Martin H. Teicher, M.D., Ph.D Harvard Medical School

Director, Developmental Biopsychiatry Department of Psychiatry

Research Program .
8 Associate Professor

hief, L ) of D e
Chief, Laboratory of Developmental Phone: 617-855-2970

Psychopharmacology

McLean Hospital Fax: 617-855-3712
115 Mill Street Email:
Belmont, MA 02478-9106 martin_teicher @hms.harvard.edu

Revised Protocol

Effects of Litebook EDGE™ Phototherapy on Academic Performance and Functional Brain
Activity in Non-Depressed Adolescents

November 3, 2016

Adolescence is characterized by a number of important biological changes, including myelination
of corticolimbic pathways, pruning of synaptic connections, and alterations in brain metabolism, sleep
quality and circadian phase?9:13.16:30.33.3857 = Ag children pass through puberty, their circadian
acrophase shifts, and they experience a strong urge to stay up and awaken late?'. Hence, a large
percentage of normal adolescents arrive at school each day with an insufficient amount of sleep*®53,
which can take a substantial toll on their academic performance'422:32.48,

A growing number of human studies clearly show that sleep promotes learning and
memory'112.2462  Conversely, sleep deprivation has a negative impact on cognitive and behavioral
functions”?834, Functional MR imaging (fMRI) studies comparing well-rested and sleep-deprived
adults show that alterations in cognitive ability correlate with alterations in functional brain activity%-63,
For example, fMRI studies reveal deficient prefrontal cortical activation in sleep-deprived individuals
performing a serial subtraction task, which requires working memory and attention®’. In contrast,
fMRI studies show a decreased degree of activation in the medial temporal lobe (MTL)?® and in
bilateral posterior hippocampal regions® during tasks that require encoding of new learning into long-
term memory. Sleep deprivation also leads to a compensatory overactivation in prefrontal and parietal
attention networks during learning of new material, which occurs as a partially effective attempt to
compensate for diminished hippocampal processing through increased attention and effort'826.
Another form of compensation during learning tasks in sleep deprived individuals is the exacerbated
deactivation of the resting state default mode network'82036  which is normally involved in self-
referential thinking. Similar findings of prefrontal overactivation and exaggerated deactivation have
been reported in a pilot fMRI study of sleep-deprived adolescents®. Together these findings confirm
that sleep loss is associated with alterations in working memory, attention, and capacity for memory
formation®?, and that these impairments can be visualized by alteration in fMRI response in selective
brain regions.

Relatively few studies have examined effects of sleep deprivation on cognitive performance in
adolescents (for review see?34144). In these studies total sleep deprivation was associated with
impaired memory performance and diminished computational speed*6%, while, partial sleep
deprivation was associated with deficits in reasoning*® and verbal creativity*’. For example, male
adolescents sleeping more than 8 hours per day had significantly higher reasoning ability than their
peers who slept for less than 8 hours per day*®. Some studies'>*’ reported that simpler cognitive
processes such as working memory and computational speed may not be significantly affected by a
single night of sleep limited to 4 to 5 hours. However, even mild sleep restriction of an hour or more,
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when persistent across days, can lead to memory problems as severe as seen following total sleep
deprivation’.

The sensitivity of the adolescent brain to subtle sleep impairments was highlighted in a study
where 12-14 year olds were allowed to play stimulating computer games or watch TV right before
bedtime. This experience prolonged sleep latency, increased stage 2 sleep and reduced slow wave
sleep. This modest degree of sleep restriction significantly impaired verbal memory consolidation®®.
Suboptimal sleep duration in adolescents was also associated with poor performance on a serial
digit-learning test®' during morning testing sessions, but not in afternoon sessions. Between 58-68%
of high school students surveyed in Ontario report that they feel "really sleepy” between 8 and 10
A.M.22, Thus, achievement in early morning classes may suffer the most in sleep-deprived
adolescents.

Fortunately, sleep only needs to be extended by a modest amount to enhance cognition in
children. Sadeh et al®? showed that performance on memory, attention and vigilance tasks in children
improved significantly after 1 hour of sleep extension on three consecutive nights. Gais et al®*' and
Backhaus et al* have also shown the beneficial effects of sleep on memory consolidation in children
and adolescents.

The extent of the sleep deficit in children and adolescents can be quantified using actigraphs,
which are wrist-watch sized devices that count and store the number of body movements
(accelerations) across time in memory. The activity time series can then be downloaded and
analyzed by algorithms to provide estimates of sleep latency, total sleep duration and sleep
efficiency’®0. Steenari et al®® reported that longer sleep latency and lower sleep efficiency were
associated with decreased auditory and visual memory performance. Shorter sleep duration was
associated with reduced working memory performance.

In summary, a modest reduction in sleep duration over the course of a school week exerts a
cumulative toll, with neurocognitive effects similar to that produced by total sleep deprivation. Sleep
deprived adolescents appear to be unaware of the consequences of sleep loss on memory and
academic performance®®. Sleep optimizes the consolidation of newly acquired information in memory.
Hippocampal-dependent (declarative) memories benefit primarily from slow-wave sleep (SWS),
whereas memories not depending on the hippocampus (procedural or emotional) show greater gains
over periods containing high amounts of rapid eye movement sleep''. Sufficient sleep is also critical
for the encoding of new learning prior to consolidation. One night of sleep deprivation markedly
impairs hippocampal function, imposing a deficit in the ability to commit new experiences to
memory®2.  Overall, there is compelling scientific evidence that schoolchildren, particularly
adolescents, are chronically sleep deprived, that the degree of sleep restriction they experience
exerts demonstrable effects on memory encoding, consolidation and processing speed, and that even
a modest increase in sleep will result in measurable improvements in cognitive function. We also
know that the primary reason that adolescents are sleep deprived is due to a naturally occurring
phase delay in their biological clock, resulting in a propensity to stay up until late in the evening which
is incompatible with the early rise times schools typically require. Finally, we know that light
treatments at the appropriate time can phase advance the biological clock, potentially reversing this
problem.

The hypothesis that we propose to test is that consistent morning use of the Litebook Edge™
phototherapy device, coupled with one-hour pre-bedtime use of blue-wave light blocking glasses
while watching video screens, by normal adolescents will shift the circadian phase of their normal
(nycthemeral) rest-activity rhythm. This in turn will enable them to fall asleep earlier and to receive an
increased amount of sleep during the school week. They will consequently awaken more readily, feel
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more awake during early classes, and will perform better on tests of academic performance, attention
and working memory. Light therapy will enhance intrinsic default mode network (DMN) connectivity
and strength of the reciprocal connections between the DMN and attention networks[De Havas, 2012
#36238]. Light therapy will also enhance resting state functional connectivity (rsFC) between
thalamus and cortical regions[Killgore, 2015 #36230] and result in a measureable increase in size of
the dentate gyrus[Kwon, 2013 #36247]. Degree of improvement in cognition, attention and functional
and structural MRI measures will be directly related to average time spent each day activating (and
hopefully using) the device, which will be independent variable in the statistical analyses.

Subjects recruited for study will be normal adolescents of either sex, age 14-18. They must be
unmedicated (other than acne medications, albuterol inhaler, birth control pills, or other medications
that are non-sedating and have no known cognitive or chronobiological effects as approved
individually by the PI) and have no significant psychiatric symptoms on rating scales (BASC-
2/BESS®®). Subjects will also need to have an IQ > 80 and be enrolled in school (not home
schooled). Individuals who undergo athletic training (e.g., football or ice skating practice) prior to the
start of the normal school day, or other activities that may markedly influence their degree of morning
alertness, will be excluded. To be enrolled subjects must indicate that their academic potential
exceeds their current academic performance, and that they would be willing to consistently utilize a
device that may enable them to perform better at school. We will also exclude individuals with
macular degeneration, diabetic retinopathy, retinitis pigmentosa, who have undergone laser
corrective eye surgery in the past thirty days, who have been instructed by an eye doctor to routinely
wear sunglasses when outside, or are taking photosensitizing medications (though most
photosensitize to UVA and UVB, not blue light).

All subjects will be provided with Litebook Edge™ and blue-light blocking glasses in order to
undergo three weeks of early AM phototherapy (30 minutes) prior to school departure. The litebooks
will record extent of activation throughout this period and we will determine if degree of ‘use’ has a
significant influence on outcome measures. Baseline assessment will include 7 days of activity
monitoring and sleep-wake diary recordings to determine acrophase and total sleep time during the
school week and weekends. Testing will take place at the end of the school week (Thursday, Friday
or Saturday AM) to assess the cumulative effects of sleep restriction. They will be tested on the
Quotient ADHD System58€0 to assess attention. The Permanent Product Measure of Performance
(PERMP) test will be used as a treatment-responsive measure of academic performance and
processing speed in mathematics’, along with a sleep-deprivation sensitive Serial
Addition/Subtraction task®'. Degree of sleepiness will be assessed using the Epworth Sleepiness
Scale[Johns, 1991 #36267] and 1Q will be assessed using KBIT-2. At the end of this baseline week a
subset of subjects (~ 50%) will be scanned (3T Siemens Prisma Scanner or 3T Siemens TIM Trio) in
the early morning (8 — 10 AM) with sequences for volumetric T1-weighted morphometry (for
assessing dentate gyrus volume), and BOLD functional connectivity analysis during resting
state'73%42 and during performance of a Go/No-Go Attention Task®. We predict that subjects who
are drowsy in the morning will have decreased resting state functional connectivity between their
thalamus and portions of cortex, particularly motor, sensory-motor and tempero-occipital cortex as
well as ventromedial prefrontal cortex[Killgore, 2015 #36230]. Further, we predict that they will have
decreased intrinsic connectivity within their default mode network (DMN) and between their DMN and
anticorrelated task-oriented network both at rest and during task performance[De Havas, 2012
#36238], as well as reduced dorsolateral prefrontal [Hager, 1998 #36263], and anterior cingulate
cortex[Tana, 2010 #36266] activation during sustained attention blocks and in prefrontal, parietal,
occipital and thalamic regions during attention lapses within blocks[Chee, 2008 #7865].

Traditionally, electroencephalography has served as the gold-standard for assessing alertness,
drowsiness and sleep, and EEG spectral parameters can provide a minute-to-minute index of
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vigilance and alertness®*43. EEG beta activity is a frequently used measure of alertness and was
found to be greater under bright light than dim light conditions®. More recent composite indices
of alertness include the maximum fractal length (MFL) of the EEG waveform?® and the global field

power (GFP) of upper alpha band (10-12 Hz) oscillations?>#%. Hence, we will also include
quantitative EEG assessments to complement the MRI protocols.

During the 3rd week of bright white light treatment they will undergo a week of activity monitoring
followed by reassessment at the end of the school week using Epworth Sleepiness Scale, Quotient,
PERMP, and Serial Addition/Subtraction. The subset who had baseline MRI scans will receive
between 8-10 AM a post-treatment MRI scan for using the same sequences and task. All females will
be tested prior to MRI for pregnancy. Only the child will be told the results of their pregnancy test. All
subjects will also receive a repeat EEG assessment outside the scanner.

Overall, we are proposing to perform a large number of assessments as no one has previously
studied the effectiveness of phototherapy in enhancing the cognitive performance of typically
developing adolescents. Hence, the goal of this study is to not only test whether light treatment
enhances brain activity and cognitive function, but to help determine which components and
measures are most significantly improved.

Statistically, we will use linear mixed effect models®* to ascertain if we can reject the null
hypothesis that within subject differences from baseline to post-test in cognitive measures, sleep-
wake parameters and neurobiological processes were unrelated to duration of use of the Litebook
Edge™ during the 4 -week assessment period. Instead, we predict that there will be a significant
linear relationship between average duration of early AM bright light therapy use and: total sleep time,
measures of sustained attention on Quotient; performance on PERMP and Serial
Addition/Subtraction; size of dentate gyrus; thalamocortical functional connectivity, default mode
connectivity; prefrontal cortical activation during attention testing and EEG measures of alertness.
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Figure 1 presents results of a Monte-Carlo simulation designed to assess power to detect a
significant relationship between duration of Litebook Edge™ use and change in pre-to-post measures
of attention, cognitive performance, sleep, MRI and EEG. The key determinant is the strength of the
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relationship between degree of use and change score. A medium effect (r=0.3) implies that duration
of LiteBook Edge™ use would account for 9% of the variance in change scores. A strong effect
(r=0.5) would account for 25% of the variance. Randazzo et al.,*” found that even a single night of
restricted sleep (5 hours) resulted in moderate or large statistical effects on reaction time, memory,
and creativity in children. Cumulative effects of mild sleep deprivation in school children appears to
exert comparable effects on neurobehavioral function??5'.The greatest impact appears to be on
measures of sustained attention, and are associated with large effect sizes[Lim, 2010 #36285]. For
neuroimaging measures, which show less session-to-session variability than behavioral measures, r-
values of 0.6 (36% of variance) and 0.7 (49% of variance) are quite possible. Killgore et al[Killgore,
2015 #36230] reported correlations ranging from 0.519 — 0.614 between degree of drowsiness on the
Epworth Sleepiness Scale in healthy non-sleep deprived individuals and measures of thalamocortical
functional connectivity.

With n=36 subjects we would have an 80% chance of detecting a moderate-to-large correlation
between duration of use and improvement in performance (r=0.45). With n=24 neuroimaging
subjects we would have an 80% chance of detecting a large (r=0.6) association between duration of
use and change in MRI parameters.

As this is a proof of concept study, we will consider all of the following to be planned comparisons and
will not correct for multiple comparisons within the submitted report.

Actigraph measures (3 comparisons)
Total sleep duration
Circadian acrophase
Mean activity first 2 hours after awakening
Quotient measures (5 comparisons)
Errors of Omission
Errors of Commission
Percent time spent fully attentive
Variability In response latency
Response time (1/RT)[Basner, 2011 #36282]
Performance measures (4 comparisons)
PERMP — accuracy
PERMP - speed
Serial Addition/Subtraction task — accuracy
Serial Addition/Subtraction task — speed
MRI measures (44 total comparisons)
Volume of right and left dentate gyrus (2 comparisons)
Resting state functional connectivity between right/left thalamus and right/left motor, sensory-
motor, tempero-occipital cortex and ventromedial prefrontal cortex (16 comparisons)
Default mode network (DMN) size, intensity at rest and during attention test (4 comparisons)
Degree of connectivity between DMN and right/left attention networks, central executive
network at rest and during attention test (6 comparisons)
Right and left dorsolateral prefrontal cortex, anterior cingulate, occipital and thalamic activation
during attention testing (block and event models) (16 comparisons)
EEG (4 comparisons)
Theta activity
Beta activity
Maximum fractal length (MFL) of the EEG waveform

Gobal field power (GFP) of upper alpha band (10-12 Hz) oscillations



Note: with 3 planned comparisons probability of detecting one or more p<0.05 significant differences
is 0.992 when the probability of detecting any difference is 0.8, and is 0.875 when the probability of
detecting any difference is 0.5. Hence, this approach should yield multiple significant findings even
with a relatively small sample size. Because of the possibility of false positives it would be desirable
at some future time to replicate these findings in an independent sample.

This approach of using duration of device activation as the independent variable provides several
advantages over comparing bright white light to placebo red light. First, effect size measures
previously calculated assumed that subjects in both groups would actually use the devices. There
will likely be significant variability between subjects in degree of use and if only a fraction of subjects
assigned the bright white device used it consistently then the overall impact would be weaker and
possibly missed in a two group analysis. Using duration of device operation will enable use to
compare subjects who used it to a considerable degree versus subjects who hardly use it at all, and
would likely provide a good estimate of how much benefit accrues from different degrees of use.

This is particularly important for the neuroimaging component. If we compared active versus placebo
devices then only half of the neuroimaged subjects would receive the active device, which may leave
us comparing pre versus post effects in only 8-10 subjects. In this revised design all of the
neuroimaged sample (n = 24) would receive the bright white Litebook and blue-blocking glasses
making the pre-post comparisons stronger, especially when adjusted for duration of device activation.

Second, using duration of device activation as the independent variable will markedly facilitate
recruitment. If we used a placebo device we would need to indicate in the informed consent that
subjects may receive a placebo device, though we do not reveal what the placebo is. Instead, we
can now indicate in the informed consent that all subjects will receive a device that we believe is
biologically active and that no placebos will be used.

This also makes the protocol simpler as raters do not need to be kept blind to device type. All we
need to do is make sure that raters remain unaware of duration of device activation.

I’'m also confident that the revised statistical approach of presenting these as planned comparisons
will identify a substantial number of significant cognitive and neurobiological benefits.
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