). Light therapy may help stabilize these variations and may thus have
more prominent effects in those individuals who initially had more unstable circadian periods.
As mentioned in section 3.4, re-running analyses with only females and perhaps dividing the
group based on menstrual cycle phase could yield preliminary information on the influence of
reproductive hormones on the effects of light on mood. Additionally, as mentioned in section
3.2.1, the presence of naps may be another variable that could be added to the predictive model.
Moreover, morning cortisol was collected in study I11, which would enable the characterisation
of the cortisol awakening response (CAR) at pre-intervention. The literature appears to be torn
between a blunted and increased CAR in depression (Dedovic & Ngiam, 2015), which may be
suggestive of another sub-group profile in depression. The CAR could thus potentially be added
to the predictive model of study III.

Finally, myopia has been linked to a delayed DLMO, lower melatonin output, delayed

sleep onset, longer sleep onset latency, evening-type chronotype, and shorter sleep duration as
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compared to emmetropes (Chakraborty et al., 2021). Considering that the axial length, anterior
chamber depth, crystalline lens thickness, and citreous chamber depth of the eye also have
diurnal rhythms (Chakraborty et al., 2011), myopia should also be assessed as a predictor of

treatment response.

3.5.3 The need for more light therapy studies

Future studies could build on studies Il & 111, expanding on mechanisms, predictors,
increasing acceptability, and exploring alternative light therapies. As was seen in study Il1, short
REM latency was found to predict treatment outcome, however, no post-intervention PSG was
done which means it was not possible to assess whether an improvement in REM latency may
also be an underlying mechanism of light therapy. Thus, future research could leverage a study
design with a pre- and post-PSG assessment to better characterize changes in sleep with
adjunctive light therapy. Other predictors of treatment response also need to be explored to have
a better view of who may or may not respond to light. PIPR may be an important treatment
predictor since different PIPRs have been found in different forms of depression (Roecklein et
al., 2013; Roecklein et al., 2021), including non-seasonal depression (Berman et al., 2018;
Laurenzo et al., 2016). Finally, polymorphisms in core circadian clock genes such as, BMAL1,
PERIOD3, CLOCK, and TIMELESS have been associated with mood disorders (Mendlewicz,
2009). Considering their cross-over between circadian rhythms and mood disorders, they may
represent target objective treatment predictors.

To increase acceptability of light therapy, new methods of delivery are being explored
such as scarves, hats, and hoods lined with LEDs (Profita et al., 2015). These different options

could be integrated into clinical studies to also increase study adherence. Other areas to consider
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when looking at increasing adherence is reducing associated side effects such as headaches and
eyestrain, which has been reported by light therapy users (Terman & Terman, 2005). Temporal
light modulation at low frequencies has been found to be associated with headaches and
eyestrain, for those who tend to experience these symptoms (Wilkins et al., 1989). Flicker at a
range from 3 to 70Hz can increase risks of seizures and frequencies below 165Hz can induces
human biological effects such as headaches, malaise, and impaired visual performance (IEEE
Power Electronics Society, 2015). The light therapy glasses used in studies Il & Il are within
this low range that can create visual stress (Re-Timer are 50 to 166Hz; Re-Timer, n.d.). Future
studies could explore using light sources with higher frequencies to see if these light therapy side
effects are reduced. Although light pulses can have potentially negative side effects for a sub-
group of individuals (e.g., epileptic, prone to headaches), pulsed light with closed eyes at night
may be another avenue for delivering light therapy to a subset of individuals. One study found
that pulsed blue light at night (with eyes closed) could delay circadian phase and supressed
nocturnal melatonin (Figueiro et al., 2013). This may be particularly useful for those in a non-
24hr cycle and advanced phase disorder. Pre-clinical work has also found that gamma
entrainment using sensory stimuli (GENUS), in this case visual stimuli at 40Hz, had
neuroprotective effects such as reducing neuronal and synaptic loss (Adaikkan et al., 2019).
Much work is still needed, but these findings may have significant implications for

neurodegenerative disorders

3.6 Conclusions
Light not only enables us to see, but it also has an important role in a diverse range of

non-visual functions, including mood regulation. Influencing many of our circadian rhythms and
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behaviour, light is a fundamental part of our reality. The three studies presented in this thesis
lead to the conclusion that short-wavelength light has modest overall antidepressant properties in
the context of non-seasonal depression, but that more work is needed to disentangle the effects of
polychromatic light on mood in the general population. The heterogeneity of the response to
light therapy may be influenced by the existence of different sub-groups of depression, which
can be characterized, in part, by sleep and circadian rhythm profiles. These profiles also have the
potential to identify and predict treatment response. A novel light placebo was also developed
and successfully applied, which holds promise in helping push the boundaries of light research.
Light remains at the forefront of the quickly evolving chronobiological toolkit for improving
mood, however, larger studies are needed to better characterize the full profile of individuals,
healthy or with a mood disorder, most likely to respond to light and to better understand the

multitude of underlying mechanisms at play.
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