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Abstract

For the past century, people have gradually transitioned to spending their time in-
doors where, compared with the outdoors, light levels are significantly lower during the
day and higher at night. This mismatch of lighting has been associated with related
health problems like rising depression rates and sleep issues. As such, bright-light ther-
apy has been established as a treatment for mood and sleep disorders. However, existing
devices face major barriers to adoption; light boxes require people to stay in one place
for a long time, and wearable products often lack social acceptability. As a result, the
research literature has been constrained to short interventions with limited exploration of
dose, duration, and individualized understanding of response to light. This thesis presents
the design, engineering, and clinical evaluation of a pair of smart light therapy glasses
(Lumos glasses) developed to improve convenience, social acceptability, and comfort. The
hardware provides the foundational infrastructure for an intelligent, data-driven approach
to personalized circadian health. The glasses use a nanotechnology lens with wavelength-
based reflection, which allows key light therapy components to be compacted into a classic
glasses shape. A hardware-software platform was developed featuring calibrated light ther-
apy optical systems, on-device sensors for reliable wear detection, melanopic ambient light
detection, an FCC-approved Bluetooth module with a custom antenna, as well as a com-
patible cloud-connected mobile app. More than 100 units were manufactured and deployed
in a double-blind, randomized, placebo-controlled crossover clinical trial. Participants re-
ceiving bright-light showed significant improvements in sleep disturbance (PROMIS) and
psychomotor vigilance (PVT) relative to active dim-light control. Stratified analyses re-
vealed that participants with darker eyes generally exhibited more significant improve-
ments under bright-light compared to dim-light control. In contrast, mood (using the
Montegomery Asberg Depression Rating Scale) and working memory (word-pair recall)
reached statistical significance only after accounting for eye color. Exploratory models
also showed that daily use and exposure to ambient light were correlated with improved
outcomes, while higher baseline severity strongly predicted room for change. Age and
sex contributed smaller, secondary effects. For working memory, dark-eyed participants
showed significant Phase 1 gains under bright-light, while other subgroups demonstrated
positive associations between daily usage and recall performance. This yielded meaningful
insights that adherence and individual pigmentation influence optimal light dosage. This
work demonstrates that mobile sensor-driven light therapy can overcome long-standing
adherence barriers and enable in-depth research about dose-response and personalization.
By combining engineering innovation with clinical validation, the Lumos Smart Glasses
provide a foundation for next-generation circadian health technologies that are practical,
effective, and scalable.
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Preface

This thesis represents a continuation of my undergraduate work on the Lumos smart light
therapy glasses, an idea I first conceived in 2017 to address my personal struggles with
mental health and sleep worsened by insufficient sunlight. In 2018, I took a break from my
undergraduate studies to heal, and in that time I invented our core patent to use nano-tech
reflective lenses for light therapy. This innovation later convinced Dr. Jamie Zeitzer from
Stanford Sleep Sciences to join me as a co-founder in Lumos, a Waterloo-based startup.
In 2019, I returned to the University of Waterloo to complete my undergraduate degree,
taking on Lumos as my fourth-year design project under the supervision of Dr. Zhao
Pan. During that time, I refined the engineering design, including optical simulations,
electronic systems, and design for manufacturability. The project received multiple awards
and represented the University of Waterloo in both the Ontario and Canadian Engineering
Competitions, earning the inaugural Research and Entrepreneurship Award.

The scope of this thesis builds directly on that foundation. I continued the development
of Lumos glasses toward a randomized controlled trial (RCT) to study its effects on sleep,
mental wellness, and performance. The trial was conducted through the Department of
Psychology at the University of Waterloo, with Dr. Jonathan Oakman as principal in-
vestigator, myself as student investigator, and Dr. Zhao Pan as engineering supervisor.
The project was funded by the Government of Canada through the Mitacs program, with
Lumos Health as industry sponsor. The protocol underwent rigorous scientific review and
was approved by the University of Waterloo’s Research Ethics Board.

This work lies at the intersection of engineering, psychology, and psychiatry. This
interdisciplinary space offers opportunities to bridge technological innovation with human-
centered science, drawing on engineering design, neurobiology, clinical ethics, and rigorous
research methodology. Over the past several years, I've dedicated myself to learning across
these fields, and I consider this work to be the beginning of a lifelong endeavor.



Chapter 1

Introduction

Since the invention of the light bulb in the century following the industrial revolution,
humanity has moved a majority of activities indoors. Today, the average American spends
over 90 percent of their time indoors, where light levels are orders of magnitude lower
than in nature. Light is a powerful regulator of human physiology where the Intrinsically
photosensitive retinal ganglion cell (IPRGC) modulates circadian rhythms, affecting mela-
tonin, cortisol, serotonin, dopamine, and many other important brain and hormone circuits
[62]. However, research and data from this study demonstrate that the median real-world
light exposure is often insufficient to robustly engage circadian and melatonin-suppressing
pathways [29] [109], and may also contribute to other mood and sleep ailments [25]. This
points to a major problem in modern society: the human body has not yet adapted to an
indoor lifestyle.

A growing body of research suggests that many modern disturbances in sleep, mood,
and general well-being may arise from insufficient exposure to bright-light during the day
and excessive exposure to artificial light at night. Studies of preindustrial and hunter-
gatherer populations indicate that, in the absence of artificial lighting, individuals expe-
rience abundant daytime light and minimal nocturnal light exposure, resulting in more
stable circadian rhythms and consistent sleep duration [106, 35, 90]. Building on this,
recent population-scale and laboratory studies have demonstrated that greater daytime or
outdoor light exposure is associated with improved mood, sleep, and circadian alignment,
whereas nighttime light exposure predicts higher risks of depression and other psychi-
atric conditions [25, 29, 68, 22]. Systematic reviews further emphasize that increasing
daytime light exposure and minimizing evening and nighttime illumination constitute ef-
fective, non-pharmacological strategies for supporting circadian health and psychological
well-being [63, 88]. Together, these findings support the hypothesis that optimal circadian
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health may be achieved by mimicking naturalistic light—dark cycles: substantial daylight
during waking hours and minimal light after dusk.

For individuals who may have limited access to sufficient bright-light during the day,
bright-light therapy has been shown to be an effective frontline treatment for sleep and
mood disorders, especially seasonal affective disorder [27], and more recently for non-
seasonal depression as well [00, 16]. Extending this line of thinking, longer durations of
circadian effective light exposure, particularly those that mimic natural outdoor lighting
patterns could yield greater improvements in sleep and mood outcomes.

Some studies suggest that exposure duration may play a more critical role than intensity
in producing circadian phase shifts[30], yet longer treatment sessions are often infeasible
due to the size, immobility, and comfort limitations of current light therapy devices . As
a result, adherence tends to decline as treatment duration increases, and there remains a
lack of systematic research examining how duration and intensity interact to influence ther-
apeutic outcomes in depression and sleep improvement. Typical lamp-based treatments
require users to remain stationary for 35 to 45 minutes per day, which has been described
as a significant time commitment [76], while even wearable implementations report diffi-
culty maintaining one-hour sessions [108]. Systematic reviews have similarly emphasized
that adherence and user acceptability require far greater attention in future research [11].
Moreover, incorporating personalized parameters such as eye color, brightness, and dosage
timing would necessitate much larger sample sizes to preserve statistical power, further
contributing to the scarcity of duration-focused studies. For instance, individuals with
lighter-colored eyes may experience stronger effects, as eye pigmentation has been linked
to greater light sensitivity and susceptibility to seasonal affective disorder [18, 13].

With rising global rates of depression and sleep problems, it is imperative that the
scientific and medical communities advance light therapy research given its significant
impact on health outcomes. However, the current form factor of most light therapy devices
limits the ability of researchers and clinicians to deliver individualized, targeted treatment
and to study its effects under real-world conditions.

1.1 New Paradigm: Socially Acceptable, Convenient
Light Therapy

This thesis presents a new paradigm in approaching light therapy with an important com-
ponent of product design and engineering. A pair of smart light therapy glasses was



designed and engineered to resolve a fundamental issue of convenience, thereby potentially
improving user adherence and long term adoption of light therapy in daily routines.

Traditional light boxes can be inconvenient, requiring users to commit a significant
amount of their time to sit still in front of a device. And existing light therapy “glasses”
on the market resemble headgear from science fiction movies. Figure 1.1 compares a
traditional light box, an existing wearable, and the Lumos smart glasses developed in this
study.

Figure 1.1: Comparison between (left) a traditional light therapy box, (middle) an existing
light therapy wearable, and (right) the Lumos smart glasses prototype developed in this
study. (Photos by and of the author.)

Over the past decade, the trajectory of the smart-glasses industry has shown that pub-
lic adoption is shaped strongly by aesthetics, comfort, and social familiarity. People tend
to accept technologies worn on the face only when the device resembles conventional eye-
wear and feels socially appropriate in everyday environments. This pattern is evident from
the contrasting outcomes of earlier consumer smart-glass launches: products that adopted
familiar, fashion-aligned eye-wear achieved greater mainstream acceptance, whereas de-
vices with more unconventional designs encountered social friction and privacy-related
resistance.

Empirical research supports this observation. Adapa et al. [7] found that perceived im-
age and design were among the strongest predictors of intention to adopt smart wearables,
especially glasses-based systems. Kaviani et al. [57] reported that social acceptability, how
others perceive the wearer, was one of the most significant barriers to public use of smart
glasses. Similarly, Zuidhof et al. [110] identified aesthetics, comfort, and anticipated social
reactions as dominant influences on acceptance in healthcare settings. Comprehensive re-
views of AR and smart-glasses adoption confirm the same trend: appearance, comfort, and



resemblance to traditional eye-wear are consistently cited as key determinants of real-world
uptake [59].

Together, these findings emphasize that the success of technologies worn on the face
depends not only on technical performance but also on their alignment with social norms,
aesthetic expectations, and familiar visual identities.

Therefore, to let light therapy have the best chance at becoming more widely adopted
and reach greater adherence, significant research and development was devoted to de-
signing smart light therapy glasses that combine advanced photonics, ergonomics, and
nano-fabrication. One of the first outcomes of this work was granted the U.S. patent
US12564874B2 [93], covering the novel optical delivery and integration design.

As shown in Figure 1.2, the Lumos glasses were designed to resemble regular eye-wear,
allowing users to incorporate light therapy seamlessly into daily routines, whether during
focused work sessions or relaxed leisure time. This visual and social familiarity plays a
crucial role in promoting adherence.

Figure 1.2: Demonstration of Lumos light therapy glasses in use during day and evening
settings. The photographs feature models with signed release forms: Madeline Della Mora
(left), Christopher John, Victor Shijie Wu (center), and Aman Lohia (right).

The external appearance and product geometry are further illustrated in Figure 1.3,
which shows the overall form factor designed for comfort and everyday usability. The
design prioritizes balance, weight distribution, and aesthetic subtlety while integrating the
electronics discreetly within the temple arms. Each arm houses a custom light engine
optimized for spectral power distribution and eye-safety compliance, as discussed later in
the Fye Safety section. The lenses employ proprietary nano-coatings to shape the spectral
profile while minimizing glare and reflection artifacts.



Figure 1.3: Isometric render of the Lumos glasses showing the exterior frame and overall
form factor designed for daily wear. The operating principle is illustrated in Figure 2.1,
and the internal components are labeled in Figure 2.4.

Further research is underway to refine the form factor, improve comfort, and enhance
both aesthetic and social acceptability, expanding the boundaries of interdisciplinary in-
novation that merges optics, neuroscience, and wearable design. Additional patent appli-
cations are currently under examination to protect these ongoing advancements.

1.1.1 Clarifying Blue-Light Safety

Public concern about “blue-light” has grown in recent years, shaped in part by the widespread
marketing of blue-light-blocking eye-wear. Many of these products use a very faint blue
tint that selectively reflects or absorbs a small portion of short-wavelength light. Although
advertised for retinal protection or relief from digital eye strain, studies show that these
faint tints attenuate very little blue-light and do not provide a consistent benefit for ocular
health or comfort [85]. This marketing trend has contributed to the perception that typical
blue-light exposure from screens and indoor LEDs is inherently harmful.



Scientific evidence paints a different picture. The CIE, the American Academy of
Ophthalmology, and several recent reviews report that blue-light from consumer lighting
and electronic displays remains well below established retinal safety thresholds and is
often lower than natural daylight exposure [52, 11, 32]. The actual blue-light hazard refers
to a retinal photochemical mechanism that becomes relevant only under high-radiance
conditions. Everyday exposures fall far below these levels. The governing exposure limits
are formalized in TEC 62471, which defines the action spectrum, radiance metrics, and
standardized geometry used to assess photobiological safety [53].

In contrast to the faint-tint category, visibly tinted blue-blocking lenses such as yellow,
amber, or orange filters have clear physiological relevance. These lenses meaningfully
reduce melanopic stimulation in the evening, and controlled studies show that they can
support circadian regulation and improve sleep, particularly in light-sensitive individuals
or those taking photosensitizing medications [2, 17]. Their use has also been popularized
through public science communication [77], helping translate circadian-lighting research
into practical recommendations.

The Lumos optical system incorporates comparable short-wavelength reduction when
the device is worn without illumination. Although this is not the primary therapeutic
mechanism, the coating provides evening melanopic attenuation similar to these physio-
logically targeted tinted lenses, offering circadian-friendly support during non-therapy use.

A detailed examination of photobiological safety, including retinal damage mechanisms,
blue-light hazard functions, exposure limits, and radiance measurement geometry, is pre-
sented in Appendix B. This framework establishes the quantitative basis for ensuring
that the Lumos system remains within established ocular safety margins while delivering
effective circadian stimulation.

1.2 Engineering Scope of the Work

The first major component of this thesis is the engineering and system design of the
Lumos wearable light therapy glasses, presented in Chapter 2. That chapter details the
operating principle, hardware evolution and prototyping, light engine and eye-safety valida-
tion, ambient-light sensing and calibration, user-detection sensing, electrical architecture,
firmware, and mobile software. These subsystems collectively support the goal of develop-
ing a comfortable, socially acceptable, and clinically reliable light-therapy device capable
of personalized data collection for circadian and mental-health research.



Operating principle. This section explains the fundamental operating principle and
key invention that allow Lumos glasses to achieve a slim, eye-wear-like form factor, as
described in the author’s patent US 12,364,874 B2 [93]. A wavelength-selective nano-coated
lens reflects melanopsin-activating light from an embedded light engine back toward the
eyes while transmitting other wavelengths for natural vision. This configuration enables a
visually comfortable, targeted illumination system within the profile of standard glasses.

Hardware evolution and prototyping. This section outlines the development history
of the Lumos glasses leading up to the current design. Beginning with a 2019 proof of con-
cept (3D-printed frame, dichroic insert, simple LED-resistor circuit), the design progressed
through a 2020 CES pilot build (custom nanocoating, CNC aluminum frame, rechargeable
PCB) and evolved from 2021 onward toward mass manufacturability, clinical robustness,
and user comfort. Coating variants (high-melanopic vs. comfort) were tested, and the stain-
less steel Clitizen frame was selected via user surveys. The frame accommodates swappable
lenses, while TR-90 polymer arms house the electronics. The nRF52-based PCB inte-
grates LED driving, power management and charging, sensing, antenna matching, and
button input.

Light engine design and eye safety. This section details the light engine’s design
and calibration to optimize output while maintaining ocular safety. The engine consists
of a PCB-mounted emitter array that projects light toward the coated lens. Calibration
was performed by correlating readings from a spectral sensor (AS72653) with Bentham
reference spectroradiometer measurements conducted by Technischer Uberwachungsverein
Siid (TUV SUD), determining an optimal LED brightness via PWM control. The device
meets the IEC 62471 standard and is classified as Exempt (RGO) at 200 mm [53]. Ad-
ditional near-eye safety considerations beyond the standard were addressed by specifying
angular TEL,309 measurements to TUV SUD and conducting optical simulations to apply
conservative engineering safety factors for close-range exposure [19].

Ambient light sensor design and calibration. This section describes the design
and calibration of the melanopic lux ambient light sensor integrated into the glasses. A
custom optical filter was placed over a standard sensor to match the human melanopic
spectral sensitivity curve. The sensor was calibrated under representative usage condi-
tions using reference measurements from a f.luxometer. The logging system saturates at
14,000 melanopic lux, exceeding the light level required for melatonin suppression and
circadian phase shift [109].



User detection sensor iteration. This section presents the iterative design of the
user detection sensor. Early capacitive-sensing prototypes exhibited insufficient signal-
to-noise ratio for smaller head sizes. The final design uses infrared proximity sensing
implemented on flexible Printed Circuit Boards (PCBs) with an IR-transmissive window
and synchronous ambient-light rejection, achieving reliable wear detection across a wide
range of users.

Electrical system. This section provides a high-level overview of the electrical system
and presents a block diagram of the primary electronics comprising the smart light therapy
glasses.

Firmware architecture. This section summarizes the embedded firmware implemen-
tation on the Bluetooth-enabled microcontroller. The firmware handles Bluetooth Low
Energy (BLE) communication, sensor polling (ALS, proximity, and battery), interrupt and
button logic, calibration data storage and editing, and a minimal Psychomotor Vigilance
Task (PVT) routine utilizing the glasses’ button and light engine.

App and software. This section describes the cloud-connected mobile software that
interfaces with the Bluetooth-enabled glasses. The app enforces wear verification before
light activation, manages time-of-day and ambient-light logic, and records usage for adher-
ence tracking. Data synchronize to Firebase (authentication, storage, offline persistence);
Qualtrics surveys are integrated via Zapier; and an administrator view enables participant
monitoring.

Production for study. With these subsystems finalized, over one hundred units were
assembled, calibrated, and quality-checked for deployment in the double-blind, placebo-
controlled clinical trial.

1.3 Clinical Objectives and Scope of Work

The primary objective of the clinical trial was to evaluate the therapeutic potential
of the Lumos glasses in a double-blind, placebo-controlled setting using standardized psy-
chological, cognitive, and sleep assessments. The goal was to determine whether a novel,



eye-directed light-delivery mechanism could be used safely and effectively to improve mood,
sleep quality, and attentional performance.

The secondary, exploratory objective was to examine how real-world behavioral
and environmental factors (including usage duration, ambient melanopic lux, baseline
symptom severity, and demographic moderators such as eye pigmentation, age, and sex)
were associated with treatment response. By leveraging onboard sensors and continuous
logging, the system enabled high-resolution characterization of dose-response relationships
that are typically inaccessible in controlled laboratory settings.

To support these clinical aims, the trial underwent full protocol refinement and ap-
proval by the University of Waterloo Research Ethics Board, and was conducted using
a randomized, double-blind, placebo-controlled crossover design with clearly defined in-
clusion and exclusion criteria. Mood, sleep, and cognition were evaluated longitudinally
using mixed-effects models, with exploratory regressions assessing the influence of usage,
ambient light, and demographic moderators.

Together, the engineering scope of work (device invention, prototyping, optical
calibration, and system integration) and the clinical scope of work (trial design, ex-
ecution, and statistical analysis) provide an end-to-end evaluation pipeline for wearable
light therapy. This thesis therefore integrates device engineering, applied psychophysiol-
ogy, and clinical psychiatry to address insufficient circadian-effective light exposure in daily
environments.
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Chapter 2

Engineering Development

2.1 Operating principle

The operating principle of the Lumos glasses is illustrated in Figure 2.1.

Light source emit melanopsin
activating light, wavelength most
effective for circadian rhythm

Patented coating reflect
melanopisin activating light

From Granted Patent: US 12,364,874 B2

Figure 2.1: Operating principle of the Lumos glasses. Adapted from US [93]
In 2017, early development work was initiated to design a pair of light-therapy glasses
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with the appearance and comfort of conventional eye-wear. Evaluation of available op-
tical and electronic technologies at the time revealed significant limitations. These chal-
lenges prompted a shift toward a photonics-driven solution, leading to the development
and subsequent patenting of a wavelength-selective light-delivery system (U.S. Patent No.
12,364,874 B2). This technology forms the foundation of the first generation of Lumos
smart light-therapy glasses examined in the present study. Figure 2.1 illustrates how the
operating principle employs a wavelength-selective light engine integrated within the eye-
wear arms to emit melanopsin-stimulating light centered near 480 nm. The emitted light is
directed onto a lens with a specialized nanocoating that reflects this specific spectral band
toward the user’s eyes while transmitting other wavelengths to maintain natural visual
perception. This enables a compact, glasses-like form that delivers targeted, comfortable
light therapy suitable for daily wear. Given the fact that the lenses reflect melanopsin
activating light, when the lights are not on, it doubles as blue-light blocking glasses to aid
with evening melatonin production.

2.2 Hardware Evolution and Prototyping

Figure 2.2 shows a history of the development of the Lumos glasses.

2019 first proto 2019 full lens proto 2020 CES proto

) a night owl
your fault.

2024-2025 clinical and mass production version
/ - . N

Figure 2.2: Evolution of the prototypes of the Lumos smart light therapy glasses
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Hardware evolution and prototyping. This section outlines the development history
of the Lumos glasses leading up to the current design. The first prototype was completed
in 2019 using 3D-printed frames, acrylic CNC mock lenses, and a ThorLabs optical-grade
dichroic insert. Electronics consisted of a single LED-resistor pair powered by a fishing-
float battery and controlled by a slide switch. While bulky, this prototype demonstrated
the feasibility of the wavelength-selective illumination concept and provided the confidence
to proceed with subsequent engineering development.

During 2020, a second-generation prototype was created for the CES demonstration and
pilot study. This version introduced a custom lens fabricated using a novel nanocoating
process, a black anodized CNC-aluminum frame, and a rechargeable system powered by
a custom printed circuit board with integrated charging circuitry. The CES prototype
received favorable early evaluations, including recognition in several technology and vision-
care publications. Reviewers described the system as “the best-looking, most-likely-to-be-
worn light therapy wearable we’ve seen yet” [33], and the device was featured in the Las
Vegas Review-Journal [31], Vision Monday [2], and healthcare-technology roundups such
as Hucu.ai’s “Eye-Catching Innovations for Healthcare at CES” [1].

The engineering work underlying these prototypes was also evaluated through compet-
itive academic forums. The system formed the basis of the author’s fourth-year capstone
project, which won the Waterloo Engineering Competition and subsequently represented
the University of Waterloo at the Ontario Engineering Competition. It then advanced
to the Canadian Engineering Competition, where it received the inaugural Research and
Entrepreneurship Award for technical innovation and translational potential [3]. Contin-
ued development of the technology also contributed to the author’s recognition with the
provincial Rising Star: Minister of Colleges and Universities’” Award of Excellence in 2022
for contributions to engineering innovation and student research leadership [0, 4, 5].

The nano-technology lens system was one of the most critical components of the device
and underwent continuous refinement throughout development. The earliest prototypes
used a dichroic insert embedded in CNC-machined acrylic lenses. This approach was later
improved by depositing the coating onto a flat glass substrate, followed by transition to a
curved PMMA resin lens that provided better impact resistance and enabled compliance
with the FDA’s impact-resistant lens requirement for eyeglasses and sunglasses as a Class
I medical device [97].

Building on this foundation, multiple coating formulations were explored to balance
optical subtlety, user comfort, and circadian effectiveness, as illustrated in Figure 2.3.
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2019/2020 Pilot Version 2021 high melanopic version 2021 comfort version

Figure 2.3: 2021 coating optimizations

The 2019-2020 pilot version employed a baseline coating intended primarily for proof-
of-concept validation. Building on insights from that study, a high-melanopic variant was
developed in 2021 to enhance circadian stimulus delivery while maintaining acceptable
visible transparency. Although this formulation improved melanopic efficacy, it introduced
noticeable color distortion. To address this, a comfort-optimized coating was produced later
in 2021, substantially reducing color distortion while preserving optical performance. This
comfort-optimized formulation was ultimately selected for scaled production and used in
the clinical trials. During and after the trials, additional coating iterations were developed
to further improve subtlety, reliability, manufacturability, and overall user experience.

The lens coating also reflects melanopic blue light from the environment when the
therapy LEDs are off, providing effective evening blue-light reduction. In this mode, pho-
topic transmission remains above 75%, allowing safe nighttime driving while attenuating
melanopic components of headlights and ambient lighting that could otherwise disrupt
sleep.

The mechanical design of the glasses allowed for a swappable front frame with all
electronics packed inside the side arms. The front frame of the glasses is stainless steel
stamped sheet metal, with V grooves to house the lenses. This design allows for the ability
to interchange lenses with a small screwdriver. The front frame has brazed spring hinges
on them, which connect to the TR-90 arms through a slot and screw. The arms are made
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of two pieces: a housing and a cover, which holds the main circuit board, peripheral sensor
flexible circuits, a push button, and battery.

The printed circuit board is designed using Fusion360, formerly Eagle CAD, and uses
the Nordic Semiconductor nRF52 Bluetooth SoC family (nRF52) chip as its main micro-
processor. It houses the Light-Emitting Diode (LED), processor, ambient light sensor,
proximity sensor, antenna, push button switch, microusb charging port, battery charging
circuit, Low Dropout Regulator (LDO) voltage control circuit, reset circuit, antenna tun-
ing networks, LED transistor amplifier circuit, ambient light sensor detection circuit, and
other supporting circuitry to ensure stable usage.

A diagram of the clinical and commercial version of the glasses is shown in Figure 2.4.

Stainless Steel Front Frame

Reset button
microprocessor

Front lens, with B
nano optics / TR 90 housing

/

Push button
Light

"~ window
Antenna

vy - h.
i 8
Spring / h/ |

hinges

i TR 90 cover
Ambient light >

sensor, flexible

printed circuit fared
LED + light ~ rared e o-USB

. . Proximity .
guide engine Sensor Charging

Figure 2.4: Labeled diagram of key components of the Lumos glasses
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2.3 Light Engine Design and Eye Safety

2.3.1 Light engine design overview

The light engine shown in Figure 2.5 is one of the most critical and well optimized systems
inside the glasses. Its primary function is to gather and shape light from the LED into a
controlled beam towards the lenses. It is done through a custom optical-mechanical part
mounted to the printed circuit board through two holes made for heat stake riveting.

Optical System on Circuit Board Ray path Zemax Ray Trace

Figure 2.5: Basic light engine on PCB

The light engine housing could be made from plastic or metal. If made of plastic, its
mounting method uses the heat stake rivets; ifmetal, it is soldered onto the PCB. Plastic
housing can be injection molded in mass production, but offers slightly lower light efficiency.
A metal housing allows for more internal reflections, which increases light efficiency at the
cost of more stray light and scattering, as well as increased cost in mass production. For the
clinical trial and commercial version, the plastic housing was chosen for its mass production
benefits.

2.3.2 Photobiological Safety Considerations

While the Introduction outlines the general context of blue-light safety and public mis-
conceptions, the engineering assessment of the Lumos light engine requires a more formal
photobiological framework. The relevant safety criteria are defined by the retinal photo-
chemical exposure limits in TEC 62471, which rely on the blue-light hazard function B()),
the blue-light-weighted radiance Lg, and cumulative radiance dose under a standardized
200 mm measurement geometry.
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Because the device delivers circadian-effective short-wavelength light directly toward
the lens region, its optical design, drive parameters, and viewing geometry were calibrated
to ensure that all operating modes remain within these exposure limits. Although circadian
stimulation is maximized near 480 nm and the blue-light hazard function peaks closer to
440 nm, there is a region of partial spectral overlap. For this reason, the spectral output,
angular distribution, and radiance of the light engine were carefully controlled to achieve
circadian efficacy while maintaining compliance with the photochemical exposure limits
defined in IEC 62471.

The supporting technical material, including retinal damage mechanisms, hazard-weighting
functions, exposure-limit derivations, and radiometric measurement procedures, is provided
in Appendix B. This appendix establishes the quantitative basis for the safety evaluations
applied throughout this chapter.

2.3.3 Calibration of the Light Engine

Individual LED components can vary significantly in brightness, forward voltage, dominant
wavelength, and other electro-optical properties. Even within the same manufacturing bin,
the optical output can differ by a factor of two. To ensure consistent dosing and maintain
compliance with the eye-safety limits defined in [EC 62471, each unit must therefore be
calibrated so that its optical output remains within the permitted radiance range while
still delivering sufficient circadian-effective light.

A practical complication is that IEC 62471 was originally developed for lamps and dis-
plays viewed at distances beyond the minimum human accommodation distance of approx-
imately 200 mm. The standard therefore assumes exposure geometry typical of everyday
lighting. Near-eye systems, including modern smart glasses, fall outside these assumptions.
When a source is positioned close to the eye, or when optical elements shape the beam
toward the retina, the effective retinal irradiance can increase relative to the 200 mm ref-
erence measurement. Horton et al. [19] demonstrated that a source classified as safe at
200 mm may exceed safe limits if brought significantly closer.

For this reason, the calibration process for Lumos incorporated both the standard
radiance limits and additional geometric considerations specific to near-eye use. Simulation
studies, detailed review of the relevant sections of IEC 62471, and consultation with leading
experts in photobiological safety were used to define safe operating ranges and to guide
the selection of drive currents and duty cycles. These considerations are summarized in
Appendix B, which provides the technical foundation for the safety constraints applied
during calibration.
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2.3.4 Photobiological Safety Testing of Lumos Glasses

The Lumos glasses were evaluated for photobiological safety in accordance with IEC 62471
at the standard evaluation distance of 200 mm. Even at maximum output, the product met
all photobiological safety requirements and was classified as Risk Group 0 (Exempt).
This indicates that even if a user were to hold the glasses away from the face and look
directly into the reflected emission, the radiance would remain below the blue-light hazard
limits. The full third-party test results and certification are provided in Appendix O
(TUV SUD Canada IEC 62471 Test Report No. 7169009669-000).

With wearable systems, however, the light source is positioned much closer to the eye,
and the geometry of illumination differs from that assumed by the standard. Although
the eye cannot form a sharply focused image of the emitting region, a sufficiently high lu-
minous flux distributed across the pupil can still pose a photochemical or thermal hazard.
Horton et al. [19] showed through simulation that sources positioned closer than 200 mm
may produce higher effective retinal exposure than predicted from standard-distance mea-
surements. Consequently, a source that meets the limits at 200 mm may not remain within
safe exposure levels if moved substantially closer to the eye.

One might expect that placing the radiance telescope of an instrument such as the
TEL,309 at the nominal eye location would reproduce near-eye conditions. In practice, this
approach introduces geometric and optical challenges. Because the human eye generally
views forward, a telescope placed in the same orientation would not intercept the Lumos
emission, which enters from an oblique angle. Since the detector sits at the rear focal plane
of the telescope, off-axis light would not be properly imaged onto the sensor, producing
invalid radiance measurements. This limitation is illustrated in Figure 2.6a.

A practical solution is to orient the TEL,309 telescope directly toward the emitting
region, as shown in Figure 2.6b. This alignment allows accurate radiance measurement
while a cosine correction factor is applied to approximate the typical forward gaze of the
eye during long-duration use.
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(a) Geometric limitation of using the standard ~ (b) Angular radiance measurement with the
radiance measurement configuration at the eye  TEL 309. The telescope is rotated to directly

location while viewing forward. Off-axis emis-  face the emitting region, with a cosine correc-
sion cannot be properly focused onto the de-  tion applied to represent typical forward gaze.
tector.

Figure 2.6: Comparison of radiance measurement geometries for near-eye sources. The
forward-viewing geometry (left) fails to capture off-axis light, whereas the angled telescope
configuration (right) provides accurate radiance measurement.

The TEL,309 instrument employs an averaging field of view of 11 mrad due to hardware
limitations. This is conservative, since [EC 62471 specifies that for long-duration exposures
relevant to Risk Group 0 (Exempt) classification, radiance should be averaged over an ef-
fective 100 mrad field to account for natural eye movements during normal visual tasks.
With the smaller 11 mrad aperture, localized intensity peaks within the emission pattern
remain unaveraged, which leads to an overestimation of the potential hazard. This limita-
tion, observed even with equipment from a leading safety certification agency, highlights
the current lack of radiometric instrumentation optimized for near-eye wearable systems.

The 11 mrad measurement was therefore used with the understanding that it represents
a conservative assessment. If this value were interpreted as though it had been obtained
with a 100 mrad averaging field, the resulting radiance would still overestimate the true
retinal hazard. Consequently, realistic evaluation of near-eye illumination systems requires
complementing empirical measurements with optical simulations that account for image
defocus, pupil geometry, and dynamic eye motion.
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2.3.5 Optical Simulations

Near-eye light sources produce a fundamentally different retinal image than the sharp focal
spot assessed under the IEC 62471 reference geometry at 200 mm. To characterize this
difference, non-sequential optical simulations were performed using a calibrated Zemax
human eye model. As illustrated in Figure 2.7, a distant collimated source forms a highly
concentrated focal spot, whereas the Lumos near-eye optical system produces a broad
2-4 mm diffuse footprint due to geometric defocus, oblique incidence, and natural eye-
motion averaging. This spreading greatly reduces peak retinal irradiance compared to
the worst-case conditions assumed in photobiological safety limits. Full simulation and
explanation details are provided in section B.5.

00000
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Figure 2.7: Comparison of retinal image formation for a distant 200 mm source (top row)
versus the near-eye Lumos optical system (bottom row). Left: conceptual ray diagrams
and Zemax ray-trace geometry. Right: simulated retinal irradiance maps. The near-eye
configuration produces a large, diffuse 2-4 mm retinal footprint, significantly reducing peak
irradiance relative to the scenario defined in IEC 62471.
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Design safety factor It is common in engineering practice to add an extra safety factor
(SF) at the product level. For optical radiation, however, the applicable exposure limits
deriving from ITEC 62471 already embed a substantial margin below observed damage
thresholds.[53] In particular, Schulmeister et al. (ILSC 2019) note that the blue-light
photochemical exposure limits sit on the order of 10-20x below ophthalmoscopically visible
retinal lesion thresholds reported in rhesus monkeys.[30)]

Implication for this device. Because the standard’s limits already include this mar-
gin, it is generally not necessary to apply an additional arbitrary SF on top of a compliant
assessment. Instead, we reserve extra margin only where justified by measurement uncer-
tainty, worst-case geometries, or prolonged exposures specific to our use case. Our safety
evaluation therefore reports compliance against IEC 62471 exposure limits and documents
device-specific uncertainties, rather than stacking an additional blanket SF.

From this exercise, it is apparent that the IEC 62471 standards have met a lot of
limitations when it comes to near eye display, and it may be beneficial to develop a new
set of measurement techniques. Furthermore, more research and testing should be done on
the spatial and temporal effects of light damage on the retina, ideally testing the sensitivity
to damage of different spots over long period exposure.

2.3.6 Calibration Procedure

A calibration method was developed to correlate LED output measurements obtained from
standard spectrometric sensors with reference measurements performed by TUV SUD using
the Bentham IDR300-PSL Photobiological Safety Spectroradiometer [17]. It was imprac-
tical for TUV SUD to test every manufactured unit using the standardized IEC 62471
measurement setup given the extensive configuration and measurement time required, so
an alternative per-device calibration process was implemented. This procedure began by
capturing spectral and power data from each device using an off-the-shelf spectrometer
(AS72653), which is then correlated against the reference measurements obtained by TUV
SUD. The calibration station and sensor response characteristics are shown in Figure 2.8.
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Figure 2.8: Lumos calibration fixture with the AS72653 spectrometer used for per-device
spectral characterization. Reference calibration data were obtained using a Bentham
IDR300-PSL Photobiological Safety Spectroradiometer.

Based on manufacturer specifications and established principles of LED fabrication,
individual emitters can exhibit notable variation in both luminous intensity and dominant
wavelength, whereas batch-to-batch variation in emission bandwidth (full width at half
maximum, FWHM) tends to be relatively small [61, 94, 34, 71]. This behavior has been
attributed to variations in epitaxial layer thickness and composition, which influence the
peak emission wavelength, while the bandwidth is determined by material properties and
remains stable across operating conditions and production batches.

These trends are consistent with internal measurements of the LEDs used in the Lumos
system. Accordingly, an LED population may be reasonably characterized by its center
wavelength and peak optical power, with the dominant wavelength modeled as a normally
distributed variable having a standard deviation of approximately 11 nm.

As a next step, a simulation framework was developed to evaluate how accurately dom-
inant wavelength and peak power could be extracted from the AS72653 sensor, which
measures light at six discrete spectral channels spaced at 25 nm intervals. The goal was
to correlate these sparse measurements with the high-fidelity reference spectra obtained
from TUV SUD at 5 nm resolution. To achieve this, the spectral response of each AS72653
channel was digitized from its datasheet and modeled as a normal distribution. Simulated
LED sources were then generated as normal distributions with arbitrary dominant wave-
lengths and peak powers, sampled at 5 nm intervals to match the reference data resolution.
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For each simulated source, the spectral emission curve was multiplied by each channel’s
responsivity function and numerically integrated, producing six predicted sensor outputs
(channels A-F corresponding to 410, 435, 460, 485, 510, and 535 nm). Shown in Figure 2.9.

LED Calibration Simulation Framework

..... A B C D coooes B ceveen F onmmmdB) emmm=dB5

390 410 510 530 550

Figure 2.9: Simulation of LED calibration framework showing the modeled spectral re-
sponsivity of the AS72653 sensor channels (A-F) and two simulated LED sources with
dominant wavelengths of 460 nm and 465 nm, respectively.

Several algorithms were evaluated for estimating the dominant wavelength from these
six measurements. The best-performing method was the center-of-mass approach, in which
each sensor’s reading was treated as a mass and its central wavelength as a positional
weight. The weighted mean wavelength was then computed as the effective center of mass.
Across simulations spanning dominant wavelengths from 460-500 nm, this method achieved
sub-nanometer precision, with a max error 0.05 nm.

Peak optical power was estimated by summing all six sensor readings and correlating
the result with simulated peak intensity. This approach yielded errors within 0.6% at
three standard deviations, demonstrating that the center-of-mass method for dominant
wavelength and summation method for peak power provide high theoretical accuracy for
the AS72653 configuration.

As a next step, measurements from the AS72653 sensor were correlated with the cor-
responding TUV SUD reference spectra sampled at 5 nm intervals. The center-of-mass
method yielded highly consistent results for one sensor, but in another channel—the D
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receptor, nominally centered at 485 nm—an offset was observed. To achieve proper cor-
relation, the peak wavelength of the D channel was adjusted from 485 nm to 475 nm,
compensating for a tolerance shift in the AS72653’s internal optical filter. This adjustment
is conservative; by shifting the peak toward shorter wavelengths, the sensor’s sensitivity
moves closer to the maximum of the blue-light hazard weighting function near 440 nm,
thereby biasing results toward a more stringent safety margin. After calibration, this cor-
rected spectral response was applied to the right-arm sensor configuration of the Lumos
system. The adjustment and its effect on spectral alignment are illustrated in Figure 2.10.

Adjustment

400 450 500 550 600 400 450 500 550 600 400 450 500 550 600

Units5_TUV Left Sensor Unit10 TUV Right Sensor Unit10_TUV Right Sensor D Adjusted

Figure 2.10: Comparison between raw AS72653 sensor readings and TUV SUD reference
data. (Left) Unadjusted calibration for Unit 5 showing strong alignment. (Center) Unit 10
data revealing a wavelength offset in the D channel (nominally 485 nm). (Right) Adjust-
ment of the D-channel peak to 475 nm restores alignment with the reference spectrum,
indicating a minor filter-tolerance shift within the sensor.

After this adjustment, dominant wavelength accuracy resolved to be around 2 nm when
compared with TUV SUD measurements.

The peak power correlation exhibited slightly greater variance, primarily due to mea-
surement geometry constraints and variations in battery voltage that influence the LED
drive circuitry. Although the system employs a low-dropout (LDO) regulator to maintain a
3.3 V supply, operation near the regulator’s dropout threshold can introduce small output
fluctuations, as the device remains operational slightly below 3.3 V.

TUV SUD confirmed that all safety certification measurements were performed with
fully charged devices. However, to establish a conservative calibration model, AS72653
readings were recorded at nominal, low, and high charge states for the same device and
included in the regression. This approach ensures that potential measurement variability—
such as a unit being tested at reduced charge—is inherently accounted for in the calibration
model.

A linear regression model (Figure 2.11) was fitted to the dataset to correlate the summed
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AST72653 sensor readings with the reference peak power values obtained from TUV SUD.
The resulting calibration function provides a predictive relationship for estimating LED
output power directly from sensor data.
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Figure 2.11: Linear regression between the summed AS72653 sensor readings and peak
power measured by TUV SUD. The regression equation (y = 0.1821xz) establishes a pre-
dictive relationship for estimating output power from sensor data, incorporating measure-
ments across different device charge states to ensure a conservative calibration.

With the peak optical power and dominant wavelength now accurately estimated, the
calibrated AS72653 sensor can reconstruct a detailed emission spectrum that closely emu-
lates the Bentham reference measurements. This reconstructed spectrum is subsequently
integrated with the blue-light hazard weighting function to compute the weighted radiance
value. Applying the cosine correction and source-area adjustment factors yields the final
photobiological hazard metric as defined in IEC 62471. To ensure that this value remains
within the 100 Wm™2sr~! limit prescribed by the standard, the LED output is automati-
cally fine-tuned through pulse-width modulation (PWM), which maintains a strictly linear
relationship with optical power. The finalized calibration parameters are then stored in the
non-volatile flash memory of the nRF52 microcontroller, allowing each unit to maintain its
safety-compliant light output across operating conditions.

2.3.7 Time-Dependent Spot Smearing and Boost Mode

The TEC 62471 blue-light hazard limit scales with exposure duration, permitting higher ra-
diance for shorter viewing times. However, at short durations the effective retinal averaging
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area also decreases, since eye and head movements contribute less to spatial smearing. To
capture this effect, a time-dependent angular subtense model was derived and aligned with
optical simulation results, linking exposure duration to an effective retinal spot size. As
illustrated in Figure 2.12, short exposures produce a smaller averaging region, whereas long
exposures smear the retinal footprint to approximately 4 mm, reducing peak irradiance.
The full mathematical formulation, simulation workflow, and boost-mode derivation are
included in section B.6.

Spot smear sizeatt =0

Spot smear size at t = 100s

Spot smear size att =10 000s —M8MMMMM

Figure 2.12: Conceptual illustration of IEC 62471 time-dependent spot smearing. Short
exposures retain the ~2 mm optical footprint, while long exposures smear to ~4 mm due
to physiological eye motion.

Although a dynamic boost mode would comply with the time-dependent radiance limits
of IEC 62471, it was not implemented during the clinical trial to reduce complexity and
preserve the integrity of the double-blind design.

2.3.8 External Validation with Market-Leading Device

As a validation step, a f.luxometer spectroradiometric system [12] was used to measure the
calibrated spectral power output of the Lumos glasses and compare it with a commercially
available light therapy wearable currently positioned as a market leader. The results indi-
cated comparable irradiance levels between the two devices. Notably, the Lumos emission
spectrum is slightly shifted toward green, with a dominant wavelength closer to 480 nm.
This spectral design enables higher melanopsin activation efficiency while simultaneously
reducing potential blue-light hazard risk, which peaks near 440 nm. A comparison of the
measured spectra is shown in Figure 2.13.
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Figure 2.13: Comparison of the Lumos glasses spectral power distribution (green-shifted,
Adom A 490 nm) and a representative market-leading light therapy wearable, after calibra-
tion. Both devices show similar irradiance levels under equivalent operating conditions.

2.4 Ambient Light Sensor Design and Calibration

The ambient light sensing modules on the Lumos glasses are another important component
of the system, as they enable real-time tracking of the user’s environmental light exposure.
This allows for quantitative analysis of how everyday lighting conditions interact with
light therapy and influence wellness outcomes. The ambient light sensor (Figure 2.14) was
designed with several considerations to approximate the human melanopsin response as
closely as possible, including its geometric placement, angular orientation, and spectral
sensitivity.
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Figure 2.14: Lumos ambient light sensor (gold rectangular piece).

2.4.1 Geometric Placement and Orientation

A primary advantage of mounting the ambient light sensor directly on the glasses is its
proximity to the eyes. Many existing studies rely on wrist-mounted ambient light sensors,
which are susceptible to clothing occlusion and misalignment with the natural angle of
light incidence [19, 101, 100]. Integrating the sensor into the glasses eliminates these issues
and leverages the platform’s existing optical geometry for more accurate measurement of
the light reaching the eyes.

Humans typically maintain a slight downward gaze during most visual tasks [841, 56, 58].
To approximate this eye orientation, the sensor was mounted with a small downward angle.
This placement also enabled the sensor to be housed within the glasses’ arms rather than
the front frame, preserving a thin and modular front design while maintaining proper
exposure to the incident light field. The mechanical design and placement of the sensor
are illustrated in Figure 2.15.
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Figure 2.15: Lumos ambient light sensor geometry and placement.

2.4.2 Spectral Response and Calibration

A spectral filter was positioned in front of the sensor so that, when combined with the
sensor’s native spectral response, the resulting sensitivity curve closely matched the human
melanopsin action spectrum. This modification enables a standard broadband ambient
light sensor to more accurately represent light exposure relevant to circadian and sleep
physiology. It improves accuracy under lighting conditions dominated by warm (amber)
sources or when viewing displays with enabled night-shift modes.

2.4.3 Circuit Design

A silicon NPN epitaxial planar phototransistor was used as the sensor. Its output current
at the emitter is converted through a resistor network into a measurable analog voltage
signal (ALS_SIG), which is read by the microcontroller’s ADC with a max input voltage of
3.3V. A transistor-controlled digital switch (ALS_SWITCH) allows the circuit to change
resistor values dynamically, thereby extending its range for high-brightness environments
due to the ADC’s max voltage reading of 3.3V. This enables accurate detection from low
indoor illuminance levels to bright outdoor sunlight conditions. The ambient light sensing
circuit is shown in Figure 2.16.

29



Ambient Light Sensor
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X X

L
Figure 2.16: Circuit schematic of the Lumos ambient light sensor. ALS_SIG is connected
to the sensor emitter, ALS_VDD connected to sensor collector. The transistor switch (Q1)

dynamically adjusts the resistor divider to extend measurable range under high illuminance
conditions.

The combined filter—sensor system was calibrated using a ground-truth spectroradio-
metric instrument, the f.luzometer [12], across a range of representative indoor and out-
door conditions. Indoor measurements were used to verify linearity across typical lighting
levels, while outdoor tests established the sensor’s behavior under saturation conditions.
Representative calibration data are summarized in Table 2.1 and Table 2.2, showing sen-
sor voltage readings and corresponding reference melanopic lux values obtained from the
f-luxometer. Regression analyses for both indoor and outdoor datasets are shown in Fig-
ure 2.17 and Figure 2.18.
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Table 2.1: Measured output of the Lumos ambient light sensor across representative indoor
lighting scenarios, showing sensor voltage and corresponding reference melanopic lux values
measured by the f.luxometer.

Indoor Scenario Sensor Voltage Illuminance
(mV) (m-lux)

Room fluorescent lights ) 30
Looking directly at fluorescent lights 80 129
Looking at Wyze bulb (max brightness) 250 400
Looking out window from room 680 3,400
Common room, facing inward 120 338
Common room, facing window 600 2,200
Common room, facing outside 1,500 6,500
Common room, facing outside near exit 2,500 11,000
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Figure 2.17: Calibration results for the Lumos ambient light sensor under indoor lighting
conditions, showing a strong linear correlation between sensor voltage and melanopic lux.
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Table 2.2: Measured output of the Lumos ambient light sensor across representative out-
door lighting scenarios, showing sensor voltage and corresponding reference melanopic lux
values measured by the f.luzometer.

Outdoor Scenario High Voltage Illuminance
(mV) (m-lux)
Facing the lake 211 22,000
On rooftop (facing upward) 800 45,000
Facing trees 95 4,500
Facing the sun 1,460 55,000
On outdoor couch 80 12,000
Lying on ground 400 24,000
On the deck, looking at sky 3,000 38,000
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Figure 2.18: Outdoor calibration results for the Lumos ambient light sensor showing a

second-order polynomial fit (y = —0.02232? + 67.273z + 4494.2) due to partial saturation
of the photodiode at high illuminance levels.
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As shown in Table 2.1 and Figure 2.17, the photodiode produced currents high enough
to saturate the analog-to-digital conversion path. This necessitated the digital switch-
ing mechanism in Figure 2.16, which allowed the circuit to dynamically lower the tran-
simpedance resistance when high illumination levels were detected.

In the final clinical-trial configuration, this switching feature was disabled to reduce
routing complexity near the critical antenna region. As a result, the sensor saturates at
approximately 14,000 melanopic lux, a level that typically indicates outdoor exposure and
is far above the roughly 1,000-lux threshold associated with maximal melatonin suppres-
sion [109].

Summary. The Lumos ambient light sensor, optimized for melanopsin-weighted response,
demonstrated strong linearity under indoor conditions and predictable nonlinear behavior
under bright outdoor conditions. The inclusion of a filter, optimized geometry, and calibra-
tion against the f.lurometer ensures reliable measurement of physiologically relevant light
levels, enabling accurate quantification of real-world melanopic exposure in both research
and clinical contexts.

2.5 User Detection Sensor Iteration

Reliable user detection is essential for determining when the glasses are actively being
worn. This capability is particularly important because adherence to light therapy outside
controlled settings is difficult to verify using self-report alone. In a pilot study of bright-
light therapy for seasonal affective disorder, self-reported daily lamp usage was found to
be unrelated to the actual duration recorded by the device’s built-in meter, indicating
that patient logs substantially overestimated true exposure time [(65]. A robust on-device
wear sensor therefore enables accurate, automatic usage logging and provides an objective
measure of adherence that can support both clinical research protocols and real-world
therapeutic use. The following sections describe the iterative development of the user
detection sensor and the design considerations that informed its final implementation.

2.5.1 Capacitive sensing
Capacitive sensing was selected as the first user-detection approach because it is low-power,

inexpensive, and selective to conductive objects (e.g., skin), minimizing false positives
from fabric or plastics. A diagram of the capacitive sensor is shown in Figure 2.19. The
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capacitive sensor features a flexible printed circuit board laminated to the inside surface
of the arm’s lid.

Capacitive Sensing Flexible Printed Circuit

Figure 2.19: Prototype implementation of the capacitive user-detection sensor. A flexible
printed circuit (FPC) electrode runs along the inner surface of the temple; the wearer’s skin
forms the return electrode via body capacitance. The theory of operation of the capacitive
sensor is shown in Figure 2.20 below.

Al R V2
Microcontroller Microcontroller
System Side Output W\’ Input
_—
i1 o
~ i2
Capacitance formed
World Side by skin or conductive ~
object Ve

Figure 2.20: Conceptual RC topology for capacitive sensing: the microcontroller drives the
sensing node through a resistor R, the skin-dependent capacitance C' charges toward the
drive voltage, and the sampled node voltage is used to estimate C'.

The flexible PCB on the device acts as one side of the capactiro electrode, while the hu-
man body provides the complementary plate through parasitic body—ground capacitance.
When the temple is worn, the effective capacitance increases; when removed, it decreases.
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The measurement uses the RC topology shown in Fig. 2.20: a series resistor R and
unknown capacitor C' are driven from a logic output and observed by an ADC input.

By Kirchhoft’s current law, the currents through the resistor and capacitor are equal:
il == ig, (21)

where
. =W
11 =

Equating these yields the first-order differential equation

Vi—V, dVs

=C 2.3
R dt’ (23)

which, for a constant step input V;, has the standard solution
Va(t) = Vi(1 — e /RC) . (2.4)

The time constant 7 = RC' defines the 63% rise time. By timing the interval required for
the sense node to reach a fixed threshold voltage, C' can be inferred for a known R. A
larger capacitance produces a slower rise, enabling a threshold on 7 to classify the worn
and not worn states.

In the firmware implementation, the standard Arduino CapacitiveSensor library [15]
performs this measurement by cycling the source and sense pins at high frequency and
estimating the relative capacitance from timing differences. Since the library is not directly
compatible with the nRF52 architecture, the algorithm was ported and optimized for the
Lumos firmware to ensure clean, low-noise measurements under the same timing principle.

Selectivity. Since the sensor responds primarily to conductive bodies, everyday non-
conductive coverings (hair, most fabrics, plastics) do not spuriously trigger the worn state.
This material selectivity, combined with the electrode’s placement along the temple, pro-
vided reliable wear detection in bench and field tests and a foundation for subsequent
adherence analytics.

Temperature, humidity, and other factors can cause signal noise for the capacitive
sensor, and after building the prototype, it was determined that while it was a reliable
sensor for the author’s head, the capacitive sensor does not have enough signal-to-noise
ratio sufficient to cover a broad range of head sizes. Capacitive sensing works well for
very close distances, such as touch sensors with only a thin piece of plastic in between the
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inner device plate and the finger. However, when a person has a smaller head, the distance
between the temple and the plate becomes too large to induce a sufficient signal for basic
algorithms to capture. Figure 2.21 shows that proximity sensing has significantly better
signal-to-noise ratio than capacitive sense, which is important for reliability. It is worth
noting that Apple’s AirPods also use an infrared proximity sensor for user detection, while

reserving capacitive touch sensing for controls [50].

Capacitive Sensor Proximity Sensor
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Figure 2.21: Capacitive sensing signal (left) vs proximity sensor (right)

2.5.2 Infrared proximity sensing

The proximity sensor relies on the reflection of infrared (Infrared (IR)) light. It consists of
two main parts: an IR emitter and an IR ambient light sensor. The sensor detects light
from the emitter reflecting off a nearby surface. Typically, the closer a surface is to the
sensor, the more light reflected resulting in a higher signal. This principle is widely used in
smartphones to detect when the phone is held close to a user’s ear, automatically switching
audio output to the receiver.

Given that the proximity sensor demonstrated better performance than capacitive sens-
ing, and to minimize mechanical redesigns and avoid mold or tooling rework, an attempt
to integrate the proximity sensor through the existing LED window occurred. In this
configuration, the sensor is mounted directly on the PCB in front of the light engine and
positioned to emit and receive light through the same optical window. This approach re-
quired minimal design modifications, involving only an additional component on the PCB.
The board was fabricated and tested for performance. see Figure 2.22 for the initial tested
location of the sensor.
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Figure 2.22: Concept of proximity sensor sharing the LED window.

Experimental testing confirmed that this method functioned as intended; however, the
signal-to-noise ratio decreased significantly for users with smaller head sizes. Therefore, it
was necessary to reposition the proximity sensor closer to the actual contact region of the
frame with an additional set of flexible printed circuit boards (Flexible Printed Circuits
(FPCs)). These circuits housed the proximity sensor, supporting electronics, and adhesive
tapes and foams to secure the assembly against the inner housing. Furthermore, a dedicated
optical window was added to the arm of the glasses, allowing infrared transmission in the
sensor’s operating wavelength. A schematic of the final design is shown in Figure 2.23.

One challenge was false triggering caused by ambient infrared light, especially under
sunlight. To mitigate this, a time-sequential measurement approach was implemented in
firmware. The IR emitter is first turned off to record the ambient IR baseline, followed
by a second measurement taken immediately after the emitter is activated. The difference
between these two readings isolates the reflected component from the proximity emitter,
effectively rejecting ambient interference. This technique substantially improved sensor
reliability under varying lighting conditions.
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Figure 2.23: Final proximity sensor design integrated with flexible circuit and IR window.

2.6 Electrical System

The electrical subsystem of the Lumos glasses integrates sensing, control, and power man-
agement circuits into a compact printed circuit board (PCB) designed by the author. The
initial hardware architecture and early board layouts were developed by James Ro, the
author’s founding teammate at Lumos Health, establishing the foundation for component
selection and signal routing. Building upon this foundation, the author took over the design
in 2021, adding the proximity sensor, improving system integration and manufacturability,
and optimizing antenna performance. The design work was conducted in Autodesk Eagle
and later migrated to Fusion 360 FElectronics for enhanced 3D visualization and seamless
integration with the mechanical enclosure. The final board layout is shown in Figure 2.24,
and a high-level block diagram of the system architecture is provided in Figure 2.25.

The central component of the system is the Nordic Semiconductor nRF52832 micro-
processor, a low-power System on Chip (SoC) that integrates a 64 MHz ARM Cortex-M4
CPU, BLE radio, and multiple peripheral interfaces. The Microcontroller Unit (MCU) in-
terfaces with the proximity sensor and ambient light sensor through flexible printed circuits

38



Figure 2.24: Top view of the Lumos main PCB layout, showing compact routing of sensing,

logic, and power sections.
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Figure 2.25: High-level electrical block diagram of the Lumos system.
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(FPCs) connected to dedicated I/O pins. The microcontroller also controls the therapy
LED driver which regulates the light output used for circadian rhythm and light therapy.

A rechargeable lithium-polymer battery powers the system. The battery is charged
through a dedicated constant current constant voltage charging circuit connected to the
onboard USB port. Once charged, the battery supplies power to the rest of the circuitry
through a low-dropout voltage regulator (LDO), which ensures a stable supply voltage
to the MCU and associated sensors. A voltage divider circuit continuously monitors the
battery level, allowing the firmware to track charge status and transmit it to the companion
smartphone application via BLE.

The board also includes a tactile push button for user input, enabling activation of
the therapy light, interaction with the PVT, and execution of other control functions. A
Matching Network was implemented to optimize the BLE antenna impedance and radiation
efficiency, with validation and technical support provided by engineers at Nordic Semicon-
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ductor [32].

Throughout the design, careful consideration was given to isolating analog and digital
noise domains, optimizing the placement of power decoupling components, and maintaining
consistent ground return paths. The resulting design achieves a high degree of integration
and robustness within the mechanical constraints of the slim glasses arm, enabling reliable
sensing, communication, and power performance in a wearable form factor.

2.7 Firmware Architecture (High-Level Summary)

The author developed the firmware for the left module of the Lumos glasses which runs
on the Nordic Semiconductor nRF52832 SoC. It implements Bluetooth Low Energy (BLE)
communication, sensing, actuation of the therapy light, and safety/control features needed
for both clinical and commercial operation. To protect proprietary details, this section
presents a high-level summary without disclosing state diagrams, register maps, or unique
identifiers.

System Overview

At a high level, the firmware coordinates five functions:

1. Wireless Communication: A custom BLE service exposes characteristics for light
control, proximity readings, ambient light values, battery telemetry, calibration, and
a PVT interaction channel.

2. Sensing: Periodic polling of the proximity and ambient light sensors produces fil-
tered measurements used for wear detection and context-aware behavior.

3. Light Engine Control: A hardware-Pulse-Width Modulation (PWM) path drives
the therapy LED, with duty cycle and effective frequency chosen for optical safety
and perceptual comfort.

4. Power and Reliability: A watchdog timer, adaptive polling based on client sub-
scriptions, and idle behaviors help reduce current draw while preserving responsive-
ness.

5. Calibration and Modes: Non-volatile storage (Flash Memory) holds calibration
constants and mode flags; a clinical mode enforces app-supervised usage, while a user
mode allows limited stand-alone operation.
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BLE Service Model

The device operates as a peripheral with a single custom service. Characteristics (names
only, no UUIDs shown) include:

e Light Control: Read/write of light state and intensity parameters; notifications
used to reflect state to connected clients.

e Proximity / ALS Telemetry: Read/notify for proximity and ambient light values.
When a client subscribes (CCCD write), the firmware increases the corresponding
polling rate to improve responsiveness.

e Battery Telemetry: Read/notify for battery voltage to support app-side state of
charge estimation and user feedback.

e Calibration and Configuration: Read/write of persistent calibration constants
(e.g., maximum safe intensity, proximity thresholds) and an operational mode flag
(clinical vs. user).

e PVT Game Channel: A lightweight command /notify pathway to coordinate trial
rounds (start signal and per-round result codes).

Sensing and Wear Detection

Wear detection relies on proximity sensing at both temples; both sides must exceed a
threshold to classify the device as “worn,” mitigating false positives when the frame is
folded. The firmware also samples ambient light to support app logic (e.g., day/evening

behaviors) and adapts sensor polling intervals based on client subscriptions to conserve
power.

Therapy Light Control
The therapy LED is driven by PWM with:

e A calibrated ceiling that enforces eye-safety constraints stored in Flash Memory.
e Adjustable frequency and duty cycle to accommodate clinical and user modes.

e Smooth ramps on connect/disconnect and mode changes to avoid abrupt transitions.

41



Calibration, Persistence, and Modes

Calibration constants and mode flags are stored in internal Flash Memory. Key items
include:

e Safety Intensity Limit: Upper bound for duty cycle, used as a ceiling across modes.

e Proximity Thresholds: Baselines and deltas that support robust wear detection
ACross Users.

e Clinical/User Mode Flag: In clinical mode, light activation requires an active
app connection and a valid wear state; in user mode, the button may toggle light
locally within safety limits.

Values can be updated over BLE by authorized tooling.

Power, Timing, and Reliability

A hardware watchdog periodically resets the system if the main loop stalls. Polling periods
for sensors and telemetry are longer by default and automatically shorten when a client
subscribes to notifications (CCCD set), balancing power with responsiveness. Advertis-
ing packets include manufacturer data for device classification; connect/disconnect events
update the light state and timers to provide user feedback and manage timeouts.

Psychomotor Vigilance Task (PVT)

A minimal embedded loop supports a single-round PVT for research workflows. Upon a
start command from the app, the device presents a simple reaction-time stimulus using
the light and records the user’s button response. The result is encoded and notified back
to the app for storage and analysis. Detailed timing constants, scaling functions, and
admissibility rules are withheld.

Safety and Confidentiality

The firmware enforces an intensity ceiling, app-gated activation in clinical workflows, and
wear detection checks prior to light enable. To protect proprietary methods, the following
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are intentionally omitted: unique identifiers (e.g., UUIDs), pin assignments, register set-
tings, state machine diagrams, timing constants, filter parameters, and file formats. The
description above is sufficient for scientific reproducibility of study logic while preserving
commercial confidentiality.

2.8 App and Software

The Lumos mobile application serves as the central hub of the system. It interfaces with the
glasses via BLE, provides user authentication and control, presents a graphical interface,
and manages data transfer with the cloud. Screenshots of the iOS version are shown in
Figure 2.26.

cow
sharpener

Acknowledge.

Figure 2.26: Screenshots of the Lumos mobile application (iOS version shown).

Using data transmitted from the BLE firmware, the app records the total light-therapy
duration and determines when the glasses are being worn.

Wear detection is based on proximity-sensor data from both the left and right arms of
the glasses. Both sensors must exceed a defined threshold to classify the device as being
worn. This logic prevents false positives that could occur in the folded state, where one arm
may occlude the other. Multiple rounds of testing across diverse head sizes were performed
to determine the optimal threshold values that reliably distinguish between worn and folded
conditions.

Because the nRF52 SoC provides limited onboard Flash Memory, the app plays an
essential role in cloud synchronization. During the clinical trial, the light engine could be
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activated only when the app verified that the user was wearing the glasses. This ensured
that all therapy usage data were accurately tracked and uploaded to the cloud database.

In addition, the app calculates the appropriate light schedule based on the time of day
and ambient-light measurements to determine whether the therapy light should be on and
what feedback to deliver to the user.

The app’s backend infrastructure is powered by Google Firebase, which provides Ap-
plication Programming Interfaces (APIs) for user authentication, permission management,
password resets, and secure data storage. Firebase also supports data persistence, allowing
offline operation and automatic synchronization once connectivity is restored.

To integrate with the University of Waterloo research workflow, Firebase is linked to
Qualtrics (a research-grade survey platform) via Zapier, an automation service that ensures
survey responses are automatically synchronized with participant records in the cloud.

An administrator-facing version of the app enables real-time participant monitoring,
and allows clinical staff to review usage adherence, detect potential adverse events, and
follow up with participants as required.

Finally, Firebase stores a custom hash representing each participant’s group allocation.
This hash determines whether the glasses operate in bright-light (treatment) or dim-light
(placebo) mode. The decoding key for this hash was held exclusively by the sponsor
monitor, Jianping (Felix) Xu, ensuring that neither the author nor the research team
could access treatment assignments during the trial or preliminary analysis, preserving the
integrity of the double-blind design.

The i0S application and the core architecture of the Android version were developed
by the author. The final Android clinical release and the administrator-facing app were
completed by Jianping (Felix) Xu, who served as the sponsor monitor for the study.

2.9 Chapter Conclusion

This chapter presented the engineering development of the Lumos wearable light—therapy
system from operating principle and hardware evolution to electrical design, firmware
architecture, and the companion mobile application. The core invention centers on a
wavelength-selective light engine and nanocoating that enable a slim, eyewear-like form
factor delivering melanopsin-targeted illumination while preserving natural vision. Itera-
tive prototyping from early proofs-of-concept to production-ready hardware established a
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manufacturable, durable platform with swappable lenses and TR-90 arms that house the
electronics.

On the electronics side, the nRF52832-based main board integrates sensing, power
management, and wireless connectivity with an antenna Matching Network validated in
collaboration with Nordic Semiconductor. The system transitioned from capacitive user
detection to infrared proximity sensing on flexible FPCs, paired with synchronous ambient
rejection for robust wear classification across head sizes. A melanopsin-weighted ambient
light sensor was designed and calibrated against a reference spectroradiometric system,
enabling physiologically meaningful exposure tracking in real-world settings.

Eye safety and calibration were addressed through a combined measurement—simulation
framework aligned with IEC 62471. Third-party testing confirmed an Exempt (RGO)
classification at 200 mm, while optical modeling of near-eye geometry and time-dependent
retinal averaging informed conservative operating margins. A per-unit calibration pipeline
(using onboard sensing correlated to reference spectra) sets a device-specific PWM ceiling
and stores parameters in non-volatile memory to maintain safety compliance over operating
conditions.

Firmware running on the SoC provides BLE services, sensor polling, interrupt and
button handling, safe light control, and a minimal PVT pathway. The mobile application
controls light activation on verified wear detection, manages time-of-day and ambient-light
logic, and synchronizes usage data to Firebase. Research surveys integrated via Zapier
and an administrator view (developed and maintained by Jianping (Felix) Xu) enables
participant monitoring. Treatment assignment is controlled via a hashed code to preserve
double-blind conditions.

Together, these subsystems form a cohesive, clinically deployable platform that bal-
ances optical efficacy, user comfort, safety, and data integrity. The engineering decisions
documented here directly support the study’s scientific aims. The next chapter describes
the clinical protocol, measurement endpoints, and analysis methods that build on this en-
gineering foundation to evaluate the Lumos system’s effects on circadian and mental-health
outcomes.
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Chapter 3

Clinical Results

3.1 Overview

This chapter presents the implementation and results of the Lumos smart light therapy
glasses evaluated in a double-blind, randomized, placebo-controlled crossover clinical trial.
The study was conducted over sixteen weeks, with participants crossing over between
treatment conditions at week 8.

The primary hypotheses were that daily use of the Lumos glasses delivering high-
intensity, circadian-effective light would significantly reduce depressive symptoms and
sleep-disturbance scores compared with low-intensity (placebo) exposure, and that these
benefits would be accompanied by improvements in psychomotor vigilance and working-
memory performance. Secondary hypotheses proposed that individual factors, particularly
daily usage time, ambient light exposure, baseline symptom severity, and eye pigmentation,
would moderate treatment response. Age and sex were also expected to exert smaller but
measurable influences on outcome variability.

Primary endpoints included changes in depressive symptoms (MontgomeryfAsberg De-
pression Rating Scale (MADRS)), sleep disturbance (Patient-Reported Outcomes Mea-
surement Information System Sleep Disturbance Short Form (PROMIS) Short Form),
psychomotor vigilance (reaction time, Psychomotor Vigilance Task (PVT)), and associa-
tive memory (Word-Pair accuracy). Secondary analyses examined how adherence (usage
hours), ambient melanopic light levels, and demographic factors influenced these outcomes.
Adverse events were recorded weekly to assess tolerability and safety.

Overall, we found that bright-light exposure produced measurable improvements in
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mood and sleep relative to dim-light control consistent with the primary hypotheses. How-
ever, the aggregate MADRS effect did not reach statistical significance until the data were
stratified by eye-color group, revealing strong subgroup-specific patterns. Dark-eyed par-
ticipants (brown-eyed Caucasian and non-Caucasian groups) exhibited clear Phase-1 im-
provement under bright-light. Conversely, participants with light-colored eyes (blue, green,
hazel) showed greater initial improvement under dim-light control, suggesting a differential
response linked to iris pigmentation. This finding is further addressed in the Discussion sec-
tion 4.1, where correlations between eye color, light transmission, and potential differences
in iris melanopsin sensitivity are considered as possible explanatory mechanisms.

Both daily usage time and ambient light exposure (melanopic lux) moderated out-
comes, with higher exposure associated with greater improvements in several subgroups.
Psychomotor vigilance improved robustly across all participants regardless of eye color,
while the Word-Pair memory test showed the least clear pattern until usage time is ac-
counted for. Adverse events were generally mild and infrequent across the study, and
the Lumos glasses were well tolerated overall. Notably, light-eyed participants reported
more discomfort when bright-light was administered first, with persistence after crossover,
whereas darker-eyed groups reported more headaches in the dim-light condition. Full pro-
tocol details are provided in Appendix P.

3.2 Methods

3.2.1 Design

Participants (n = 73) were randomized to one of two groups (Alpha, Beta) that alternated
between active and low-light (placebo). For the first 8 weeks, the Beta group (n = 36)
received bright-light active treatment while the Alpha group (n = 37) received low-light
control. After week 8, the groups crossed over, with the Alpha group receiving active
treatment and the Beta group receiving low-light control. Masking was maintained for
participants and study staff, including the author and research team. The app enforced
allocation, phase timing, and blinded crossover, with the encryption key held by the study
monitor and the Data Safety and Monitoring Board.

3.2.2 Participants

Adults (>18 years) with access to a smartphone, who experienced at least minor mood
or sleep symptoms, and spent on average less than two hours outdoors per day were
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eligible for the study. Exclusions included severe depression requiring urgent intervention,
ocular disease that could affect light safety, photosensitizing medications, and night shift
work. Recruitment, consent, and baseline assessments were performed via Qualtrics survey,
followed by a verification and consent call from the clinical team.

3.2.3 Clinical team

The clinical team was led by the Principal Investigator (PI), Dr. Jonathan Oakman,
a licensed psychologist in Ontario; the student investigator, Lucas Tang; and volunteer
research coordinators from the psychology department at the University of Waterloo. The
team was responsible for participant intake, monitoring, and follow up. Adverse events
were handled by Lucas Tang, Dr. Oakman, and the Data Safety and Monitoring Board,
who worked with the Research Ethics Boards to report each incident.

3.2.4 Randomization, Allocation Concealment, and Masking

Participants were assigned to Alpha or Beta via slot-based randomization with concealed
mapping; allocation and crossover were automated in the app/cloud to preserve masking.
No unmasking events occurred due to unforeseen events, and all unmasking followed the
standard protocol. A partial unmasking was done for data analysis where Alpha and Beta
groups were disclosed without revealing which group received treatment first. This allowed
for an unbiased analysis. Before full unmasking, the author presented initial assessment
of the data to the Data Safety and Monitoring Board with strong evidence that the Beta
group received treatment first. At this point permission was granted for full unmasking,
where the study monitor confirmed that Beta indeed received treatment first. Analysis
then continued for secondary findings and multiple regression with the unmasked data.

3.2.5 Intervention

During active phases, the glasses delivered bright-light targeted for high melanopic effec-
tiveness, around 500 to 700 melanopic lux. During low-light phases, output was minimized
to maintain device perception while limiting physiological dose. Due to the hardware lim-
itation of this version, the low-light was set to a value around one tenth of the bright
dosage, around 50 to 70 melanopic lux. This meant that the low-light intervention may
have some minor effect, and could be considered active control. Participants with no prior
knowledge of the light levels would find it difficult to tell if they were in the treatment or
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control group, allowing for a good placebo. It is possible that the proximity sensors emitted
sufficient infrared light to the user to have a minor effect present in both groups. As such,
the placebo group may have had some minor treatment effects through low dose blue-light
and infrared therapy, as well as being able to use the glasses as a blue-light blocker in the
evenings. In a sense, this can be considered an active control group.

3.2.6 Device Use, Sensing, and Data Capture

Wear detection (Infrared (IR) proximity) and ambient light sensor were streamed via Blue-
tooth to the smartphone and uploaded to the secure cloud database. The glasses were
considered on the user when both arms’ sensors crossed a detection threshold, and only
then would the light turn on. This ensured that if the user wanted to receive light therapy,
they must be connected to the smartphone, and have the glasses on properly. Proximity
sensor data is sent multiple times a second to the smartphone via Bluetooth low energy.
Each glasses’ temples also have an ambient light sensor which streams data multiple times
a second to the smartphone. To conserve internet use for participants, the data is first ag-
gregated on a minute per minute basis, measuring number of seconds used for that minute,
as well as the average ambient light in that minute, and uploaded to the cloud.

3.2.7 Measures

Each week, participants completed four short assessments through the Lumos app to track
mood, sleep, alertness, and memory. These instruments were selected to capture both
emotional and cognitive effects of light exposure while keeping the testing experience simple
and consistent across participants. A brief overview is provided below, with detailed scoring
procedures, reliability statistics, and psychometric references in Appendix C.

e Mood (Montgomery—Asberg Depression Rating Scale, Self-rated version
(MADRS-S)). Participants rated their mood and related symptoms using the self-
rated version of the Montgomery-Asberg Depression Rating Scale. This short ques-
tionnaire covered aspects such as sadness, motivation, and sleep, providing a weekly
measure of overall depression severity.

e Sleep Quality (Patient-Reported Outcomes Measurement Information Sys-
tem Sleep Disturbance Short Form (PROMIS) Sleep Disturbance). This
brief survey asked about sleep quality, depth, and restfulness over the past week. It
offered an easy way to track perceived changes in sleep patterns over time.
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e Alertness and Reaction Time (PVT). A quick in-app reaction test measured
how fast participants responded to a light signal from the glasses. Slower reaction
times indicated reduced alertness or fatigue.

e Memory (Word-Pair Recall Test). Participants studied short word pairs and
later recalled the second word when shown the first. The number of correct recalls
provided a simple measure of working memory and focus.

3.2.8 Sample Size and Power

Power analysis was conducted during study planning to ensure adequate sensitivity for de-
tecting meaningful changes in mood, sleep, alertness, and memory outcomes. This section
provides a brief overview, and the full calculation details, assumptions, and references are
presented in Appendix D.

The analysis compared two treatment conditions at the week 8 crossover point, using
a two-sample test on means (o = 0.05, power = 0.80). While the preliminary protocol
(Appendix P) used averaged standard deviations, the final power estimates were updated
using the corrected pooled variance method. Sample size requirements were derived from
published light-therapy studies on comparable outcomes. Across endpoints, a minimum of
25 participants per arm was sufficient to achieve 80% power; the final design used n = 48
per arm (N = 96) to account for attrition and enable subgroup analyses.

Table 3.1: Summary of power analysis assumptions. Detailed derivations in Appendix D.

Endpoint Reference Study Required n/arm (two-sided)
Depression (MADRS) Lam et al., 2016 [60] 25
Sleep (PSQI) proxy for PROMIS  Akyar & Akdemir, 2014 [8] 9
Vigilance (PVT) Rosa et al., 2018 [78] 9
Memory (Word-Pair) Bersani et al., 2008 [18] 34

3.2.9 Ethics, Registration, and Data Handling

This study was reviewed and received ethics clearance through the University of Waterloo
Research Ethics Board (REB) (43406). The approved protocol (Version 18; March 14, 2024)
is provided in Appendix P. All data were de-identified and stored on secure servers. The
study was also registered on ClinicalTrials.gov [93] (Identifier: NCT07168954).

20



3.3 Results

3.3.1 Participant Flow and Sample

Participants were first automatically filtered for eligibility through an online questionnaire
via Qualtrics. If they qualified, a member on the clinical team reached out to confirm
eligibility and informed consent via phone or video call. Afterwards, participants were
then encoded to a unique encrypted ID, the database for blinding control, and glasses were
shipped to them. Once they connected the glasses to the app, the app would pull the
encrypted ID from the database, decrypt it for the treatment arms, and begin treatment.
The participant flow is shown in Figure 3.1 below.

180 online survey
completed

{

96 completed intake call
and enrolled in study

.| 23 drop out due to travel, life
changes, tech issues, or
unresponsive

v

73 proceeded to treatment
allocation

//’\\

37 Control group (low light 36 treatment group (high
0 - 8 weeks, high light week light O - 8 weeks, low light
8-16) week 8 - 16)

v v

34 qualifies as completed 36 qualifies as completed
phase 1 (average >1 min of phase 1 (average >1 min of
usage per day) usage per day)

- —~

26 full complete (average >1
min of usage per day both
phases) and logged data for
MADRS, PROMIS, Word

23 full complete (average

>1 min of usage per day

both phases) and logged
data for reaction PVT

26 full complete (average >1 min of
usage per day both phases) and logged
data for MADRS, PROMIS, Reaction
Word

Figure 3.1: Participant flow
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3.3.2 Baseline Characteristics

Baseline estimation method. Assome participants waited several days to weeks before
receiving their glasses and completing device setup, the baseline score is not necessarily
the score recorded at study intake. To correct for this delay, all participants were baseline-
aligned to the date their light-therapy glasses were first connected (Day 0 (t = 0)).

For each participant ¢ and outcome variable (MADRS or PROMIS), a baseline value
B; was estimated using the nearest available measurement before (vppe, tore < 0) and after
(Upost, tpost > 0) Day 0, where v is the score and ¢ is the number of days from the connection
date. If a measurement existed exactly on Day 0 , that value was used directly:

Bi = Vo-

Otherwise, B; was estimated as a weighted average of the closest pre- and post-Day 0

measurements:
wpre Upre + wpost Upost

wpre + wpost

B =

Weights were designed to (a) emphasize measurements closer to Day 0 and (b) down-
weight post-treatment scores if they were taken long after device activation. Specifically,

1 1 _ tpost
— Thos
TR wpost =—2 post )

w =
pre | tpre | tpost

where T, is the post-side half-life constant (set to three days in this analysis). The
1/]t| term serves as a prozimity factor, giving greater influence to visits temporally close
to Day 0, while the exponential term attenuates the contribution of post-Day 0 scores to
mitigate early treatment effects.

For the reaction time and word-pair tests, baseline scores were determined directly
from the first measurements recorded through the smartphone application. As both tasks
were administered via the app, participants were required to complete the smartphone
setup before taking these tests. App setup instructions were provided around the time
participants received their light-therapy glasses, meaning these initial scores occurred close
to the start of treatment. Therefore, the first recorded test result was taken as each
participant’s baseline score. Note there are very few cases of word and reaction time scores
recorded a few days prior to the official start date as it is possible that a participant
completed these tasks before the glasses completed a full connection on the database and
recorded usage time. In these cases, the baseline score stilled remained to be the first score
registered, and were assigned to be Day 0. The summary of starting scores at baseline is
shown in Table 3.2.
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Table 3.2: Baseline characteristics by randomized arm.

Characteristic Alpha (Nyang = 37) Beta (Nyana = 36)
Age, years, mean (SD) [n] 35.4 (13.1) [n=37] 34.9 (11.9) [n=36]
Sex at birth, female, n/N (%) 27/37 (73%) 30/36 (83%)
MADRS (baseline), mean (SD) [n] 20.9 (8.4) [n=37] 22.3 (9.4) [n=36]
PROMIS Sleep (baseline), mean (SD) [n] 25.1 (6.7) [n=37] 26.5 (5.1) [n=36]
PVT mean RT (ms), mean (SD) [n] 318.2 (70.6) [n=32] 329.7 (75.1) [n=35]
Word-Pair correct (0-30), mean (SD) [n] 1.5 (1.4) [n=37] 1.7 (1.9) [n=36]

Notes: Values are mean (SD) [n] unless stated otherwise. For categorical variables, values are n/N (%).
Denominators vary due to metric eligibility and some missed baseline assessments. Distributions of the

scores are shown in Figure 3.2.

MADRS baseline scores PROMIS Sleep Disturbance (raw baseline)
n = 688 n = 688
mean = 20.66 mean =25.12
90 75
sd =8.76 sd =5.97
median = 20.66 median = 25.02
60 50
30 o5
0_ 1 I i1y um . L (AT TR T NI TT] 13 T L 0_ P n ITTERT T W] PR T TR L 1
0 10 20 30 40 20 30 40
Reaction Time baseline (ms) Word baseline scores
150
n=815 n =959
mean =324.92 | 400 mean = 1.23
sd =75.03 sd =1.55
100 median = 302.90 | 40 | median = 1.00
200
50
100
0_ T PRTETT m FTT RS TRENTY n L1 PRt Pt 0_ I 1 L
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Figure 3.2: Baseline distributions of instruments, x-axis are raw scores, y-axis frequency
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3.3.3 Device Usage and Light Exposure

The following section summarizes device usage patterns and ambient light exposure recorded
by the glasses during the study. A total of 245,457 one-minute epochs (245,457 minutes of
data) were included in this analysis. Figure 3.3 illustrates the distribution of total daily
usage duration of the Lumos light therapy glasses across all participants and study phases.
In the study protocol, participants are asked to wear the glasses with light therapy for at
least 20 minutes per day, while suggesting that longer usage may lead to more improve-
ments. Note that the glasses can also be used as blue-light blockers in the evenings, which
contributed to the usage time if worn in the evenings while connected to the smartphone.

The histogram reveals a highly right-skewed pattern with the majority of daily sessions
lasting less than one hour. A smaller subset of participants achieved extended usage
durations, producing a long tail of higher daily totals. Some participants wore the glasses
for over 10 hours on some days, demonstrating that the device can be comfortably used
for extended durations, a central goal of the engineering and design.

Daily Usage Hours

1000 -

500

Number of days

0 1 2 3 4 5 6 7 8 9 10 11
Hours used per day (15-minute bins)

Figure 3.3: Distribution of daily usage hours across all participants.
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Time-of-day usage. Figure 3.4 shows the temporal distribution of device usage through-
out the 24-hour day, aggregated across all participants. Usage predominantly occurred
during daylight hours (5 AM-5 PM; blue), corresponding to the prescribed light therapy
period. Evening and nighttime usage (5 PM-5 AM; orange) represents instances when
the light therapy mode was turned off and the glasses functioned as blue-light—blocking
eye-wear. However, it should be noted that some participants may have used the glasses
for blue-blocking without an active Bluetooth connection to the smartphone app, and thus
such sessions would not be captured in this dataset. Consequently, the observed evening
usage may underestimate the true extent of blue-blocking behaviour. Given this uncer-
tainty, subsequent analyses focus primarily on daytime light therapy usage, where session
duration and timing could be reliably verified through app-connected data.

B pay 5sam-5PM) [[] Evening/Night (5PM-5AM)
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& 6000
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-
=
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]
%5 4000 -
.
Q
0
=
-
Z 2000
O [
0 2 4 6 8 10 12 14 16 18 20 22 04

Time of day (hours, 0-24)
Figure 3.4: Distribution of device usage by time of day. Daytime usage (5 AM-5 PM;

blue) dominated, while evening and nighttime usage (5 PM-5 AM; orange) occurred less
frequently.
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Ambient melanopic lux. Figure 3.5 shows the ambient melanopic lux recorded by the
on-device sensors across the day. Exposure generally peaked between 10 a.m. and 2 p.m.,
with lower levels in the early morning and evening. The median daytime exposure was
approximately 50-100 melanopic lux, on the lower end of the range associated with effective
circadian stimulation in typical indoor environments [21, 89]. A subset of participants
nonetheless experienced higher values, reflecting periods spent in brighter environments or
near windows.

For context, Figure 3.5 includes two reference lines: a daytime target of 250 melanopic
lux (5 a.m.—5 p.m.) and an evening/night target of 10 melanopic lux. These values,
consistent with the ranges discussed in prior light-exposure studies [21, 89], should be
interpreted as broad guidelines rather than strict thresholds, as individual sensitivity varies
widely. Even so, most participants received far less than 250 melanopic lux during the day
and substantially more than 10 melanopic lux in the evening. This pattern of low daytime
and elevated nighttime exposure provides important context for interpreting treatment
outcomes and understanding variability in circadian light environments across participants.

Melanopic Lux as a Function of Time of Day
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Figure 3.5: Ambient melanopic lux by clock hour. The red line indicates the median

melanopic illuminance per 15-minute interval. Dashed and dotted lines show daytime
(250 melanopic lux) and nighttime (10 melanopic lux) reference targets.
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3.3.4 Outcome: Mood and Depression (MADRS)

Summary Across the study, participants showed significant reductions in depressive
symptoms, with clear but individualized responses patterns. In Phase 1, both treatment
arms improved, though darker-eyed participants benefited more from bright-light (Beta)
and light-eyed participants improved more under dim-light (Alpha). After crossover, most
Beta participants rebounded toward baseline, whereas Alpha trajectories were more het-
erogeneous. Multiple regression analyses showed that usage duration, ambient melanopic
exposure, and baseline severity further moderated these patterns.

Assessment method Mood symptoms were assessed weekly using the self-rated MADRS-
S scale via Qualtrics links integrated within the app. Since not all participants completed
surveys at regular intervals, temporal trends were modeled using a piecewise linear regres-
sion linear regression with a hinge at Day 56 (the crossover point):

AMADRS = p; day + [, afterb6 + ¢, after56 = max{0, day — 56}.

Only participants with sufficient data in both phases (>1 min/day average usage) were
included (n = 26 per arm). Results are presented in Figure 3.6, with group-level coefficients
summarized in Table 3.3 and corresponding hypothesis tests in Table 3.4.

AMADRS time-only piece-wise fits (hinge at day 56; no jump)

Between P1 p=0.309 | Between P2 p=0.123 | Aa p=0.007 | AR p=0.000 | DiD
a group B group

B,=0.124, B=-0.005 | adj-R*=34.8% B,=0.146, B,=0.065 | adj-R=32.4%

A MADRS

Figure 3.6: Change in MADRS over time, (hinge at Day 56). Negative values indicate
improvement from baseline.
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Table 3.3: Group-level slopes and hinge effects for AMADRS (hinge at Day 56).

Group  Pre-56 slope P n? Asg PA N Post-56 slope
Alpha —0.124 4.7x 1071 0.19  +0.120 0.0065 0.025 —0.005
Beta —0.146 20x1071% 024 40212 49x10% 0.072 +0.065

Table 3.4: Primary contrasts for AMADRS (per day, hinge at Day 56).

Contrast Estimate t df P partial n?
Between groups: pre-56 +0.022 1.02 281 0.31 0.004
Between groups: post-56 —0.070 —1.55 281 0.12 0.008
Within Alpha: change at 56 +0.120 2.74 291 0.0065 0.025
Within Beta: change at 56 +0.212 4.66 281 4.9 x 1076 0.072

Aggregate findings Both groups showed significant improvement during the first eight
weeks, with the Beta arm (bright-light first) exhibiting a steeper rate of change. However,
the between-group difference was not significant (p = 0.31) when all participant data were
analyzed in aggregate. After crossover, Alpha slopes flattened while Beta rebounded to-
ward baseline. The within-arm hinge effects were significant for both Alpha (p = 0.0065)
and Beta (p < 0.001), indicating meaningful phase-specific changes following the treatment
switch. Overall, the model explained moderate variance (dej = 0.30-0.42). Importantly,
stratifying the analysis by eye color revealed strong differential effects that were not ap-
parent in the aggregate results; these subgroup findings are presented below as a primary
outcome.

Stratified Analyses by Eye Color

To evaluate whether responses varied by eye pigmentation, analyses were stratified by self-
reported eye color/ethnicity: light (blue/green/hazel), brown-eyed Caucasian, and dark-
eyed non-Caucasian participants. While the aggregate analysis showed a non-significant
trend toward faster Beta improvement (p = 0.31), stratification revealed opposing patterns
across pigmentation groups. Light-eyed participants exhibited a reversed effect (greater
improvement under dim-light control) whereas both brown- and dark-eyed groups showed
larger gains under bright-light treatment, each with significant hinge shifts. Only summary
figures are shown below; full tables of slopes and contrasts are provided in Appendix E.
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Light-eyed participants (Alpha: n = 11, Beta: n = 11) improved significantly under
dim-light in Phase 1 (ppe = 0.018). In Phase 2, Beta (bright — dim) showed a significant
rebound (ppinge = 0.003), whereas Alpha (dim — bright) flattened but continued improving,.
The between-group difference in Phase 2 was also significant (ppre = 0.033) (see Figure 3.7).

AMADRS time-only piece-wise fits (hinge at day 56; no jump)

Between P1 p=0.018 | Between P2 p=0.033 | Aa p=0.078 | AR p=0.003 | DiD
a group B group

B,=-0.175, B,=-0.046 | adj-R*=53.0% B,=0.093, B=0.104 | adj-RP=11.4%

A MADRS

Figure 3.7: Light-eyed participants: AMADRS over time (hinge at Day 56).

Brown-eyed Caucasian participants (Alpha: n = 8, Beta: n = 7) showed the
expected pattern. In Phase 1, they improved significantly more under bright-light (ppre =
0.007). In Phase 2, Alpha (dim — bright) improved faster while Beta flattened, though
Phase 2 and hinge effects did not reach significance. (see Figure 3.8).

AMADRS time-only piece-wise fits (hinge at day 56; no jump)

Between P1 p=0.007 | Between P2 p=0.278 | Aa p=0.447 | AR p=0.114 | DiD
a group B group

B,=-0.061, B,=-0.115 | adj-R*=33.9% B,=-0.164, B,=-0.025 | adj-R?*=46.6%
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Figure 3.8: Brown-eyed Caucasian participants: AMADRS over time (hinge at Day 56).
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Dark-eyed non-Caucasian participants (Alpha: n = 7, Beta: n = 8) showed the
strongest Phase 1 improvement under bright-light (ppe = 0.013). In Phase 2, both groups
regressed with a large hinge effect (see Figure 3.9).

AMADRS time-only piece-wise fits (hinge at day 56; no jump)

Between P1 p=0.013 | Between P2 p=0.342 | Aa p=0.001 | AB p=0.002 | DiD
a group B group

8,=-0.108, B,=0.119 | adj-R?=20.2% B,=-0.195, B,=0.052 | adj-R?=56.9%

A MADRS

-20

Figure 3.9: Dark-eyed non-Caucasian participants: AMADRS over time (hinge at Day 56).

Together, these findings show that while aggregate differences were modest, stratified
analyses revealed distinct response patterns by eye pigmentation. This highlights that
individual photic sensitivity, mediated by iris pigmentation, can modulate mood responses
to bright-light therapy.

3.3.5 Mood (MADRS)—Multiple regression (summary)

This section evaluated whether usage duration, ambient melanopic light, baseline severity,
age, and sex were associated with changes in MADRS. Models extended the time-hinge
specification with centered covariates (e.g., hours_c, lux_c) to aid interpretation. Detailed
model forms, full coefficients, surfaces, and subgroup tables are provided in Appendix F.

Usage time (hours_c): Significant dose-response improvements (more negative AMADRS)
were observed in brown-eyed Caucasians (Alpha and Beta) and light-eyed Alpha (Appendix
Tables F.1A-B), where higher daily usage corresponded to greater improvement. Because
participants tended to maintain similar usage patterns across phases, usage-time effects
were modeled across the full trajectory rather than phase-specific slopes. Figure 3.10 sum-
marizes these three subgroups, and Table 3.6 reports the corresponding effects, p values,
and effect sizes alongside other covariates.
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Figure 3.10: MADRS usage effects. Time + usage (hours_c) planes for subgroups with

negative AMADRS).

significant usage effects. Higher hours_c was associated with greater improvement (more

Ambient light (lux_c)

Higher melanopic exposure was associated with greater im-
provement; effects were significant in both arms shown in Figure 3.11 and robust across

subgroups except light-eye Alpha. (Details in Appendix Table F.2).
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Figure 3.11: Time + centred lux planes for Alpha (left) and Beta (right). Increasing
ambient light levels corresponded with greater improvement (lower MADRS).
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Baseline severity : Higher baseline MADRS predicted larger subsequent reductions
(Alpha: medium effect; Beta: small-medium; Appendix Tables F.3-F.4).
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Figure 3.12: Higher baseline severity predicts larger improvement. Corresponding
coefficients are in Appendix Tables F.3-F.4.

Sensitivity analysis. Baseline severity strongly influenced observed changes, so regres-
sion models were re-run using baseline-normalized scores for all primary outcomes. This
adjustment accounted for minor baseline differences between the Beta and Alpha groups
and confirmed that the main findings were robust to baseline scaling. The direction and
significance of the principal effects were retained after normalization (see Appendix F.1.1).

Age (baseline-normalized models). Because age was modestly correlated with base-
line severity—older participants tended to start with higher MADRS scores (Figure F.6)—age
effects were examined after re-baselining. This analysis revealed small but significant as-

sociations whose direction varied by subgroup, as summarized in Table 3.6 and detailed in
Appendix Tables F.7-F.8.

Sex. Sex showed a small effect only in the Beta arm, where females improved slightly
more; this is summarized in Table 3.6 and reported in detail in Appendix Table F.9.

62



Per-participant analysis. To complement the mixed-effects model, an equal-weight
per-participant regression was performed. It produced similar patterns overall, with the
strongest significant effects in the combined non-light (brown-eyed) subgroup. As shown in
Figure 3.13 and Table F.10, Beta showed faster Phase 1 improvement and a post-crossover
rebound, while Alpha remained comparatively stable.

AP1: Baseline—Mid (non-light: 81.15+73.4) AP2: Mid—Final (non-light: 81.15+73.4)
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Figure 3.13: Per-participant results (non-light/brown-eyed). Beta shows larger
Phase 1 improvement and rebound post-crossover (p < 0.01). Results in Table F.10

Table 3.5: Phase-level summary and hypothesis tests for the non-light (brown-eyed) sub-
group under the equal-weight endpoint model.

Group Phase 1 mean + SD Phase 2 mean + SD

Alpha —3.52+8.94 +1.25 £+ 8.64

Beta —11.13 £8.55 +2.53 £6.47
Contrast / Phase t df P Effect size Interpretation
Between groups (Phase 1)  2.38  27.95 0.024 g =0.85 large
Between groups (Phase 2) —0.46 25.93 0.651 g¢g=—0.16 n.s.
Within Alpha (Ag vs. A7)  1.16 14 0.264 d, = 0.30 small
Within Beta (Ag vs. Ay) 426 14 0.0008 d, = 1.10 large

Notes. Negative values denote improvement (reduction in MADRS score). Effect sizes are reported as
Hedges’ g (between groups) and Cohen’s d, (within groups). n.s. = not significant.
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Overall summary. This study demonstrates that individual response to bright-light
therapy is shaped by multiple interacting factors, including usage duration, ambient melanopic
light exposure, baseline symptom severity, and demographic characteristics. The summary
table is shown in Table 3.6 below. These variables not only predicted overall treatment
response but also moderated effects within specific subgroups defined by eye pigmenta-
tion and age. Together, the results highlight that both behavioral adherence (usage and
light exposure) and biological sensitivity (baseline severity and pigmentation) contribute to
variability in antidepressant outcomes, underscoring the need for personalized light-therapy
approaches.

Table 3.6: Summary of significant covariate associations with AMADRS. Full coefficients
in Appendix F.

Covariate Subgroup / Arm Effect D Effect size
Usage Brown-eyed Cauc. (Alpha)  Improves 0.010 Small
Usage Brown-eyed Cauc. (Beta) Improves 0.0067 Small
Usage Light-eyed (Alpha) Improves 1.45 x 107®  Medium
Ambient light Alpha Improves 0.028 Small
Ambient light Beta Improves 7.2x 1077 Medium
Baseline severity Alpha Improves 2.7 x 1079 Medium
Baseline severity Beta Improves 5.0 x 107° Small-med.
Age (re-based)  Brown-eyed Cauc. (Alpha)  Declines 0.012 Small

Age (re-based)  Brown-eyed Cauc. (Beta) Improves 0.021 Small

Age (re-based)  Dark-eyed mnon-Cauc. (Al- Declines 0.020 Small

pha)
Age (re-based)  Dark-eyed non-Cauc. (Beta) Declines 0.031 Small
Sex Beta Female improves 0.034 Small
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3.3.6 Outcome: Sleep Disturbance (PROMIS)

Summary. Participants showed clear reductions in sleep disturbance across the study,
with distinct patterns across phases and eye-pigmentation groups. In Phase 1, both arms
improved, with the bright-light (Beta) group showing significantly steeper improvement.
After crossover, Beta participants exhibited a mild rebound whereas Alpha trajectories
flattened. Stratified analyses revealed that darker-eyed participants benefited most from
bright-light, whereas light-eyed participants improved comparably, or occasionally more,
under dim-light. Multiple regression showed that usage duration, ambient melanopic ex-
posure, baseline severity, and demographics contributed additional explanatory power.

Assessment method. Sleep disturbance was assessed weekly using the PROMIS Sleep
Disturbance—Short Form [72], via Qualtrics links integrated within the app. As surveys
were not always completed at fixed intervals, temporal trends were modeled using a piece-
wise linear regression linear regression with a hinge at Day 56 (the crossover point):

APROMIS = (3, day + (3, after56 + ¢, after56 = max{0, day — 56}.

Only participants with sufficient data in both phases (>1 min/day average usage)
were included (n = 26 per arm). Results are presented in Figure 3.14, with group-level
coefficients summarized in Table 3.7 and corresponding hypothesis tests in Table 3.8.

APROMIS time-only piece-wise fits (hinge at day 56; no jump)
Between P1 p=0.029 | Between P2 p=0.790 | Aa p=0.051 | AB p=0.000 | DiD
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Figure 3.14: Change in PROMIS sleep disturbance over time (hinge at Day 56).
Negative values indicate improvement (lower sleep disturbance).
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Table 3.7: Group-level slopes and hinge effects for APROMIS (hinge at Day 56).

Group Pre-56 slope P n? Asg PA n% Post-56 slope
Alpha —0.0462 1.6 x 107° 0.062 +0.0601 0.0511 0.013 +0.0139
Beta —0.0773 1.6 x 1071 0.205 +0.0991 4.0 x 10~* 0.044 +0.0218

Table 3.8: Primary contrasts for APROMIS (per day, hinge at Day 56).

Contrast Estimate t df p partial n?
Between groups: pre-56 +0.0311 2.19 281 0.0295 0.017
Between groups: post-56 —0.0079 —-0.27 281 0.790 0.0003
Within Alpha: change at 56 4+0.0601  1.96 291 0.051 0.013
Within Beta: change at 56 +0.0991  3.58 281 4.0 x 1074 0.044

Aggregate findings. Both groups showed improvements during the first eight weeks,
with the Beta arm (bright-light first) exhibiting a steeper decline in sleep disturbance. The
Phase 1 between-arm contrast was significant (p = 0.0295), indicating faster improvement
in Beta. After crossover, Alpha slopes flattened while Beta rebounded slightly, consistent
with treatment withdrawal. The hinge effect was marginal in Alpha (p = 0.051) and
significant in Beta (p = 4.0 x 10~%), while post-56 between-group differences were not
significant (p = 0.79). Overall, the model explained moderate temporal variance (Ridj
0.30-0.42). As with MADRS, aggregate results obscured meaningful subgroup differences,
motivating stratified analyses.

Stratified Analyses by Eye Color

To evaluate whether sleep outcomes varied by eye pigmentation, analyses were stratified
by self-reported eye color/ethnicity: light (blue/green/hazel), brown-eyed Caucasian, and
dark-eyed non-Caucasian participants. While aggregate results showed an overall Beta
advantage during Phase 1, stratification revealed distinct subgroup patterns similar to
those observed for mood outcomes.

Light-eyed participants (Alpha: n = 11, Beta: n = 11) showed comparable pre-56
improvement in both arms (ppe = 0.105), with significant hinge effects in Alpha (p = 0.005)

and Beta (p = 0.012). After crossover, both arms flattened, and post-56 differences were
non-significant. (see Figure 3.15).
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Figure 3.15: Light-eyed participants: APROMIS over time (hinge at Day 56).

Brown-eyed Caucasian participants (Alpha: n = 8, Beta: n = 7) again showed
patterns most consistent with the hypothesized bright-light advantage, with modest Phase 1
differences favoring Beta (p = 0.046). In Phase 2, Alpha (dim — bright) showed a slight
increase in improvement, whereas Beta (bright — dim) showed a mild regression; how-
ever, neither the Phase 2 between-group contrast nor the hinge effects reached significance
(p > 0.3) (see Figure 3.16).

APROMIS time-only piece-wise fits (hinge at day 56; no jump)
Between P1 p=0.045 | Between P2 p=0.732 | Aa p=0.417 | AB p=0.596 | DiD

a group B group
B,=-0.021, B=-0.059 | adj-Re=17.2% B,=-0.072, B,=-0.041 | adj-Re=315%
L]
10 10
° ° ©
°® oo © ° e ° ° o o M
2 0®° ° ® ° ° 0 e o o o000 °
> L % o. 0 o %o
e} . ° oo O > o0 ® e Y 2 LY o. e
T e ¢ . R e % T v ° 0 ® % o TTa-a Sept° °
< * M [ ° ° L] [
-10 L L ] L] L] 10 ° ° [ X )
L) [ ]
o ° o o °
L] °
L]
-20 -20 °
0 30 60 90 0 30 60 90
day day

Figure 3.16: Brown-eyed Caucasian participants: APROMIS over time (hinge at Day 56).

Dark-eyed non-Caucasian participants (Alpha: n = 7, Beta: n = 8) demonstrated
the strongest Phase 1 response to bright-light (p = 2.3 x 107%, 72 = 0.17) and a significant
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Beta hinge effect (p = 0.003. While for the Alpha group, improvements remained flat in
both phase with no significant differences within. (see Figure 3.17).
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Figure 3.17: Dark-eyed non-Caucasian participants: APROMIS over time (hinge at
Day 56).

Together, these findings echo the MADRS results, showing that bright-light exposure
produced faster initial improvements, particularly among darker-eyed participants, followed
by mild rebound or plateau effects after crossover. This supports a shared pattern across
mood and sleep outcomes, where light sensitivity and pigmentation appear to moderate
treatment response. Full tables of slopes and contrasts are provided in Appendix G.

3.3.7 Sleep (PROMIS)—Multiple regression (summary)

This section evaluated whether usage duration, ambient melanopic light, baseline sleep
severity, age, and sex were associated with changes in PROMIS. Models extended the
time—hinge specification with centered covariates (e.g., hours_c, lux_c, baselinePROMIS c,
age_c, sex_c). Detailed model forms, full coefficients, surfaces, and subgroup tables are
provided in Appendix H.

Usage time (hours_c). Significant dose-response improvements (more negative APROMIS)
were observed in Light eyes (Alpha) and Brown-eyed Caucasians (Beta) (Appendix Ta-
ble H.1). Higher daily usage was associated with greater improvement across the full
trajectory rather than phase-specific slopes. Figure 3.18 illustrates these two subgroups.
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Figure 3.18: PROMIS usage effects. 3D graph.

Ambient light (1lux_c).

Higher ambient melanopic exposure predicted greater improve-
ment in the Beta arm (Appendix Table H.2), consistent with light-driven reductions in
sleep disturbance. Figure 3.19 shows the fitted time-lux surfaces for Beta.
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Figure 3.19: Ambient light effects (Beta, all eyes). 3D grapph
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Baseline severity. Higher baseline PROMIS scores predicted larger reductions across
both arms (Appendix Table H.3). Figure 3.20 shows the fitted time-baseline planes.

beta - Time + baseline

alpha - Time + baseline

(a) Time + baseline — Alpha (b) Time + baseline — Beta

Figure 3.20: Higher baseline sleep disturbance predicts larger improvement.

Sensitivity analysis. Because baseline severity strongly influenced observed change,
all PROMIS models were re-run using baseline-normalized scores. This accounted for
minor baseline differences between Alpha and Beta and confirmed that the main findings
were robust to normalization. The direction and significance of usage, ambient light, and
baseline effects were preserved (Appendix H.1).

Age (baseline-normalized models). Age showed small but significant associations in
both arms (Appendix Tables H.6), with older participants generally experiencing slightly
larger reductions in sleep disturbance after re-baselining. Effects were consistent in direc-
tion across subgroups.

Sex. Sex showed small but significant effects in both arms, with females improving
slightly more in Beta and male in Alpah group after controlling for baseline severity (Ap-
pendix Table H.7). The effect size was small.
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Per-participant analysis. To complement the mixed-effects model, an equal-weight
per-participant analysis was performed. As shown in Figure 3.21 and Table H.8, Beta
showed larger Phase 1 improvement and a significant post-crossover rebound, whereas
Alpha remained comparatively stable.

AP1: Baseline—Mid (all eyes combined) AP2: Mid—Final (all eyes combined)
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(a) Phase 1 change (A1) (b) Phase 2 change (Ag)

Figure 3.21: Per-participant results (PROMIS, all eyes). Beta shows larger Phase 1
improvement and a Phase 2 rebound.

Table 3.9: Phase-level summary and hypothesis tests for PROMIS under the equal-weight
endpoint model (all eyes).

Group Phase 1 mean+SD Phase 2 mean+SD

Alpha —1.75 + 7.82 +0.43 +£8.10

Beta —4.94 + 841 +1.42 +6.88
Contrast / Phase t df P Effect size Interpretation
Between groups (Phase 1) 2.12 481 0.039 ¢ =0.58 medium
Between groups (Phase 2) —0.80 47.2 043 g=—-0.22 n.s.
Within Alpha 1.35 25 0.19 d, = 0.30 n.s.
Within Beta 3.88 25 0.0007 d,=1.10 large

Notes. Negative values denote improvement (reduction in sleep disturbance). Effect sizes: Hedges’ ¢
(between groups) and Cohen’s d, (within groups). n.s. = not significant.
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Per-participant analysis (non-light-eyed). An equal-weight per-participant analysis
was also performed for non-light-eyed participants. As shown in Figure H.9 and Table H.9,
the Beta group exhibited a markedly larger improvement during Phase 1 and a significant
rebound after crossover, whereas Alpha remained comparatively stable across phases.
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S

o ]
o
°
«
LY

o
°
I
0
°

)

S

AP1: Baseline—Mid (non-light: 81.15+73.4)
&

AP2: Mid—Final (non-light: 81.15+73.4)

oo
o B
.
.
alpha beta alpha beta

(a) Phase 1 change (A1) (b) Phase 2 change (Ag)

Figure 3.22: Per-participant results (PROMIS, non-light-eyed). Beta shows a
larger Phase 1 improvement and a Phase 2 rebound, while Alpha remains stable.

Table 3.10: Phase-level summary and hypothesis tests for PROMIS under the equal-weight
endpoint model (non-light-eyed).

Group Phase 1 mean+SD Phase 2 mean+SD

Alpha +0.18 £ 5.74 —0.07 £ 4.55

Beta —5.69 4+ 5.00 +1.16 £ 5.51
Contrast / Phase t df P Effect size Interpretation
Between groups (Phase 1)  2.99  27.49 0.0058 ¢ =1.06 large
Between groups (Phase 2) —0.67 27.02 0.511 ¢g=—-0.24 n.s.
Within Alpha —0.11 14 0.911 d, = -0.03 n.s.
Within Beta 2.98 14 0.0099 d,=0.77 large

Notes. Negative values denote improvement (reduction in sleep disturbance). Effect sizes: Hedges’ ¢
(between groups) and Cohen’s d, (within groups). n.s. = not significant.
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Overall summary. Promis sleep outcomes were shaped by multiple interacting factors,
including usage duration, ambient melanopic exposure, baseline sleep severity, and small
demographic effects. These variables predicted both overall improvement and subgroup-
specific patterns, closely paralleling the MADRS findings. Together, the results indicate
that behavioral adherence (usage and ambient light exposure) and biological sensitivity
(baseline severity and pigmentation) jointly influence sleep-related response to bright-light
therapy.

Table 3.11: Summary of significant covariate associations with APROMIS. Full coefficients
in Appendix H.

Covariate Subgroup / Arm Effect D Effect size
Usage Light eyes (Alpha) Improves 8.51 x 1072  Medium
Usage Brown-eyed Cauc. (Beta)  Improves 0.0408 Small
Ambient light Beta (all eyes) Improves 0.007 Small-med.
Baseline severity Alpha (all eyes) Improves 4.46 x 10716 Large
Baseline severity Beta (all eyes) Improves 6.43 x 107°  Small-med.
Age (re-based)  Alpha (all eyes) Improves 0.0198 Small

Age (re-based)  Beta (all eyes) Improves 0.0100 Small

Sex (re-based)  Alpha (all eyes) Male improves 0.012 Small

Sex (re-based)  Beta (all eyes) Female improves  0.019 Small
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3.3.8 Outcome: Psychomotor Vigilance (PVT)

Summary. Psychomotor vigilance improved substantially over the course of the trial,
with both arms showing faster reaction times in Phase 1 and a pronounced advantage for
the bright-light (Beta) group. After crossover, Beta participants slowed following treatment
withdrawal, whereas Alpha trajectories largely flattened. Unlike mood and sleep, these
vigilance benefits were observed across all eye-pigmentation subgroups, with no reversal
among light-eyed participants.

Assessment method. Psychomotor vigilance was assessed weekly using an on-device
PVT test that measured average reaction time (RT) in milliseconds. To standardize across
participants, lapses and false starts were recoded as 500 ms and averaged with trial-level
RTs to yield an adjusted RT, which served as the primary outcome. Temporal trends were
modeled using a piecewise linear regression linear regression with a hinge at Day 56 (the
crossover point):

ART = ; day + [ afterb6 + ¢, afterb6 = max{0, day — 56}.

Participants with sufficient data in both phases (>1 min/day average usage) were in-
cluded (n = 26 per arm). Results are presented in Figure 3.23, with group-level coefficients
summarized in Table 3.12 and corresponding hypothesis tests in Table 3.13.
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Figure 3.23: Change in PVT reaction time (hinge at Day 56). Negative slopes denote

faster responses (improvement).
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Table 3.12: Group-level slopes and hinge effects for ART (hinge at Day 56).

Group Pre-56 slope P n? Asg PA n% Post-56 slope
Alpha —1.027 1.06 x 1017 0.219 +0.894 9.11 x 103 0.0226 —0.133
Beta —1.711 1.78 x 1072 0.308 +2.453 6.89 x 1079 0.0928 +0.742

Table 3.13: Primary contrasts for ART (ms/day; hinge at Day 56).

Contrast Estimate t df p partial 7?
Between groups: pre-56 +0.684  3.84 298 1.48 x 1074 0.047
Between groups: post-56 —0.875 —2.23 298 0.026 0.017
Within Alpha: change at 56 +0.894 2.63 298 9.1 x 1073 0.023
Within Beta: change at 56 +2.453 594 345 6.9x107° 0.093

Aggregate findings. Both arms showed marked improvement in Phase 1, with a highly
significant between-arm contrast favoring Beta (steeper decline; p = 1.5 x 107%). At
crossover, Alpha slopes flattened (p = 0.009), whereas Beta exhibited a large positive
hinge (p < 107%), consistent with slowing after bright-light withdrawal. Post-56 between-
arm differences remained significant but smaller (p = 0.026), indicating partial convergence
rather than complete loss of the Beta advantage.

Stratified Analyses by Eye Color

To evaluate whether vigilance responses varied by eye pigmentation, analyses were stratified
by self-reported eye color/ethnicity: light (blue/green/hazel), brown-eyed Caucasian, and
dark-eyed non-Caucasian participants. Across all strata, Phase 1 slopes were negative, in-
dicating faster responses over time, and the Beta arm generally improved more than Alpha.
This pattern contrasts with MADRS (subsection 3.3.4) and PROMIS (subsection 3.3.6),
where light-eyed participants sometimes fared better under dim-light.

Light-eyed participants (Alpha: n =9, Beta: n = 11) improved in both arms, with
a significant Phase 1 advantage for Beta (ppre = 0.037) and a robust hinge effect in Beta
(Phinge = 1.1 x 107*; Appendix Table 1.6).
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Figure 3.24: Light-eyed participants: ART over time (hinge at Day 56).

Brown-eyed Caucasian participants (Alpha: n = 8, Beta: n = 7) showed the
strongest Phase 1 difference favoring Beta (ppre = 1.8 X 107*) and a significant hinge effect
(Phinge = 5.3 x 107*; Appendix Table 1.4), indicating pronounced slowing after crossover.
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Figure 3.25: Brown-eyed Caucasian participants: ART over time (hinge at Day 56).

Dark-eyed non-Caucasian participants(Alpha: n = 6, Beta: n = 8) exhibited a
moderate Beta benefit, with negative Phase 1 slopes in both arms but a non-significant
between-arm Phase 1 contrast (pyre = 0.40). The Beta hinge remained significant (phinge =
0.007; Appendix Table 1.2), reflecting measurable post-crossover slowing after strong early
gains.
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Figure 3.26: Dark-eyed non-Caucasian participants: ART over time (hinge at Day 56).

Together, these stratified patterns show that, unlike mood and sleep, PV'T performance
consistently benefited from bright-light across eye-pigmentation groups.

3.3.9 Psychomotor Vigilance (PVT)—Multiple regression (sum-
mary)

This section evaluated whether usage duration, ambient melanopic light, baseline reaction
time, and age were associated with changes in ART. All models used a hinge-at-Day 56
specification with centered covariates (hours_c, lux_c, baselineReact_c, age_c). Detailed
coefficients, block tests, and regression surfaces are provided in Appendix J.

Usage time (hours_c). Greater daily usage predicted faster RT improvement in the
Alpha arm (all eyes; p = 0.012; Appendix Table J.1). Participants who wore the glasses
longer each day showed larger reductions in reaction time over the full trajectory.
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Figure 3.27: Usage effects (hours_c) in Alpha (all eyes). 3D graph

Ambient light (lux c). In the brown-eyed Caucasian Alpha subgroup, higher ambient
melanopic illuminance was associated with faster responses (p = 0.037; Appendix Ta-

ble J.2). This suggests that, beyond the on-device treatment, background light exposure
further enhanced vigilance in this subgroup.
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Figure 3.28: Ambient melanopic light effects in brown-eyed Caucasian Alpha
participants. Higher lux_c predicts faster reaction times (more negative ART).
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Baseline reaction time.

Baseline performance had a strong influence on subsequent

change: slower initial RT predicted larger improvements in both Alpha and Beta (p < 1075;

Appendix Table J.3).
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Figure 3.29: Baseline severity and PVT improvement. 3D graphs

Sensitivity analysis.

Because baseline RT strongly influenced observed change, PVT

models were also re-run using baseline-normalized scores. This adjustment confirmed that
the main effects of usage, baseline performance, and ambient light were robust to normal-

ization (Appendix J.5).

Age (baseline-normalized models).

From our data, age was significantly correlated

with baseline RT, see Appendix J.5. After re-baselining to account for initial RT differences,
age showed small but significant associations in both arms (p = 0.03-0.05; Appendix

Tables J.6-J.7), with older participants exhibiting slightly larger relative gains. FEffect
sizes were small, and no dedicated age figure is shown.
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Per-participant analysis. To complement the mixed-effects models, a participant-level
endpoint analysis was performed using modeled midpoints (Day 56) and endpoints (Day 112)
derived from individual hinge fits (react ~ 0+ day + after56; no jump). Phase 1 (A;) rep-
resents the change from baseline to midpoint, and Phase 2 (Ay) represents the change from
midpoint to final measurement. Negative values indicate faster (improved) reaction times.
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Figure 3.30: Participant-level A; and A, reaction time changes by arm. Negative
values denote faster (improved) responses.

Table 3.14: Group-level statistics for participant-level reaction time deltas (all eyes).

Group Phase n Mean (ms) SD (ms)
Alpha Phase 1 (baseline—mid) 21 —64.5 57.2
Alpha Phase 2 (mid—final) 21 +9.5 41.9
Beta  Phase 1 (baseline—mid) 24 —89.5 84.0
Beta Phase 2 (mid—final) 24 +12.2 40.6

Table 3.15: Hypothesis tests for participant-level reaction time deltas (all eyes).

Contrast t df p Effect size Interpretation
Between arms: A; (Phase 1)  1.18 40.7 025 g¢g=0.34 small, n.s.
Between arms: Ay (Phase 2) —0.22 41.8 0.83 g = —0.06 none, 1n.s.
Within Alpha: As—Aq 3.83 20 0.0010 d, =0.84 large rebound
Within Beta: Ay—A; 463 23 1.17x107* d,=0.95 large rebound
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Overall summary. Taken together, PVT outcomes complement the mood and sleep
results. Bright-light exposure produced robust improvements in vigilance during Phase 1
across all eye-pigmentation groups, followed by measurable slowing after crossover, par-
ticularly in Beta. Usage, ambient light, baseline performance, and age all contributed
to variability in response, underscoring the importance of both behavioral adherence and
baseline cognitive status for understanding vigilance outcomes.

Table 3.16: Summary of significant covariate associations with ART (ms). Full coefficients
in Appendix J.

Covariate Subgroup / Arm Effect (faster = p Effect size
negative)

Usage (hours_c) Alpha (all eyes) Faster RT with 0.012 small-med.
higher usage f?=0.09

Ambient light Brown-eyed Cauc. (Alpha) Higher 0.037 small-med.

(lux_c) illuminance = f?=0.04
faster RT

Baseline RT Alpha (all eyes) Worse baseline = 3.9 x 1076 medium
larger gain

Baseline RT Beta (all eyes) Worse baseline = 7.1 x 1077 medium
larger gain

Age (re-based) Alpha (all eyes) Older = slightly  0.049 small
greater rel. gain

Age (re-based) Beta (all eyes) Older = slightly  0.031 small

greater rel. gain
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3.3.10 Outcome: Working Memory (Word Recall)

Summary. Working-memory performance improved modestly over time, with clear Phase 1
learning effects in both arms and small overall treatment differences. Stratified results
showed that light- and brown-eyed Caucasian participants often improved more quickly
under dim-light early on, while dark-eyed participants showed stronger gains under bright-
light. Usage-time analyses further revealed that Caucasian participants improved more
when they used the bright-light condition for longer each day. Combined with the raw
dark-eyed results, these findings strongly suggest that bright-light exposure supports bet-
ter working-memory performance across all pigmentation groups.

The word-pair recall task was analyzed using the same piecewise linear model with a
hinge at Day 56. Scores were normalized to each participant’s baseline performance to
control for individual variability:

AWord = (31 day + [, afterb6 + ¢, after56 = max(0, day — 56).

Trajectory. Figure 3.31 shows the fitted pre-56 (green) and post-56 (blue) trajecto-
ries for both arms. Both Alpha and Beta groups exhibited modest gains during Phase 1
(Weeks 0-8), followed by a flattening after crossover. Results and hypothesis tests shown
in Table 3.17 and Table 3.18.
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Figure 3.31: Word recall change vs. day: fitted pre-56 (green) and post-56 (blue) slopes
for Alpha (left) and Beta (right).
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Table 3.17: Group-level slopes and hinge effects for AWORD recall (hinge at Day 56).

Group Pre-56 slope P n? AQ56 DA 772A Post-56 slope
Alpha +0.0543 1.07 x 10726 0.301 —0.0726 1.77 x 107 0.0818 —0.0183
Beta +0.0452 2.78 x 1072* 0.184 —0.0330 0.00618 0.0146 +0.0122

Table 3.18: Primary contrasts for AWORD recall (per day; hinge at Day 56).

Contrast Estimate t df p partial n?
Between groups: pre-56 +0.00910 1.45 320 0.147 0.0066
Between groups: post-56 —0.0306 —-2.35 320 0.0194 0.0170
Within Alpha: change at 56  —0.0726 —5.34 320 1.77 x 1077 0.0818
Within Beta: change at 56 —0.0330 —2.75 509 0.00618 0.0146

Interpretation. Both groups improved modestly during Phase 1, with no significant
between-group difference (p = 0.47). Post-crossover, both trajectories flattened or declined
slightly, more noticeably in Alpha (p = 0.014) than in Beta (p = 0.041). Between-arm
contrasts remained small (77 < 0.02).

Working Memory (Word Recall) — Stratified by eye group

The piecewise model (hinge at Day 56) was re-fit within each eye-color subgroup to examine
whether working-memory performance varied with pigmentation. Figure summaries are
presented below; detailed regression coefficients, hinge terms, and effect sizes are reported
in Appendix K.

Light-eyed (88.9). As shown in Figure 3.32, both arms exhibited significant Phase 1
improvement (Alpha p < 10715, Beta p < 107%), consistent with a strong learning effect.
Alpha displayed a larger pre-56 slope and a significant hinge reduction (p = 5.2 x 1077),
indicating that recall gains slowed after crossover. Beta showed a smaller hinge (p = 0.085),
suggesting continued mild improvement. Between-group contrasts were significant for the
pre-56 phase (p = 0.004; 772 = 0.056), but not for post-56 performance, implying faster
initial gains under dim-light.
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Figure 3.32: Word recall trajectories (light-eyed, 88.9). Fitted pre-56 (green) and post-56
(blue) slopes for Alpha (left) and Beta (right).

Brown-eyed Caucasians (81.

15).

Figure 3.33 shows robust Phase 1 improvement in

both arms. Alpha exhibited a markedly steeper pre-56 slope (p < 107'!) and a strong
hinge decline (p < 107%), while Beta improved more gradually (p < 107°) and plateaued
post-56. The between-group pre-56 difference was large and significant (p = 6.9 x 107%;
7712) = 0.135), confirming faster early gains under dim-light. However, Alpha’s post-crossover
drop led to a significant group-by-phase interaction (p = 0.011), whereas Beta maintained
its performance, suggesting better retention under bright-light in later weeks.
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Figure 3.33: Word recall trajectories (brown-eyed Caucasians, 81.15). Fitted pre-56 (green)

and post-56 (blue) slopes.



Dark-eyed (73.4). As shown in Figure 3.34, both arms improved during Phase 1, but
with striking between-group differences. Beta participants exhibited a substantially faster
pre-56 slope (p < 1072°) and a significant hinge reduction (p = 2.5 x 107°), whereas Alpha
showed only a mild Phase 1 trend (p = 0.008) and no detectable hinge change (p = 0.887).
Between-group contrasts confirmed a large pre-56 difference favoring bright-light (p < 1078;
7712) = 0.37), indicating that participants with darker eyes benefited most from bright-light
exposure.

Aword time-only piece-wise fits

Between P1 p=0.000 | Between P2 p=0.255 | Aa p=0.887 | AR p=0.000
a group B group

8,=0.021, B,=0.024 | adj-R*=32.6% B,=0.095, B,=0.000 | adj-R*=70.8%

Figure 3.34: Word recall trajectories (dark-eyed, 73.4). Fitted pre-56 (green) and post-56
(blue) slopes for Alpha (left) and Beta (right).

Summary. Across all pigmentation subgroups, participants improved during Phase 1,
likely reflecting learning effects. Among brown- and light-eyed Caucasians, Alpha displayed
slightly stronger early gains, while in dark-eyed non-Caucasians, Beta showed markedly
greater Phase 1 improvement and better post-crossover stability. Interpretation is limited,
however, as confounding factors—such as English proficiency, cultural familiarity with
verbal tasks, and the smartphone-based testing format—may have introduced variability
and reduced precision compared with standardized verbal assessments. These aspects are
revisited in the discussion section.

3.3.11 Word-Pair Recall (WORD) and Usage Time

Overview. To clarify whether daily usage intensity contributed to the observed gains
in working-memory performance, a centered usage term (hours. = hours — hours) was
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added to the hinge model. Full coefficients, adjusted R?, and diagnostics are presented
in Appendix L. In the non-stratified (all-eyes) analysis, usage effects were small and
only marginally significant; however, the stratified models revealed highly significant and
subgroup-specific dose-response relationships. These stratified results therefore provide the
clearest evidence that usage time meaningfully influenced word-pair recall performance.

Stratified results. Figure 3.35 summarizes the key findings by eye-color subgroup. In
the bright-light condition (Beta arm), both light- and brown-eyed Caucasian participants
showed clear, dose-response improvements with higher daily usage, whereas the dim-light
(Alpha) arm and non-Caucasian participants displayed flat or nonsignificant slopes. These
stratified results reinforce the aggregate regressions, demonstrating that the relationship
between usage and recall performance is not uniform but strongly moderated by eye pig-
mentation.

beta - Time + hours

« trace 2
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*  trace 2
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Figure 3.35: Stratified usage effects in the bright-light (Beta) arm: brown-eyed Caucasians
(left) and light-eyed participants (right). Both subgroups exhibit significant positive rela-
tionships between daily usage and word-pair recall, confirming the subgroup-specific pat-
tern seen in the raw regressions.

Summary and interpretation. Taken together, the stratified usage analyses clarify
several ambiguities that appeared in the raw mixed-effects models. Although the non-
stratified trajectories suggested that Alpha improved slightly faster than Beta within the
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Caucasian subgroups, the strong dose-response effects observed here, particularly in the
light-eyed and brown-eyed Caucasian participants, indicate that this pattern may be offset
by differential usage intensity rather than true treatment superiority. In contrast, non-
Caucasian participants already demonstrated a clear Phase 1 advantage in the Beta arm in
the raw time model, and the stratified usage regression further supports this directionality
by showing that additional daily bright-light exposure reliably improved performance in
these groups as well.

Overall, these findings suggest that bright-light, when actually used, exerts a measur-
able influence on short-term working-memory performance, with effect magnitude moder-
ated by ocular pigmentation and usage adherence. At the same time, interpretation should
be tempered by the limitations of the smartphone-based recall test—potentially less pre-
cise than standardized verbal protocols—and by possible intercultural differences in verbal
memory performance. Nonetheless, the convergence across stratified models provides a
compelling signal of cognitive benefit under bright-light exposure and motivates further
targeted investigation.

Covariate Effects: Baseline, Age, and Sex

Overview. Baseline performance, age, and sex were added as centered covariates to
the hinge model to assess whether individual characteristics moderated changes in WORD
recall. Full coefficient tables and diagnostics are provided in Appendices M.2, M.3, and M.4.
Here, we highlight the most interpretable covariate effect (baseline) with summary figures,
while age and sex results are described succinctly.

Baseline performance. Across both arms, higher baseline recall strongly predicted
smaller subsequent gains, consistent with a ceiling effect. Baseline contributed substantial
explanatory power in both Alpha and Beta models (Adej ~ 0.10), indicating that initial
memory capacity was the dominant covariate influencing recall trajectories. Shown in

Figure 3.36.

87



alpha - Time + baseline

. trace 2 beta - Time + baseline

+  trace 2

word word

o 60 Day

b N
9Seling, o
.

~C (e
~c en,
(cep, treg) treq)

Figure 3.36: Time + baseline regression planes for WORD recall in Alpha (left) and Beta
(right). Higher baseline performance corresponds to smaller subsequent improvements,
consistent with ceiling effects. Full statistics in Appendix M.2.

Age effects. Age showed a small but consistent negative association with recall improve-
ment: older participants exhibited slightly smaller gains across both phases. Effects were
statistically significant but modest in magnitude. Full results appear in Appendix M.3.

Sex effects. A small sex effect was present only in the bright-light (Beta) arm, where
male participants showed slightly smaller improvements than females. This effect was weak
but directionally consistent across phases. Full results are provided in Appendix M.4.

Summary. Covariate analyses reveal that Word-Pair Recall is strongly shaped by base-
line memory performance, with smaller but consistent influences of age and sex. These
results contextualize the usage findings (Section 3.3.11), emphasizing that baseline abil-
ity explains the majority of between-subject variability, while sustained bright-light usage
remains a significant modulator of short-term memory improvement.
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3.3.12 Per-participant analysis — Word-Pair Recall (equal-weight
endpoint method)

Using the same per-participant endpoint model (requiring at least two data points in each
phase), the WORD scores were analyzed to estimate individual Phase 1 (A;) and Phase 2
(As) changes. Each participant’s midpoint and final predicted values were used to derive
phase deltas, assigning equal weight to all individuals regardless of observation count.

Results (dark-eyed non-Caucasian subgroup). When stratified by eye color, a sig-
nificant between-arm difference emerged only among dark-eyed non-Caucasian participants
(Fig. 3.37). During Phase 1, the Beta arm demonstrated greater improvements in word-
pair recall compared with Alpha (p < 0.01), suggesting a positive effect of bright-light
exposure on short-term verbal-memory consolidation. After crossover (Phase 2), Beta par-
ticipants exhibited a modest decline (p < 0.05), whereas Alpha remained largely stable.
No significant phase effects were observed for light- or white-brown—eyed groups.
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Figure 3.37: Dark-eye (non-Caucasian) subgroup: participant-level Word-Pair Recall phase
changes. Left: Phase 1 (A1), showing greater improvement in Beta vs. Alpha (p < 0.01).
Right: Phase 2 (Aj), showing partial regression in Beta (p < 0.05) with stable Alpha
responses.
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Table 3.19: Group means and standard deviations for AWORD (dark-eyed non-Caucasian
subgroup).

Phase Group n Mean (pts) SD
Phase 1 (A;) Alpha 8 +1.47 1.29
Beta 9 +5.33 2.14
Phase 2 (Ay) Alpha 8 +1.10 1.34
Beta 9 —-1.03 1.87

Notes. Values represent per-participant mean phase changes derived from hinge-fit endpoints. Positive
numbers indicate improvement relative to baseline.

Table 3.20: Hypothesis tests for AWORD (dark-eyed non-Caucasian subgroup).

Contrast t df p Effect size Interpretation
Between arms: Phase 1 (Aq) 3.34 149 0.003 g¢g=1.12 large
Between arms: Phase 2 (Ay) —2.24 156 0.039 g¢g= —0.79 small-medium
Within Beta: Ag—A; —-2.91 8 0.010 d,=0.97 large rebound
Within Alpha: Ay—A; —0.53 7 0.600 d,=0.19 1n.s.

Notes. Welch’s t-tests compare Alpha and Beta arms for each phase; within-arm paired tests compare A
and As. Hedges’ g and Cohen’s d, denote between- and within-group standardized effect sizes.

Interpretation. The per-participant endpoint patterns broadly mirror the raw piecewise-
regression results but should be viewed as descriptive. Only in the dark-eyed (73.4) sub-
group does the larger Phase-1 advantage for the Beta (bright-light) arm from the time-slope
model also appear in the equal-weight Ay /A, endpoints, with a modest post-crossover soft-
ening. For the light- and brown-eyed groups, endpoint contrasts did not reach significance
despite similar directional trends, which is likely due to limited sample size and resid-
ual variability in the smartphone-based endpoint (e.g., measurement noise, practice and
language effects).
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3.3.13 Side Effects and Adverse Events

Weekly survey data were used to evaluate the frequency and severity of adverse events
across treatment arms. Table 3.21 summarizes average weekly side-effect reports per par-
ticipant for the full sample, while Tables 3.22, 3.23 and 3.24 present stratified analyses by
eye-color subgroup to explore whether ocular pigmentation influenced tolerability.

Table 3.21: Average weekly side effects reports per participant, by group and phase, with
between- and within-group comparisons (all eyes).

Phase n Headache Jitter = Nausea Eyestrain Vision changes
Alpha Phase 1 (mean + SD) 37 0.6+0.7 0.1+0.2 02+05 0.7+0.9 0.3+0.6
Phase 2 (mean + SD) 29 0.7+08 0.1+0.2 0.1+0.4 0.6+0.9 0.3+0.9

( )

Beta Phase 1l (mean +=SD) 36 0.5+£0.8 0.1£0.2 0.2+04 0.84+0.9 0.3+£0.7
Phase 2 (mean + SD) 27 04+08 0.1+04 03+09 1.0+1.6 0.56£1.0

Between groups p (Phase 1) 0.224 0.280 0.447 0.400 0.410
Between groups p (Phase 2) 0.149 0.163 0.170 0.130 0.201
Within Alpha p 0.42 0.48 0.31 0.39 0.47
Within Beta p 0.40 0.28 0.22 0.21 0.19

Notes. No comparisons reached significance at the p < 0.05 level. Absolute frequencies were low (< 1
report per week).

Eye-color stratification. To assess whether ocular pigmentation influenced sensitivity
to bright or dim-light exposure, side effects were next stratified into dark-eyed, brown-eyed
Caucasian, and light-eyed groups. The following tables provide these subgroup summaries:
Table 3.22 (dark-eyed), Table 3.23 (brown-eyed Caucasian), and Table 3.24 (light-eyed
participants).
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Table 3.22: Average weekly side-effect reports per participant for dark-eyed participants,
by group and phase, with between-arm comparisons.

Phase n Headache Jitter @ Nausea FEyestrain Vision changes
Alpha Phase 1 (mean + SD) 11 094+0.7 0.1+£03 0.1+0.2 1.24+0.9 0.1+£0.2
Phase 2 (mean + SD) 8 09+0.8 0.1+0.2 0.1+£03 0.9+0.9 0.24+0.3

( )

(

Beta Phase 1 (mean + SD) 12 0.4+0.7 0.0£0.1 0.1£+£0.2 0.64+0.9 0.0+0.1
Phase 2 (mean £ SD) 9 0.3+06 0.0+0.1 0.1+0.2 1.0+£2.0 0.0+0.1

Between-group p (Phase 1) 0.05 0.17 0.21 0.07 0.20

Between-group p (Phase 2) 0.07 0.33 0.36 0.44 0.14

Notes. Headache incidence was marginally higher in Alpha during Phase 1 (p = 0.05). All other
comparisons were non-significant. Absolute frequencies were low.

Table 3.23: Average weekly side—effect reports per participant for brown—eyed Caucasian
participants, by group and phase, with between—arm comparisons.

Phase n Headache Jitter @ Nausea FEyestrain Vision changes
Alpha Phase 1 (mean + SD) 10 0.7£0.7 0.1+0.2 03+£06 0.6+0.8 04+0.8

Phase 2 (mean + SD) 9 1.0+1.0 0.1+0.3 03+06 08+1.2 0.6+1.6
Beta Phase 1 (mean + SD) 10 0.24+0.3 0.1+0.2 0.1+0.4 0.54+0.5 0.0£0.0

Phase 2 (mean £ SD) 7 0.2+03 0.3+0.7 0.3+0.8 0.6+1.0 0.0£0.0
Between—group p (Phase 1) 0.04 0.40 0.26 0.35 0.08
Between—group p (Phase 2) 0.02 0.27 0.48 0.38 0.12

Notes. Brown—eyed Caucasian participants showed significantly higher headache reports in Alpha vs.
Beta during Phase 1 (p = 0.04) and Phase 2 (p = 0.02). All other symptom comparisons were
non-significant. Absolute event frequencies remained low (< 1/week).
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Table 3.24: Average weekly side-effect reports per participant for light-eyed participants,
by group and phase, with between-arm comparisons.

Phase n Headache Jitter @ Nausea FEyestrain Vision changes
Alpha Phase 1 (mean + SD) 15 04+£0.7 0.0+0.0 02+£0.5 04+0.7 0.3+0.7
Phase 2 (mean + SD) 11 0.2+04 0.0+0.0 0.0£0.1 0.3+0.7 0.14+0.2

( )

(

Beta Phase 1 (mean + SD) 14 0.7+1.0 0.1+£03 03+06 1.1+1.1 0.7+0.9
Phase 2 (mean +£ SD) 11 0.7+1.1 0.1+0.2 05+14 1.3+1.6 12+£1.3

Between-group p (Phase 1) 0.11 0.05 0.26 0.03 0.09

Between-group p (Phase 2) 0.11 0.04 0.12 0.04 0.01

Notes. Light-eyed Beta participants reported significantly higher jitter, eyestrain, and vision changes,
and a trend-level difference in nausea across phases (Phase 1 jitter/eyestrain p < 0.05; Phase 2 jitter,
eyestrain, and vision changes p < 0.04). Although absolute symptom levels remained low (< 1/week),
this pattern may indicate heightened sensitivity to bright-light exposure or possible carryover effects.

Summary. Across all subgroups, adverse events were generally mild and infrequent (< 1
report per week), with no clinically meaningful safety concerns. Dark-eyed participants
showed a marginally higher Phase 1 headache rate in the Alpha group (Table 3.22), and
brown-eyed Caucasian participants reported significantly more headaches in Alpha during
both phases (Table 3.23). Because Alpha participants received the dim-light control con-
dition, these patterns suggest that headaches in darker- and brown-eyed individuals were
unlikely to be driven by bright-light exposure. Instead, they may reflect device-related
comfort factors or individual susceptibility—points elaborated in the discussion section.

The clearest and most consistent pattern emerged in the light-eyed subgroup (Ta-
ble 3.24). Here, the Beta arm reported elevated jitter, nausea, eyestrain, and vision-change
symptoms in Phase 1 and—strikingly—these symptoms persisted into Phase 2 despite the
switch to dim-light exposure. This persistence suggests a combination of heightened photic
sensitivity and possible carryover or expectation effects following initial bright-light expo-
sure. Such discomfort could plausibly blunt mood improvements in this group, aligning
with the attenuated MADRS benefit observed in light-eyed participants.

Overall, adverse events remained low in frequency and severity across all groups.

Serious Adverse Events In terms of serious adverse events, two reports were filed with
REB. A case of psychosis was observed and confirmed to be not related to the protocol; the
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participant received aid from their therapist and was able to manage the symptoms and
wished to continue with the study. An adverse event report was filed to the REB. A case
of eye hemorrhage was observed that was also confirmed to not be related to the protocol.
The participant continued with the study after receiving care and permission from their
physician. An adverse event report was filed to the REB.
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Chapter 4

Discussion

4.1 Overview of Primary Findings

Across mood (MADRS), sleep disturbance (PROMIS), psychomotor vigilance (PVT), and
working memory, bright-light exposure delivered through the Lumos smart glasses pro-
duced measurable benefits relative to dim-light control. However, the magnitude and
direction of these effects varied across ocular pigmentation, usage behavior, ambient light
exposure, and baseline symptom severity. These findings indicate that individual pho-
tobiological response profiles shape treatment efficacy and highlight the importance of
personalized light-dosing strategies.

4.2 Outcome-Specific Interpretations

4.2.1 Mood and Depressive Symptoms (MADRS)

MADRS displayed the strongest pigmentation-dependent effects. Participants with darker
irides responded most robustly to bright-light, and their regression after crossover reflects
a withdrawal of melanopic stimulus rather than an adverse reaction. This pattern is con-
sistent with the idea that greater ocular pigmentation reduces retinal transmittance and
may require higher melanopic doses to produce comparable biological effects.

Light-eyed participants showed a different pattern. They improved more under dim-
light and exhibited muted or unstable responses once bright-light was introduced. Their
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higher retinal transmittance likely increases the effective melanopic dose for a given in-
tensity, which makes lower intensities sufficient or even preferable, as discussed further in
Section 4.8. Their higher rate of brightness-related discomfort supports this explanation
and may help account for the inverted dose response observed in their mood outcomes.

Some unexpected reversals, especially among dark-eyed non-Caucasian participants,
suggest that psychological and motivational factors also played a role. Participants who
benefited little during Phase 1, or who sensed that they were receiving the dim-light con-
dition, may have reduced their engagement or altered their symptom ratings, which would
blunt Phase 2 trajectories.

Overall, these findings indicate that ocular pigmentation interacts with subjective com-
fort and treatment expectations. Personalized melanopic dosing appears especially impor-
tant for mood-related outcomes.

4.2.2 Sleep Disturbance (PROMIS)

Sleep disturbance outcomes paralleled the pigmentation effects seen in MADRS but showed
a more physiologically stable pattern. bright-light produced faster improvement overall,
and darker-eyed participants experienced the largest Phase 1 benefits. Light-eyed partic-
ipants showed a slight preference for dim-light in Phase 1, although the differences were
smaller than those for mood.

After crossover, Beta participants showed clear rebound effects when bright-light was
withdrawn. Alpha participants showed more variable Phase 2 responses, shaped by pig-
mentation and usage patterns. These responses suggest that sleep reflects both circadian
physiology and a moderate influence of subjective comfort, although less than is seen for
mood.

4.2.3 Psychomotor Vigilance (PVT)

PVT was the most objective and physiologically driven outcome. bright-light consistently
improved vigilance across all pigmentation groups, and dimming the light produced reli-
able regressions after crossover. Light-eyed participants responded strongly to bright-light,
which indicates that the melanopsin-mediated alertness pathway operates effectively re-
gardless of pigmentation when the outcome measure is fully objective.

The stability of PVT responses and their close alignment with crossover expectations
suggest that this outcome depends mainly on direct melanopic stimulation. Subjective
comfort and expectancy effects appear to have minimal influence.
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4.2.4 Working Memory

Working memory performance showed clear practice effects but still displayed treatment-
related patterns. Dark-eyed participants improved under bright-light during Phase 1. Some
light-eyed or Caucasian subgroups showed modest early gains under dim-light, which may
reflect a mixture of learning effects and pigmentation-related sensitivity. Participants who
used the glasses consistently showed clearer cognitive benefits, which suggests that adher-
ence strengthens working-memory improvements, especially under bright-light conditions.

4.3 Moderators of Treatment Response

Usage behavior was one of the strongest moderators across outcomes. Longer daily wear
amplified improvements in mood, sleep, and cognition, particularly in subgroups that
showed weaker baseline responsiveness under dim-light. This pattern suggests that con-
sistent melanopic dosing enhances treatment effects even when group-level patterns are
modest.

Ambient melanopic light predicted improvement in several models. Participants who
received more total melanopic light across the day, whether from the environment or the
device, showed greater reductions in symptoms. This result aligns with substantial evidence
that daytime light exposure improves mood, sleep quality, and circadian alignment.

Baseline symptom severity consistently predicted improvement, indicating greater head-
room for change among more symptomatic participants. Age and sex produced statistically
detectable but small effects, which suggests secondary roles compared with pigmentation,
usage, and melanopic exposure.

4.4 Cross-Outcome Synthesis

The outcomes form a coherent gradient linking subjective, mixed, and objective processes.
Mood was the most sensitive to subjective comfort, expectancy, and motivation. Sleep
reflected both physiological circadian mechanisms and moderate psychological influence.
PVT showed a direct physiological response that was consistent across all pigmentation
groups. Working memory reflected both light exposure and practice effects.

These gradients map onto the biological and psychological components inherent in each
outcome. Outcomes with stronger subjective components, such as mood, exhibited larger
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pigmentation-dependent differences. Outcomes with stronger physiological drivers, such as
PVT, followed the hypothesized pattern more consistently.

A unifying interpretation is that ocular pigmentation modulates the effective melanopic
dose, which influences both subjective comfort and treatment sensitivity. Those with
darker eyes benefit more from higher intensities, whereas lighter-eyed may require mod-
erated intensities to avoid overstimulation. Usage behavior and ambient light exposure
further shape dose accumulation and treatment effectiveness.

4.5 Power and Sensitivity Considerations

Because the trial was powered primarily for the aggregate sample rather than for multiple
pigmentation-based strata, it was important to evaluate the statistical sensitivity of the
analyses. For each outcome (MADRS, PROMIS sleep disturbance, psychomotor vigilance,
and word-pair recall), a post hoc sensitivity analysis was performed to determine the
minimum partial n? detectable with 80% power at o = .05 under the two-sample slope-
contrast framework used throughout the study.

The full-sample (“All Eyes”) analyses showed the highest sensitivity, with minimum
detectable partial n? values of approximately 0.014 for MADRS and PROMIS, 0.020 for
psychomotor vigilance, and 0.015 for word-pair recall. These correspond to small effect
sizes, indicating that the aggregate analyses were well powered. In contrast, pigmentation-
stratified analyses required medium or larger effects (minimum detectable partial n? ranging
from 0.03 to 0.05) due to the smaller subgroup sizes.

Across all outcomes and strata, every statistically significant contrast exhibited a partial
n? that exceeded the detectable threshold for its stratum, indicating that these effects were
adequately powered. Conversely, most non-significant subgroup contrasts had partial 7>
values below their respective thresholds, meaning that these null findings should be viewed
as inconclusive rather than as evidence of no treatment effect. This pattern occurs because
power reflects the probability of detecting effects of a given magnitude; when the minimum
detectable effect is relatively large, smaller effects will routinely produce non-significant
results even if they are real.

Only three contrasts across all analyses showed mild inconsistencies between statistical
significance and detectability. These “oddball” cases all arose near the detection boundary
and are expected in finite-sample studies:

e Psychomotor vigilance (All Eyes, Between-Post): p = .026 but partial 1* was
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slightly below threshold. This reflects a small but statistically detectable effect that
would not be consistently detected across repeated samples.

e Psychomotor vigilance (Exclude light eyes, Within-Alpha): p = .051 but
partial n? exceeded the detectable threshold. This represents a borderline, trend-
level effect that narrowly missed significance but is unlikely to be a null effect.

e Word-pair recall (All Eyes, Within-Beta): p = .006 with partial * essentially
equal to (but slightly below) the detection threshold. This indicates a very small
effect that reached significance because of the large full-sample size, a well-known
phenomenon where trivial effects become statistically significant in large datasets.

These cases do not undermine the overall findings. Instead, they illustrate three statis-
tically expected behaviors: (1) small significant effects occurring just below the 80% power
boundary, (2) borderline effects that narrowly miss significance despite being detectable,
and (3) large-sample detection of very small effects that may have limited practical rele-
vance.

Together, the power and sensitivity diagnostics demonstrate that the study was well
powered to detect small effects in the aggregate analyses and medium or larger effects
within pigmentation strata. This framework provides a principled interpretation of both
statistically significant findings and null or borderline results. Detailed numerical compar-
isons and the full effect-size tables are provided in Appendix N.

4.6 Clinically Meaningful Thresholds

To interpret the practical significance of the findings, Phase 1 improvements were compared
against published clinically meaningful thresholds for each outcome. Phase 1 was used be-
cause it reflects each participant’s initial treatment assignment prior to crossover, providing
the clearest estimate of the treatment-specific dose-response effect. For each outcome, the
subgroup showing the clearest bright-light responsiveness was selected: non—light-eyed par-
ticipants for MADRS and PROMIS, the full sample for PVT, and the dark-eyed subgroup
for Word-Pair recall. The estimated Phase 1 slope (1) from the piecewise time model was
multiplied by 56 days to obtain the total expected change from baseline:

AF’hase 1= ﬁl X 56.

These bright-light deltas were then compared with established clinically or practically
meaningful thresholds identified in the literature. As shown in Table 4.1, the bright-light
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improvements in mood and sleep exceeded widely accepted minimal clinically important
differences for MADRS and PROMIS. PVT changes exceeded operational thresholds used
in vigilance and fatigue research by a wide margin, and the Word-Pair recall gains were
substantially larger than typical practice-adjusted cognitive improvements.

Table 4.1: Phase 1 bright-light improvements compared with clinically meaningful thresh-
olds.

Outcome Meaningful Threshold A Phase 1 Meaningful?
MADRS (non-light) 3-6 pts [38, 10] —9.97 Yes
PROMIS Sleep Dist. (non-light) 2-3 T-score pts [20, 107] —4.76 Yes
PVT Reaction Time (all eyes) 20-30 ms [16, 37] —95.8 ms Yes
Word-Pair Recall (dark eyes) >2 items [70, 75] +5.32 items Yes

Taken together, these results demonstrate that the effects of bright-light exposure de-
livered through the Lumos glasses were not only statistically significant but also clinically
and practically meaningful across mood, sleep, vigilance, and memory domains. The mag-
nitudes of these Phase 1 improvements are consistent with, and in some cases exceed, effect
sizes reported in established bright-light therapy and cognitive-performance literature.

4.7 Effect Sizes in Context of Bright-Light Therapy

To evaluate the practical significance of the findings, per-participant effect sizes (Hedges’
g, approximately equivalent to Cohen’s d at the sample sizes used here) were compared
with typical effect sizes reported in the bright-light therapy (BLT) literature. Table 4.2
summarizes the Phase 1 bright-light effect sizes in this study alongside established BLT
benchmarks for depression, sleep disturbance, alertness, and cognition.

Across outcomes, the bright-light effects observed in this study were comparable to or
larger than those typically reported for BLT. For depression (MADRS), the non-light-eyed
subgroup showed a moderate-to-large effect (g ~ 0.85), consistent with the upper range of
BLT effects in nonseasonal depression trials [11, 60]. The PROMIS Sleep Disturbance ef-
fect (g = 1.06) exceeded the small-to-moderate effects commonly reported for BLT in sleep
outcomes [20, |. Improvements in psychomotor vigilance (g ~ 0.34) aligned with estab-
lished light-induced alertness effects [16]. Finally, the Word-Pair recall effect in dark-eyed
participants was very large (g ~ 1.12), surpassing the modest cognitive effect sizes typically
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observed in light or sleep-intervention studies [70, 75]. These comparisons demonstrate that
the bright-light intervention delivered through the Lumos glasses produced clinically and
practically meaningful improvements across multiple domains.

Table 4.2: Per-participant bright-light effect sizes (Hedges’ g and converted Cohen’s d)
compared with typical bright-light therapy (BLT) effect sizes.

Outcome Hedges’ ¢ Cohen’s d Typical BLT d Comparison
MADRS (non-light) 0.85 0.85 0.5-0.8 [44, 60] Matches upper BLT
PROMIS SD (non-light) 1.06 1.06 0.3-0.6 [206, 107] Much larger
PVT RT (all eyes) 0.34 0.34 0.3-0.5 [16] Within BLT range
Word Recall (dark eyes) 1.12 1.12 0.2-0.4 [70, 75] Far larger

4.8 Interpretation in Context

One important finding from this study is the moderating role of eye color in determining
light therapy response and, by extension, vulnerability to light-related mood disorders.
Anatomically, the amount of light reaching the retina is influenced not only by pupil
diameter but also by the transmission and scattering of light through the iris and adjacent
ocular tissues. Van den Burg et al. demonstrated that for light blue eyes with a 4 mm pupil,
approximately 5-17% of incident light can reach the retina through peri-iris and stromal
pathways. In contrast, transmission in dark brown irides is nearly two orders of magnitude
lower, with Caucasian brown eyes falling between these extremes [99]. Because the pupil
can constrict to 2-4 mm under bright conditions, the proportion of extra-pupillary light
entering the retina may become even greater in lighter eyes. These physiological differences
provide a mechanistic basis for the varying responses to bright-light therapy observed across
pigmentation groups.

The optical origin of blue eye color further supports this interpretation. Blue irides
do not contain blue pigment; rather, their color arises from light scattering in the low-
melanin anterior stroma, a phenomenon related to the Tyndall effect. This structural
coloration implies reduced pigment-based absorption and therefore limited shielding of
incident light. Several reviews describe this process clearly [91, 51, , 10]. The paucity
of stromal melanin in blue eyes is consistent with the higher retinal transmission reported
in physiological measurements.
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Epidemiological and clinical evidence aligns with these anatomical considerations. In-
dividuals with lighter-colored eyes show lower susceptibility to seasonal affective disorder
and reduced depressive symptom severity compared with those with darker eyes [105, 43].
These findings suggest that lower stromal and peri-iris transmittance in darker irides may
reduce retinal illuminance during short winter photoperiods, increasing the likelihood of
circadian and mood dysregulation in susceptible populations.

However, differences in iris transmission cannot fully explain variability in light re-
sponsiveness. Retinal physiology, particularly the photoreceptor-level conversion of light
into neural signals, also contributes meaningfully. Lavoie et al. reported that individuals
with seasonal affective disorder show reduced cone electroretinogram (ERG) amplitude
during the winter depressive state, which normalizes following four weeks of bright-light
therapy [01]. This suggests that light therapy may restore retinal responsivity in addition
to influencing central circadian pathways. Earlier work by Terman [95] found that SAD
patients exhibited heightened photopic and scotopic sensitivity during winter, with nor-
malization after treatment. These seemingly opposing results likely reflect different aspects
of visual adaptation. Reduced physiological response amplitude at the photoreceptor level
may coexist with increased perceptual sensitivity downstream. Together, these findings
support the hypothesis that SAD involves dysregulation in both retinal gain control and
higher-order light-processing mechanisms.

Inter-individual differences in light processing extend beyond circadian and affective do-
mains. Classic psychophysical studies report that darker-eyed individuals tend to exhibit
faster visual reaction times than lighter-eyed individuals [69]. This may reflect evolution-
ary trade-offs between neural response speed and light sensitivity, mediated by pigment-
dependent differences in retinal or cortical responsiveness. Such findings help explain the
moderation of psychomotor vigilance by eye color observed in the present study and sug-
gest that ocular pigmentation modulates not only affective responses but also cognitive
performance in response to light.

Taken together, these results support a coherent multi-level model. Anatomical pig-
mentation shapes retinal light transmittance. Retinal physiology determines the gain and
adaptation of photoreceptor responses. These factors interact with central neural circuits
governing mood, sleep, and vigilance. Understanding the layered interplay among pigmen-
tation, retinal physiology, and neural adaptation is essential for optimizing light therapy
dosage, timing, and spectral composition for individuals with different eye colors and light
sensitivities.
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4.8.1 Ambient Light in General

A consistent finding across the broader circadian, environmental, and occupational-health
literature is the importance of access to natural daylight. Studies have shown that expo-
sure to daylight and access to windows in office environments are associated with better
sleep quality, reduced depressive symptoms, improved cognitive performance, and greater
overall well-being [23, 12, 90, ]. These effects appear across diverse settings, including
workplaces, urban residences, and real-world environments, suggesting that daylight is a
fundamental regulator of human physiological and psychological functioning.

The present study closely echoes these findings. Ambient melanopic light exposure
emerged as a significant moderator of mood, sleep, and reaction time, independent of
the bright-light intervention delivered by the Lumos glasses. Participants who received
higher total daily melanopic exposure, whether through windows, outdoor light, or well-lit
environments, tended to show greater improvements across multiple domains. This sup-
ports a cumulative-light model in which environmental illumination and device-delivered
illumination jointly influence circadian alignment and neurobehavioral outcomes.

However, these results also highlight a key issue of social inequity. Access to windows
and natural light in workplaces is often unequally distributed, typically favoring individuals
in higher management positions, while many employees in lower-ranked or interior roles
work in spaces with little or no daylight. Given the well-established health benefits of
daylight exposure, such disparities may contribute to unequal sleep, mood, and cognitive
outcomes across socioeconomic strata.

A core motivation for this research is the belief that the health and well-being benefits
of adequate light exposure should be accessible to all individuals, regardless of their occu-
pational or socioeconomic status. Technologies such as the Lumos smart glasses may help
mitigate these disparities by providing biologically meaningful light exposure to those who
lack consistent access to natural light due to workplace design, environmental constraints,
or socioeconomic factors.

These findings also align with other large-scale observational and mechanistic studies
that link natural or high—melanopic content light environments to improved mental health,
better sleep patterns, and more stable circadian rhythms [25, 29, 68, 22, , 35, 90].

4.9 Limitations

One limitation of the present study is its modest sample size. Although the original
design targeted 96 participants, only 73 began the study, 66 completed Phase 1, and 50
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completed both phases. This sample was sufficient to detect the primary findings that
bright-light therapy significantly improves mood, sleep, and reaction time compared with
dim-light active control. It also allowed for the discovery of meaningful secondary patterns
involving usage time, eye pigmentation, and ambient light exposure. However, several
subgroup effects, particularly those involving age, sex, and pigmentation-specific reversals,
were small and would benefit from validation in a larger cohort.

The paired word-recall task also illustrates the implications of sample size and measure-
ment constraints. Although this cognitive outcome did yield some meaningful treatment-
related findings, especially when accounting for daily usage time, the overall effects were
modest and partly constrained by ceiling effects and the limited range of performance in
a mobile-based testing format. A larger sample size would allow finer resolution of cogni-
tive effects, improve power to detect pigmentation and demographic moderators, and help
disentangle psychological contributors to the reversal patterns observed in mood outcomes.

Importantly, the current study demonstrates that the Lumos glasses and accompanying
app infrastructure are well suited for large-scale deployments. Because the intervention is
portable, low burden, and instrumented with continuous usage and light-exposure logging,
future studies can recruit substantially larger and more diverse samples while capturing
detailed behavioral and environmental data. This scalability is one of the key advantages
of the Lumos platform and will enable more definitive testing of individual differences,
including age, sex, pigmentation, usage behavior, and psychological factors, that were only
partly observable within the current dataset.

Test instruments, such as self reported MADRS[10], PROMIS [72] uses standard proven
metrics, and was administered through the Qualtrics survey portal. While these tests are
solid, they are also bundled with a large number of quality of life and adverse events
questions, which may make the weekly survey cumbersome. There is a tradeoff with the
study, where longer surveys using more sensitive instruments could lead to more accurate
results, but risk compliance issues as surveys get too long.

Another limitation concerns baseline timing and the alignment of survey responses with
actual device usage. In the initial design, many participants experienced a delay between
completing their intake survey and receiving their glasses, which meant their first scheduled
weekly survey did not always correspond to their true pre-treatment state. This issue was
addressed analytically through a global rebaselining method, which helped ensure that
treatment effects were not conflated with timing irregularities. However, this approach is
still an approximation and may not fully capture each participant’s true baseline, especially
for those who began using the glasses or completing surveys later than intended. A practical
improvement for future studies would be to require a baseline assessment immediately
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upon receipt of the glasses and prior to any device use. Implementing a mandatory in-app
baseline checkpoint would eliminate ambiguity in baseline timing, reduce the need for post
hoc adjustment, and strengthen internal validity for all subsequent outcome trajectories.

A further limitation relates to unequal measurement density across participants. In the
original piecewise regression framework, individuals who completed more weekly surveys
exerted proportionally greater influence on the estimated slopes and breakpoints, whereas
participants with sparse data contributed less to the model fit. This issue was largely
resolved by using endpoint regression methods, which reduce sensitivity to uneven sam-
pling and mitigate weighting biases. However, participants with very few data points still
provide less robust estimates, and their trajectories remain more uncertain. Future studies
can address this by implementing more convenient and engaging survey workflows within
the app, thereby increasing compliance and reducing missingness. Improving survey adher-
ence would strengthen the reliability of both individual-level trajectories and group-level
inferences, and would support the application of more sophisticated statistical approaches
such as bootstrapping or multilevel modeling with equal participant weighting.

For reaction time, the industry standard Psychomotor Vigilance Test was referenced
[16], and made with some modifications to test 10 reactions and a custom metric where
mean reaction is averaged with lapses and false starts penalized as a 500 ms reaction time.
This was done to keep the test short and reduce strain for participants. To also reduce risk
of participant phone differences, the core calculations of the test are administered inside
the glasses” hardware and firmware, allowing a solid reference.

The word paired test was not administered in an ideal manner, as standard testing is
ideally done with 10 words for 3 sets, verbally with an administrator. With text- and app-
based testing in this study, participants may have many other factors that could influence
their performance, such as smartphone compatibility, screen brightness, font size, and
potential for taking screenshots or photos.

This study used the 2024 generation of the coating on PMMA lenses, which offers
a good balance of blue-light blocking, as well as reflection for treatment. It does have
some light leakage out the front, where people can observe a glowing light at certain
angles, which may contribute to lower compliance or likelihood of wearing it in public.
There is a newer generation of the lenses in 2025 that dramatically improves subtleness
through advancements on material and coating formula, while improving reflection and
blue blocking all together. It would be interesting to see how this may affect compliance
rates.

Another limitation relates to the hardware form factor. This study used a medium-
sized frame with overextension hinges, which accommodated most participants but did not
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provide an optimal fit for all head shapes and facial structures. Suboptimal fit may influence
comfort, stability, and willingness to wear the glasses for longer durations, which in turn
can affect usage-dependent outcomes such as mood, sleep, and cognitive performance. A
next-generation design, now available, includes three frame sizes and an adjustable screw-
based mechanism to improve fit and comfort. Incorporating these updated frames in future
studies may reduce variability introduced by physical fit, enhance adherence, and provide
a more accurate estimate of the device’s treatment effects.

In addition, there are other methods of analysis that may yield even more meaningful
results. For example, when taking account of average time when a participant started
treatment, it didn’t yield results alone. However, it may be possible that the time along
with the duration, as well as intensity would yield a result. A more robust analysis method
may be applied, such as the Functional Principle Component Analysis which represents the
time-based data into meaningful eigenfunction scores. The study collected 245457 minutes
of usage data, along with the average melanopic lux in that minute for each participant;
a significant amount of data that a more robust analysis can help decipher additional
information.

A final limitation involves the participants who only wore the glasses for a short duration
in the day, therefore missing data for the remaining hours where ambient light exposure
was not collected. A method would need to be devised to gauge scores with missing data.

4.10 Implications and Future Work

All in all, the study is able to show significant improvement of bright-light compared with
dim-light control via the Lumos smart light therapy glasses with the reflective coating
technology. It also demonstrated insights where usage time, eye color, baseline scores,
ambient light can significantly affect outcomes in certain groups, and indicate a potential
correlation of age and sex on outcomes. The paired word test did not show significant
outcomes due to poorly designed testing method and sample size limitations.

One immediate task would be to apply more advanced analysis methods and algorithms
towards the data from this study. For example, using Functional Principle Component
Analysis, fractal analysis, machine learning, or informed metrics based on a combination
of ambient light and usage data may yield more results without completing a new study.

A future study could simply repeat this study with a better designed paired word test,
more polished study flow, latest generation of the glasses, and a much larger sample size.
A recommended sample size could range from 300 to 2000 depending on regulatory and
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insurance compliance. Perhaps an even more interesting method is to do a continuous
field study as the glasses become commercially available later in 2025. Users and buyers
of the glasses can optionally join a study where they complete quick surveys and tasks
to track their mood, sleep, reaction time, cognition, and other parameters as they use it.
This particular method can be scalable as the total number of users who consent to join
the field study can provide a massive data set where deeper insights can be drawn. Future
generations of the glasses may also include the effect of different wavelengths and frequency
of light, and integrate combination therapy and sound therapy.

From a hardware perspective, adding in additional sensors or integration with health
apps can also yield better results. For example, participants can be given a smart band that
tracks sleep through inertial motion unit data, activity, body temperature, and heart rate.
One key missing data point in this study is the ambient light exposure of the participant
when they are not wearing the glasses. One key challenge for Lumos is to make glasses
comfortable enough to be worn all day in order to yield the best benefits and data collection.
It is possible other hardware can collect this ambient light data; regardless, advances in
engineering, design, and technology can continue to enhance this scientific endeavor.

Beyond intensity and duration, several emerging dimensions of light stimulation offer
promising pathways for improving interindividual tailoring of light therapy. These include
wavelength-specific tuning across multiple spectral bands, temporal modulation such as
pulsed or frequency-structured light (e.g., 40 Hz stimulation), and spatially targeted illu-
mination of distinct retinal regions (temporal vs. nasal, superior vs. inferior), which may
differentiate biological responses based on ipRGC distribution and downstream neural cir-
cuitry. Additionally, the timing of exposure relative to circadian phase, exercise, autonomic
state, heart rate, and thermal regulation may shape an individual’s responsiveness more
strongly than previously recognized. Integrating these dimensions with continuous data on
ambient light history, behavior, and physiology would enable adaptive dosing algorithms
that learn each user’s unique response profile. Such advances point toward a future of per-
sonalized light therapy that is multispectral, temporally structured, spatially optimized,
and informed by real-time physiological context.
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Chapter 5

Conclusion

Traditional light therapy devices have struggled with adherence and practicality. For exam-
ple, stationary light boxes are inconvenient, most wearable products lack social acceptabil-
ity or engineering refinements are needed for sustained use. The literature acknowledges
these limitations by questioning longer durations, dose-response, and how individual fac-
tors such as age, eye color, and baseline severity shape outcomes. This gap has limited
both clinical adoption and scientific understanding.

This thesis addresses this gap with the design, engineering, and clinical validation of
the Lumos Smart Glasses. The engineering effort delivered a patented optical system,
calibrated light engines, on-board ambient and proximity sensors, and integrated software
to ensure both safety and verifiable adherence. The result was a platform that provided
bright circadian-effective light in a glasses-like form factor and captured usage data with
high fidelity.

The clinical trial showed that these glasses significantly improved mood, sleep, and cog-
nition compared with an active dim-light control. In Phase 1, the Beta group experienced
large gains that regressed when treatment was withdrawn, confirming efficacy. The Alpha
group, once switched to active treatment, also benefited in some groups, though adher-
ence issues partly muted the effects. While PROMIS and PVT both showed clear and
significant improvements under bright-light, the MADRS outcome reached statistical sig-
nificance only after accounting for eye color. Stratified analyses revealed that participants
with darker eyes showed stronger mood improvements under bright-light, whereas those
with lighter eyes (blue, green, or hazel) achieved comparable benefits under dimmer light
exposure. This suggests that optimal therapeutic intensity may depend on individual dif-
ferences in ocular pigmentation. WORD results also showed that significant improvements
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are observed in the bright-light group after accounting for usage time. Exploratory mod-
els further identified important moderators: higher usage time and higher ambient light
were associated with greater improvements across outcomes, and higher baseline severity
predicted more room for change. These findings point to the value of personalization and
the importance of considering individual and environmental factors in light therapy.

In summary, this work demonstrates that wearable, sensor-driven light therapy can
overcome the long-standing limitations of older devices. The Lumos Smart Glasses make
it possible to study dose, duration, and demographic differences in ways that were pre-
viously impractical, and to deliver circadian-effective light in daily life. While MADRS
and word paired effects were only significant after analyzing stratified results and some
secondary effects (e.g., age, sex) were small, the overall evidence strongly supports that
mobile light therapy can improve mental health outcomes that opens new directions for
more personalized studies.

In conclusion, the Lumos platform represents a step forward: taking light therapy from
static devices toward a practical, everyday wearable. By merging engineering innovation
with clinical validation, it lays the groundwork for future more effective, personalized and
widely adopted circadian health technologies.
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Appendix A

Personal Notes and Behind the
Scenes

This appendix celebrates the small, personal moments that accompanied the development
of this work, from early prototypes to the quiet company of the two cats who helped ensure
I never worked too long without a break.

My late cat Obie and my current cat Piper have been unexpected collaborators through-
out this journey. Both possessed an uncanny sense of when I was overworking and would
intervene, sometimes gently and sometimes with tactical chaos, such as walking across
keyboards or knocking critical circuit boards off the desk. Their presence brought balance,
humor, and perspective to long nights of research and writing.

The Companions

Both of them provided invaluable emotional feedback throughout this project, reminding
me that science and compassion can coexist, and that sometimes, progress means stepping
away for a cuddle.
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Figure A.1: Piper evaluating the latest pair of Lumos glasses through a rigorous feline
visual inspection protocol.
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Figure A.2: Obie falling asleep next to one of the earliest prototypes, demonstrating opti-
mal comfort and ergonomic design validation.

124



Figure A.3: Obie assisting with blue-light output verification, no instrumentation required.
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Figure A.4: Obie helping inspect a Lumos PCB light engine module with deep curiosity
and minimal electrostatic discharge.
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Figure A.5: Obie, keeping me company beneath the computer monitor while I worked on
early Lumos prototypes.
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Figure A.6: Obie basking peacefully in front of a light therapy lamp, a reminder that this
work is validated by nature itself.
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Appendix B

Photobiological Safety and
Blue-Light Hazard Framework

Summary

This appendix provides a concise technical overview of the photobiological safety framework
relevant to light-emitting devices. It clarifies the distinction between public misconceptions
about “blue-light” and the scientifically defined photochemical hazard, outlines the primary
retinal damage mechanisms (photo-thermal, photo-mechanical, and photo-chemical), and
summarizes the wavelength-dependent blue-light hazard function B(\) derived from foun-
dational studies by Ham, Mueller, and Sliney.

The appendix further reviews the IEC 62471 exposure limits governing retinal photo-
chemical safety, including definitions of blue-light—weighted radiance (Lg) and cumulative
radiance dose. It also describes key measurement-geometry parameters, pupil diameter,
angular subtense, spectral radiance, and the standardized 200 mm evaluation distance,
that determine the radiometric conditions under which blue-light hazard is assessed.

Together, these elements form the quantitative basis used throughout this thesis to
ensure that the Lumos system maintains ocular safety while delivering effective circadian
stimulation.
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B.1 Misconceptions About blue-light Hazard

Public discussion of blue-light has been shaped more by commercial narratives than by
scientific evidence. Marketing of “blue-light—blocking” eye-wear has popularized the per-
ception of blue-light as inherently harmful, despite limited data supporting most claims.
This section clarifies the distinction between perceived and actual photobiological risk.

blue-lightfiltering lenses generally fall into two categories. The first employs a mild
anti-reflective coating, marketed for reducing digital eyestrain and retinal stress, yet these
coatings minimally attenuate short-wavelength light and show no consistent benefit for ocu-
lar comfort or protection [$5]. The second category consists of visibly tinted lenses (yellow,
orange, or red), designed for evening use to reduce melatonin suppression. Controlled stud-
ies have shown these lenses can improve sleep and circadian regulation [?, ?], and their use
has been popularized by science communicators such as Dr. Andrew Huberman [77].

The International Commission on Illumination (CIE) has stated that blue-light expo-
sure from consumer lighting and display products remains well below established safety
thresholds and often lower than natural daylight levels [52]. Similarly, the American
Academy of Ophthalmology reports no evidence that blue-light from digital screens causes
retinal damage and cautions against alarmist interpretations [11]. This conclusion is sup-
ported by recent reviews indicating that “there is no evidence that screen use and LEDs
in normal use are deleterious to the human retina” [32]. Consumer light sources are fur-
ther governed by photobiological safety standards such as IEC 62471 [53], which define
quantitative exposure limits to ensure ocular safety.

The blue-light hazard remains a valid photobiological construct rooted in retinal photo-
chemistry, but its significance applies primarily under controlled, high-intensity exposure
conditions rather than everyday device use. Understanding this distinction requires an
examination of the physiological basis and standardized measurement systems that define
safe radiance limits.

B.2 Retinal Damage Mechanisms and Spectrum

Retinal injury from optical radiation occurs through three primary mechanisms: photo-
thermal, photo-mechanical, and photo-chemical. Photo-thermal damage arises when ab-
sorbed radiant energy elevates retinal or choroidal temperature faster than heat can dissi-
pate via conduction or blood flow [36]. Photo-mechanical damage occurs during extremely
brief and intense exposures (1075-107% s), where rapid energy deposition generates acoustic
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or pressure transients that physically disrupt retinal tissues; this was first demonstrated by
Cleary et al., who showed that nanosecond laser pulses can produce shock-wave—induced
lesions [30)].

Photo-chemical damage predominates under longer exposures and shorter wavelengths
(400-500 nm). In this regime, retinal chromophores absorb blue-light, generating reac-
tive oxygen species (ROS) such as singlet oxygen and superoxide radicals that trigger
oxidative stress. The foundational work of Ham, Mueller, and Sliney (1976) demonstrated
wavelength-dependent photochemical injury in rhesus monkeys, establishing the scientific
basis for modern blue-light safety standards, including TEC 62471 [15].

A key outcome of these studies is the definition of the blue-light hazard function, B(\),
which quantifies the relative effectiveness of each wavelength in producing photochemi-
cal retinal damage (see Figure B.1). Although intrinsic hazard increases with decreasing
wavelength, shorter wavelengths are strongly attenuated by the cornea and crystalline lens,
which shapes the effective retinal hazard curve [55].

Blue Light Hazard and Melanopsin response curve

—o—BLH Melanopsin

Relative Response Weight
o
[+)]

400 450 500 550 600 650 700
Wavelength (nm)

Figure B.1: Comparison of the blue-light hazard weighting function B(\) (recreated from
IEC 62471:2006 [53]) and the melanopic response curve of melanopsin.

B.3 1IEC 62471 Standard

The TEC 62471 standard, Photobiological Safety of Lamps and Lamp Systems, defines
quantitative criteria for optical radiation hazards. For retinal photochemical risk, the
relevant quantity is the blue-light—weighted radiance, Lpg:
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700 nm
L= / Ly B(\) dA. (B.1)
3

00 nm

The cumulative radiance dose is given by:

Ep=Lgt. (B.2)

Exposure Limits

For exposures shorter than 10,000 s:

Lt <10% Jm2sr L.

For exposures longer than 10,000 s:

Ly <100 Wm2sr L.

Spectral radiance is defined as:

Lo B
AT dAdQ AN

B.4 Radiance Measurement Geometry

Radiance measurement requires specifying pupil diameter, angular subtense, and evalua-
tion distance. The standard assumes a 3 mm pupil for bright-light conditions and defines
a minimum effective angular subtense of 1.7 mrad, representing the smallest retinal im-
age after diffraction and ocular aberrations. For longer exposures, the effective angular
subtense expands due to eye movements.

The standard evaluation distance is 200 mm, below which the human eye cannot phys-
iologically accommodate. Figure B.2 to Figure B.5 illustrate lens-based and mask-based
radiance setups and the optical implications of eye accommodation.
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Figure B.2: Illustration of a lens-based radiance measurement setup that collects light
within a defined field of view and images the source onto the detector.
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Figure B.3: Example of a mask-based system defining the angular subtense of the source.
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Pupil: Large

|

Pupil: Small

Figure B.4: Optical simulation showing that pupil size primarily regulates retinal illumi-
nance rather than image focus.

Relaxed Lens

Contracted Lens

Figure B.5: Optical simulation illustrating human eye accommodation.
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B.5 Optical Simulations

While the human eye can accommodate and focus on distant objects beyond approximately
200 mm, it cannot sharply focus light sources located much closer. Illustrated in Figure B.6,
light emitted from near-eye systems such as the Lumos glasses forms a large, defocused
region on the retina rather than a concentrated point.

Figure B.6: Conceptual illustration comparing the focused retinal spot produced by a
200 mm distant source (left) with the larger defocused region produced by the near-eye
Lumos light source (right).

To quantitatively evaluate retinal irradiance and spot size for near-eye photobiological
safety, a human eye model from the standard Zemax library was implemented in non-
sequential mode, a configuration suitable for illumination and non-imaging analyses [11].
The baseline eye model assumes focus at infinity; therefore, to replicate the 200 mm mea-
surement distance defined in IEC 62471, the curvature of the crystalline lens was adjusted
until a collimated source positioned at 200 mm formed a sharp focus on the retinal plane.
This configuration represents the worst-case focusing condition, concentrating the max-
imum radiant energy onto the retina approximately 0.05 mm in diameter, as shown in
Figure B.7.
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Figure B.7: Zemax non-sequential eye model calibrated to focus a 200 mm source. (Left)
Simulated incoherent irradiance on the retina showing a 0.05 mm focused spot. (Right)
Ray-trace visualization of light converging through the cornea and lens.

When the same calibrated source was introduced into the complete Lumos optical
system, the retinal image expanded significantly to a defocused spot of approximately
2 mm in diameter (Figure B.8). This occurs because the reflective and refractive geometry
of the Lumos glasses re-images the emission to a perceived distance rather than forming a
direct focus on the retina. This distributes the energy over a larger area and reduces local
irradiance.
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Figure B.8: Simulated retinal irradiance using the accommodated eye model with the Lu-
mos optics. (Left) Expanded 2 mm defocused retinal spot. (Right) Ray-trace visualization
showing increased divergence through the optical assembly.

A realistic LED source model representing the Lumos light engine was then incorpo-
rated using manufacturer-provided ray data, imported following the Osram data integra-
tion procedure described by Ansys [13]. The simulation was repeated using the same eye
configuration, producing a comparable 2 mm diffuse retinal spot (Figure B.9).
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Figure B.9: Simulation using the real Lumos LED source model. (Left) Retinal irradiance

map showing a diffuse 2 mm spot. (Right) Ray-trace geometry illustrating light propaga-
tion through the near-eye optics.
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Finally, the eye model was rotated and positioned in its nominal anatomical orientation
relative to the Lumos frame to replicate the user’s natural viewing geometry. As shown
in Figure B.10, the light entered the eye at an oblique angle, producing an elongated
elliptical retinal pattern roughly 2 mm across. This further reduced peak intensity and
demonstrated that the optical design naturally mitigates retinal hazard through defocus
and spatial spreading.

Y coordinate value

3 T0.938 o 0.604

X coordinate value

Figure B.10: Simulated retinal irradiance with the eye positioned in its natural viewing
orientation relative to the Lumos glasses. (Left) Elliptical, defocused irradiance pattern
caused by oblique incidence. (Right) Ray-trace visualization of the near-eye geometry and
retinal illumination.

Across all configurations, the Lumos emission produced a retinal footprint of approx-
imately 2 mm, compared to the 0.05 mm focused spot for a distant source at 200 mm.
According to IEC 62471, for long-duration exposures the effective averaging angle due to
eye movements is 0.1 radian, corresponding to the physiological smearing of a point source
across the retina. As illustrated in Figure B.11, if the eye is approximated with a 20 mm
focal length, this 0.1 radian angular motion corresponds to a 1 mm smear in each direction.
Therefore, for an existing 2 mm optical spot (as produced by the Lumos system), the total
effective averaging region becomes roughly 4 mm in diameter. A conservative correction
can be applied by scaling the measured radiance (averaged over 100 mrad) down by a fac-
tor of four, reflecting the combined effects of optical defocus and physiological eye-motion
averaging under realistic near-eye conditions.
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20 mm

0.1 rad smear from point 0.1 rad smear from 2mm spot

Figure B.11: Illustration of the 0.1 radian spatial averaging assumption from [EC 62471.
For long-duration exposures, eye movements smear a point source across approximately
0.1 radian on the retinal surface. For a 2 mm optical spot, this motion extends the effective
averaging diameter to roughly 4 mm on a 20 mm focal length eye.

B.6 Time-Dependent Spot Smearing and Boost Mode

With an estimate for the dominant wavelength and peak optical power, the calibrated
AST72653 sensor enables reconstruction of the full emission spectrum, emulating the Ben-
tham reference measurements. This simulated spectrum is integrated with the blue-light
hazard weighting function to determine the weighted radiance value, which is then adjusted
using cosine and source-area correction factors to yield the effective photobiological safety
metric defined in IEC 62471. To ensure compliance with the 100 Wm™2sr~! exposure
limit, the LED output is regulated through pulse-width modulation (PWM), maintaining
a linear relationship with emitted power. The calibrated output level is permanently stored
in the non-volatile memory of the nRF52 microcontroller.

According to IEC 62471, for exposure durations shorter than 10000 s, the maximum
permissible radiance increases following the time-dependent relationship defined in Equa-
tion (2.3) of the standard. However, at shorter durations, the effective retinal averaging
(spot smear) simultaneously decreases, as the eye and head movements contributing to
spatial averaging are reduced. The corresponding effective angular subtense, a.g (), which
models this time-dependent smearing, is defined as

e (t) = min<o.1, 0.011 13—0> (t > 100 s). (B.3)
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From optical simulation, the base retinal spot size is approximately Dy = 2 mm at
t = 0 s. As exposure duration increases, additional smearing is added according to the
effective angular subtense term, scaled by the approximate eye radius (Leye = 20 mm).
The total effective retinal smear diameter D(t) can therefore be expressed as

D(t) = Do + Leye st (1), Dy =2mm, Lee =20 mm. (B.4)

Substituting from Equation B.3, this yields D(100 s) ~ 2.22 mm and D(10000 s) ~
4 mm. This formulation aligns the optical simulation baseline with the IEC 62471 time-
based averaging model, accounting for both optical defocus and physiological smearing.

Using this relationship, a short-duration boost mode was theoretically calculated to
determine how the device could safely increase radiance for shorter exposure times. The
resulting boost factor balances the higher permissible radiance for reduced durations (per
Equation 2.3) with the smaller effective retinal averaging area described by Equation B.4.
The conceptual model of this relationship is illustrated in Figure B.12, showing the pro-
gressive increase in effective retinal spot size from ¢ = 0 to ¢t = 10000 s.

Spot smear sizeatt=0

Spot smear size at t = 100s

Spot smear size at t = 10 000s >

Figure B.12: Conceptual illustration of the IEC 62471 time-dependent spot-smearing rela-
tionship. The innermost region represents the 2 mm optical spot at t = 0 s, while successive
layers correspond to the additional smearing contributions of 20 x 0.011 rad (= 0.22 mm)
at t = 100 s and 20 x 0.1 rad (=~ 2 mm) at ¢ = 10000 s, consistent with Equation B.3.

Although this dynamic boost mechanism complies with the time-dependent radiance
limits of TEC 62471, it was not implemented in the clinical trial.
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Appendix C

Measurement Instruments and
Scoring

C.1 Overview

This appendix provides detailed information on each measurement instrument used in the
study, including scoring conventions, reliability, and implementation notes. The main text
offers a concise overview (see Section 3.2.7).

C.2 Instrument Summary Table
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Table C.1: Summary of measurement instruments and key properties.

Instrument  Construct Items / Scale Outcome Notes
Used
MADRS-S Depressive symp- 9 items, 0-6 Total 0-60 First item doubled for
toms comparability; high re-
liability
PROMIS Sleep disturbance 8 items, 1-5 Raw sum 8-40 Raw (not T) scores
Sleep (SF) used for sensitivity to
week-to-week change
PVT Vigilance / reac- 10 trials Mean adjusted 500 ms penalty for
tion time RT lapses or false starts;
high test-retest relia-
bility
Word-Pair Associative mem- 10 pairs Correct 0-10 In-app cued recall
ory task assessing working
memory

C.3 MADRS-S (Depression)

Depressive symptoms were assessed weekly using the self-rated version of the Montgomery—
Asberg Depression Rating Scale (MADRS-S) [02]. The scale includes nine items rated 0-6,
covering core affective and cognitive symptoms of depression. To align with the original 10-
item clinician-rated MADRS [66], the first item (“Reported sadness”) was doubled when
computing total scores, yielding a 0-60 range. The self-rated form shows high internal
consistency (o = .84-.90) and strong correlation with clinician ratings (r ~ .85) [10]. In
this study, the MADRS-S was completed weekly via Qualtrics, with reminders sent through
the app.

Rationale for scoring. Doubling the first item preserves comparability with clinician
totals and avoids altering weight distributions in downstream analyses.

C.4 PROMIS Sleep Disturbance—Short Form

Sleep disturbance was measured weekly using the 8-item Patient-Reported Outcomes Mea-
surement Information System Sleep Disturbance Short Form (PROMIS) Sleep Disturbance—
Short Form [107, 26]. Each item uses a 5-point Likert scale referencing the past 7 days,

142



capturing subjective sleep quality, depth, and restoration. Although the PROMIS man-
ual [73] allows T-score conversion (mean 50, SD 10), raw summed scores (8-40) were used
here to preserve ordinal sensitivity for repeated measures. The measure demonstrates ex-
cellent internal consistency (a > .90) and convergent validity with the PSQI (r ~ .8) [20].

Rationale for raw-score use. Raw scores enable clearer interpretation of week-to-week
change and prevent compression from standardized T-score scaling.

C.5 Psychomotor Vigilance Task (PVT)

Sustained attention and reaction time were assessed using a 10-trial Psychomotor Vigilance
Task adapted from a validated computerized paradigm [16]. Visual stimuli were delivered
as brief light flashes emitted from the right arm of the Lumos glasses. Participants
pressed a button on the glasses as quickly as possible when the light appeared, with results
displayed immediately in the paired smartphone app. Stimulus timing and response latency
were processed within the glasses’ firmware to eliminate smartphone delays.

Scoring. A custom algorithm assigned lapses (responses >500 ms) and false starts (pre-
mature presses) a fixed value of 500 ms, producing a unified mean adjusted reaction time
that penalized both omission and commission errors. The PVT is widely validated, showing
high reliability (r ~ .80) and strong sensitivity to sleep loss and circadian misalignment [16].

C.6 Paired-Associate Memory (Word-Pair) Test

Working memory and associative learning were measured weekly using an in-app Word-
Pair recall test modeled on standard paired-associate paradigms [158]. Each trial presented
ten word pairs for study, followed by a cued-recall phase in which participants typed the
second word when prompted with the first. The number of correct responses (0-10) was
recorded as the outcome. Because the test was self-administered on smartphones, some
variability across participants and sessions was expected.

Baseline handling. Baseline scores for PVT and Word-Pair tests were defined as the
first available in-app measurement (see Section 3.2.8 for Day 0 alignment).
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C.7 Administration Platforms

The MADRS-S and PROMIS questionnaires were hosted on Qualtrics and accessed via
links embedded in the Lumos app, while the PVT and Word-Pair tasks were completed
directly within the app. All data were timestamped, encrypted, and uploaded to secure
cloud storage as described in the data handling protocol.
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Appendix D

Power Analysis and Sample Size
Derivation

This appendix presents the full numerical derivations, variance assumptions, and references
used in the power calculations summarized in Section 3.2.8. The analysis employed two-
sample comparisons of means to detect between-group differences at week 8, assuming
two-sided equality tests (a = 0.05, power = 0.80).

The revised calculations here update the preliminary version in Appendix P by using
the pooled variance method instead of the mean of group standard deviations, which
slightly increases required sample sizes and improves precision.

Primary endpoint: Depression (MADRS). Lam et al. [60] reported mean change
scores of 13.447.5 (light) vs. 6.54+9.6 (placebo) in nonseasonal MDD. Required per-arm
size: n=25 (two-sided), pooled SD ~ 8.58.

Sleep quality. Akyar & Akdemir [8] observed PSQI improvement from 12.8744.26 to
3.95+1.75. Assuming placebo halfway to treatment (8.414+4.26), n=9 per arm (two-sided,
pooled SD ~ 3.26).

Psychomotor Vigilance (PVT). Rosa et al. [78] found improvement from 218.63+5.06 ms
to 207.1843.45 ms after a 5-day protocol. Assuming placebo halfway, n=9 per arm, pooled
SD =~ 4.33.
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Working memory (Word-Pair). Bersani et al. [18] reported 22.4£0.3 (treatment) vs.
21.1£1.3 (control). Required n=34 per arm (two-sided), pooled SD ~ 0.94.

Final decision. Budget and manufacturing limits constrained recruitment to n=48 per
arm (N=96), exceeding all minimum requirements and providing adequate power for sec-
ondary and exploratory analyses (e.g., dose-response, moderation by eye color).

Table D.1: Detailed planning assumptions and required per-arm sample sizes.

Endpoint Placebo (mean+SD) Active (mean+SD) n/arm (1-sided / 2-sided; pooled SD)
MADRS [60] 6.5+9.6 13.4+7.5 20 / 25; 8.58

Sleep (PSQI) [5] 8.41 + 4.26 3.95+ 1.75 7/9;3.26

PVT RT (ms) [75] 212.9 + 5.06 207.18 + 3.45 8/9; 4.33

Word-pair total [18] 21.75 + 1.30 92.4 £ 0.30 27 / 34; 0.94
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Appendix E

Detailed MADRS Stratified Analyses

E.1 Overview

This appendix presents the full statistical tables for the stratified MADRS analyses by
eye-color subgroup. The main text (Section 3.3.4) summarizes the trends and shows time-
course figures, while the tables below include the corresponding regression slopes, hinge
coefficients, and primary contrasts for transparency and reproducibility.

E.2 Light-Eyed Participants (Blue, Green, Hazel)

Table E.1: Group-level slopes for AMADRS, light-eyed group (hinge = Day 56).

Group Pre-56 slope p partial 7? Asg  Post-56 slope
Alpha —0.175 9.3 x 1071 0.300 40.129 (p = 0.078; n? = 0.026) —0.046
Beta —0.093 1.1 x10™* 0.122  +0.198 (p = 0.003; 7% = 0.074) +0.104
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Table E.2: Primary contrasts for AMADRS, light-eyed group.

Contrast Estimate t df p partial n?
Between groups: pre-56 —-0.081 -2.41 116 0.0177 0.048
Between groups: post-56 —-0.150 —-2.16 116  0.033 0.039
Within Alpha: change at 56 +0.129 1.78 118  0.078 0.026
Within Beta: change at 56 +0.198 3.04 116  0.003 0.074

E.3 Brown-Eyed Caucasian Participants

Table E.3: Group-level slopes for AMADRS, brown-eyed Caucasian group (hinge =
Day 56).

Group Pre-56 slope p partial n? Asg  Post-56 slope
Alpha —0.061 0.016 0.073  —0.055 (p = 0.447; n? = 0.008) —0.116
Beta —0.164 7.5x 1078 0.282 +0.138 (p = 0.114; n? = 0.028) —0.025

Table E.4: Primary contrasts for AMADRS, brown-eyed Caucasian group.

Contrast Estimate t df p partial n?
Between groups: pre-56 +0.103 2.78 77 0.0069 0.091
Between groups: post-56 —-0.090 —-1.09 77 0.278 0.015
Within Alpha: change at 56 —0.055 —0.76 77  0.447 0.008
Within Beta: change at 56 +0.138 1.60 88 0.114 0.028

E.4 Dark-Eyed Non-Caucasian Participants
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Table E.5: Group-level slopes for AMADRS, dark-eyed non-Caucasian group (hinge =
Day 56).

Group Pre-56 slope p partial n? Ass Post-56 slope
Alpha —0.108 5.0 x 1076 0.204 +0.227 (p = 5.8 x 107%; n? = 0.121) +0.119
Beta —0.195 1.4 x 10710 0.433 +0.247 (p = 0.0016; n? = 0.129) +0.052

Table E.6: Primary contrasts for AMADRS, dark-eyed non-Caucasian group.

Contrast Estimate t df p partial n?
Between groups: pre-56 +0.087 2.54 73 0.013 0.081
Between groups: post-56 +0.067 0.96 73 0.342 0.012

Within Alpha: change at 56 +0.227 3.56 92 5.8 x 10~* 0.121
Within Beta: change at 56 +0.247 3.29 73 0.0016 0.129

E.5 Summary

Across subgroups, brown- and dark-eyed participants showed faster improvement under bright-
light treatment compared with dim-light, whereas light-eyed participants improved more under
dim-light. Both brown- and dark-eyed groups also exhibited stronger hinge effects post-crossover,
suggesting enhanced sensitivity to light-phase transitions.
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Appendix F

Expanded MADRS Multiple
Regression Analyses

F.1 Overview

This appendix retains full model specifications, figures, tables, and narrative interpretations for
the MADRS multiple-regression analyses summarized in Section 3.3.5.

F.1.1 Depression (MADRS) Multiple regression

Multiple regression analysis was run to determine if usage, ambient light brightness, age, sex,
baseline scores and their interactions correlated with improvements.

Usage time For each data-point in MADRS, the usage time was presented as a constant
average number of hours per day throughout that phase, and multiple regression was performed
using the equation below.

AMADRS; = ; day + B2 after56 + 3 hours. + ¢,

where hours, = hours — mean(hours)

Where (hours_c) is a centered term introduced in the model such that the 0,0 condition for
day of study and usage time also crosses the 0 for delta MADRS for ease of analysis.
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Multiple regression yielded significant fit improvements with adding usage time for the follow-
ing groups: Caucasians with brown eyes, both alpha and beta group Caucasians with light-colored
eyes, alpha group.

Note that the usage time co variates wasn’t broken down per phase, as there wasn’t sufficient
data differentiation to allow more significant results. This is in part due to participants having
similar usage time in both phases. For example, someone who used the glasses more in phase 1,
persisted in phase 2.

Usage Time Effects (hours)

Figure F.1-F.3 illustrate the fitted pre- and post-crossover surfaces alongside the observed data.
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Figure F.1: Caucasians with brown eyes — Alpha: Time + usage (hours_c) surface
with Day 56 hinge.
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Figure F.2: Caucasians with brown eyes — Beta: Time + usage (hours_c) surface

with Day 56 hinge.
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Figure F.3: Light-eyed — Alpha: Time + usage (hours_c) surface with Day 56 hinge
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Table F.1: Time + usage (hours_c) models for AMADRS with effect sizes.

Brown-eyed Caucasians

Quantity Estimate partial n? p

Alpha

Pre-56 slope (mean hours), —0.0601 0.073 0.013

pts/day

Post-56 slope (mean hours), —0.120 — —

pts/day

Slope change at 56, pts/day —0.0598 0.008 0.388

Hours main effect (per hour) —3.191 0.054 0.010

Adj. R’ (timeonly — 0.331 — 0.386

time-+hours)

Block F vs. time-only 6.91; 2 = 0.027 (small) 0.010

Beta

Pre-56 slope, pts/day —0.1642 0.282 2.8 x 1078

Post-56 slope, pts/day —0.0504 — —

Slope change at 56, pts/day +0.1138 0.028 0.179

Hours main effect (per hour) —8.055 0.063 0.0067

Adj. R? (time-only — 0.443 — 0.504

time-+hours)

Block F' vs. time-only 7.73; 2 =0.034 (small) 0.0067
Light-eyed

Quantity Estimate partial n? P

Alpha

Pre-56 slope, pts/day —0.1753 0.300 4.4 x10713

Post-56 slope, pts/day —0.0648 — —

Slope change at 56, pts/day +0.1105 0.029 0.084

Hours main effect (per hour) —5.363 0.158 1.45 x 1078

Adj. R?  (time-only  — 0.546 — 0.641

time+hours)

Block F' vs. time-only 37.13; f? = 0.148 (medium) 1.45 x 1078

Notes. Only arms with significant usage effects (p < 0.05) are shown. Partial 72 is the within-model
effect size; Cohen’s f2 is derived from the block test (small ~ 0.02, medium ~ 0.15, large ~ 0.35). All
coefficients are in MADRS points per day. Negative slopes or Shours, denote greater improvement with
higher usage. (Light-eye Beta excluded: non-significant usage effect, F' = 0.864, p = 0.355).
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melanopic lux Ambient light exposure (lur) was examined as a secondary covariate using
multiple regression on AMADRS scores. The term represents the average melanopic lux level
measured during the period preceding each questionnaire entry.

AMADRS; = 1 day + B5 after56 + B3 lux. + €, lux, = lux — lux.

Table F.2 summarizes the coefficients and effect sizes for both arms. The main effect of
lux_c was negative and statistically significant in both models, indicating that higher ambient
light exposure was associated with greater improvement (larger decreases in MADRS). When
stratified by group and eye color, all subgroups exhibited the same trend and reached statistical
significance except for the Alpha group with Light-eyes.

Table F.2: Time + lux models for AMADRS with effect sizes.

Alpha group

Quantity Estimate partial 7? P
Pre-56 slope (mean lux), pts/day —0.124 0.193 <1074
Post-56  slope (mean lux), +0.006 — —
pts/day

Slope change at 56, pts/day +0.131 0.030 0.0030
Lux main effect (per 1000 lux) —2.379 0.0166 0.028
Adj. R? (time-only — time+lux) 0.301 — 0.357

Block F' vs. time-only 4.88; 2 =0.017 (small) 0.0289

Beta group

Quantity Estimate partial 7? P
Pre-56 slope (mean lux), pts/day ~ —0.151 0.264 <107%
Post-56  slope  (mean lux), +0.059 — —
pts/day

Slope change at 56, pts/day 40.210 0.0765 2.4 x 1076
Lux main effect (per 1000 lux) —8.093 0.084 7.2x 1077
Adj. R? (time-only — time+lux) 0.420 — 0.379

Block F' vs. time-only 25.73; f2 =0.045 (small) 7.2 x 1077

Notes. Effect sizes are reported as partial 72 (small ~ 0.01, medium =~ 0.06, large ~ 0.14) and Cohen’s f?
for block tests (small ~ 0.02, medium = 0.15, large = 0.35).
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Interpretation. The inclusion of ambient light (lux_c) improved model fit for both arms,
with significant negative coefficients in Alpha (p = 0.028) and Beta (p < 107%). This indicates
that higher light exposure was associated with faster mood improvement. The effect remained ro-

bust across phases, suggesting that participants experiencing greater melanopic light stimulation
showed larger decreases in depressive symptoms.
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Figure F.4: Time + centered lux planes for Alpha (left) and Beta (right). Increasing
ambient light levels corresponded with greater improvement (lower MADRS).

Baseline severity. MADRS scores were also analyzed against their baseline (initial severity)
as a covariate:

baselineMADRS,. = baselineMADRS — baselineMADRS.
AMADRS; = 81 day + [ after56 + 33 baselineMADRS, + ¢.
Table F.3-F.4 summarize the updated coefficients and model fits. In both cohorts, higher

baseline depression severity predicted greater subsequent improvement (more negative AMADRS),

consistent with greater potential for change among participants starting from higher symptom
scores.
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Table F.3: Alpha group: time + baseline model for AMADRS with updated coefficients
and effect sizes.

Quantity Estimate partial 7? P
Pre-56 slope at mean baseline (B4ay), pts/day —0.130 0.225 <1077
Post-56 slope at mean baseline (Bqay + Bafterss)s —0.013 — —
pts/day

Slope change at 56 (Batterss), pts/day +0.117 0.027 0.0047
Baseline main effect (Spaseline, ) —0.328 0.115 2.7 x 107
Adj. R? (time-only — time+baseline) 0.301 — 0.421

Block F vs. time-only 37.74; 2 = 0.131 (medium) 2.7 x 107

Table F.4: Beta group: time + baseline model for AMADRS with updated coefficients and
effect sizes.

Quantity Estimate partial n? P
Pre-56 slope at mean baseline (B4ay), pts/day —0.140 0.230 < 10717
Post-56 slope at mean baseline (Sqay + Bafterss)s +0.063 — —
pts/day

Slope change at 56 (Batterss), pts/day +0.203 0.070 6.6 x 1076
Baseline main effect (Bpaseline, ) —0.230 0.057 5.0 x 107°
Adj. R? (time-only — time+baseline) 0.420 — 0.361

Block F' vs. time-only 16.97; f? = 0.064 (small-mid) 5.0 x 107°
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Figure F.5: Time + centered baseline severity planes for Alpha (left) and Beta (right); see
Tables F.3 and F.4.
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Age and baseline severity. Age had a significant correlation with initial starting scores.
The baseline MADRS and PROMIS scores were plotted against participant age in (Figure F.6).
Both instruments showed a positive association with age: older participants tended to begin the
study with higher baseline depression and sleep-disturbance scores.
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Figure F.6: Baseline MADRS and PROMIS scores plotted against age. Regression lines
indicate that older participants tended to present with higher baseline scores.

Baseline-normalized sensitivity analysis. Because age and baseline MADRS were cor-
related, a sensitivity analysis was conducted by normalizing each participant’s change by their
own baseline:

(rel) AMADRS;;
T
where Bj; is the participant’s baseline MADRS score. The model was re-fit as:

AMADRS

AMADRSE;ED = B day;; + B2 after56;; + €5,

separately for Alpha and Beta arms. Figure F.7 shows the fitted pre- and post-hinge trajectories.
All participants. As summarized in Tables F.5-F.6, normalization by baseline severity did
not materially change the overall results. In the aggregate sample, Beta continued to show faster

improvement during Phase 1 (pre-56) and a larger rebound post-56. The hinge term remained
highly significant for Beta (p = 1.8x107°), whereas the Alpha hinge became marginal (p = 0.051).
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Table F.5: Group-level slopes for baseline-normalized AMADRS (hinge at Day 56; all
participants).

Group Pre-56 slope partial n°  AQ@56 pa Post-56 slope
Alpha —0.0059 0.175 +0.0043 0.051 —0.0016
Beta —0.0073 0.220 +0.0104 1.8 x 107 +0.0031

Notes. partial n? estimated from t = 3/SE using t2/(t> + df); post-56 slopes are derived (no direct p).

Table F.6: Primary contrasts (per day) for baseline-normalized AMADRS (hinge at Day 56;
all participants).

Contrast Estimate ¢ df p partial n?
Between groups: pre-56 _— — 0.220 —
Between groups: post-56 _—— 0.043 —
Within Alpha: change at 56 +0.0043 — 291 0.051 0.013

Within Beta: change at 56  +0.0104 — 281 1.8 x 10~® 0.063

Notes. Contrasts show between-arm slope differences (Beta vs. Alpha) and within-arm hinge effects.
Directionality matches the raw analysis: negative slopes indicate improvement.
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AMADRS time-only piece-wise fits (hinge at day 56; no jump)

Between P1 p=0.220 | Between P2 p=0.043 | Aa p=0.051 | AB p=0.000 | DiD
agroup B group

B,=-0.006, B,=-0.002 | adj-R?=36.4% 8.=-0.007, B,=0.003 | adj-R?=30.7%
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Figure F.7: Baseline-normalized analysis for all participants. Green = pre-56; blue = post-
56. Beta maintains a steeper improvement and larger rebound than Alpha.

Non-light (all brown-eyed). For the combined brown-eyed subgroup (non-light), Phase 1
improvement remained significant (p = 6.9 x 10™%), while post-56 between-arm differences were
not significant. Beta showed a significant hinge (p = 0.0054), consistent with a rebound after
CTOSSOVer.
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Figure F.8: Baseline-normalized analysis for non-light participants (all brown-eyed).
Phase-1 Beta improvement remains significant; post-56 difference not significant.

Light-eyed. Among light-eyed participants, both pre- and post-56 between-arm differences
remained significant (p = 0.010 and 0.019, respectively). Both within-arm hinge terms were also
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significant (po, = 0.041, pg = 0.0019), showing that the relative response pattern persisted after
normalization.
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Figure F.9: Baseline-normalized analysis for light-eyed participants. Both pre- and post-56
contrasts remain significant, consistent with the raw model.

Brown-eyed Caucasians. In brown-eyed Caucasians, the Phase-1 between-arm difference
remained significant (p = 0.0010), and a small but significant DiD (p = 0.039) indicated a

crossover-driven change. This confirms the robust benefit of bright-light during the first phase
even when normalized by baseline severity.
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Figure F.10: Baseline-normalized analysis for brown-eyed Caucasian participants. The
Phase-1 between-arm difference remains significant, with a small but significant DiD.

Dark-eyed non-Caucasians. For dark-eyed non-Caucasian participants, between-arm dif-
ferences were no longer significant (ppre = 0.15, ppost = 0.52). Both within-arm hinge terms
remained significant (p, = 0.0070, pg = 0.0014), but the loss of between-arm contrast suggests
that reduced sample size may have limited power after normalization.
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Figure F.11: Baseline-normalized analysis for dark-eyed non-Caucasian participants.
Between-arm differences are no longer significant, likely due to reduced sample size, though
both within-arm hinge effects remain.

Summary. Across all re-baselined analyses, the principal conclusions are maintained:
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1. Beta participants continued to improve more rapidly during Phase 1 and showed greater
rebound after crossover.

2. Normalization by baseline severity slightly reduced significance for Alpha and for the dark-
eyed subgroup, likely reflecting smaller effective sample sizes.

3. Non-light- and brown-eyed groups retained clear, statistically significant Phase-1 improve-
ments under bright-light exposure, consistent with the hypothesized melanopic sensitivity
differences.

Baseline-normalized Age effects. After normalizing by baseline MADRS, age was intro-
duced as a covariate to test whether participant age influenced treatment response independently
of baseline severity.

AMADRSE;el) = prday,; + B2 afterb6;; + B3 age, + €4,

where age,. is the centered participant age.

Brown-eyed Caucasians. In brown-eyed Caucasian participants, age significantly affected
outcomes in both arms (Figure F.12). For the Alpha group, older participants improved less
(Bage, = —0.0072, p = 0.012, 772 = 0.034), while for the Beta group, older age predicted slightly
greater improvement (fage, = +0.0058, p = 0.021, 7712, = 0.028). Although the effect sizes were
small, this reversal in direction suggests possible age-related differences in sensitivity to bright-
light treatment versus control.

Table F.7: Baseline-normalized MADRS with age for brown-eyed Caucasian participants.

Parameter Estimate partial n? D

Alpha group

Age main effect (Bage,) —0.0072 0.034 0.012
Beta group

Age main effect (Bage,) +0.0058 0.028 0.021
Adj. R? (time-only — time+age) 0.312 — 0.342 (Alpha), 0.397 — 0.423 (Beta)
Block F vs. time-only 4.05; f? = 0.037 (small) 0.020

Notes. Age had opposite effects across arms: older Alpha participants improved less, whereas older Beta
participants improved slightly more. Both effects were statistically significant but small.
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Figure F.12: Baseline-normalized MADRS with age for brown-eyed Caucasian participants.
Alpha (left): older age associated with smaller improvement. Beta (right): older age
associated with slightly greater improvement.

Dark-eyed non-Caucasians. For dark-eyed non-Caucasian participants, age was a signifi-
cant negative predictor in both arms (Figure F.13). Older individuals showed reduced improve-
ment across phases. Effects were significant but small to medium in magnitude (7712, = 0.03-0.05).
This pattern suggests that the beneficial light-response effect diminishes with age among partic-
ipants with darker pigmentation.
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Table F.8: Baseline-normalized MADRS with age for dark-eyed non-Caucasian partici-
pants.

Parameter Estimate partial n? D

Alpha group

Age main effect (Bage,) —0.0085 0.046 0.020
Beta group

Age main effect (Bage,) —0.0062 0.039 0.031
Adj. R? (time-only — time+age) 0.284 — 0.316 (Alpha), 0.357 — 0.383 (Beta)
Block F' vs. time-only 3.87; 2 =0.035 (small) 0.028

Notes. Age negatively predicted improvement in both Alpha and Beta arms. Older dark-eyed
participants improved less after baseline normalization.
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Figure F.13: Baseline-normalized MADRS with age for dark-eyed non-Caucasian partici-
pants. Both Alpha (left) and Beta (right) show reduced improvement with increasing age.
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Sex effects (M ADRS). Sex was added as a centered covariate to the primary time model
to test whether participant sex predicted differences in treatment-related changes in depressive
symptoms:

SeX, = sex — SexX,

where sex = 1 for females and 0 for males. The final regression model was:
AMADRS; = 31 day + 32 afterb6 + 33 sex. + &;,

with after56 = max(0, day — 56) representing post-crossover days. Figure F.14 displays the fitted
pre-56 (green) and post-56 (blue) slopes.

Table F.9: Time + sex model for AMADRS with effect sizes.

Alpha group

Quantity Estimate partial n? P
Pre-56 slope (mean sex) —0.097 0.142 <1076
Post-56 slope (mean sex) —0.012 — —
Slope change at 56 +0.085 0.022 0.043
Sex main effect (female—male) —0.95 0.010 0.198
Adj. R? (time-only — time+sex) 0.306 — 0.312

Block F' vs. time-only 1.69; f? = 0.011 (negligible) 0.198

Beta group

Quantity Estimate partial 72 P
Pre-56 slope (mean sex) —0.166 0.303 < 10710
Post-56 slope (mean sex) +0.061 — —
Slope change at 56 +0.227 0.074 0.004
Sex main effect (female-male) —1.52 0.025 0.034
Adj. R? (time-only — time+sex) 0.421 — 0.436

Block F' vs. time-only 4.62; f? = 0.025 (small) 0.034

Notes. Model: AMADRS ~ 0+ day + after56 + sex.. Negative coefficients indicate greater improvement
for females (coded as +1). The sex term reached significance only in the Beta group (p = 0.034), with a
small effect size (2 = 0.025).
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Figure F.14: Time + sex regression plane for the Beta group; see Table F.9. A small
but significant sex effect was observed (p = 0.034), where females showed slightly greater
improvement in MADRS.

F.1.2 Per-participant analysis (equal-weight endpoint method)

In addition to the combined longitudinal hinge models, an alternative per-participant analysis
was performed in which each individual’s trajectory was modeled independently to estimate mid-
point and endpoint values. This equal-weight endpoint approach gives each participant identical
influence on the results, regardless of how many data points they contributed. While this method
may be more sensitive to noise from sparsely sampled trajectories, the hierarchical mixed-effects
models presented earlier provide better outlier moderation via partial pooling. Nevertheless, this
approach serves as a complementary validation of the main findings.

For each participant j, change in MADRS score over time was modeled as a continuous
piecewise-linear (“hinge”) regression with a fixed inflection at Day 56:

MADRSj(t) = ﬂlj t+ 52]' maX(O, t— 56) + €5t,

where 31; and 81, + B2; represent the Phase 1 and Phase 2 slopes, respectively. Predicted scores
were then evaluated at Day 56 (7s6,;) and Day 112 (Mmq12,j) as:

Ms6,; = glj X 56, Mmi12,; = Blj X 112 + §2j x (112 — 56),
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and used to compute per-participant deltas:
Ay = Mise Ao = M112,; — Ms6,j.

If a participant’s final measurement occurred within +14 days of Day 112, extrapolation was
applied; otherwise, the last observed value was used.

Results (non-light/brown-eyed subgroup). Figure F.15 shows the resulting Phase 1
and Phase 2 changes for the non-light (brown-eyed) subgroup. During Phase 1, the Beta arm
demonstrated significantly larger improvement than Alpha (p < 0.01), consistent with the main
mixed-model results. Following crossover, Beta exhibited a significant rebound toward higher
(worsened) MADRS scores (p < 0.01), while Alpha remained stable across phases. The between-
arm contrast in Phase 2 was not significant, indicating that the primary difference occurred during
the initial bright-light phase.

Table F.10: Phase-level summary and hypothesis tests for the non-light (brown-eyed)
subgroup under the equal-weight endpoint model.

Group Phase 1 mean+SD Phase 2 meantSD

Alpha —3.52+8.94 +1.25 + 8.64

Beta —11.13 £ 8.55 +2.53 £ 6.47
Contrast / Phase t df P Effect size  Direction
Between groups (Phase 1)  2.38  27.95 0.024 g=0.85  Beta > Alpha
Between groups (Phase 2) —0.46 2593 0.651 ¢g=—0.16 n.s.
Within Alpha (Ag vs. Ay)  1.16 14 0.264 d, =0.30 small
Within Beta (Ag vs. Ay) 4.26 14  0.0008 d,=1.10 large

Notes. Negative values denote improvement (reduction in MADRS score). Phase 1:
baseline — midpoint; Phase 2: midpoint — endpoint. Effect sizes are reported as Hedges’ g (between
groups) and Cohen’s d, (within groups). n.s. = not significant.
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Figure F.15: Non-light (brown-eyed) subgroup: Phase-level MADRS changes by arm under
the equal-weight endpoint model. Negative values denote improvement. Significant Phase 1
differences (p < 0.01) and Beta rebound after bright-light withdrawal (p < 0.01) replicate

the main mixed-model findings.

Overall, the equal-weight per-participant results reinforce the main conclusions: bright-light
exposure in the Beta arm yielded larger Phase 1 improvements among non-light (brown-eyed)
participants, followed by a measurable rebound once the light level was reduced, while Alpha
(dim-light) participants remained comparatively stable across both phases.
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Appendix G

Detailed PROMIS Sleep Analyses

G.1 Overview

This section provides the corresponding tables for the figures shown in Section 3.3.6, which present
the stratified eye-color analyses for PROMIS sleep disturbance.

G.2 Light-eyed participants

Table G.1: Hypothesis tests for APROMIS — light-eyed participants (per-day contrasts).

Contrast Estimate t df p partial n?
Between groups: pre-56 —0.0335 —-1.64 116 0.105 0.0226
Between groups: post-56 —0.00209 —0.049 116 0.961  0.00002

Within Alpha: change at 56 4-0.1285 2.84 118 0.00534 0.0639
Within Beta: change at 56 +0.0971 2.56 116 0.01177 0.0534
DiD change (8 — «) —0.0314 —0.532 227.7  0.595 0.00124

Table G.2: Fitted slopes for APROMIS — light-eyed participants (points/day).

Group Pre-56 slope Bqay P Hinge A@Q56 Post-56 slope
Alpha —0.0970 4.8 x 107? 40.1285 (p = 0.00534) +0.0314
Beta —0.0636 7.5 x 107% 40.0971 (p = 0.01177) +0.0335
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G.3 Brown-eyed Caucasian participants

Table G.3: Hypothesis tests for APROMIS — brown-eyed Caucasian participants.

Contrast Estimate t df p partial n?
Between groups: pre-56 +0.0505 2.03 77 0.0455 0.0509
Between groups: post-56 —0.0189 —0.344 77 0.732  0.00154

Within Alpha: change at 56 —0.0382 —0.816 77 0417  0.00857
Within Beta: change at 56  +0.0312  0.532 88 0.596  0.00321
DiD change (8 — «) 4+0.0694 0.925 161.1 0.356  0.00528

Table G.4: Fitted slopes for APROMIS — brown-eyed Caucasian participants
(points/day).

Group Pre-56 slope Bgay P Hinge AQ56 Post-56 slope
Alpha —0.0213 0.191 —0.0382 (p = 0.417) —0.0594
Beta —0.0717 2.7 x 107* 40.0312 (p = 0.596) —0.0405

G.4 Dark-eyed non-Caucasian participants

Table G.5: Hypothesis tests for APROMIS — dark-eyed non-Caucasian participants.

Contrast Estimate t df p partial n?
Between groups: pre-56 +0.1006 3.88 73 2.25 x 107* 0.171
Between groups: post-56 —0.0111 —0.208 73 0.836  0.00059
Within Alpha: change at 56 +0.0421  0.766 92 0.446  0.00633
Within Beta: change at 56  +0.1538 3.06 73 0.00309 0.114
DiD change (8 — «) +0.1117 1.50 164.9 0.136 0.0135
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Table G.6: Fitted slopes for APROMIS — dark-eyed non-Caucasian participants
(points/day).

Group Pre-56 slope Bqay D Hinge A@Q56 Post-56 slope
Alpha —0.0213 0.191 —0.0382 (p = 0.417) —0.0594
Beta —0.0717 2.7 x 10~* 40.0312 (p = 0.596) —0.0405
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Appendix H

Detailed PROMIS Sleep Analyses
(Multiple Regression)

H.1 Overview

This appendix provides detailed coefficients, effect sizes, and visualizations for the PROMIS Sleep
Disturbance—Short Form analyses described in Section 3.3.7. All models used a hinge-at-Day 56
specification, with centered covariates for usage, ambient light, baseline severity, age, and sex.

Usage time (PROMIS) — stratified results. A time+ usage model (APROMIS ~
0 4 day + after56 + hours.) was fit within subgroups. Two arms showed significant usage effects:
Light- eyed (Alpha) and Brown-eyed Caucasians (Beta).
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Table H.1: Time + usage (hours_c) models for APROMIS (significant arms only).

Light-eyed — Alpha

Quantity Estimate partial n? P

Pre-56 slope (mean hours), —0.09735 0.312 4.18 x 107!

pts/day

Post-56 slope (mean hours), +0.01944 — —

pts/day

Slope change at 56, pts/day +0.11679 0.0696 0.00374

Usage main effect (Bhours,)s —3.399 0.248  8.51 x 1079

points

Adj. R?  (time-only  — 0.368 — 0.521

time+hours)

Block F vs. time-only 38.51 8.51 x 1079
Brown-eyed Caucasians — Beta

Quantity Estimate partial n? P

Pre-56 slope (mean hours), —0.07193 0.147  2.04 x 107*

pts/day

Post-56 slope (mean hours), —0.05337 — —

pts/day

Slope change at 56, pts/day +0.01855 0.0012 0.750

Usage main effect (Bhours.), —4.150 0.0472 0.0408

points

Adj. R? (time-only — 0.315 — 0.340

time-+hours)

Block F' vs. time-only 4.31 0.0408

Notes. Post-56 slope is Bday + Basterss. Coeflicients are PROMIS points; negative values indicate
improvement. “Block F' vs. time-only” compares the time+hours model to the time-only model,
quantifying the incremental fit attributable to usage.
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Lux effects (PROMIS, all eyes). When all participants were aggregated, melanopic lux
was significantly correlated with improved PROMIS sleep disturbance scores only in the Beta
arm. Higher ambient light exposure was associated with greater reductions in sleep disturbance.

Table H.2: Beta group (all eyes): time 4 lux model for APROMIS with effect sizes.

Quantity Estimate partial n? P
Pre-56 slope (mean lux), pts/day —0.0978 0.285 < 10710
Post-56 slope (mean lux), pts/day +0.0411 — —
Slope change at 56, pts/day +0.139 0.058 0.003
Lux main effect (per 1000 lux) —3.872 0.041 0.007
Adj. R? (time-only — time+lux) 0.428 — 0.458

Block F' vs. time-only 8.11; f2 = 0.049 (small) 0.007

Notes. Model: APROMIS ~ 0 + day + after56 + lux., where lux, = lux — lux. Negative slopes indicate
improvement in sleep disturbance (lower scores = better sleep). Effect sizes are reported as partial n? for
coefficients and Cohen’s f2 for block tests.
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Figure H.3: Beta group (all eyes): time + centered lux regression plane for APROMIS;
see Table H.2.

Baseline severity (PROMIS). Baseline sleep disturbance severity was added as a centered
covariate,

baselinePROMIS,. = baselinePROMIS — baselinePROMIS,
in the hinge-at-Day 56 model:

APROMIS; = B day + 32 after56 + (33 baselinePROMIS, + ¢.

Table H.3 summarizes the coefficients and effect sizes. In both arms, higher baseline severity

predicted larger subsequent improvement (more negative APROMIS). Adding baseline increased
adjusted R? and passed the block F test in both groups.
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Table H.3: Time + baseline models for APROMIS (all eyes) with effect sizes.

Alpha group

Quantity Estimate partial 72 P
Pre-56 slope (mean baseline), pts/day —0.0599 0.119 1.33x107?
Post-56 slope (mean baseline), pts/day +0.0162 — —
Slope change at 56, pts/day +0.0760 0.0257 0.00600
Baseline main effect —0.382 0.204 4.46 x 10716
Adj. R? (time-only — time+baseline) 0.101 — 0.282

Block F vs. time-only 74.28; f2=0.279 (medium) 4.46 x 10716

Beta group

Quantity Estimate partial n? P
Pre-56 slope (mean baseline), pts/day —0.0705 0.166 9.93 x 10713
Post-56 slope (mean baseline), pts/day +0.0215 — —
Slope change at 56, pts/day +0.0920 0.0398  7.53 x 1074
Baseline main effect —0.209 0.0555  6.43 x 107°
Adj. R? (time-only — time+baseline) 0.288 — 0.325

Block F vs. time-only 16.47; f2=0.048 (small) 6.43 x 107°

Notes. Post-56 slope is Baay + Basterss (10 direct p). Partial n? benchmarks: small ~ 0.01, medium
~ 0.06, large ~ 0.14. Cohen’s f? for the block test computed from (R%;, — R2 j.cea)/ (1 — Ri)-
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Baseline-normalized PROMIS analysis. To confirm that differences between groups
were not driven by baseline variability, PROMIS sleep disturbance scores were normalized by each
participant’s baseline value. After normalization, the same overall pattern of effects remained: the
Beta group showed significantly greater improvement during Phase 1 and a marked regression in
Phase 2, whereas the Alpha group’s change was smaller and non-significant. Table H.4, Table H.5,
and Figure H.5 summarize the results.

Table H.4: Baseline-normalized PROMIS: group-level slopes (hinge at Day 56).

Group Pre-56 slope p partial n? A@56  Post-56 slope
Alpha —0.00148 0.0020 0.032  +0.00216 (p = 0.118; n? = 0.008) +0.00068
Beta —0.00280 4.5 x 1078 0.095 +0.00343 (p = 0.0022; n? = 0.033) +0.00063

Notes. Pre-56 slopes represent rates of improvement (negative = better sleep). Hinge coefficients (A@56)
denote within-group slope changes after Day 56. Post-56 slopes are derived (no direct p). Effect-size
benchmarks: small ~ 0.01, medium = 0.06, large ~ 0.14.

Table H.5: Baseline-normalized PROMIS: primary contrasts with effect sizes.

Contrast Estimate t df p partial n?
Between groups: pre-56 +0.00132 2.16 281 0.031 0.016
Between groups: post-56 +0.00005 0.04 281  0.967 < 0.001
Within Alpha: change at 56 +0.00216 1.57 291  0.118 0.008
Within Beta: change at 56 ~ +0.00343 3.09 281 0.0022 0.033

Notes. Contrasts test between-group slope differences (pre/post) and within-group hinge effects. Effect
sizes are reported as partial 2 (n? = t2/(t? + df)).
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APROMIS time-only piece-wise fits (hinge at day 56; no jump)

Between P1 p=0.031 | Between P2 p=0.967 | Aa p=0.118 | AB p=0.002 | DiD
a group B group

,=-0.001, B,=0.001 | adj-R?=4.5% .=-0.003, B,=0.001 | adj-Re=25.4%

A PROMIS

Figure H.5: Baseline-normalized analysis of relative change APROMIS/baseline versus
day. Lines show fitted pre-56 (green) and post-56 (blue) slopes for Alpha (left) and Beta
(right).

Age effects (post-rebaselined PROMIS). After normalizing for baseline differences, age
was entered as a centered covariate,
age. = age — age,
in a hinge-at-Day 56 time model:
APROMIS; = p; day; + 2 after56; + 33 age,. + <, after56; = max (0, day,; — 56),

so that post-56 slope equals Bqay + Batterse- Age effects were statistically significant in both arms,
though small in magnitude.
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Table H.6: Rebaselined time + age models for APROMIS (all eyes) with effect sizes.

Alpha group

Quantity Estimate partial n? P
Pre-56 slope (mean age), pts/day —0.00144 0.031 0.00249
Post-56 slope (mean age), pts/day -+0.00070 — —
Slope change at 56, pts/day +0.00214 0.0083 0.120
Age main effect (Bage, ), points —0.00230 0.0186 0.0198
Adj. R? (time-only — time+age) 0.0447 — 0.0592

Block F' vs. time-only 5.49; f2 = 0.015 (small) 0.0198

Beta group

Quantity Estimate partial n? P
Pre-56 slope (mean age), pts/day —0.00286 0.169 6.31 x 10713
Post-56 slope (mean age), pts/day +0.00058 — —
Slope change at 56, pts/day +0.00344 0.0338 0.00194
Age main effect (Bage, ), points —0.00276 0.0235 0.0100
Adj. R? (time-only — time+age) 0.2543 — 0.2692

Block F' vs. time-only 6.72; f2 = 0.020 (small) 0.0100

Notes. Post-56 slope is Saay + Basterss (n0 direct p). Partial n? benchmarks: small ~ 0.01, medium
~ 0.06, large ~ 0.14. Cohen’s f? for the block test is computed from (RZ; — R2 . .eq)/(1 — B2 ).
Negative coefficients indicate improvement (lower PROMIS sleep disturbance).
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Interpretation. After rebaselining, age is a significant but weak predictor in both arms. In
Alpha, older age is associated with slightly greater reductions in PROMIS disturbance (Bage, =
—0.00230, p = 0.0198; block F = 5.49, p = 0.0198; ARgdj ~ 40.0145). In Beta, the effect is
of similar small magnitude and significant (S5, = —0.00276, p = 0.0100; block F' = 6.72, p =
0.0100; ARidj ~ +0.0149). These findings indicate that, once baseline variability is controlled,
**older participants improve slightly more on PROMIS**, but the age contribution remains
modest relative to the primary time effects.

Sex effects (post-rebaselined PROMIS). After rebaselining, sex was added as a centered
covariate,
SeX, = sex — Sex,

to assess whether sex differences moderated the rate of sleep improvement. The model took the
form

APROMIS; = p; day; + B2 after56; + f3 sex. + €;, after56;, = max(0, day; — 56),

so that the post-56 slope equals Sqay + Bafters6-

Both groups showed small but significant sex effects, indicating that sex contributed mod-
estly to variance in the PROMIS sleep trajectories, without altering the primary time-driven
improvements.
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Table H.7: Rebaselined time + sex models for APROMIS (all eyes).

Alpha group

Quantity Estimate P
Pre-56 slope (mean sex), pts/day —0.00135 0.0046
Post-56 slope (mean sex), pts/day +0.00067 —
Slope change at 56, pts/day +0.00202 0.142
Sex main effect (Ssex, ), points —0.07368 0.012
Adj. R? (time-only — time+sex) 0.045 — 0.062
Block F' vs. time-only (sex added) F =6.37 0.012
Approx. Cohen’s f? for block f?~0.018 (small)
Beta group

Quantity Estimate P
Pre-56 slope (mean sex), pts/day —0.00260 1.2 x 10710
Post-56 slope (mean sex), pts/day +0.00033 —
Slope change at 56, pts/day +0.00292 0.0096
Sex main effect (Ssex, ), points +0.06591 0.019
Adj. R? (time-only — time+sex) 0.254 — 0.266
Block F' vs. time-only (sex added) F =5.56 0.019
Approx. Cohen’s f? for block f?~0.016 (small)

Notes. Model: APROMIS ~ 0 + day + after56 + sex.. Sex was coded as 0/1 and centered to mean zero.
Negative slopes indicate improvement (reduced PROMIS sleep disturbance). Adjusted R? values are
taken from the time-only and time+sex models in fit_block tests_PROMIS_allEyes.csv. Cohen’s f2 is
approximated from the change in adjusted R? and indicates a small additional contribution of sex
relative to the primary time effects.
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Figure H.7: Rebaselined PROMIS vs. day with sex covariate for Alpha (left) and Beta
(right).
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Interpretation. Sex was a statistically significant but weak predictor in both arms. In Alpha,
female participants (coded higher on sex.) showed marginally greater improvements in PROMIS
sleep disturbance (p = 0.022, partial 2 = 0.019). In Beta, a similar small but significant
relationship was observed (p = 0.014, partial n? = 0.023). Both models achieved small f? values
(0.014-0.019), indicating a consistent but limited contribution of sex relative to the strong primary
time effects.

Endpoint analysis for PROMIS (all eyes). A participant-level endpoint analysis was
performed for PROMIS using the automated hinge-fit procedure to obtain each participant’s mid-
point (Day 56) and endpoint (Day 112 or last observation within +14 days), and then computing
Phase-1 and Phase-2 deltas:

Ay =mse — 0, Ay = mi12 — Mse.

Figure H.8 shows the distributions of Ay and As by arm.

AP1: Baseline—Mid (all eyes combined) AP2: Mid—Final (all eyes combined)
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Figure H.8: PROMIS endpoint deltas by arm. Left: Phase 1 change A; (Baseline—Mid).
Right: Phase 2 change Ay (Mid—End). Negative values indicate improvement.

Interpretation. During Phase 1, Beta exhibited a significantly larger improvement than Al-
pha (t = 2.12, p = 0.039; Hedges g = 0.58, medium). Phase 2 between-arm differences were not
significant (p = 0.43). Within arms, the Beta group showed a strong rebound from Phase 1 to
Phase 2 (t = 3.88, p = 6.7 x 10~%; mean phase change +6.36 points), whereas Alpha’s paired
phase change was not significant (p = 0.19). These endpoint findings accord with the longitudinal
analyses: faster early improvement under bright-light exposure and a subsequent regression in
Beta following crossover.
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Table H.8: Phase-level summary and hypothesis tests for PROMIS under the equal-weight
endpoint model (all eyes).

Group Phase 1 mean+SD Phase 2 mean+SD

Alpha —1.75 £ 7.82 +0.43 £8.10

Beta —4.94 £8.41 +1.42+6.88
Contrast / Phase t df D Effect size = Direction
Between groups (Phase 1)  2.12  48.1 0.039 g =0.58 Beta > Alpha
Between groups (Phase 2) —0.80 47.2  0.43 g=—0.22 n.s.
Within Alpha (Ag vs. A;)  1.35 25 0.19 d, =0.30 n.s.
Within Beta (Ag vs. Ap) 3.88 25 0.0007 d,=1.10 rebound

Notes. Negative values denote improvement (reduction in sleep disturbance). Effect sizes: Hedges’ ¢
(between groups) and Cohen’s d, (within groups). n.s. = not significant. Full detailed endpoint tables
are provided in Appendix H.

Per-participant analysis (non—light-eyed). To complement the mixed-effects model, an
equal-weight per-participant analysis was performed for non-light-eyed participants. As shown
in Figure H.9 and Table H.9, the Beta group exhibited a markedly larger improvement during
Phase 1 and a significant rebound after crossover, whereas Alpha remained comparatively stable
across phases.

AP1: Baseline—Mid (non-light: 81.15+73.4) AP2: Mid—Final (non-light: 81.15+73.4)

10

=5

AP1: Baseline—Mid (non-light: 81.15+73.4)
AP2: Mid—Final (non-light: 81.15+73.4)

alpha beta alpha beta

(a) Phase 1 change (A1) (b) Phase 2 change (As)

Figure H.9: Per-participant results (PROMIS, non-light-eyed). Beta shows a larger
Phase 1 improvement and a Phase 2 rebound, while Alpha remains stable.
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Table H.9: Phase-level summary and hypothesis tests for PROMIS under the equal-weight
endpoint model (non-light-eyed).

Group Phase 1 mean+SD Phase 2 mean+SD

Alpha +0.18+£5.74 —0.07 £ 4.55

Beta —5.69 £ 5.00 +1.16 £ 5.51
Contrast / Phase t df D Effect size Interpretation
Between groups (Phase 1)  2.99 27.49 0.0058 ¢ =1.06 large
Between groups (Phase 2) —0.67 27.02 0.511 ¢g=-0.24 n.s.
Within Alpha -0.11 14 0911 d, =-0.03 1.S.
Within Beta 2.98 14 0.0099 d,=0.77 large

Notes. Negative values denote improvement (reduction in sleep disturbance). Effect sizes: Hedges’ ¢
(between groups) and Cohen’s d, (within groups). n.s. = not significant. Detailed tables are provided in
Appendix H.
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Appendix I

Detailed PVT Stratified Analyses

I.1 Overview

This appendix provides the tables corresponding to the stratified eye-color figures referenced in
Section 3.3.8. Results are organized by subgroup.

[.2 Dark-eyed non-Caucasians (73.4)

Areact time-only piece-wise fits

Between P1 p=0.401 | Between P2 p=0.185 | Aa p=0.254 | Ap p=0.007
a group B group

B,=-0.811, B,=0.139 | adj-R*=33.9% B,=-1.065, B,=0.698 | adj-R?=20.7%
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Figure I.1: PVT reaction time (dark-eyed, 73.4): fitted pre-56 (green) and post-56 (blue)
slopes for Alpha (left) and Beta (right).
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Table 1.1: Group-level slopes and hinge effects for ART, dark-eyed non-Caucasian group
(hinge at Day 56).

Group Pre-56 slope P n? Asg DA ni Post-56 slope
Alpha —0.811 1.69 x 10~* 0.187 +0.672 0.254 0.019 —0.139
Beta —1.066 5.47 x 1077 0.256 +1.763 0.0073 0.063 +0.697

Table 1.2: Dark-eyed (73.4): primary hypothesis tests for PVT (per day; hinge at Day 56).

Contrast Estimate t df p partial n?
Between groups: pre-56 +0.255 0.845 69 0.401 0.010
Between groups: post-56 —-0.837 —-1.339 69 0.185 0.025
Within Alpha: change at 56 +0.672 1.151 69 0.254 0.019
Within Beta: change at 56 +1.763 2.735 111 0.0073 0.063

I.3 Brown-eyed Caucasians (81.15)

Areact time-only piece-wise fits
Between P1 p=0.000 | Between P2 p=0.092 | Aa p=0.132 | AR p=0.001

a group B group
B,=-0.859, B,=0.163 | adj-R>=456% §,=-2.111, B,=1.123 | adj-R*=43.1%
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Figure 1.2: PVT reaction time (Brown-eyed Caucasians, 81.15): fitted pre- and post-56
slopes.
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Table 1.3: Group-level slopes and hinge effects for ART, brown-eyed Caucasian group
(hinge at Day 56).

Group Pre-56 slope P n? Asg DA 772A Post-56 slope
Alpha —0.859 1.85 x 107® 0.277 40.696 0.132 0.023 —0.163
Beta —1.504 4.13x 10719 0.311 +3.234 5.31 x 10~* 0.113 +1.730

Table 1.4: Brown-eyed Caucasians (81.15): primary hypothesis tests for PVT (per day;
hinge at Day 56).

Contrast Estimate t df p partial n?
Between groups: pre-56 +1.252 3.892 98 1.81 x10°4 0.134
Between groups: post-56 —1.286 —1.700 98 0.092 0.029
Within Alpha: change at 56 +0.696 1.520 98 0.132 0.023
Within Beta: change at 56 +3.234 3.579 101 5.31 x 1074 0.113

I.4 Light-eyed (88.9)

Areact time-only piece-wise fits

A react

Between P1 p=0.037 | Between P2 p=0.426 | Aa p=0.052 | AR p=0.000
a group B group
,=-1.318, B,=0.073 | adj-R*=39.5% 8,=-1.931, B,=0.433 | adj-R?=56.9%

0 30 60 90 0 30 60 90

Figure 1.3: PVT reaction time (light-eyed, 88.9): fitted pre- and post-56 slopes.
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Table 1.5: Group-level slopes and hinge effects for ART, light-eyed group (hinge at Day 56).

Group Pre-56 slope P n? Asg PA 772A Post-56 slope
Alpha —1.318 7.24x107° 0.232 +1.245 0.0521 0.029 —0.073
Beta —1.930 3.11 x 10712 0.283 +2.364 1.15 x 10~* 0.109 +0.434

Table 1.6: Light-eyed (88.9): primary hypothesis tests for PVT (per day; hinge at Day 56).

Contrast Estimate t df p partial n?
Between groups: pre-56 +0.612 2.105 127 0.0372 0.034
Between groups: post-56 —0.506 —0.799 127 0.426 0.005
Within Alpha: change at 56 +1.245 1.961 127 0.052 0.029
Within Beta: change at 56 +2.364 3.979 129 1.15x 1074 0.109
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Appendix J

Detailed PVT Multiple Regression
Analyses

J.1 Overview

This appendix retains the full model specifications, coefficients, effect sizes, figures, and narrative
interpretations for the PVT (reaction time) analyses summarized in Section 3.3.9.

See the main text Figure 3.23 and Table 3.13 for time-only slopes and primary contrasts.

J.2 Usage time

We modeled usage as a centered covariate:
AREACT; = 5y day + (9 after56 + (3 hours, + ¢, hours. = hours — hours.

Significant usage effects were detected in Alpha (all eyes).
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Table J.1: Alpha group: time + usage model for AREACT with effect sizes (all eyes).

Quantity Estimate 77;2, p
Pre-56 slope, ms/day —1.214 0.143 2.7 x 1079
Post-56 slope, ms/day —0.412 — —
Slope change at 56, ms/day +0.802 0.017 0.041
Usage main effect, ms —24.6 0.028 0.012
Adj. R? (time-only — time-+hours) 0.318 — 0.374

Block F' vs. time-only 8.21; f2 = 0.089 0.012

. tace» alPha -Time + hours
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Figure J.1: Alpha group: time + centered usage planes for reaction time (REACT).

Beta (Light-eye) exploratory usage fit. A Time + usage model was also evaluated for
the Beta arm in light-eyed participants. Although the fitted plane suggested a slight positive
association between usage and reaction time (i.e., slower responses with longer wear), the pat-
tern was visually driven by a small number of high-leverage points at the phase boundary. The
usage term was not significant (p > 0.2), and its direction was inconsistent with all other sub-
groups. Accordingly, this model is excluded from inferential summaries and presented here only
for completeness.
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Figure J.2: Light-eyed participants (Beta): exploratory Time + usage regression plane
for reaction time (PVT). The apparent upward tilt was driven by a few leverage points
near the crossover hinge, and no significant effect of usage was detected.

J.3 Ambient Light (lux) Effects — Brown-eyed Cau-
casian Participants (81.15)

To evaluate whether ambient light exposure independently predicted vigilance improvements be-
yond the primary time effects, a multiple regression model was fitted for the brown-eyed Caucasian
subgroup including centered melanopic illuminance (lux_c) as a covariate:

ART; = p1 day; + P9 after56; + f3 lux. + &, lux, = lux — lux.

Higher ambient light levels were significantly associated with faster (lower) reaction times
in this subgroup, indicating that participants exposed to greater melanopic illumination demon-
strated larger vigilance gains.
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Table J.2: Time+lux model for ART, brown-eyed Caucasian participants (hinge at
Day 56).

Quantity Estimate 7]12, P
Pre-56 slope (mean lux), ms/day —0.783 0.278 2.09 x 10~8
Post-56 slope (mean lux), ms/day —0.087 —

Slope change at 56, ms/day +0.696 0.023 0.132
Lux main effect (per 1000 lux) —7.614 0.048 0.037
Adj. R? (time-only — time-+lux) 0.362 — 0.397

Block F' vs. time-only 4.61; f2 =0.042 0.037

Notes. Model: ART ~0 + day + after56 + lux.. Negative coefficients indicate faster reaction times

(improvement). Partial n? gives within-model effect size; block f? quantifies the incremental fit from
adding lux_c.
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Figure J.3: Brown-eyed Caucasians (Alpha): Time + lux regression plane for reaction

time (PVT). Increasing centered ambient light (lux_c) was associated with faster RT (more
negative ART), consistent with the significant main effect reported in Table J.2.
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Beta (Brown-eyed Caucasian) exploratory fit. For completeness, a parallel Time + luz
model was also fitted for the Beta arm in brown-eyed Caucasian participants. Although the lux
term approached significance (p ~ 0.08), the direction of the slope was positive, opposite to the
expected (improvement) pattern. Visual inspection of the fitted plane (Figure J.4) indicated
that this apparent effect was dominated by a single high-leverage observation near the hinge
(“fulcrum”) point. Given this instability and the lack of replication in other subgroups, the
model was omitted from the main analyses and is reported here only for transparency.

beta - Time + lux
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Figure J.4: Brown-eyed Caucasians (Beta): exploratory Time + lux regression plane
for reaction time (PVT). The slight positive lux slope (p ~ 0.08) appears to arise from a
single high-leverage data point near the crossover hinge, and was therefore not included in
inferential summaries.

Interpretation. Among brown-eyed Caucasian participants, higher ambient light exposure
predicted faster reaction times, independent of daily usage or phase. This finding aligns with

200



the broader pattern observed in the Beta arm and reinforces that melanopic illuminance is a key
determinant of psychomotor alertness improvements.

J.4 Baseline performance

Baseline performance (baselineReact.) was entered as a centered covariate:

AReact; ~ 0 4 day + afterb56 + baselineReact,.

Table J.3: Reaction time (PVT): time + baseline model with effect sizes (all eyes).

Alpha group

Pre-56 slope, ms/day —1.842 0.241 21x 104
Post-56 slope, ms/day —0.691 — —
Slope change at 56, ms/day +1.151 0.021 0.028
Baseline effect, ms/ms —0.688 0.111 3.9x 107
Beta group
Pre-56 slope, ms/day —2.673 0.318 4.6 x 10713
Post-56 slope, ms/day —0.459 — —
Slope change at 56, ms/day +2.214 0.047 0.006
Baseline effect, ms/ms —0.901 0.139 7.1x 1077
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Figure J.5: Reaction time with baseline covariate for Alpha (left) and Beta (right); see

Table J.3.

J.5 Age and baseline reaction speed

To evaluate whether age contributed to heterogeneity in initial psychomotor vigilance, baseline
reaction time was plotted against age and summarized with a simple linear regression. As shown
in Figure J.6, older participants tended to have slower baseline PVT responses, and age alone
accounted for a substantial proportion of the between-person variance (R? = 0.57). This pattern
supports treating age as an important background covariate when interpreting subsequent change

models.
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Figure J.6: Baseline PVT reaction time vs. age. Older participants showed slower baseline
speeds, with age explaining a substantial proportion of variance (R? = 0.57).

Sensitivity analysis. Normalizing each participant’s series by their own baseline preserved
the core pattern observed in the raw RT models: both arms showed clear Phase 1 improvement,
with Beta improving faster than Alpha and exhibiting a pronounced post-crossover rebound
(Table J.4, Table J.5). Adding age as a centered covariate produced only small incremental
gains in explained variance (block f2? ~ 0.02; Table J.6, Table J.7), but the age terms were
consistently negative, indicating that older participants tended to exhibit slightly larger *relative®
improvements after rebaselining. Together, these sensitivity checks suggest that the main RT
findings are robust to baseline normalization and modest demographic adjustment.

J.6 Rebaselined models and age

Reaction time was normalized by each participant’s baseline and re-fit with a Day 56 hinge. Age
(age.) was then added.

Table J.4: Rebaselined RT: group-level slopes with hinge at Day 56 (all eyes).

Group Pre-56 slope p Wf,amal AQ@56 Post-56 slope
Alpha —2.02x 1073 1.9x 10716  0.235 +1.89 x 10~2 (p = 0.0042; n? = 0.027) —1.25 x 10~*
Beta —3.51x 1073 2.4 x 10727 0.302 +4.98 x 1073 (p = 1.6 x 1078; n% = 0.089) +1.47 x 1073
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Table J.5: Rebaselined RT: primary contrasts (per day) with effect sizes.

Contrast Estimate t df p partial 7?
Between groups: pre-56 +1.49 x 1073 3.27 298 0.0012 0.035
Between groups: post-56 —1.60 x 1073 —1.98 298 0.048 0.013
Within Alpha: change at 56 +1.89 x 1073 2.88 298 0.0042 0.027
Within Beta: change at 56 ~ +4.98 x 1072 5.86 345 1.6 x 107° 0.090

Table J.6: Alpha group: time+ age model for

rebaselined reaction time with effect sizes

(all eyes).
Quantity Estimate partial n? P
Pre-56 slope, rel. units/day —2.04 x 1073 0.243 1.9 x 10716
Slope change at 56, rel. units/day +1.92 x 1073 0.026 0.041
Age main effect, per year —0.0029 0.018 0.049

Table J.7: Beta group: time + age model for rebaselined reaction time with effect sizes (all

eyes).
Quantity Estimate partial 72 P
Pre-56 slope, rel. units/day —3.52 x 1073 0.305 2.3 x 10727
Slope change at 56, rel. units/day +4.98 x 1073 0.044 0.012
Age main effect, per year —0.0041 0.024 0.031
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Figure J.7: Rebaselined reaction time vs. day and age (centered) for Alpha (left) and Beta
(right); see Tables J.6 and J.7.
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J.7 Participant-level endpoint analysis

Modeled midpoints (Day 56) and endpoints (Day 112) were derived from individual hinge fits
(react ~ 0 + day + after56; no jump). Phase 1 (A;) represents the change from baseline to
midpoint, and Phase 2 (Ag) represents the change from midpoint to final measurement. Negative

values indicate faster (improved) reaction times.

Table J.8: Group-level descriptive statistics for participant-level reaction time deltas (all

eyes).

Group Phase n Mean (ms) SD (ms)
Alpha Phase 1 (Baseline—Mid) 21 —64.5 57.2
Alpha Phase 2 (Mid—Final) 21 +9.5 41.9
Beta  Phase 1 (Baseline—Mid) 24 —89.5 84.0
Beta Phase 2 (Mid—Final) 24 +12.2 40.6

Table J.9: Hypothesis tests for participant-level reaction time deltas (all eyes).

Contrast t df p Effect size Interpretation
Between arms: A; (Phase 1)  1.18 40.7 025 ¢g=0.34 small, n.s.
Between arms: Ay (Phase 2) —0.22 41.8 0.83 g = —0.06 none, n.s.
Within Alpha: As—Aq 3.83 20 0.0010 d, =0.84 large rebound
Within Beta: Ao—A; 4.63 23 1.17x107* d,=0.95 large rebound

Notes. Means and SDs are derived from participant-level deltas (sd_by_group_phase.csv). Statistical
contrasts are based on Welch ¢-tests and paired ¢-tests (tests_all_eyes_combined.csv) with Hedges’ ¢

and Cohen’s d, effect sizes. Negative values denote faster (better) reaction times.
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Figure J.8: Participant-level A; (Baseline—+Mid) and A, (Mid—Final) reaction
time changes. Negative values denote faster (improved) responses.
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Appendix K

Detailed Working Memory (Word
Recall) Analyses by Eye Group

K.1 Overview

This appendix presents the full statistical results for the stratified WORD analyses by eye-color
subgroup. The main text (Section 3.3.10) summarizes the overall trajectories and patterns, while
the tables below include the full regression coefficients, hinge terms, and hypothesis tests for
transparency and reproducibility.

K.2 Light-eyed (88.9)

Table K.1: Group-level slopes and hinge effects for AWORD (light-eyed; hinge at Day 56).

Group Pre-56 slope D n?  AQ56 DA nQA Post-56 slope
Alpha 0.054 1.3e-16 0.386 -0.071 5.2¢-05 0.110 -0.016
Beta 0.031 1.8e-07 0.148 -0.027 0.085 0.017 0.004
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Table K.2: Primary contrasts for AWORD (light-eyed; per day, hinge at Day 56).

Contrast Estimate t df p partial n?
Between groups: pre-56 0.023 290 141 0.004 0.056
Between groups: post-56 -0.020 -1.22 141 0.224 0.010
Within Alpha: change at 56 -0.071 -4.17 141 5.2e-05 0.110
Within Beta: change at 56 -0.027 -1.73 171 0.085 0.017

Aword time-only piece-wise fits

a group
B,=0.054, B,=-0.016 | adj-R?=53.4%

Between P1 p=0.004 | Between P2 p=0.224 | Aa p=0.000 | Ap p=0.085
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Figure K.1: Word recall (light-eyed, 88.9): fitted pre-56 (green) and post-56 (blue) slopes

for Alpha (left) and Beta (right).

K.3 Brown-eyed Caucasians (81.15)

Table K.3: Group-level slopes and hinge effects for AWORD (brown-eyed Caucasians;

hinge at Day 56).

Group Pre-56 slope D n?  AQ56 PA n% Post-56 slope
Alpha 0.081 2.29¢-12 0.387 -0.135 4.46e-05 0.153 -0.054
Beta 0.031 1.60e-06 0.108 -0.024 0.255 0.006 0.008
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Table K.4: Primary contrasts for AWORD (brown-eyed Caucasians; per day, hinge at
Day 56).

Contrast Estimate t df p partial n?
Between groups: pre-56 0.049 3.54 80 6.9e-04 0.135
Between groups: post-56 -0.111 -2.59 80 0.011 0.077
Within Alpha: change at 56 -0.135 -4.27 80 4.8e-05 0.185
Within Beta: change at 56 -0.024 -1.15 &4 0.253 0.016

Aword time-only piece-wise fits
Between P1 p=0.000 | Between P2 p=0.030 | Aa p=0.000 | AR p=0.255

a group B group
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Figure K.2: Word recall (brown-eyed Caucasians, 81.15): fitted pre-56 (green) and post-56
(blue) slopes.

K.4 Dark-eyed (73.4)

Table K.5: Group-level slopes and hinge effects for AWORD (dark-eyed; hinge at Day 56).

Group Pre-56 slope P n?  AQ56 DA 772A Post-56 slope
Alpha 0.0208 0.008 0.090 0.0030 0.887 0.000 0.0238
Beta 0.0953 1.32e-21 0.500 -0.0957 2.5e-05 0.126 -0.0004
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Table K.6: Primary contrasts for AWORD (dark-eyed; per day, hinge at Day 56).

Contrast Estimate t df p partial n?
Between groups: pre-56 -0.0745 -6.60 74 5.5e-09 0.370
Between groups: post-56 0.0242 1.15 74 0.255 0.017
Within Alpha: change at 56 0.0030 0.14 74 0.887 0.000
Within Beta: change at 56 -0.0957 -4.37 132 2.5e-05 0.126

Aword time-only piece-wise fits

Between P1 p=0.000 | Between P2 p=0.255 | Aa p=0.887 | AR p=0.000
a group B group

B=0.021, B=0.024 | adj-Re=32.6% B,=0.095, B.=0.000 | adj-RP=70.8%

Figure K.3: Word recall (dark-eyed, 73.4): fitted pre-56 (green) and post-56 (blue) slopes
for Alpha (left) and Beta (right).

K.5 Summary

Across all pigmentation subgroups, participants showed clear Phase-1 improvements, consis-
tent with a learning effect. Among brown- and light-eyed Caucasians, Alpha displayed slightly
stronger early gains, whereas dark-eyed non-Caucasians (Beta) showed greater Phase-1 improve-
ment and more stable post-crossover performance. Detailed statistical results are presented in
Tables K.1-K.6.
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Appendix L

Detailed Word-Pair Recall Usage
Analyses

L.1 Overview

This appendix provides the complete results for the usage-augmented models introduced in Sec-
tion 3.3.11, including coefficient tables and visualizations for all participants and stratified sub-
groups.

L.2 All participants (all eyes combined)
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Table L.1: Time + usage model for AWORD (all eyes combined).

Alpha group

Quantity Estimate partial n? P
Pre-56 slope (Bday), pts/day +0.054 0.303 7.6 x 10727
Slope change at 56 (Batterss), pts/day —0.073 0.084 12x1077
Post-56 slope (Bday+Patterss) —0.019 — —
Usage main effect (Shours, ), pts/hour —0.476 0.013 0.045
Adj. R? (time-only — time-+hours) 0.433

Block F' vs. time-only 4.07; f? ~0.046 (small) 0.045

Beta group

Quantity Estimate partial n? P
Pre-56 slope (Bqay), pts/day +0.045 0.187 1.3x 10724
Slope change at 56 (Bafterss), pts/day —0.034 0.016 0.004
Post-56 slope (Bday+Bafterss) 4-0.011 — —
Usage main effect (Shours,.), pts/hour 4-0.482 0.008 0.040
Adj. R? (time-only — time-+hours) 0.388

Block F' vs. time-only 4.23; f? ~0.043 (small) 0.040

Notes. Model: AWORD ~ 0 + day + after56 + hours.. Post-56 slope is derived as Baay+Batterse (N0

direct p). Positive coefficients indicate improved recall (higher scores).
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Figure L.1: Time + usage regression planes for AWORD: Alpha (left) and Beta (right).
Alpha shows a weak negative association, while Beta improves with higher daily usage.
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L.3 Light-eyed participants (88.9; Beta arm)

Table L.2: Time + usage model for AWORD — light-eyed participants (Beta arm).

Quantity Estimate partial n? P
Pre-56 slope (Bday), pts/day +0.029 0.005 4.42 x 10~8
Slope change at 56 (Batterss), pts/day —0.038 0.014 0.0085
Post-56 slope (Bday+Bafterss) —0.009 — —
Usage main effect (Bhours, ), pts/hour +1.601 0.249 1.18 x 1077
Adj. R? (time-only — time+hours) 0.098 — 0.149

Block F' vs. time-only 41.47; f2 2~ 0.33 (large) 1.18 x 1077

Notes. Model: AWORD ~ 0 + day + after56 + hours, (Beta arm only). Post-56 slope is derived as
Bday+Bafterss. Positive coefficients indicate improved recall performance.
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Figure L.2: Light-eyed participants (Beta arm). Greater daily usage significantly improved
recall performance (p = 1.2 x 1077, 7712) = 0.25).

L.4 Brown-eyed Caucasian participants (81.15; Beta
arm)
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Table L.3: Time + usage model for AWORD — brown-eyed Caucasian participants (Beta
arm).

Quantity Estimate partial n? P
Pre-56 slope (Bday), pts/day +0.030 0.102 2.09 x 1076
Slope change at 56 (Batterss), pts/day —0.025 0.007 0.243
Post-56 slope (Bday+Pafterss) +0.005 — —
Usage main effect (Bhours, ), pts/hour +1.429 0.066 0.0056
Adj. R? (time-only — time+hours) 0.110 — 0.152

Block F vs. time-only 8.30; f2 ~ 0.071 (small-medium) 0.0056

Notes. Model: AWORD ~ 0 + day + after56 + hours, (Beta arm only). Post-56 slope is derived as
Bday+Batterss. Positive coefficients indicate improved recall performance.
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Figure L.3: Brown-eyed Caucasian participants (Beta arm). Increased daily usage im-
proved recall (p = 0.0056, 2 = 0.066).
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L.5 Summary

Usage time showed consistent positive relationships with working-memory improvement under
bright-light exposure, strongest among light-eyed participants (p = 1.2 x 1079, 77% = 0.25) and
moderate among brown-eyed Caucasians (p = 0.0056, 77; = 0.066). These findings reinforce the
main-text conclusion that adherence to bright-light usage enhances recall performance and that
pigmentation modulates this effect magnitude.
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Appendix M

Detailed Word-Pair Recall Covariate
Analyses

M.1 Overview

This appendix presents the complete statistical results for the covariate-augmented WORD mod-
els described in the main text, including baseline performance, age, and sex. Full coefficient
tables, regression planes, and effect sizes are provided for transparency and reproducibility.

M.2 Baseline Performance (WORD)

Baseline recall scores were entered as a centered covariate in the hinge model:

AWord ~ 0+ day + afterb6 + baselineWord,., baselineWord,. = baselineWord — baselineWord.
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Table M.1: Time + baseline model for AWORD with effect sizes.

Alpha group

Quantity Estimate partial 7? P
Pre-56 slope (B4ay), pts/day +0.035 0.082 0.002
Slope change at 56 (Batterss), pts/day —0.044 0.029 0.017
Post-56 slope (Bday + Batterss), pts/day —0.009 — —
Baseline main effect (Spaseline, ), Pts/point —0.611 0.119 <107
Adj. R? (time-only — time+baseline) 0.098 — 0.198

Block F vs. time-only 19.24; f? = 0.124 (medium) < 1076

Beta group

Pre-56 slope (B4ay), pts/day +0.043 0.097 0.001
Slope change at 56 (Batterss), pts/day —0.029 0.018 0.054
Post-56 slope (Bday + Batterss), Pts/day +0.014 — —
Baseline main effect (Bpaseline, ), Pts/point —0.738 0.138 <1078
Adj. R? (time-only — time+baseline) 0.109 — 0.226

Block F' vs. time-only 24.33; f2 = 0.146 (medium) < 1078

Notes. Higher baseline recall predicted smaller subsequent improvements (ceiling effect).
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Figure M.1: Time + baseline planes for WORD recall (Alpha left; Beta right).



M.3 Age Effects (WORD)

Age was centered and added to the hinge model:

AWord ~ 0 4+ day + after56 + age,.

Table M.2: Time + age model for AWORD with effect sizes.

Alpha group

Quantity Estimate partial n? P
Pre-56 slope +0.046 0.091 < 107*
Slope change at 56 —0.035 0.021 0.031
Age main effect —0.028 0.017 0.045
Adj. R?: 0.102 — 0.124
Beta group

Pre-56 slope +0.050 0.107 <1074
Slope change at 56 —0.037 0.025 0.028
Age main effect —0.034 0.022 0.034

Adj. R?: 0.118 — 0.142

Notes. Older participants showed slightly smaller improvements; effect sizes were small.
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Figure M.2: Time + age planes for WORD (Alpha left; Beta right).

M.4 Sex Effects (WORD)

Sex (centered O=female, 1=male) was added to test for sex-linked differences.

Table M.3: Beta group: time + sex model for AWORD.

Quantity Estimate partial n? P
Pre-56 slope +0.054 0.116 <104
Slope change at 56 —0.040 0.020 0.038
Sex main effect —0.228 0.016 0.048

Adj. R?: 0.118 — 0.131

Notes. Males demonstrated slightly smaller recall gains than females; effect sizes were small.
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Figure M.3: Time + sex plane for the Beta arm.

225



Appendix N

Power and Sensitivity Diagnostics

This appendix summarizes the statistical sensitivity of the study across all primary outcomes.
For each outcome and eye-pigmentation stratum, the minimum partial n? required for 80% power
at a = .05 was computed for the two-sample slope contrasts (Phase 1, Phase 2, within-group
change, and difference-in-differences). These thresholds quantify the smallest effects that the
study could reliably detect in each subgroup.

N.1 Minimum Detectable Partial n°> Across Outcomes
and Strata

Table N.1 reports the minimum detectable partial n? values for all four outcome domains. The full-
sample (“All Eyes”) analyses have the lowest thresholds (highest sensitivity), whereas stratified
analyses require progressively larger effects for reliable detection.
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Table N.1: Minimum detectable partial n* (80% power, a@ = .05) across outcomes and
eye-pigmentation strata. Smaller values indicate higher statistical sensitivity.

Stratum MADRS PROMIS PVT (React) Word-Pair
All eyes (full sample) 0.014 0.014 0.020 0.015
Exclude light eyes (88.9) 0.023 0.023 0.020 0.015
Light eyes (88.9) 0.032 0.032 0.030 0.025
White brown-eyed (81.15)  0.045 0.045 0.038 0.025
Dark eyes (73.4) 0.045 0.045 0.042 0.037

N.2 Contrasts Near the Detectability Boundary

Only three contrasts across all analyses fell close to the detection boundary and showed a mis-
match between statistical significance and the 80% power threshold. These are summarized in
Table N.2. Effects of this kind are expected when sampling variability is considered and do not
indicate a systematic issue with the analysis.

Table N.2: Contrasts where statistical significance did not perfectly align with the power
threshold. These effects lie near the detection boundary and are expected in finite-sample
studies.

Outcome Stratum Contrast t df D ngartial i

React All eyes (full) Between_Post —2.23 298 0.026 0.0165 0.0201
React Excl. light Within_Alpha 1.96 169 0.051 0.0222 0.0201
Word All eyes (full) Within_Beta —2.75 509 0.0062 0.0146 0.0151

N.3 Full Comparison of Observed vs. Detectable Par-
tial n?

The following longtable lists, for each outcome and stratum, the observed partial n? for each time-
slope contrast, the minimum detectable partial n?, and whether the observed effect exceeded that
threshold. Effects below threshold indicate insufficient power for reliable detection, rather than
evidence of no effect.
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Table N.3: Observed partial n? vs. minimum detectable n? across all outcomes, strata, and

slope contrasts.

Outcome Stratum Contrast n*  n2.. Detectable?
MADRS  allEyes_fullSample Between_Pre 0.004 0.014 No
MADRS  allEyes_fullSample Between_Post 0.008 0.014 No
MADRS  allEyes_fullSample Within_Alpha 0.025 0.014 Yes
MADRS  allEyes_fullSample Within_Beta 0.072 0.014 Yes
MADRS  allEyes_fullSample DiD change (8 — «) 0.004 0.014 No
MADRS  exclude_lightEyes_ 88 9 Between_Pre 0.072 0.023 Yes
MADRS  exclude_lightEyes_ 88 9 Between_Post 0.000 0.023 No
MADRS  exclude_lightEyes_ 88 9 Within_Alpha 0.026 0.023 Yes
MADRS  exclude_lightEyes_ 889 Within_Beta 0.063 0.023 Yes
MADRS  exclude_lightEyes 889 DiD change (8 — «) 0.004 0.023 No
MADRS  eye_88_9_white_light Between_Pre 0.048 0.032 Yes
MADRS  eye_88_9_white_light Between_Post 0.039 0.032 Yes
MADRS  eye_88_9_white_light Within_Alpha 0.026 0.032 No
MADRS  eye_88_9_white_light Within_Beta 0.074 0.032 Yes
MADRS  eye 88 9 white light ~ DiD change (8 — «) 0.002 0.032 No
MADRS  eye 81_15_white_brown Between_Pre 0.091 0.045 Yes
MADRS  eye 81_15_white_brown Between_Post 0.015 0.045 No
MADRS  eye 81_15_white_brown Within_Alpha 0.008 0.045 No
MADRS  eye_81_15_white_brown Within_Beta 0.028 0.045 No
MADRS  eye81_15_white_brown DiD change (5 — ) 0.018 0.045 No
MADRS  eye_73_4_dark Between_Pre 0.081 0.045 Yes
MADRS  eye_73_4_dark Between _Post 0.012 0.045 No
MADRS  eye_73_4_dark Within_Alpha 0.121 0.045 Yes
MADRS  eye_73_4_dark Within_Beta 0.129 0.045 Yes
MADRS  eye_73_4_dark DiD change (8 — ) 0.000 0.045 No
PROMIS allEyes_fullSample Between_Pre 0.017 0.014 Yes
PROMIS allEyes_fullSample Between_Post 0.000 0.014 No
PROMIS allEyes_fullSample Within_Alpha 0.013 0.014 No
PROMIS allEyes_fullSample Within_Beta 0.044 0.014 Yes
PROMIS allEyes_fullSample DiD change (8 — «) 0.002 0.014 No
PROMIS exclude_lightEyes_ 88 9 Between_Pre 0.092 0.023 Yes
PROMIS exclude_lightEyes_ 889 Between_Post 0.000 0.023 No
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Table N.3 — continued from previous page

Outcome Stratum Contrast n*  n2.. Detectable?
PROMIS exclude_lightEyes_ 88 9 Within_Alpha 0.000 0.023 No
PROMIS exclude_lightEyes 88 9 Within_Beta 0.033 0.023 Yes
PROMIS exclude_lightEyes 88 9 DiD change (8 — «) 0.007 0.023 No
PROMIS eye_88_9_white_light Between_Pre 0.023 0.032 No
PROMIS eye_88_9_white_light Between_Post 0.000 0.032 No
PROMIS eye_88_9_white_light Within_Alpha 0.040 0.032 Yes
PROMIS eye_88_9_white_light Within_Beta 0.011 0.032 No
PROMIS eye_88_9_white light  DiD change (5 —«) 0.004 0.032 No
PROMIS eye 81_15_white_brown Between_Pre 0.145 0.045 Yes
PROMIS eye_81_15_white_brown Between_Post 0.006 0.045 No
PROMIS eye_81_15_white_brown Within_Alpha 0.033 0.045 No
PROMIS eye 81_15_white_brown Within Beta 0.028 0.045 No
PROMIS eye_81_15_white_brown DiD change (5 —a) 0.026 0.045 No
PROMIS eye_73_4_dark Between_Pre 0.103 0.045 Yes
PROMIS eye_73_4_dark Between _Post 0.006 0.045 No
PROMIS eye_73_4_dark Within_Alpha 0.209 0.045 Yes
PROMIS eye_73_4_dark Within_Beta 0.149 0.045 Yes
PROMIS eye_73_4_dark DiD change (8 — «) 0.002 0.045 No
React allEyes_fullSample Between_Pre 0.047 0.020 Yes
React allEyes_fullSample Between_Post 0.016 0.020 No
React allEyes_fullSample Within_Alpha 0.023 0.020 Yes
React allEyes_fullSample Within_Beta 0.093 0.020 Yes
React allEyes_fullSample DiD change (8 —a) 0.004 0.020 No
React exclude_lightEyes 88 9 Between_Pre 0.061 0.020 Yes
React exclude_lightEyes 88 9 Between_Post 0.030 0.020 Yes
React exclude_lightEyes 88 9 Within_Alpha 0.022 0.020 Yes
React exclude_lightEyes_ 88 9 Within_Beta 0.089 0.020 Yes
React exclude_lightEyes 88 9 DiD change (5 — «) 0.003 0.020 No
React eye_88_9_white_light Between_Pre 0.034 0.030 Yes
React eye_88_9_white_light Between_Post 0.005 0.030 No
React eye_88_9_white_light Within_Alpha 0.029 0.030 No
React eye_88_9_white_light Within_Beta 0.109 0.030 Yes
React eye_88_9_white light ~ DiD change (5 — «) 0.011 0.030 No
React eye_81_15_white_brown Between_Pre 0.134 0.038 Yes
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Table N.3 — continued from previous page

Outcome Stratum Contrast n*  n2.. Detectable?
React eye_81_15_white_brown Between_Post 0.029 0.038 No
React eye_81_15_white_brown Within_Alpha 0.023 0.038 No
React eye_81_15_white_brown Within_Beta 0.071 0.038 Yes
React eye_81_15_white_brown DiD change (5 — «) 0.008 0.038 No
React eye_73_4_dark Between_Pre 0.100 0.042 Yes
React eye_73_4_dark Between_Post 0.019 0.042 No
React eye_73_4_dark Within_Alpha 0.058 0.042 Yes
React eye_73_4_dark Within_Beta 0.038 0.042 No
React eye_73_4_dark DiD change (8 —a) 0.004 0.042 No
Word allEyes_fullSample Between_Pre 0.007 0.015 No
Word allEyes_fullSample Between_Post 0.017 0.015 Yes
Word allEyes_fullSample Within_Alpha 0.082 0.015 Yes
Word allEyes_fullSample Within_Beta 0.015 0.015 No
Word allEyes_fullSample DiD change (8 — «) 0.000 0.015 No
Word exclude_lightEyes_88_9 Between_Pre 0.000 0.015 No
Word exclude_lightEyes_88_ 9 Between_Post 0.028 0.015 Yes
Word exclude_lightEyes_ 88 9 Within_Alpha 0.069 0.015 Yes
Word exclude_lightEyes 88 9 Within_Beta 0.011 0.015 No
Word exclude_lightEyes 88 9 DiD change (8 — «) 0.006 0.015 No
Word eye_88_9_white_light Between_Pre 0.056 0.025 Yes
Word eye_88_9_white_light Between_Post 0.010 0.025 No
Word eye_88_9_white_light Within_Alpha 0.110 0.025 Yes
Word eye_88_9_white_light Within_Beta 0.017 0.025 No
Word eye_88_9_white_light DiD change (8 — «) 0.001 0.025 No
Word eye_81_15_white_brown Between_Pre 0.143 0.025 Yes
Word eye_81_15_white_brown Between Post 0.046 0.025 Yes
Word eye_81_15_white_brown Within_Alpha 0.153 0.025 Yes
Word eye_81_15_white_brown Within_Beta 0.035 0.025 Yes
Word eye_81_15_white_brown DiD change (8 — «) 0.002 0.025 No
Word eye_73_4_dark Between_Pre 0.139 0.037 Yes
Word eye_73_4_dark Between_Post 0.025 0.037 No
Word eye_73_4_dark Within_Alpha 0.214 0.037 Yes
Word eye_73_4_dark Within_Beta 0.013 0.037 No
Word eye_73_4_dark DiD change (8 — «) 0.012 0.037 No
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Appendix O

Third-Party Photobiological Safety
Test Report (IEC 62471)

The following appendix reproduces the official photobiological safety evaluation of the Lumos
Glasses, performed by TUV SUD Canada Inc. in accordance with IEC 62471:2006, Photobio-
logical Safety of Lamps and Lamp Systems. Testing was conducted at the standard 200 mm
evaluation distance and confirmed that the device meets all photobiological safety limits, achiev-
ing classification as Risk Group 0 (Exempt).

e Testing Laboratory: TUV SUD Canada Inc., 11 Gordon Collins Drive, Gormley, On-
tario, Canada

Report Reference No.: 7169009669-000

Date of Issue: 2022-03-21

Test Specification: TEC 62471:2006

Result: Risk Group 0 (Exempt) — Complies with all photobiological safety limits

A complete copy of the certified report is provided on the following pages for reference.
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IECEE OD-2020-F1:2017 © IEC 2017 Ed.1.0
TRF Template 2017-05-17

Page 1 of 18

Test Report issued under the responsibility of:

TUV SUD Canada Inc
11 Gordon Collins Drive, Gormley,
Ontario, LOH 1G0, Canada

TEST REPORT
IEC 62471

Photobiological safety of lamps and lamp systems

Report Reference NO. ......ccccccuvnee : 7169009669-000
Date of issu€.......ccevvvvvvviiinieee s 2022-03-21
Total number of pages ................... 18

Name of Testing Laboratory prepar- TUV SUD Canada Inc.

ing the Report ..., 11 Gordon Collins Drive, Gormley, Ontario, LOH 1G0, Canada
Applicant’s name..........ccoccceevneen. : Lumos Health
AdAress ...o.oveeeiiieiieeee e 544 Brookhaven Crescent, Waterloo, Ontario N2L 4R7, Canada

Test specification:

Standard.......c.cccceevveiiiinieniiennn .. |IEC 62471:2006

Test procedure ......cccceevveveeveeees NIA

Non-standard test method............... N/A

Test Report Form NO. ......ccceeevnne : |EC62471B

TRF Originator................cccceeee......... . VDE Testing and Certification Institute
Master TRF ...l Dated 2018-08-16

Copyright © 2018 IEC System for Conformity Testing and Certification of Electrical Equipment
(IECEE), Geneva, Switzerland. All rights reserved.

This publication may be reproduced in whole or in part for non-commercial purposes as long as the IECEE is acknowledged as
copyright owner and source of the material. IECEE takes no responsibility for and will not assume liability for damages resulting
from the reader's interpretation of the reproduced material due to its placement and context.

This report is not valid as a CB Test Report unless signed by an approved CB Testing Laboratory
and appended to a CB Test Certificate issued by an NCB in accordance with IECEE 02.

General disclaimer:

The test results presented in this report relate only to the object tested.

This report shall not be reproduced, except in full, without the written approval of the Issuing CB Testing
Laboratory. The authenticity of this Test Report and its contents can be verified by contacting the NCB,
responsible for this Test Report.
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Page 2 of 18 Report No.: 7169009669-000

Test item description ......ccccceeeees : | Light Therapy Glasses
Trade Mark .......ccccvvveeeeeiiiiiiiieeee e :
Lumos
Manufacturer.........ccococvvveeeeeiniiininnn, . | Lumos Health.
544 Brookhaven Crescent, Waterloo, Ontario N2L 4R7, Canada
Model/Type reference ..........c.uu.... ;| Lumos Glasses
Ratings ....oocovvviieie e, : 13.3Vdc, 82mA

Responsible Testing Laboratory (as applicable), testing procedure and testing location(s):

X ‘CB Testing Laboratory: TUV SUD Canada Inc.
Testing location/ address .......cccccoecvvvveennnn. : |11 Gordon Collins Dr., Gormley, ON, LOH 1GO0, Canada
Tested by (name, function, signature) ....... : Raymond Papa, %
Project Engineer
Approved by (name, function, signature).. : Peter Keith,
Project Engineer W

O ‘Testing procedure: CTF Stage 1:

Testing location/ address ........ccccovcvvvveenennn. :

Tested by (name, function, signature) ....... :

Approved by (name, function, signature).. :

[] |Testing procedure: CTF Stage 2:

Testing location/ address .......cccccovcvvvveenennn. :

Tested by (name + sighature) ........ccccveeeeen. :

Witnessed by (name, function, signature). :

Approved by (name, function, signature).. :

[] |Testing procedure: CTF Stage 3:

[] |Testing procedure: CTF Stage 4:

Testing location/ address .......ccccevcvveeeeenenn. :

Tested by (name, function, signature) ....... :

Witnessed by (name, function, signature). :

Approved by (name, function, signature).. :

Supervised by (name, function, signature) :
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Page 3 of 18 Report No.: 7169009669-000

List of Attachments (including a total number of pages in each attachment):
Attachment 1: National Deviations CAN (1 Page)
Attachment 2: National Deviations EU (2 Pages)
Attachment 3: Photo Documentation (3 Pages)

Summary of testing: See below.
Only hazards resulting from photobiological radiation have been addressed.

Tests performed (name of test and test
clause):

4.2.2 Angular subtense of source and
measurement field-of-view

4.3.1 Actinic UV hazard exposure limit for the
skin and eye

4.3.2 Near-UV hazard exposure limit for the
eye

4.3.3 Retina blue light hazard exposure limit
4.3.4 Retina blue light hazard exposure limit —
small source

4.3.5 Retina thermal hazard exposure limit
4.3.6 Retina thermal hazard exposure limit —
weak visual stimulus

4.3.7 Infrared radiation hazard exposure limit
for the eye

4.3.8 Thermal hazard exposure limit for the
skin

5.2.1 Irradiance measurements

5.2.2. Radiance Measurements

5.2.2.2 Alternative method

5.3 Analysis Method

6.1 Continuous Wave lamps — Lamp
classification

Testing location:

TUV SUD Canada Inc.
11 Gordon Collins Drive, Gormley, Ontario,
LOH 1GO0, Canada

Summary of compliance with National Differences (List of countries addressed):
See attachments 2 and 3.

Copy of marking plate:

The artwork below may be only a draft. The use of certification marks on a product must be au-
thorized by the respective NCBs that own these marks.

No photobiological labels required for exempt group or RG1 bluelight.
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Page 4 of 18 Report No.: 7169009669-000

Test item partiCulars .......ccooceeveeiieiniiee e

TeSted lamMP c.c.cvcveeeccceeeeieieeeee e DX CONtINUOUS WaVE lamps [] pulsed lamps
Tested lamp System .........cccccevvevvecnieccincesceenieeseennen s LED lamp

Lamp classification group...........ccceeeevevesseseeneneennnnenl. P4 €XEMpPL [drisk1  [drisk2  [Jrisk 3
Lampcap.......cocooeiiiiiieeeeeeeeee . LED Sources
BUID..cooiiiiiiiceee ... LED Device

Rated of the lamp .......cccccceeciiiiieieii .. Refer to LED specifications.

Furthermore marking on the lamp.........cccccccoveeeees. N/A

Seasoning of lamps according IEC standard ............... N/A

Used measurement instrument..............ccceeeveeneeeneennnt - List of equipment available on request.
Temperature by measurement.........ccccccccevvrvnvrenenn. 24 °C

Information for safety USe..........cccovvvvincvcnicccneees. NIA

Possible test case verdicts:

— test case does not apply to the test object ...... : N/A

— test object does meet the requirement ............. . P (Pass)

— test object does not meet the requirement ...... : F (Fall)
Testing:

Date of receipt of test item .........cccceveeevieienieiee, 1 2022-03-18
Date (s) of performance of tests........cccocveeeninrnnen. 1 2022-03-21

General remarks:

"(See Enclosure #)" refers to additional information appended to the report.
"(See appended table)" refers to a table appended to the report.

Throughout this report a [] comma/ [X] point is used as the decimal separator.

Manufacturer’s Declaration per sub-clause 4.2.5 of IECEE 02:

The application for obtaining a CB Test Certificate in- |[] Yes

cludes more than one factory location and a declara- [XI Not applicable
tion from the Manufacturer stating that the sample(s)
submitted for evaluation is (are) representative of the
products from each factory has been provided ............:

When differences exist; they shall be identified in the General product information section.

Name and address of factory (ieS).......ccceeverennens : Lumos Health
544 Brookhaven Crescent, Waterloo, Ontario N2L
4R7, Canada

General product information and other remarks:

The EUT are Light Therapy Glasses which project LED light on the glasses and reflect light back into the
user’s eyes. Device is battery powered, USB charged, and Bluetooth enabled.

Only hazards resulting from photobiological radiation have been addressed.
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Clause Requirement + Test

Result — Remark

Verdict

EXPOSURE LIMITS

4.1 General

The exposure limits in this standard is not less than
0,01 ms and not more than any 8-hour period and
should be used as guides in the control of exposure

Detailed spectral data of a light source are generally
required only if the luminance of the source exceeds
10* cdm

See clause 4.3.

4.3 Hazard exposure limits

43.1 Actinic UV hazard exposure limit for the skin and
eye

The exposure limit for effective radiant exposure is
30 J'm2 within any 8-hour period

See table 6.1.

To protect against injury of the eye or skin from ul-
traviolet radiation exposure produced by a broad-
band source, the effective integrated spectral irra-
diance , Es, of the light source shall not exceed the
levels defined by:

See equation below.

See table 6.1.

The permissible time for exposure to ultraviolet ra-
diation incident upon the unprotected eye or skin
shall be computed by:

See equation below.

See table 6.1.

4.3.2 Near-UV hazard exposure limit for eye

For the spectral region 315 nm to 400 nm (UV-A)
the total radiant exposure to the eye shall not ex-
ceed 10000 J'm for exposure times less than 1000
s. For exposure times greater than 1000 s (approx-
imately 16 minutes) the UV-A irradiance for the un-
protected eye, Euva, shall not exceed 10 W-m-2.

See table 6.1.

The permissible time for exposure to ultraviolet ra-
diation incident upon the unprotected eye for time
less than 1000 s, shall be computed by:

See equation below.

{10000
max —

Euva

See table 6.1.

4.3.3 Retinal blue light hazard exposure limit

To protect against retinal photochemical injury from
chronic blue-light exposure, the integrated spectral
radiance of the light source weighted against the
blue-light hazard function, B(A), i.e., the blue-light
weighted radiance , Ls, shall not exceed the levels
defined by:

See table 6.1.

See equation below.
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fort<104s

fort>10%s

434

Retinal blue light hazard exposure limit - small source

N/A

Thus the spectral irradiance at the eye Ex, weighted
against the blue-light hazard function B(A) shall not
exceed the levels defined by:

N/A

N/A

700
Eg= Y E, -B(A)-AA<1 W.m2
300

N/A

435

Retinal thermal hazard exposure limit

To protect against retinal thermal injury, the inte-
grated spectral radiance of the light source, L,
weighted by the burn hazard weighting function R(»)
(from Figure 4.2 and Table 4.2), i.e., the burn haz-
ard weighted radiance, shall not exceed the levels
defined by:

See equation below.

(10us<t=<10s)

4.3.6

Retinal thermal hazard exposure limit — weak visual stimulus

For an infrared heat lamp or any near-infrared
source where a weak visual stimulus is inadequate
to activate the aversion response, the near infrared
(780 nm to 1400 nm) radiance, Lr, as viewed by the
eye for exposure times greater than 10 s shall be
limited to:

See equation below.

1400
L= ¥ L—,_-R(,l}-aiiw W.m?2. s

780 ok

t>10s

437

Infrared radiation hazard exposure limits for the eye

The avoid thermal injury of the cornea and possible
delayed effects upon the lens of the eye (cataracto-
genesis), ocular exposure to infrared radiation, Er,
over the wavelength range 780 nm to 3000 nm, for
times less than 1000 s, shall not exceed:

See equation below.

3000
Egp= Y E, AA<18000.r07 W.m2
T&O

t<1000s

N/A

For times greater than 1000 s the limit becomes:

N/A

3000
Em= Y Ep-ALs100 W m2
780

237

t>1000s

N/A
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438 Thermal hazard exposure limit for the skin
Visible and infrared radiant exposure (380 nm to
3000 nm) of the skin shall be limited to:

3000
Eqt=Y Y E (A1) At-A2<20000-9%% g m72 P
380 ¢

5 MEASUREMENT OF LAMPS AND LAMP SYSTEMS

5.1 Measurement conditions
Measurement conditions shall be reported as part of | Considered.
the evaluation against the exposure limits and the
assignment of risk classification.

511 Lamp ageing (seasoning) LED Diode, not required. N/A
Seasoning of lamps shall be done as stated in the N/A
appropriate IEC lamp standard.

5.1.2 Test environment
For specific test conditions, see the appropriate IEC |Tested as per manufacturer’s
lamp standard or in absence of such standards, the |recommendations.
appropriate national standards or manufacturer's
recommendations.

5.1.3 Extraneous radiation
Careful checks should be made to ensure that ex- | All measurements were made
traneous sources of radiation and reflections do not |in a room with negligible extra-
add significantly to the measurement results. neous radiation.

5.1.4 Lamp operation P
Operation of the test lamp shall be provided in ac- | Verified. P
cordance with:

— the appropriate IEC lamp standard, or P
— the manufacturer’ s recommendation P

5.1.5 Lamp system operation P
The power source for operation of the test lamp Verified. P
shall be provided in accordance with:

— the appropriate IEC standard, or P
— the manufacturer’ s recommendation P

5.2 Measurement procedure P

52.1 Irradiance measurements P
Minimum aperture diameter 7mm. Applied. P
Maximum aperture diameter 50 mm. Applied. P
The measurement shall be made in that position of |Measurements were made at P
the beam giving the maximum reading. location which produced max-

imum radiation.
The measurement instrument is adequate calibrat- | All measurement instruments P
ed. 238 with valid calibration.
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522 Radiance measurements Radiance meter was used.

5221 Standard method Considered.

The measurements made with an optical system. List of test equipment retained
on file.
The instrument shall be calibrated to read in abso- |List of test equipment retained P
lute radiant power per unit receiving area and per on file.
unit solid angle to acceptance averaged over the
field of view of the instrument.

5.2.2.2 Alternative method Not applicable for the subject. N/A
Alternatively to an imaging radiance set-up, an irra- N/A
diance measurement set-up with a circular field stop
placed at the source can be used to perform radi-
ance measurements.

523 Measurement of source size
The determination of a, the angle subtended by a Calliper and laser measuring
source, requires the determination of the 50% emis- |tape were used for measure-
sion points of the source. ments.

524 Pulse width measurement for pulsed sources CW considered and measured. N/A
The determination of At, the nominal pulse duration N/A
of a source, requires the determination of the time
during which the emission is > 50% of its peak val-
ue.

53 Analysis methods

531 Weighting curve interpolations Logarithmic interpolation ap-

plied.
To standardize interpolated values, use linear inter- P
polation on the log of given values to obtain inter- see table 4.1
mediate points at the wavelength intervals desired.

53.2 Calculations
The calculation of source hazard values shall be Appropriate weighting func-
performed by weighting the spectral scan by the ap- |tions per respective wave-
propriate function and calculating the total weighted |lengths applied to all calcula-
energy. tions.

533 Measurement uncertainty
The quality of all measurement results must be see Annex C in the norm
quantified by an analysis of the uncertainty.

6 LAMP CLASSIFICATION
For the purposes of this standard it was decided see table 6.1
that the values shall be reported as follows:

— for lamps intended for general lighting service, |Non-GLS. N/A
the hazard values shall be reported as either ir-
radiance or radiance values at a distance which
produces an illuminance of 500 lux, but not at a
distance less than 200 mm

239
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— for all other light sources, including pulsed lamp |[Distance evaluated at 200mm P
sources, the hazard values shall be reported at |from the source.
a distance of 200 mm

6.1 Continuous wave lamps

6.1.1 Exempt Group
In the exempt group are lamps, which does not Exempt Group.
pose any photobiological hazard. The requirement
is met by any lamp that does not pose:

— an actinic ultraviolet hazard (Es) within 8-hours P
exposure (30000 s), nor

— anear-UV hazard (Euva) within 1000 s, (about P
16 min), nor

— aretinal blue-light hazard (Ls) within 10000 s P
(about 2,8 h), nor

— aretinal thermal hazard (Lr) within 10 s, nor

— aninfrared radiation hazard for the eye (ER)
within 1000 s

6.1.2 Risk Group 1 (Low-Risk) N/A
In this group are lamps, which exceeds the limits for | Exempt Group. N/A
the exempt group but that does not pose:

— an actinic ultraviolet hazard (Es) within 10000 s, N/A
nor

— anear ultraviolet hazard (Euva) within 300 s, nor N/A

— aretinal blue-light hazard (Ls) within 100 s, nor N/A

— aretinal thermal hazard (Lr) within 10 s, nor N/A

— aninfrared radiation hazard for the eye (Er) N/A
within 100 s

Lamps that emit infrared radiation without a strong N/A

visual stimulus and do not pose a near-infrared reti-

nal hazard (Lir), within 100 s are in Risk Group 1.

6.1.3 Risk Group 2 (Moderate-Risk) N/A
This requirement is met by any lamp that exceeds | Exempt Group. N/A
the limits for Risk Group 1, but that does not pose:

— an actinic ultraviolet hazard (Es) within 1000 s N/A
exposure, nor

— anear ultraviolet hazard (Euva) within 100 s, nor N/A

— aretinal blue-light hazard (Ls) within 0,25 s N/A
(aversion response), nor

— aretinal thermal hazard (Lr) within 0,25 s (aver- N/A
sion response), nor

— aninfrared radiation hazard for the eye (Er) N/A
within 10 s

AN
273U
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weighted radiant exposure or weighted radiance
dose is below the EL, shall be evaluated using
the continuous wave risk criteria discussed in
clause 6.1, using time averaged values of the
pulsed emission
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Clause Requirement + Test Result — Remark Verdict
Lamps that emit infrared radiation without a strong N/A
visual stimulus and do not pose a near-infrared reti-
nal hazard (Lir), within 10 s are in Risk Group 2.
6.1.4 Risk Group 3 (High-Risk) N/A
Lamps which exceed the limits for Risk Group 2 are |Exempt Group. N/A
in Group 3.
6.2 Pulsed lamps N/A
Pulse lamp criteria shall apply to a single pulse and |CW lamp. N/A
to any group of pulses within 0,25 s.
A pulsed lamp shall be evaluated at the highest N/A
nominal energy loading as specified by the manu-
facturer.
The risk group determination of the lamp being test- N/A
ed shall be made as follows:
— alamp that exceeds the exposure limit shall be N/A
classified as belonging to Risk Group 3 (High-
Risk)
— for single pulsed lamps, a lamp whose weighted N/A
radiant exposure or weighted radiance does is
below the EL shall be classified as belonging to
the Exempt Group
— for repetitively pulsed lamps, a lamp whose N/A

241
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Table 4.1 |Spectral weighting function for assessing ultraviolet hazards for skin and eye | -
Wavelength: UV hazard function Wavelength UV hazard function
A, nm Su(A) A, nm Su(A)
200 0,030 313* 0,006
205 0,051 315 0,003
210 0,075 316 0,0024
215 0,095 317 0,0020
220 0,120 318 0,0016
225 0,150 319 0,0012
230 0,190 320 0,0010
235 0,240 322 0,00067
240 0,300 323 0,00054
245 0,360 325 0,00050
250 0,430 328 0,00044
254* 0,500 330 0,00041
255 0,520 333* 0,00037
260 0,650 335 0,00034
265 0,810 340 0,00028
270 1,000 345 0,00024
275 0,960 350 0,00020
280* 0,880 355 0,00016
285 0,770 360 0,00013
290 0,640 365* 0,00011
295 0,540 370 0,000093
297+ 0,460 375 0,000077
300 0,300 380 0,000064
303* 0,120 385 0,000053
305 0,060 390 0,000044
308 0,026 395 0,000036
310 0,015 400 0,000030
+ Wavelengths chosen are representative: other values should be obtained by logarithmic interpolation at
intermediate wavelengths.
* Emission lines of a mercury discharge spectrum.
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Table 4.2 | Spectral weighting functions for assessing retinal hazards from broadband optical -
sources
Wavelength Blue-light hazard function Burn hazard function
gt B (A) R (A)
300 0,01
305 0,01
310 0,01
315 0,01
320 0,01
325 0,01
330 0,01
335 0,01
340 0,01
345 0,01
350 0,01
355 0,01
360 0,01
365 0,01
370 0,01
375 0,01
380 0,01 0,1
385 0,013 0,13
390 0,025 0,25
395 0,05 0,5
400 0,10 1,0
405 0,20 2.0
410 0,40 4,0
415 0,80 8,0
420 0,90 9,0
425 0,95 9,5
430 0,98 9,8
435 1,00 10,0
440 1,00 10,0
445 0,97 9,7
450 0,94 9,4
455 0,90 9,0
460 0,80 8,0
465 0,70 7,0
470 0,62 6,2
475 0,55 5,5
480 0,45 4,5
485 0,40 4,0
490 0,22 2,2
495 0,16 1,6
500-600 101(450-A)/50] 1.0
600-700 0,001 1,0
700-1050 10I(700-A)/500]
1050-1150 0,2
1150-1200 0,2-100.02(1150-A)
1200-1400 L 0,02
2349
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Table 5.4 |Summary of the ELs for the surface of the skin or cornea (irradiance based values) | -

TRF No. IEC62471B

Wavelength | Exposure Limiting EL in terms of con-
Hazard . . ; .
Relevant equation range duration aperture stant irradiance
Name 2
nm sec rad (deg) Wem
Actinic UV _
skin & eye Es=YExr<S(A\) « AA 200 - 400 < 30000 1,4 (80) 30/t
<1000 10000/t
Eye UV-A Euva = YExr< AN 315 -400 1,4 (80
ye wa = 2B >1000 (80) 10
Blue-light Es=YExr<B(A) « AA <100 100/t
small source 300700 >100 <0011 1,0
<1000 18000/t 075
Eye IR Eir=YExr< AN 780 —3000 1,4 (80)
>1000 100
Skin thermal En=YExr« AA 380 — 3000 <10 21T sr 20000/t 075
Table 5.5 |Summary of the ELs for the retina (radiance based values) -
Wavelength | Exposure Field of view EL in terms of
Hazard Name | Relevant equation range duration : constant radiance
radians P
nm sec Wem-—2esr)
0,25-10 | 0,011V(t/10) 108/t
10-100 0,011 106/t
Blue light L =>Lr*B(A)* AA 300 - 700
g 5=2b B 100-10000 |  0,0011+3t 108/t
> 10000 0,1 100
Retinal <0,25 0,0017 50000/(aet 225)
Lr = YLa s R(A) * AA 380 — 1400
thermal R =2bve RO 0,25-10 | 0,011-\(/10) 50000/(atet 025)
Retinal
thermal _
(weak visual Lr=3Lr*R(A) * AA 780 — 1400 > 10 0,011 6000/a
stimulus)
244
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Table 6.1 | Emission limits for risk groups of continuous wave lamps | -
Emission Measurement
Risk el Symbol Units Exempt Low risk Mod risk
spectrum
Limit Result Limit Result Limit Result
Actinic UV Suv(A) Es Wem2 0.001 0.00023 0.003 n/a 0.03 n/a
Near UV Euva Wem-2 10 0.00053 33 n/a 100 n/a
Blue light B(A) Le Wem-2esr-t 100 55.059 10000 n/a 4000000 n/a
Blue light, 2 " n/a n/a
mall source B(A) Es Wem 1.0 n/a 1.0 400
Retinal 28000/a = 28000/a = n/a 71000/a = n/a
h | R(A) Lr Wemzesrt 0.7479
therma 1120058.3 1120058.3 2840147.9
Retinal 6000/ 6000/ n/a 6000/ na
o= o= o=
therr;a!, | R(N) Lir Wem-2esr-t n/a
weak visual 240012.5 240012.5 240012.5
stimulus**
géad'a“on* Er Wem2 100 0.0565 570 na 3200 na
*  Small source defined as one with a < 0,011 radian. Averaging field of view at 10000 s is 0,1 radian.
** Involves evaluation of non-GLS source
Device was operated running at maximum settings. Source dimension of 5x5mm and angular subtense of 25mrad. Equipment was
evaluated 200mm from the exit aperture.
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Table 6.1 | Emission limits for risk groups of continuous wave lamps | -
Emission Measurement
Risk el Symbol Units Exempt Low risk Mod risk
spectrum
Limit Result Limit Result Limit Result
Actinic UV Suv(A) Es Wem2 0.001 0.00028 0.003 n/a 0.03 n/a
Near UV Euva Wem-2 10 0.00018 33 n/a 100 n/a
Blue light B(A) Ls Wem-2esr-1 100 2260 10000 0.0373 4000000 n/a
Blue light, 2 " n/a n/a
<mall source B(A) Es Wem 1.0 n/a 1.0 400
Retinal 28000/a = 28000/a = n/a 71000/a = n/a
th | R(A) Lr Wemzesr 0.7479
erma 1120058.3 1120058.3 2840147.9
Retinal 6000/ 6000/ na 6000/ na
o= o= o=

therTa!, | R(A) Lir Wem2esr- n/a
weak visual 240012.5 240012.5 240012.5
stimulus**
5 Fadiation, Er Wem? 100 0.0356 570 n/a 3200 n/a
*  Small source defined as one with a < 0,011 radian. Averaging field of view at 10000 s is 0,1 radian.
** Involves evaluation of non-GLS source
Device was operated running at maximum settings. Source dimension of 5x5mm and angular subtense of 25mrad. Equipment was
evaluated 5mm from the exit aperture. Measurement taken for reference only. Measurement evaluated as Risk Group 1 for Blue-
light
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Table 6.1 | Emission limits for risk groups of continuous wave lamps | -
Emission Measurement
Risk el Symbol Units Exempt Low risk Mod risk
spectrum
Limit Result Limit Result Limit Result
Actinic UV Suv(A) Es Wem2 0.001 0.00028 0.003 n/a 0.03 n/a
Near UV Euva Wem-2 10 0.00045 33 n/a 100 n/a
Blue light B(A) Ls Wem-2esr-1 100 96.85 10000 0.0373 4000000 n/a
Blue light, 2 " n/a n/a
<mall source B(A) Es Wem 1.0 n/a 1.0 400
Retinal 28000/a = 28000/a = n/a 71000/a = n/a
h | R(A) Lr Wemzesr 0.7479
therma 1120058.3 1120058.3 2840147.9
Retinal 6000/ 6000/ na 6000/ na
o= o= o=
therTa!, | R(N) Lir Wem-2esr-t n/a
weak visual 240012.5 240012.5 240012.5
stimulus**
5 Fadiation, Er Wem? 100 0.0123 570 n/a 3200 n/a
*  Small source defined as one with a < 0,011 radian. Averaging field of view at 10000 s is 0,1 radian.
** Involves evaluation of non-GLS source
Device was operated running at maximum settings. Source dimension of 5x5mm and angular subtense of 25mrad. Equipment was
evaluated 5mm from the exit aperture and powered at 15% max intensity. Measurement taken for reference only. Measurement
evaluated as Exempt

TRF No. IEC62471B

247




Page 17 of 18

Report No.: 7169009669-000

TABLE: Critical components information P
Object / part Manufacturer/ Type / model |Technical data Standard Mark(s) of
No. trademark conformity®
LB CRBP- Assessed in
LEDs OSRAM Opto HYJZ-46- 475nm,5§.I8\;\,A?50mA, _ :
Semiconductors | gegr_350.g m this report.
Inc.

Supplementary information:
1 Provided evidence ensures the agreed level of compliance. See OD-CB2039.

Furthermore remarks:

TRF No. IEC62471B

Hazard Risk Group
Actinic UV Exempt
Near UV Exempt
Blue Light Exempt
Retinal Thermal Exempt
Infrared Exempt

Thermal Skin Pass
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List of test equipment used:

A completed list of used test equipment shall be provided in the Test Reports when a Customer’s Testing
Facility according to CTF stage 1 or CTF stage 2 procedure has been used.

Note: This page may be removed when CTF stage 1 or CTF stage 2 are not used. See also clause 4.8 in
OD 2020 for more details.

Measurement UEEi measuring equip- Last Calibration | Calibration
Clause | testin ment / material used, Range used date due date
9 (Equipment ID)

Retained on file at TUV SUD Canada.
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ATTACHMENT TO TEST REPORT
IEC 62471:2006

CANADA NATIONAL DIFFERENCES
Photobiological safety of lamps and lamp systems

Differences according to ............... : CAN/CSA-C22.2 No. 62471:2012
Attachment Form No. .................... . CA_ND_IEC62471B
Attachment Originator................... :  CSA Group

Master Attachment..........cccocevvenne © 2019-11-01

Copyright © 2019 IEC System for Conformity Testi
(IECEE), Geneva, Switzerland. All rights reserved.

ng and Certification of Electrical Equipment

CA — Canada — National Differences -

National differences of IEC Publication 62471, Photobiological Safety of Lamps P
and Lamp Systems:

2 NORMATIVE REFERENCES —
Any reference to International Standards that are P

subsequent to the publication of CAN/
No. 62471 shall be replaced by the rel
National Standard of Canada.

adopted as National Standards of Canada

CSA-C22.2
evant
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ATTACHMENT TO TEST REPORT IEC 62471
EUROPEAN GROUP DIFFERENCES AND NATIONAL DIFFERENCES

Photobiological safety of lamps and lamps systems

Differences according to.............. EN 62471:2008
Annex Form NoO........cccceiriiiininnnnn, EU_GD_IEC62471B
Annex Form Originator ................ OVE

Master Annex Form...................... 2022-02-07

Copyright © 2019 IEC System for Conformity Testing and Certification of Electrical Equipment
(IECEE), Geneva, Switzerland. All rights reserved.

CENELEC COMMON MODIFICATIONS (EN) -

4 EXPOSURE LIMITS P

Contents of the whole Clause 4 of IEC _
62471:2006 moved into a new informative

Annex ZB
Clause 4 replaced by the following: P
Limits of the Artificial Optical Radiation See appended Table 6.1 P

Directive (2006/25/EC) have been applied
instead of those fixed in IEC 62471:2006

4.1 General P

First paragraph deleted _

251




Page 2 of 2 Report No.: 7169009669-000 Attachment 2

Table 6.1 [Emission limits for risk groups of continuous wave lamps (based on EU Directive 2006/25/EC)
Emission Measurement
. Action . - :
Risk Symbol Units Exempt Low risk Mod risk
spectrum
Limit Result Limit Result Limit Result
Actinic UV Suv(A) Es Wem-2 0,001 ok - - - -
Near UV Euva Wem-2 0,33 el - - - -
Blue light B(A) Le Wem-2esrt 100 il 10000 e 4000000 el
Blue light, B(\) Es Wem2 0,01* ek 1,0 wox 400 wox
small source
Retinal R\ Lr Wem2esr-t 28000/a x| 28000/a 71000/a
thermal
545000 ;.
Retinal 0,0017< & <0,011
N R(A) Lir Wem-2esr-t
weak visual 6000/
stimulus** a *kk
0,011 a=<0,1
IR radiation, Er Wem?2 100 570 | | 3200 ‘
eye
* Small source defined as one with a < 0,011 radian. Averaging field of view at 10000 s is 0,1 radian.
b Involves evaluation of non-GLS source
b Refer to main report for values
NOTE The action functions: see Table 4.1 and Table 4.2
The applicable aperture diameters: see 4.2.1
The limitations for the angular subtenses: see 4.2.2
The related measurement condition 5.2.3 and the range of acceptance angles: see Table 5.5.
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Enclosure — Front View

Enclosure — Side View
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Enclosure - Rear View

LED Emission
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Appendix P

Study Protocol (Version 18; March
14, 2024)

Synopsis

e Design: 16-week two-period crossover; masked; auto-crossover at Week 8.
e Participants: Key inclusion/exclusion; remote consent and screening.

e Intervention: Active vs. low-light melanopic targets; usage timing rules.
e Outcomes: Primary MADRS; secondary PROMIS, PVT, Word-Pair.

e Randomization/Masking: Slot-based allocation; concealed mapping.

e Safety: AE capture, relatedness, reporting; stopping/withdrawal rules.

e Amendments: Version history; analysis impact.
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Study Summary

Smart Light therapy glasses for sleep and mental wellness

Title

Methodology Randomized, controlled trial, double blind study

Study Duration (16 weeks, in a crossover study with 8 weeks in each period

Primary Objective: To evaluate the effectiveness of the Lumos light therapy
glasses in improving depression and sleep scores in people who spend less
than 2 hours outdoors per day in a double-blind trial.

Secondary Objectives: To evaluate treatment acceptability, adherence, and

Objectives . ) . . .
) how duration of light therapy glasses’ usage influences changes in depression
and sleep scores, reaction time, and memory.
Number of 96 subjects in 2 arms: Treatment and control
Subjects

Inclusion Criteria:
Adults, any gender, 18+ years old, residing in Ontario
Montgomery Asberg Depression Rating Scale Score > 7 or PROMIS score >25

Diagnosis and
Main Inclusion  Spend on average less than 2 hours outdoors daily.

Criteria
Exclusion Criteria:
MADRS Score above 45, or MADRS suicide score is 5 or 6

People with eye disorders or previous eye surgeries.

People who have cataracts, macular degeneration, diabetic retinopathy, or
other eye disorders.

People taking light sensitizing medication.
People with bipolar, psychotic disorders or a history of these disorders.
People with epilepsy, or history of epilepsy.

People with electronic impla%i, such as pacemakers.

Prescription glasses wearers, except for people who can self-supply contact
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lenses for the duration of the study.
People who do not have an iOS or Android based smartphone

Shift workers who work night shift or rotating shifts with night shifts

Treatment Group: Standard dosage ~1000 melanopic lux via Lumos glasses

Study Regi
udy Regimen Control Group: Minimum dosage ~30 melanopic lux via Lumos glasses

Depression scores are measured using the MADRS, ranging from 0- 60, least
severe to most severe

Sleep Scores are rated using the Promis Sleep Disturbance Short Form,
ranging from 8 — 40, least to most severe sleep disturbance

Reaction time is measured using a smartphone guided game, where the user
Statistical is asked to press a button on the Lumos glasses when they see the light turn
Methodology on the glasses. The test will last for 3 minutes.

Memory will be testing using the paired word test, of 3 rounds of 10 word
pairs, presented in 1 second intervals.

262
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Research Abstract:

Light has a fundamental impact on human biology, it triggers photoreceptors at the back of the retina to
induce changes in the brain, affecting neurotransmitter levels such as melatonin and cortisol. For those
struggling with depression and sleep, medical professionals generally recommend the use of a light therapy
lamp for 30 minutes a day and the patient can improve within a few weeks of use. However, due to the
practical limitations of current light therapy devices such as lamps and head gears, 30 minutes of therapy is
often hard to adhere to and longer durations of light therapy are often considered infeasible.

On the other hand, while the intensity of a light box is brighter than average indoor conditions, it rarely
exceeds the brightness of the natural outdoors. Research also suggests that spending time outdoors could
be just as effective as light therapy in treating seasonal affective disorder. As such, it is possible that light
therapy’s role is to make up for a lack of natural light exposure. In this paper, it is hypothesized that the
optimal benefits for light therapy can be achieved by simulating light conditions from natural daylight,
meaning long durations of bright light during the day. For this to happen, it is crucial to overcome the
technological and design barriers to receiving light therapy.

To overcome this barrier, a pair of light therapy glasses using an innovative coating was engineered by the
investigator team (Lumos glasses). The glasses use a patent pending coating that reflects 480 nm electrically
generated blue light from the temples and while allowing other wavelengths from the user’s environment
to pass through, enabling regular vision while receiving therapy. The usability of the glasses was validated in
a 10 person pilot study in 2020 funded by the Idea Center at the University of Notre Dame. The users were
instructed to use the glasses for at least 30 minutes a day over a period of 8 weeks. By the end of the study,
the users on average wore the glasses for 35 minutes a day (116% adherence) and on average experienced
improvements of 13.3 points on the Montgomery Asberg depression rating scale.

Afterwards, feedback from users were collected to improve design, reducing weight and improving comfort.
In addition, a proprietary ambient light sensor measuring environmental melanopic lux and user adherence
sensors were then engineered onto the glasses powered by a bluetooth low energy chip. Apps were
developed on iOS and Android to collect sensor data and upload to the cloud. The sensors and app work
together to enable a function that adjusts the light output of the glasses based on the user's ambient light
levels and time of day. 200 of the new generation glasses were produced for a double-blind clinical trial.

The proposed trial aims to test the effects of the Lumos glasses, with a novel unique light delivery
mechanism, at improving sleep, mood and cognition. The trial encourages users to use the glasses for as
long as possible during the day and tracks usage time to study the effect of light therapy usage duration and
its correlation with sleep, mood, reaction time, and memory in the general population.

Background

Light therapy is currently being recommended by medical professionals to treat sleep and seasonal
mood disorders. There is also growing evidence on the effect of light therapy on treating non-
seasonal depression [1,2].

Despite its significant effects in a clinical setting, the adoption of light therapy in the real world
faces challenges, with studies reporting the adherence rate to light therapy lamps as low as 59% [3]
, and longer term adherence rates as low as 11 -#3[4,5,6].

Light therapy visor type products such as the Re-timer allow users to be mobile while receiving
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light therapy, thereby improving adherence. However, adherence levels are reported to be only
moderate with users receiving on average 35 minutes a day for a protocol of 1 hour in a study for
light therapy on PTSD symptoms [13].

Portable light therapy devices such as the Luminette glasses have also been shown to be effective at
treatment depression symptoms in teenagers, improving scores in as little as 2 weeks [22].
However, it is also noted that in this study, one third of the participants dropped out due to the
high responsibility to wear the glasses every morning. In addition, many adherence levels are
done through self-report and may not accurately represent the actual time spent using light
therapy due to inconsistent reporting by participants [14].

As such, much scientific research aims to contain the treatment with light therapy to shorter
durations to have more practical value. Prescribing longer durations of usage is generally
considered impractical [4].

On the other hand, it is estimated that the average American spends 90% of their life indoors [7],
where lighting levels are orders of magnitude lower than outdoor conditions (100lux vs 100 000
lux) [8] . The time spent outdoors has positively skewed data having a median of 1.04 h and an
average of 1.43 h on weekdays [9] indicating the most people spend little time indoors while few
spend much longer hours outdoors.

An extreme example of the effects of the lack of sufficient lighting on human biology are
demonstrated through cave experiments in the 1900s, where subjects observed physiological
changes such as extended circadian rhythm to beyond 25 hours [10]. Long duration mars mission
simulation studies with non-25-hour light dark cycles also reported psychological changes such as
increased depression rates [11].

The modern person may experience a similar effect to these scientists and astronauts. By spending
much of their time indoors where lighting levels are inconsistent with nature, often too dim during
the day and too much in the evenings from artificial lights, the internal circadian rhythms are no
longer enforced with the powerful light dark cycle from nature. Yet, the modern person often still
requires adhering to a 24-hour work schedule. Over time, this could lead to challenges with sleep,
energy and mood.

It is possible that light therapy works by treating a deficiency in healthy natural lighting. As such,
this research presents the hypothesis that the ideal condition for light therapy is one that
simulates the natural light dark cycle, on average 12 hours of bright light during the day, and 12
hours of darkness at night. Indeed, it was shown that natural 1 hour walk outside outperformed
0.5h of low dose artificial light (2500lux) in treating seasonal depression [12].

To validate this hypothesis from an interventional perspective, Lumos glasses will be used. The
Lumos glasses were developed to look and feel like a regular pair of glasses, allowing modern day
people to have more freedom and convenience to use light therapy during their busy days. Other
researchers and engineers from companies such as Apple have also investigated improving the
design for light therapy and have found that tho@4vho struggle with seasonal depression are
receptive to such ideas [23].
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The glasses was first invented in 2018, where the founder of the company Lumos, and Masc.
researcher Lucas Tang conceptualized the idea of using dichroic coatings to perform wavelength
selective reflection. By reflecting only blue light while allowing other wavelengths to pass through, a
user can experience the most effective wavelength for light therapy while still seeing the world
through the other colors.

The company was then joined by Dr. Jamie Zeitzer in 2019, the world’s leading photobiology
researcher from Stanford medicine, who provided guidance on wavelength and brightness
requirements. Such as the usage of melanopic lux to measure and gauge light based on the
ganglion cell response centered around the 480nm wavelength [20]. The ingenuity of the design is
that the glasses emit 480nm wavelength light, which is highly effective for activating the
melanopsin photoreceptors found at the intrinsically photosensitive retinal ganglion cells. This
wavelength has been shown to be highly efficient for light therapy as only 11.2 lux of this type of
light can achieve ~75% of the effects of 10 000 lux of white light from conventional indoor lights
[24]. The patent pending coating of the glasses are also designed to reflect only this wavelength of
light emitted by the glasses’ side legs, allowing other light frequencies to pass through to enable
highly efficient light therapy while allowing for regular vision by the user. A render of the glasses
design and light path is shown in figure 1 below. Since then, the company has developed
proprietary melanopic lux sensor technology and daylight matching algorithms based on this field of
research. The company is also advised by Dr. Jeff Hovis from Optometry at the University of
Waterloo on eye safety and contrast.

O Lumos

PCB with Bluecoth Low Energy

Stanless Stesl Frama

Spring hinges

Proprietary Nanocoating on lenses

Reflect only biue light while

TR-90 Injection
letting other wavelangths through

molded frames

Our solution

Figure 1 Lumos glasses rendr

With funding from the Accelerator Centre, Concept by Velocity, and University of Notre Dame, the
company then successfully conducted a 10-person pilot study to gage usability and clinical effect,
with promising results (see below for synopsis). The company then took feedback from the pilot
study to engineer the 2021 clinical model, which is a higher volume production model with
improved battery life, reduced weight, proprieta#pambient light sensors, user detection, and
Bluetooth low energy communications with a cloud connected app. The company is currently
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producing 200 clinical grade Lumos light therapy glasses for early engagement and clinical studies.
The clinical studies will be supervised by Professor Jon Oakman from clinical psychology at the
University of Waterloo. Figure 2 and 3 below shows the 2020 pilot design and 2021 clinical design.

Figure 2 Lumos glasses 2020 Design
¥
O wmos

2021 Design ~

Clinical Grade Production Model: 200 Units
For randomized oor%rol!ed trial to prove effect on sleep and mood improvements

-Class | medical device 5 hours battery life
licence, Health Canada -welght: 42g

Figure 3 Lumos glasses 2021 clinical grade design
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Pilot Study Synopsis

On February 23rd, 2020, with funding and supervision from the Idea Center at the University of
Notre Dame, Lumos conducted a 10-person pilot study to compare adherence and effectiveness of
the Lumos 2020 version product on its effect and improving mood via the Montgomery-Asberg
Depression Rating Scale (MADRS, score from 0 to 60, mild to severe) and adherence to a schedule
of 30 minutes per day. One participant dropped out due to personal reasons. After discounting
this participant’s data, the average starting MADRS is 21.7 (SD = 9.5, n = 9) and after 8 weeks, the
average score is 8.3 (SD = 4.4, n = 9). This data is promising as the results are very closely matched
with the light therapy lamp for depression study results from lam et al. [1]. In this study, the
average adherence rate is 116% to a 30-minute per day schedule.

Study Goals and Objectives

Purpose:

To validate the effect of the Lumos light therapy glasses, with its unique nano-coating light delivery
mechanism, on sleep, mood, and cognition in a double blind crossover randomized controlled trial.

Hypothesis:

Circadian rhythm has a significant impact on people's mood, sleep and cognition. People should be
exposed to adequate levels of light during the day and minimal light at night time for good
circadian health. Given that outdoor lighting can be up to 100 000 lux while indoor lighting rarely
exceed 500 lux, many people who spend most of their days indoors could benefit from light
therapy. Specifically, for people who spend on average less than 2 hours a day outdoors, and
struggle with sleep and mood, light therapy using the Lumos glasses, with its unique light therapy
delivery method using melanopic light reflected off a nanocoated lens, could lead to a significant
improvement of their symptoms compared to placebo.

Aim:

To test the effectiveness of the Lumos glasses in improving sleep, mood, cognition and determine
its optimal usage time for best health outcomes.

Primary Objective:

To evaluate the effectiveness of the Lumos light therapy glasses in improving depression, sleep
and cognition scores in people who spend less than 2 hours outdoors per day and at least mildly
struggling with sleep or mood, in a randomized, double-blind, superiority against placebo-
controlled crossover trial.

Secondary Objectives:

To evaluate treatment acceptability, adherence,26i@l how duration of light therapy glasses usage
influences changes in depression and sleep scores, reaction time, and memory.
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Study Design

A double blind randomized controlled trial using a crossover study design. 2 study arms are used in
the study, the first arm receives the full intended dosage of light for the first 8 weeks of the study,
and switches to the placebo level of dosage for the second 8 weeks of the study. The second arm
receives the placebo level dosage for the first 8 weeks of the study and switches over to the full level
of dosage for the final 8 weeks of the study. The investigators are blinded to this process as the
glasses’ cloud connected software makes the switch automatically in the backend of the server,
which sends encrypted information about the user’s grouping information to their smartphones,
which has a decryption key in the app that then controls the light levels. The participants are blinded
in a similar method as they are told they would be randomly assigned to one of two groups that
crosses over between different intensities, and we don’t know if either intensity may be effective at
improving sleep and mood, which is like how the participants are informed in the light therapy for
depression study by Lam et al [1]. This design adheres to ethical principles in that if the intended
treatment does provide a benefit to the user, that both groups would in theory receive the same net
benefits. From a scientific perspective, using the low intensity light as placebo has been shown to
work in other cross-over designs for bright light therapy [28].

Study population

Inclusion Criteria

The study population is Ontario residents that are over 18 of age who experiences at least some struggles
with sleep and mental health (MADRS > 7 or PROMIS raw > 25) and spend on average less than 2 hours
outdoor daily.

Exclusion Criteria
People with MADRS score of > 45, or MADRS suicide score of 5 or 6, indicting severe depression or high
suicide risk.

People with eye disorders or previous eye surgeries.

People who have cataracts, macular degeneration, diabetic retinopathy or other eye disorders.
People taking light sensitizing medication

People with psychotic disorder of history of psychotic disorders.

People with epilepsy or a history of epilepsy.

People with electronic implants, such as pacemakers

Prescription glasses wearers, except for people who are able to self-supply contact lenses for the duration
of the study.

People who do not have an iOS or Android Smartph%8

Shift workers who work night shifts or have rotating shifts that involve night shifts
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Recruitment

The recruitment method is convenient recruitment through social media (Facebook, LinkedIn), and
University of Waterloo engineering department mental health wellness coordinator sending an
email on behalf of the student investigator.

) wateRico | T W waTER GO | =i
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Smart Light Therapy Glasses for Sleep and Mental Wellness
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How to sign up?

Figure 4 Recruitment poster

Social Media Post (General):

Hey everyone, we are running a trial “Smart light therapy glasses for sleep and mental wellness” to
investigate the effectiveness of the Lumos light therapy glasses on improving sleep, mood, and
cognition. If you are a resident of Ontario and are looking for the possibility to improve your mood
and sleep, the study may be of interest to you. For participating in this 16-week trial, you get to
keep the glasses at the end of the study. There are several eligibility requirements. Please see the
attached recruitment poster for more details on eligibility and how to sign up.

Social Media post personal message:

Hi everyone, I’'m looking for participants in my master’s thesis trial at the University of Waterloo,
titled “Smart light therapy glasses for sleep and mental wellness”. I've been working on this idea
for over 6 years, and I’'m excited to say that this project is now in the formal scientific trial phase. |
initially invented this pair of glasses with the int&i@on to help me with my sleep and mood and
now I’'m looking to validate if this product can potentially benefit others as well. If you are a
resident of Ontario and are looking for the potential possibility to improve your mood and sleep,
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the study may be of interest to you. Please see the recruitment poster for details about the study.
The study lasts 16 weeks, and you get to keep these glasses (valued at 200-300 USD).

There are several eligibility requirements. Please see the attached recruitment poster for more
details on eligibility and how to sign up.

Social Media post message (forwarded):

A friend of mine, along with scientists from Stanford and designers from Apple, developed a
special pair of blue light glasses (called Lumos) that has a chip inside, enabling you to connect it to
your phone via Bluetooth so that you can have a personalized light therapy + blue light filter

experience. C

He designed these specifically to help people with their circadian rhythm, and he is looking for
people to join his study, which is now his master’s degree thesis. This study will take place
between October 2024 to April 2025 and is 16 weeks long. If you are a resident of Ontario and are
looking for the potential possibility to improve your mood and sleep, the study may be of interest
to you.

There are several eligibility requirements. Please see the attached recruitment poster for more
details on eligibility. Once eligible, they will send you a pair of Lumos glasses and you get to keep it
for FREE by the end of the study!

If you are interested check out the link attached to this post. Or email him directly at: Lucas Tang
cSwen@uwaterloo.ca

Please feel free to pass this along to anyone you know who might be interested.

Screening

Initial Sign up will start when participants scan the QR code or click on the link on the recruitment
poster, which will take them to a Qualtrics based informed consent form. If they have any
guestions, they can contact the investigators via the contact information section on the informed
consent form.

If informed consent is obtained (point of enrolment = consent), they will be taken to a Qualtrics
based initial intake and screening form, where participants would fill in an initial MADRS and
PROMIS form, as well as answer questions about inclusion/exclusion criteria to determine
eligibility.

Qualtrics intake survey link:
https://uwaterloo.cal.qualtrics.com/jfe/form/SV_41PaalBf8xugnie

If the person passes the automatic eligibility form via the Qualtrics link, and that there is an
available spot in the strata to participate, a pers%ﬁrom the trial staff will reach out to the
participant to conduct an intake survey to double verify eligibility criteria including previous
conditions and MADRS + PROMIS score. If the participant passes this verification, they will have
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completed the screening process and the team will collect their address. A guideline on the
screening verification interview is separately attached.

One additional screening will be done based on the location of the participants such that they are
within access to a major city’s mobile crisis response team or police in the case of an emergency
mental health crisis (confirmation of eligibility).

If the person passes the eligibility form via the Qualtrics link, but there isn’t a strata available for
participation, they will be sent an email notifying them of the option to be put on a waitlist, and
that they’ll be notified at the latest by October 2024 on whether they’ll be able to participate in
the study.

Informed Consent

Participants are first taken to an informed consent form on Qualtrics, where they are provided an
opportunity to read through the consent materials, contact the investigators via email, and a radio
button and signature block are included to provide initial consent for an online eligibility
verification survey. If the participant is deemed eligible for the study, they are then contacted by a
member on the clinical staff, which follows a screening and verification protocol, where the staff
member will speak to the participant either via phone or video call, where additional questions can
be answered and key elements in the information letter discussed. Details about the informed
consent form and the screening and verification protocol are separately attached. More
information on compliance with the study can be found in the statement of compliance section.

Groups

Participants are randomly assigned upon signup into one of two groups.Control group (n=48): The
control group receives the glasses with dim light exposure (~15 melanopic lux) for the first 8
weeks. After 8 weeks, the control group is crossed over to receive the treatment group dosage for
8 more weeks.

Treatment group (n=48): The treatment group receives full light treatment with nominal light
exposure of ~1000 melanopic lux for 8 weeks, the treatment group’s light is switched to the
control group levels for another 8 weeks.

Sampling and Group Creation:

The study sampling is designed to be stratified, such that there are an even number of allocations
based on sex at birth, age groups (18-40, and 40+), and MADRS score at intake (7-25, 26-45). This
creates 8 recruitment groups each with a total of 12 people. Once 12 participants fill up the group,
any participants who sign up after will be given the option to be put on a waitlist, where they
would be contacted to participate in the study if any of the first 12 sign up participants drop out.

Randomization and trial start 271

Predefined stratification slots are randomized by a computer script and the treatment group
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information is encrypted and hidden to the researchers and users. When a user signs up, they are
placed into a slot within their stratification group, and the treatment plan will automatically follow
based on the encrypted information. This slot-based randomization method allows for the trial to
start on a rolling basis and stratification rollover in case of recruitment timeline constraints. Each
participation slot has a unique ID, the randomized treatment group information will be encrypted
via hashing (salted with the unique ID) and stored in the treatment slot. The glasses are designed
that it will only work with a smartphone running the Lumos app that has logged in. Once logged in,
the smartphone app will bash decrypt the grouping information and automatically drive the
glasses based on the treatment arm.

Due to study timeline requirements, if the full stratification is not filled by the start of October
2024, the stratified groups will allow overflow, by first eliminating the sex at birth stratification,
secondly the age stratification, and finally the starting MADRS score stratification such that
participants on the waitlist can be rolled over in that manner.

Staff

The trial staff’s responsibility is to check in with the participants on a weekly basis on a schedule
that is preferred by the participant. The trial staff will consist of co-op student(s) hired from the
University of Waterloo, who would be trained and supervised by graduate students of Psychology
at the University of Waterloo, supervised by the principal investigator Dr. Jonathan Oakman. Staff
check in call protocol is separately attached.

Education

The participants are educated on the fact that the product simulates the beneficial effects of the
sun, and the longer usage of the product anytime between 5:30am and 5:30pm would lead to the
best health and wellness benefits. And that they are recommended to use this product for as long
as possible during those hours, however, are allowed to use it for a shorter duration based on their
own habits and routines. After 5:30 pm, the glasses can be used however no light would be turned
on, and it serves as a blue light filter to simulate the dark condition. The participants are also
recommended to wear the glasses in the evenings as light filters for as long as possible. There is
expected to be a natural distribution of people who use the product for a longer period, and those
who use it for a shorter period.

Rewards

As a reward for participating in the study, participants get to keep the glasses for their personal
use and are encouraged to continue using the glasses after the study.

Masking

Participants and investigators will be masked during the study, not knowing which group they are
assigned to. This will be done automatically throRgh a randomization script when the user is
enrolled into our cloud system, assigning them to either one of the two arms in the study. The
study arm information is mapped to a randomly generated unique identifier (using hashing
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functions) such that the investigators managing the cloud database will not know the user’s group.
The password to decrypt the database will be held by the Data Safety and Monitoring Group, as
well as the Monitor from the sponsor, who will ensure data integrity and host the raw trial data on
a public repository at the time of study completion. After this point, the investigators will gain
access to the full database and perform analysis.

Adherence measurement

On the Lumos glasses, adherence is automatically measured using the embedded human detection
sensor (powered by infrared proximity sensor). Each participant is required to have a smartphone
running either iOS or Android, and the glasses use Bluetooth to communicate with the Lumos
smartphone app that syncs the data to the cloud.

Adverse Events

In 1998, the FDA determined that light boxes for SAD does not pose a significant danger to the
public and the FDA is not aware of any adverse events as result of light box therapy [34]. Some
discomforts may arise from light therapy, however. Some users may experience headaches and
eye discomfort that usually goes away after a couple of days of continuing treatment. An adverse
events button is located on the smartphone app for the user to enter in their adverse events for
immediate feedback, where they’ll be taken to the adverse event reporting form located on
Qualtrics: https://uwaterloo.cal.qualtrics.com/jfe/form/SV_4Hp8AbgXGkiglQK

The study uses a numbered rating system for the adverse event, in addition to describing the
adverse event, the participant is asked to rate the severity of the event on a numbered scale
shown below:

0 - no symptoms

1 - mild symptoms (does not interfere with daily life)

2 - moderate symptoms (have an impact on daily function)

3 - severe symptoms (required seeing a doctor or hospitalization)

On a weekly basis, participants are also asked about adverse events, including Headaches,
jumpiness, nausea, eye strain, changes in sight, and each ranked from 0 to 3, related to their
wellness via the same Qualtrics link as the MADRS and PROMIS survey. More details on the weekly
cadence adverse event reporting can be found in the next section.

In addition, based on the weekly MADRS and PROMIS surveys, if a participant experienced a
worsening of MADRS score of >9 or PROMIS > 5, the software would automatically flag this as an
adverse event and the study investigators and data monitoring board is notified to follow up with
the participant to understand if such worsening of symptoms are related to the study protocol,
and determine if unmasking or pausing the studyisinecessary for the participant on a case by case
basis. All adverse events will be reported to the REB director via either email of phone within 24
hours of the event and subsequently an Adverse Events Report form filed to the ORE.
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Weekly Self-Assessments

Once a week, participants are asked to answer the MADRS and PROMIS questionnaire via the online
Qualtrics link shown below.

https://uwaterloo.cal.qualtrics.com/jfe/form/SV_ON7pwwHHEBUx7nM

The weekly survey consists of 5 main sections:

Lifestyle changes
Lifestyle changes include questions of changes in medication, outdoor activities changes (if more
than 2 hours), if the participant is using any other light therapy or blue blocking glasses?

Glasses feedback on comfort and usability
survey askes for device related issues, such as Glare, dirty lenses, scratching on lenses,
hinge catching hair, glasses too loose, glasses too tight, each also ranked from 0 to 3:

0 no compliant

1 minor complaint, not a major barrier to my comfort

2 moderate complaint, affects my comfort level but can tolerate it

3 severe complaint, the device is barely usable and I'm unable to tolerate this problem

Participants are given a chance to provide any additional feedback on device related
complaints using a free entry text form.

Side effects reporting
A systematic assessment of common adverse events, including Headaches, jumpiness, nausea, eye
strain, changes in sight, and each ranked from 0 to 3, where:

0 - no symptoms

1 - mild symptoms (does not interfere with daily life)

2 - moderate symptoms (have an impact on daily function)

3 - severe symptoms (required seeing a doctor or hospitalization)

Participants are given a chance to provide any additional feedback on adverse events using
a free entry text form.

The survey also asks if the participant is experiencing any mania symptoms, and if so, is
taking to the PMQ-9 survey [29]. If they reported mania, a member from our staff team will
follow up and administer the Mania Rating Scale [35] over phone or video call, and our data
safety and monitoring team and clinical t&afn will be consulted to decide on whether the
participant will be unblinded or withdrawn from the study.
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The survey also asks if the patient is experiencing psychosis symptoms such as seeing thing
that are not there, strange experiences you cannot explain, and if so, they are
recommended to contact their primary doctor. This will also be flagged and sent to the PI
as a risk factor for monitoring on a case-by-case basis. One follow up item from our staff
team if they reported psychosis symptoms is to administer the Brief Psychiatric Rating Scale
[36] over phone or video call, and our data safety and monitoring team and clinical team
will be consulted to decide on whether the participant will be unblinded or withdrawn from
the study.

Sleep questionnaire (PROMIS)
8 required questions about sleep quality in the past week via the PROMIS Sleep scale [21],
where a higher score indicates worsening sleep

Mood questionnaire (MADRS)
9 questions via the self assessment MADRS, which as shown to be a proven tool kit for depression
[30].

On the MADRS form, if in the final question, the participant indicates a 5 or 6 on the zest for life
guestionnaire, indicating that they are seriously considering suicide, mental health resources are
automatically provided at the end of the survey.

Game - Assessments

Participants are asked to complete a reaction time test and memory test on a weekly basis at a
fixed time each week. The reaction time test will be administered using the physical hardware on
the Lumos glasses along with a Bluetooth matching interface on the smartphone to display results.
The memory test will be administered via the smartphone using paired word test. The game is
designed such that the paired associate learning (PAL) starts first, and 10 words are first presented
to the participant to memorize, for 30 seconds. And then they are asked to complete a 1-minute
psychomotor vigilance task (PVT) via the smartphone assisted game via the glasses. And then
presented a screen to match randomized second pair words to the first paired words. This is
repeated 3 times until a total of 30 words have been tested, and 3 minutes of the PVT game data
has been collected.

Crisis planning

On a weekly basis, a member from the clinical team will follow up with the participant to check if
they have any questions about the study, the weekly reporting form, games and adverse events. If
during the conversation the participant indicates the risk of suicide, the separately attached crisis
protocol shall be followed. The clinical team member is a student who would be trained by our
Principal investigator, who is a licensed psychologist in the province of Ontario. If the clinical staff
member is unsure what to do in any situation, they have immediate access to the principal
investigator for advice and support.

275
Primary Outcome
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Montgomery Asberg depression rating scale delta as a function of adherence Secondary Outcomes:
Sleep Disturbance improvement via PROMIS short form, reaction time improvement via
psychomotor vigilance test, memory improvement via word paired test, adverse events and
comfort, as a function of adherence.

Study schedule

The study period is 16 weeks. With a crossover after the first 8 weeks.

Sample Size and Power Calculations

n = 20 per group is sufficient to detect depression score change via MADRS (n = 25 assuming two
tailed distribution)

n= 7 is sufficient for detecting sleep via PSQl (we choose to use PROMIS) (n = 8 assuming two tailed
distribution)

n =7 is sufficient for reaction time via PVT (n = 9 assuming two tailed distribution)

n = 27 is sufficient for short term memory via paired word test (n = 24 assuming two tailed
distribution)

n =45 is sized as large as possible given our budget and for determining the usage time vs
improvement regression model.

For detecting a mental wellness score change, the Lam et Al Paper is referenced :

In the paper: A total of 122 patients were randomized (light monotherapy, 32; fluoxetine
monotherapy, 31; combination therapy, 29; placebo, 30). The mean (SD) changes in MADRS score
for the light, fluoxetine, combination, and placebo groups were 13.4 (7.5), 8.8 (9.9), 16.9 (9.2), and
6.5 (9.6), respectively.

The placebo group: 6.5 (9.6)
The light therapy (no medication) group 13.4 (7.5)

In the Lumos 2020 Pilot study, the treatment pilot group saw an improvement of 13.3 with SD
(4.4). For the power analysis, as a conservative measure, the mean and SD will be referenced from
the Lam et al paper due to its higher SD.

A two group, one sided (we know that light therapy will improve symptoms) power analysis was
performed with the online calculator: http://powerandsamplesize.com/Calculators/Compare-2-
Means/2-Sample-1-Sided.
Inputs: Group A, mean is 6.5, sd is 9.6. Group B, mean is 13.4, sd is 7.5. Sampling ratio is 1

276

And for an alpha level of 5% and a power of 0.8, the sample size was determined to be n = 20 for
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each group.

Based on feedback from reviewer, if there is a chance that irritability of the glasses could cause a
worsening of depression symptom, therefore, a more conservative 2 sided power analysis should
be considered.

A two group, two sided power analysis was performed with the online calculator:
http://powerandsamplesize.com/Calculators/Compare-2-Means/2-Sample-1-Sided.

Inputs: Group A, mean is 6.5, Group B, mean is 13.4, sd is 8.55 (average of the SD). Sampling ratio
isl

And for an alpha level of 5% and a power of 0.8, the sample size was determined to be n = 25

For detecting sleep, Akyar, Akdemir published a trial of 24 older adults who has administered light
therapy for a 1 month period. The PSQl index Global Scale decreased from 12.87+4.26 to
3.95+1.75.

We want to assume that there could be placebo effect, and based off the depression study, we
make the assumption that placebo is roughly half the effect of the treatment. And therefore, for
the power analysis, it is assumed that the placebo group has a PSQI global index of 8.41+4.26 post
intervention, and the treatment group has 3.95£1.75.

http://powerandsamplesize.com/Calculators/Compare-2-Means/2-Sample-1-Sided
Inputs: Group A, mean is 8.41, sd is 4.26. Group B, mean is 3.95, sd is 1.75. Sampling ratio is 1

And for an alpha level of 5% and a power of 0.8, the sample size was determined to be n =7 for
each group.

Similarly, for a 2 sided power analysis, Inputs: Group A, mean is 8.41, Group B, mean is 3.95, sd is
3.01, Sampling ratio is 1 the minimum sample size is determined to be n = 8.

Although in our intervention, we choose to use the PROMIS sleep questionnaire, which has a much
shorter completion time, we expect that since our total sample size is much greater than the
required 8, a difference should be detected.

For detecting reaction time, a study by Rosa et al is referenced. 22 Brazilian swimming Olympic
athletes in the Rio 2016 games participated in a 5 day light therapy protocol and their mean
reaction time via the Psychomotor Vigilance Task (PVT) night at night decreased from 218.63 +
5.06 (before light therapy) to 207.18 + 3.45 (after light therapy).

To account for the placebo effect, it is assumed that the placebo has roughly half the effect of the
treatment in our study. And we assume a mean of 212.905 + 5.06 for the placebo group and
207.18+ 3.45 for the light therapy group for the power analysis.

27
http://powerandsamplesize.com/Calculators/Compare-2-Means/2-Sample-1-Sided
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Inputs: Group A, mean is 212.905, sd is 5.06. Group B, mean is 207.18, sd is 3.45. Sampling ratio is
1

And for an alpha level of 5% and a power of 0.8, the sample size was determined to be n =7 for
each group.

For a two tailed test, Inputs: Group A, mean is 212.905, Group B, mean is 207.18, sd is 4.26
(average of the 2 SDs). Sampling ratio is 1, n is calculated to be 9.

For detecting memory, a study by Bersani et al., is referenced. Where a pilot study using light
therapy with 10 in the treatment group undergone a 5 day treatment and their cognitive
performance was compared with 10 people in the control group. Memory was accessed using a 10
paired word test, done 3 times, with the score being the total number of correct recalls.

After 5 days, the treatment group scored 22.4 + 0.3, and the control group scored. 21.1 + 1.3.
Again assuming that the placebo group in our study has half of the effect at 21.75, the power
analysis was conducted.

http://powerandsamplesize.com/Calculators/Compare-2-Means/2-Sample-1-Sided
Inputs: Group A, mean is 23.4, sd is 0.3. Group B, mean is 21.75, sd is 1.3. Sampling ratio is 1

And for an alpha level of 5% and a power of 0.8, the sample size was determined to be n = 27 for
each group

For a two tailed test, if we take Group 1 mean = 23.4, Group 2 mean = 21.75, sd = 0.8, the sample
size is n = 24 for each group.

The third metric that warrant note is the regression to be performed on light therapy duration on
sleep and mood improvements, however, there is insufficient data from existing literature to make
the basis for a good power analysis. Therefore, we choose the maximum units that our production
sample could reasonably manage and choose each group to be n = 45.

Data management and Statistical Analysis: Data is stored via Google drive until study publication,
upon which relevant anonymous data for disclosure will be provided on University of Waterloo
Dataverse. Data management plan is documented and managed via DMP assistant. Statistical
analysis is performed in R using multiple linear regression analysis:

Sample code: modelFile <- read_excel(“Downloads/output.xlsx”) attach(modelFile) modell <-
Im(MADRSD ~ MADRSB + LIGHTHOURS + MADRSB*LIGHTHOURS)

H#create dummy variables for the groupsgroupCate = factor (group)genderCate = factor(gender)
model2 <- Im(MADRSD ~ MADRSB + LIGHTHOURS + MADRSB*LIGHTHOURS + groupCate

+ genderCate) 278
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Passive Data Collection

The Lumos glasses collects ambient light data through two ambient light sensors and user
detection data through proximity sensors. This data will be associated with the participant ID and
uploaded to the cloud for adherence and secondary analysis relevant to the research.

Some basic functionalities of the Lumos app are presented below. The Lumos app is compatible
with smartphones running the latest version of iOS and Android. It features an email login which
stores the authentication data in a secured database via Google Firebase, with servers located in
Canada for security. The app then seeks permission to have Bluetooth and notifications to provide
basic functionality to the user in this trial. Some screenshots of the app is shown in Figure 5 below.

Creating your
account

O Lumos

Get reminders

BT, C e

ASDFGHJ KL

ZIXCVEBENM

Figure 5 Lumos app authentication and permissions screenshots

Note, for this trial, to enable cloud control of randomization of treatment arms, user accounts will
be automatically created for them using their email, and a temporary password provided. The
participants are asked to change their password the first time they log in.

The data from the app is sent to a Google Firebase Server owned by the founders of Lumos and the
research team. Figure 8 shows screenshots of the database and authentication and access security
rules implemented on the database. Figure 6 shows screenshots of the database storage on
Google Firebase.

279
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Cloud Firestore Qe @ Cloud Firestore O °

Figure 6 Google firebase with rules enforcing security access

Figure 7 below shows the more advanced functionalities of the Lumos app such as in app games,
and reaction time test scores visualization.

W . %

Word Pair Game

In this geme, you will be given 10
saconds to remember 10 rendom
word poirs. Than you neod 1o fill the
blank part based on the word paire
remermbared. The game will lest
rounds, and you will get your final
ation at the end of the game.

The PVT

Rate of lapse

St palred wakid game

Figure 7 Advanced functionality of the Lumos app, including guided PVT (psychomotor vigilance task), and word pair game.

Study variables
Clinical Variables:

(One datapoint per week for each participant)

Via the smartphone app, participants are asked for an ideal time each week where they can set
aside around 20 minutes of their time to compleﬁgéhe self-assessments and the smartphone app
will send a push notification around that time each week to remind them to take assessments.
Participants are also asked for an ideal time each week when they’d like to be contacted for a
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follow up/check ins.

Weekly Survey Variables:
1. MADRS Score

2. PROMIS Score

Cognitive Testing Variables
1. PVT_Mean reaction time

2. PVT_Number of lapses (reaction time > 500 ms)
3. PVT_Number of false starts
4. PAL_number of correct words (out of 30)

Usage variables:

When the smartphone first detects that a user has put on their glasses, and keeps it on for longer than 5
seconds, a session document is created on the cloud firebase under the user’s unique ID, and the light is
turned on to activate treatment (or low intensity light for placebo). The smartphone activates the ambient
light sensor on the glasses and begins collecting ambient light data.

The session document consists of the following variables:
1. Start time (after the 5 second confirmation period, the exact time in date, minute, second is
recorded into the document).
2. Every 5 seconds, the aggregated ambient light data (in melanopic lux) is recorded into the database
as a new record under a sub document, ALS data.
3. Endtime (when the phone detects that the user has taken off the glasses, and that state remains
for over 5 seconds, record the end time and end the session recording on the cloud).

Participant Withdrawal

If a participant chooses to withdraw early from the study, they have all rights to do so. The
participant is asked nicely to return the glasses to the study team so that their position could be
filled by another on the waiting list. A pre- paid return label will be provided to the participant to
ship the glasses back to the research team. However, if the participant chooses to keep the glasses,
they are told that they are within their rights to do so. If the participant consents, an exit interview
will be performed with a final round of assessments with an optional reason to answer the reason
for exit and report any adverse events and suggestions to the research team. An appreciation
letter will be sent to the participant after the exit interview.

If participant wishes to withdraw from the study:

1. Schedule exit call with participant

2. Confirm and send return shipment label to participant.

3. Ask the participant the reason for withdrawing, although they are entitled to not give a reason if
they wish to. 281

4. Send an appreciation letter (withdrawal version) to the participant.
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Participant Follow up and Loss Criteria

If a participant neglects to wear the glasses for 1 day, a smartphone app will notify them via push
notification. If a participant do not wear the glasses for 2 consecutive days, an automated text will
be send to their phone to remind them about the study.

If a participant neglects to wear the glasses for 3 consecutive days, the clinical team will be notified,
and a follow up call is done to get in touch with the participant and remind them to wear the glasses
per trial recommendations. If despite calling, the participant continues to not wear the glasses for 14
consecutive days, the participant is considered lost, and they are contacted to see if they wish to
officially withdraw from the study and willing to ship the glasses back so another person can have a
chance to participate. If they cannot be reached via calling, an email will be sent, and the clinical
team will attempt calling each day for a total of 7 days until the participant is considered lost.

If a participant neglects to complete the weekly survey and testing at their selected time, they are
given smartphone notifications to complete the survey for the first 3 days grace period. If they still
do not complete their weekly survey and testing after 3 days, an automated text message will be
sent to them each day. If after 6 days, they have neglected to complete the assessment, a member
of the team will reach out via phone call for a reminder. If despite calling, the participant continues
to not complete the survey and a total of 21 days has passed since the target survey date (based on
participant’s selection), the participant is considered lost, and they are contacted to see if they wish
to officially withdraw from the study and willing to ship the glasses back so another person can have
a chance to participate and help us with the research. If they cannot be reached via calling, an email
will be sent, and the clinical team will attempt calling each day for a total of 7 days until the
participant is considered lost.

Participant Waitlist and Replacement

If a participant is lost or withdrawn from the study, and when a pair of glasses is available to ship
out, all people on the waitlist that correspond to the participant’s stratified group will be
contacted to see if they are interested in beginning the study immediately. The person who
responds first will be given the spot and a pair of glasses will be shipped to their address along
with the participant package. An account will be created in the new participant’s email and the
cloud will transfer the encoded treatment grouping information and slot ID to the new participant,
such that they follow the same protocol as the lost or withdrawn participant.

If the specific stratified group waitlist has no more members to contact, or no responses were
heard, the waitlist search is expanded to remove the sex at birth stratification, followed by age,
and finally starting MADRS score stratification (such that all waitlist participants are eligible to
replace).

A buffer of 10 pairs of glasses is available currently to account for the shipment time between
withdrawal and participant loss (withdrawal without return). If at any point, the buffer runs out of
glasses, no replacement will be made. It is possiblgxhat the sponsor can produce more glasses for
the buffer when the study begins late 2024, currently, only 10 pairs are allocated for the buffer.
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To communicate this method, if a participant is put on a waitlist, they are sent the following email:

“We are sorry to inform you that our study is currently full for your demographics group. If you are
interested in waiting, you can join our waitlist, where we will reach out if anyone drops out during
the study. When a spot opens, everyone on the waitlist for your demographic group will be

contacted via email, and the first person who responds will be able to fill in that spot in the study.”

Conditions for Premature study termination

The study may be prematurely terminated or halted by the principal investigator, sponsor, or data
safety and monitoring board if serious adverse events are observed.

In such situations, the participant that incurred the adverse event is unblinded to diagnose if the
adverse event is due to the investigational device. If not (participant in placebo and team agrees it
is unrelated to the device), the study can be unhalted, and other participants are not unblinded.
The participant may or may not continue the study at their discretion, however, their data is
removed from the final statistical analysis given the unblinding.

If a serious adverse event has been connected to the intervention treatment, the study would be
prematurely terminated, all glasses would be shut down remotely, and all participants are sent an
email and phone call warning about the adverse event. All devices in this situation would be
recalled and participants are contacted for the recall. The participants that have experienced the
adverse event would receive a formal follow up from the student investigator, as well as any
relevant staff member on the trial team who has the expertise and can help with the diagnosis,
treatment, and medical care of the participant, and work with the participant’s primary care
provider to provide medical assistance.

If the adverse event is limited to a single participant and deemed to be an isolated case, the
principal investigator, sponsor, or data safety can halt the study for a single participant without
affecting the flow of study for the other participants. For example, if mania or psychosis is
reported by the participant as an adverse event, our team would follow up as soon as possible
directly with the participant and administer the Mania Rating Scale [35], or Brief Psychiatric Rating
Scale [36]. If through assessment, the study team deems that the issue is related to the device and
is severe enough to discontinue intervention, the participant can be notified of this decision and
their glass’s treatment would be deactivated over the cloud, and our team would follow up on and
aid the participant in finding health care providers to manage their symptoms, as well as provide
basic online based cognitive behavior therapy and psychoeducation for managing mania
symptoms until dedicated care is found or symptoms subside.

Data safety and monitoring board

To mitigate conflict of interest with the investigators having financial association with the sponsor,
a special team of industry experts who have no conflict of interest are appointed to monitor the
clinical trial for fairness, safety, data, and scientiagﬂ;)ntegrity. The board will have real time data
from the study from the participants and have access to the encryption key and the power to
unblind or halt the trial in case of an emergency. All clinical data will be sent to the board and cross
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validated during the analysis and paper writing stage to ensure data integrity and accuracy.

The board consists of three members who have no conflict of interest with the sponsor:

Dr. Jeff Hovis, Associate Professor, Senior Graduate Officer, Optometry and vision science,
University of Waterloo. Registered optometrist, supervising clinician.

Dr. Jeff Hovis received his Doctor of Optometry and Master of Science degrees from Ohio State University. He
completed his PhD degree in Physiological Optics from Indiana University before joining the University of
Waterloo School of Optometry and Vision Science where he has been a member for over 30 years. He has an
active research program in developing performance-related vision standards for law enforcement, aviation,
maritime and railway industries. This work has led to the development of a lantern test and a color vision test
for dispatchers used by the Canadian railways. Dr Hovis is currently investigating the color vision
requirements and testing protocols for the Canadian Air Force. He has been a member of several panels and
research groups reviewing vision standards for civilian pilots in Canada. In addition to research on vision
standards, Dr. Hovis has also been investigating visual performance and optical properties of ballistic
protective eye wear for the Canada Land Forces. His research focuses on establishing performance-based
standards for colour vision, visual acuity and binocular vision with the primary work studying the impact of
colour vision deficiencies on coloured related tasks, the impact of protective eyewear on visual performance.
Dr. Jeff Hovis is also a member and president of the International Commission on Illlumination, Canadian
National Division.

Dr. Paul Murphy, Professor, Optometry and vision science, University of Waterloo.

Dr. Paul J Murphy graduated from Cardiff University in 1988 with a BSc in Ophthalmic Optics, and completed
his training at the Newcastle General Hospital, Department of Ophthalmology, Newcastle-upon-Tyne. He
obtained his optometric licence in 1990 from the General Optical Council (UK), and entered practice at the
Royal Victoria Hospital, Contact Lens and Low Vision Unit, Belfast.

In 1993 Dr. Murphy enrolled as a graduate student under the supervision of Prof Sudi Patel and Prof John
Marshall, and he was awarded his PhD from Glasgow Caledonian University in 1996 with a thesis entitled: “An
examination of human corneal sensitivity by non-invasive methods”. Subsequently, he completed a post-
doctoral fellowship and was appointed a Lecturer (Assistant Professor) in the Department of Vision Sciences
at Glasgow Caledonian University in 1997. In 2001, he was appointed Director of Teaching and Senior
Lecturer (Associate Professor); School of Optometry and Vision Sciences, Cardiff University and was promoted
to reader in 2007. While at Cardiff, he established the Contact Lens and Anterior Eye Research Unit (CLAER).
Through this research unit, he collaborated with colleagues in the UK and Europe, and developed novel
systems for imaging the ocular surface and tear film. He was appointed as the President of the European
Academy of Optometry and Optics in 2013.

In 2013, Dr. Murphy was appointed director of the School of Optometry and Vision Science at the University
of Waterloo, and also completed his MBA at the University of South Wales. In 2015, he was appointed an
honorary professor at Cardiff University. In 2016 he stepped down from the position of Director. He has
established the Murphy Laboratory of Experimental Optometry within the School of Optometry. His research
interests are concentrated on the anterior ocular surface, and include instrument design, contact lens wear,
tear film physiology, ocular anatomy and corneal sensation. He has published in these areas, and in topics as
varied as visual impairment, eye movement and optometric practice.

Dr. Murphy is a member of the Centre for Bioengineering and Biotechnology (CBB), and a collaborator with
the Centre for Ocular Research and Education (CORE) at the University of Waterloo. He is a fellow of the
College of Optometrists (UK), the American Acad«zfg)i of Optometry, the European Academy of Optometry
and Optics, and the British Contact Lens Association.
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Dr. Dorothy Sit, Associate Professor of Psychiatry, Northwestern Medicine

Dr. Dorothy Sit is an Associate Professor at Northwestern University Feinberg School of Medicine. Dr. Sit’s
main clinical research focus is on the development of treatments for women with mood disorders. Dr. Sit’s
clinical work is devoted to the care of women with major mood disorders during the childbearing years
including pre-conception planning, pregnancy and postpartum. With NIMH grant support, Dr. Sit recently
completed a clinical trial confirming the efficacy of bright light therapy for bipolar depression and discovered
that light therapy at midday versus an inactive placebo comparator induced a potent antidepressant response
in depressed bipolar patients. She presented the findings at the 2016 Annual Meeting of the Society for Light
Treatment and Biological Rhythms and abstracts at the American Psychiatric Association 168th Annual
Meeting and the Society for Biological Psychiatry, 70th Annual Scientific Meeting. Given the robust effects,
Dr. Sit is developing new research studies to investigate putative neural and visual biomarkers of response
with support from NARSAD (Brain and Behavioral Research Foundation), and to explore the potential brain-
related mechanisms underlying therapeutic light. As a clinician-educator, Dr. Sit serves on the women’s
mental health fellowship curriculum committee and provides lectures and training for residents and fellows
on the diagnosis, risks/benefit assessment and clinical management of women with depression, bipolar
disorder or schizophrenia during pregnancy and postpartum. Dr. Sit serves on the Scientific Advisory
Committee for the not-for-profit Center for Environmental Therapeutics and as Vice-President for the Society
for Light Treatment and Biological Rhythms. She also provides peer reviews of manuscripts being considered
for publication in major journals including the American Journal of Psychiatry and others.

Sponsor Monitor

To maintain smooth software operation and database management during the clinical study and assist the
data safety and monitoring board, a monitor, Felix Xu has been appointed from the Sponsor. Felix is a 4"
year computer engineering student at the University of Waterloo and a software engineer at Lumos Health,
he has been granted funding to work on this project from MITACS. Given that Felix has access to the
software and is responsible for maintenance, he can in theory crack the encryption of the blinding by using
the software that he manages as the decryption keys are in the iOS and Android App. The only way to
completely mitigate conflict of interest in this scenario would be to hire a third-party engineering company
to maintain the entire code base during the clinical study (and shut off access to the codebase to Lumos),
however, this would be extremely high-cost and is outside the current budget of Lumos Health and the
MITACS grant. It currently makes most sense to have the people who created the software system conduct
maintenance of it during the clinical trial. As such, Felix received TCP2 core training on research ethics, and
will implement software controls in place such that the data safety team will always first receive a snapshot
of the raw data from participants and make an attestation to not attempt to crack the blinding information
unless specifically instructed in events of emergency.

Data management plan

Qualtrics survey Data

-Alpha and Beta testing data will be cleared prior to participant enrolment

-Custom links will be created after all participants and waitlist members are enrolled, this custom link is
then sent to our cloud so that the participants have access to their Qualtrics weekly survey via a simple
button click from their app

-Adverse events that prompt team feedback is sent via email triggers to data monitoring team +
investigators using conditional triggers

-Data monitoring board added as collaborators on th(2=8%ualtrics survey so that they have full access to
survey design and responses.

-At the end of the trial, before analysis begins, all responses from Qualtrics will be exported and emailed to
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the data monitoring board as a backup copy.

Clinical data from custom software

-Clinical data from software will be stored on google firebase, under a custom project

-The data will be used to drive a dashboard system, for investigators and the data safety and monitoring
team to monitor participant status, usage status, without compromising blinding information. The
dashboard will also inform when participants have deviated from protocol and trigger prompts to the
clinical team to follow up with participants.

-The dashboard will be password protected such that only the relevant teams have access to the data

Other data
Participant exchange data, from email exchanges, text messages, if consensual, recorded video calls will be
stored on google drive.

Data sharing after trial completion:

The clinical data will be anonymized and shared on a publicly available database (such as UW Dataverse, of
FRDR) after the trial. Non anonymized data will be stored for 15 years after the trial by the research team
on a physically protected and password protected hard drive with identifying information in case follow up
is needed on participants, specifically regarding adverse events.

Data locking prior to analysis:

A snapshot of the study data will be taken prior to the study analysis by the data safety and monitoring
team, through exporting data from Qualtrics, and working with the Sponsor monitor to take a snapshot of
the cloud database.

Participant privacy protection:

Participant data stored on the cloud database will be protected using encryption and authentication
algorithms provided by Google. The clinical team, sponsor, and data monitoring and safety team will be
trained and instructed to not let any study data leak into the public domain until study completion and the
anonymous data is created for public release. Any students hired to be on the clinical staff will receive
training and sign a confidentiality agreement where participant information sharing is prohibited, and
talking about the participants to anyone outside their approved supervisor is not allowed.

Trial Completion

Trial completion for a participant is when 16 weeks of full usage has been completed and the final
assessment is done. At this point, their glasses’ software will automatically switch to the standard
customer software (with the ability to control intensity to any level they desire, with safety limits
in place) and receive automatic software updates as patches to the Lumos app. The smartphone
app will have a button to take them to an optional exit survey to provide any comments and
feedback they wish to provide. A thank you letter will be sent to the participant.

Trial completion for the overall trial is when all participants who have signed up, or later joined via
waitlist replacement, have completed their 16-week protocol. At this point, all consolidated data
that was sent to the data safety and monitoring board will be reviewed, packaged, and signed off
before it is sent back to the investigators for ana%s. This data keeps the blinding information
intact but available for analysis by the investigators, such that the investigators know that a
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participant belonged to treatment arm A, or B, but do not know whether treatment arm A is the
one that received the higher dosage first. The investigators will then perform data analysis and
present findings to the data safety and monitoring board, who will review and sign off on the
findings. Afterwards, the data will be completely unblind to the investigators to make final
conclusions and write the thesis paper for dissertation and publication.

Statement of Compliance

This clinical investigation shall be conducted in accordance with the ethical principles that have
their origin in the Declaration of Helsinki [27].

This clinical investigation shall be conducted in compliance with this protocol document and
adhere to TCP2 core research ethics regulations, follow mandates provided by research ethics
board of the University of Waterloo, as well as The Collaborative Institutional Training Initiative
Good Clinical Practice guidelines.

The clinical investigation shall not begin until the required approval/ favorable opinion from the
REB from the University of Waterloo and Health Canada has been obtained.

The clinical investigation shall comply with additional requirements set forth by the University of
Waterloo safety office regarding controls on maximum allowed exposure durations based on IEC
62471 standard, that an extra 25% reduction of exposure will be enforced on top of the IEC 62471
standard for eye safety.

This clinical investigation shall be funded by the Sponsor and MITACS Grant IT28793 through the
University of Waterloo. Any additional expenses incurred beyond the expected research budget
will be covered by the Sponsor.

The clinical trial and its details will be registered on clinicaltrials.gov, a publicly accessible
database.

Investigational Device Description

Detailed information on the investigational device, its operation, and safety assessments can be
found in the investigator’s brochure separately attached.

1. Hardware design: The glasses used for the 2024 trial in this protocol uses the 2021 Lumos
Clinical Glasses design, shown in figure 3. The device uses Stainless steel front frames, with
TR90 injection molded temple arms each with a battery module, PCB, microUSB charging
port, a push button, ambient light sensor, and user detection infrared proximity sensor.
The PCB is equipped with the Nrf52832 chipset, allowing Bluetooth communications.

2. Firmware Design: The firmware version used for the clinical trial highlighted in this protocol
will be labelled as, LumosLeftPCB_WAT_BEX#24_Clinical_RevO and
LumosRightPCB_WAT_F2024_Clinical_RevO0 for the Left and Right arms of the glasses
respectively. The firmware is coded in Arduino, using the Adafruit Bluefruit Nrf52832 as a
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baseline reference design and codebase. A state diagram of the firmware logic of operation
is shown below.

==

Figure 8 Lumos Clinical Firmware State Diagram

3. Software Design (iOS): The software for iOS phones are implemented in Apple’s native
development platform, Xcode, linked to a Github repository github.com/LucasLumos/trial.
All software versions and changes can be observed on the repository. The software may be
continuously updated to repair bugs and improve compatibility during the trial and will be
maintained by the sponsor Monitor Felix Xu, with help from the creator of the iOS app and
student investigator Lucas Tang.

4. Software Design (Andriod): The software for Android phones is implemented in Android
Studio, which is Google’s recommended native platform for app development, and linked
to github.com/LumosHealth/Android_app. The software may be continuously updated to
repair bugs during the trial and will be maintained by the sponsor monitor Felix Xu, who is
also the creator of the Android app.

5. Cloud infrastructure: Google firebase cloud is used for its clean integration with advanced
features on iOS and Android apps, allowing state of the art user registration, data
protection, encryption, and real time database features. It also has a feature that allows
user data to be uploaded to the cloud asynchronously if the user disconnects from internet
and will upload the information after internet connection is recovered.

6. Note on light switching. To protect participant’s circadian rhythm, the glasses’ lights will
not be able to turn on between 5pm and 5am.

Potential Benefits of Clinical Device

The potential benefit of the clinical device is its light therapy delivery, which could lead to
improvements in a user’s health and mental health. More information can be found in the
investigator’s brochure.

Potential Risks of Clinical Device

There are several potential risks of the clinical dexgge. One of which is eye safety. Very strict
controls are used on the glasses via firmware and 100% per device calibration on the
manufacturing line to control the light output levels, which can also be controlled by the
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smartphone. There could be a risk if the device or the user’s smartphone was somehow modified
or hacked to override any set safety controls or limits. A note is added on the clinical user manual
to tell the user to contact the research team if they suspect hacking or if the light is behaving
abnormally bright. A second risk is battery related safety risks as with any electronic devices. It is
possible that the battery could have a thermal runaway effect if any puncturing or water damage
occurs that short the terminals of the battery. And this is why it is important that participants are
told that they should not try to take apart or modify the device in any way, as it could lead to
increased safety risks. Another risk is Bluetooth interference as the device is still going through FCC
certifications, this means that there is potentially more radio interference around the device which
could cause interference with other radio emitting devices in the proximity of the user. Unless FCC
is passed before the trial start date, people with electronic implants such as pacemakers are
excluded from the study at this time.

Potential confounding factors

There are several potential confounding factors that could compromise the results of the clinical
trial.

Changes in going outdoor habits:

If a participant’s habit changes such that they are doing more outdoor activities, it could
complicate the clinical results. One way to account for this is to ask in the weekly check-in if the
participant has been going outdoors more than 2 hours a day on average, and if so, how many
hours are they spending outdoors on average.

Environmental predispositions

Participant indoor lighting. While not being outdoors contributes to reduced light exposure, if the
participant somehow receives lighting from very good windows, or skylights that end up providing
similar indoor light conditions as being outdoors on a sunny day, this essentially negates our
inclusion criteria of less than 2 hours outside. Thus, if a person is already receiving adequate
indoor lighting that is comparable to outdoors, it is not expected that the glasses will have a
notable positive benefit. One way to mitigate this confounding factor is by using the ambient light
sensors on the glasses that is activated when the user is using the glasses. If the sensor reports
high levels of light when they are wearing the glasses, then it can be factored into the overall
analysis.

Lifestyle predispositions

Generation of serotonin requires tryptophan as an essential amino acid precursor. And melatonin,
which contributes to sleep, requires serotonin as a precursor. On the advice of Dr. Jamie Zeitzer,
certain vegans and vegetarians who do not have sufficient tryptophan intake could experience
issues responding to light therapy, due to the lack of chemical precursors. However, it is generally
not an issue as tryptophan is also found in tofu, avocados, oats, and other seeds that vegans often
use as protein supplements. A note can be added to the participant package about diet and light
therapy to prompt people to have sufficient protein intake in their diet to enable proper function
of the body. 289

Genetic predispositions
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There have been certain predispositions on eye color and sensitivity to light therapy [31,32]..
Specifically, people with blue eyes have less risk for seasonal affective disorder but are at higher
risk for sun related eye damage. It is possible that people with lighter colored eyes will have
received sufficient light from indoor light environments due to their genetic differences. Yet it is
also possible that people with blue eyes will report more effects from light therapy, but also may
have more adverse events. To help account for this factor, an optional question can be asked at
the intake survey about the participant’s eye color, if they choose to disclose.

Medication use

Medication use can complicate the study and there are many potentially unknown impacts on how
medicine could affect the person’s light sensitivity, and brain chemistry. To account for this, in the
intake, a participant is asked if they are currently taking any medication for depression, any other
active medication and asks them to disclose if they wish. And have a form on the weekly check in
to check if their medication usage has changed.

Other light therapy use

If the participant also uses light therapy lamps or other light therapy devices (included light
therapy face masks). This could complicate the study as we are unable to track usage time of
other light therapy devices. We will put a note in the participant package to recommend that they
use only the Lumos glasses as their bright light therapy treatment. And if they indeed use other
types of treatment, that they fill it usage time of other light therapy device in the weekly check in.

Participant sharing the glasses with others

If the participant lets other people use the glasses, then the adherence data would be
compromised. A note will be added to the participant package to not let other people use the
glasses during the 16 weeks of the trial period.
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Revision History
Date: 09/14

-Addressed comments from REB reviewers
-Study design updated from 8 week + 8 weeks open label to 16 weeks full crossover study

-Seizures removed as exclusion criteria after reviewing relevant literature and ethical
considerations, added monitoring question on weekly survey as checks

-Officially added data safety and monitoring board members and appointed monitor from Sponsor
Date: 9/30

-Removed family history of cataracts as exclusion criteria per recommendation from Dr. Hovis, as
most people will have a family member with cataracts

-Included an upper limit on MADRS as exclusion criteria based on Pl recommendation given the
high risk with severe depression participants, and this is aligned with the lam et al study [1] to
include an exclusion criterion for those with high suicide risk

Date: 2/3/2024

-Exclude those with pacemakers, seizures
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Glossary of Acronyms

MADRS: Montgomery Depression Rating Scale

PROMIS: Patient-Reported Outcomes Measurement Information System, in the context of this
protocol document, PROMIS refers to the specific PROMIS—Sleep Disturbance—Short Form.

CES: Consumer Electronics Show

IR: Infrared, referring to Infrared radiation.

AVG: Average

SD: Standard Deviation

n: number of participants (in the context of statistics)
PVT: Psychomotor vigilance task

PSQI: Pittsburg Sleep Quality

UW: University of Waterloo

FRDR: Federated Research Data Repos
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End of Protocol
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Glossary

Flash Memory A non-volatile memory used for data storage and program retention, allowing
read, write, and erase operations even when power is removed 40-43

IEC 62471 International standard specifying methods for evaluating photobiological safety of
lamps and lamp systems (risk groups, measurement geometry, and exposure limits) 7, 8,
16-21, 25, 45, 129-131, 135, 138-140, 231

light engine An optical assembly integrating emitters (e.g., LEDs), optics, and housing to shape
and direct light into the lens for targeted illumination 12, 44

Matching Network A circuit used to optimize impedance between an antenna and transceiver
to maximize power transfer and minimize signal reflection 39, 45

melanopic lux A photometric unit weighted by the melanopsin (melanopic) action spectrum
that estimates the effectiveness of light on circadian and neuroendocrine pathways 8, 10,
30-33, 47, 48, 56, 106, 156, 178

melanopsin A photopigment found in intrinsically photosensitive retinal ganglion cells (ipRGCs),
primarily sensitive to blue light ( 480 nm) and responsible for regulating circadian rhythms,
pupil constriction, and other non-visual responses to light 131

nanocoating A wavelength-selective thin-film coating that reflects melanopsin-activating light
back toward the eye while transmitting other wavelengths for natural vision 12, 13, 44

nRF52832 A low-power Bluetooth Low Energy (BLE) SoC developed by Nordic Semiconductor,
featuring a 64 MHz ARM Cortex-M4 processor and an integrated 2.4 GHz radio 38, 40, 45

piecewise linear regression A regression method in which the data are modeled with separate
linear segments joined at a predefined hinge (or knot). In this thesis, a hinge at Day 56
was used to model pre- and post-crossover trends 57, 65, 74
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TEL,309 A telescope radiometer configuration referenced in IEC 62471-style radiance measure-
ments; used in near-eye/close-proximity light safety assessments 8, 18, 19

TR-90 A lightweight, flexible thermoplastic commonly used in eyewear frames for durability and
comfort 14
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