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Circadian Rhythms OF
12:00
« A 24-hour cycle in the biochemical, | High alertness | )
. . . 10:00 = Best coordination
physiological or behavioural Highest testosterons secretion _ 14:30

processes. _ 09:00 Fastest reaction time
) Bowel movement likely 08:30 15:30
« Can be entrained by external cues e o
. elatonin secretion stops Greatest cardiovascular efficiency
such as daylight. L 07:30 and miscle strangth

Sharpest rise
in blood pressure06:45 .

« Important in determining sleeping 17:00

and feeding patterns. :
+ Plays a role in the measurement and 06:00 - ¢ & )r1s:00
interpretation of day length. W : Ly [v18:30Highest blood pressure
« Linked to core body temperature, 19:00 Highest body temperature
brain wave activity, hormone
production and cell regeneraton. N\ /. 4/

. . . . . . 7
« Vital in the production of Melatonin. 1:00 Melatonin secretion starts |

02:00
Deepest sleep

Lowest body temperature 04:30

2:30
00:00 Bowel movements suppressed
Midnight

“The Body Clock Guide to Better Health” by Michael Smolensky and Lynne Lamberg;
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Impact of Circadian Rhythm on Health OF
O [ P )
pineal gland niiciats taphee
poor sleep quality
irregular
melatonin levels
increasing the
prevalence of
sleep disorders
and sypsequent
FECUVEOT=0 EUREV Ul Circadian Rhythm Disorder °"°™° "% 3

Source: https://sitn.hms.harvard.edu/flash/2020/i-cant-sleep-can-you-turn-off-the-lights/



Health Risks of Disrupted Circadian Rhythms OF

Greater night light exposure is associated with
increased risk for:

« Depressive disorder
« Anxiety disorder

« PTSD

« Psychosis

Disrupted Sleep Obesity/Diabetes Depression

4

* Bipolar disorder

e Self-harm behavior

®

Heart Disease Cancer Impaired
Immune System

(Source: Lunn et al., 2017)
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‘Non-Visual’ Photoreception OF
Intrinsically Photosensitive Retinal Ganglion Cells (ipRGCs)
* DiSCOV_ered in 2002-_ _ _ Physical Mediating Ocular Neural System
« Turns light energy directly into brain  stimulus factors and retinal processing physiology
signals. PUOeESSINg LGN/IGL
« Important in determining sleeping ; " Timing /> (Thalamus) ™ * Visual cortex » Vision
patterns. | \O_ | G |
- Contribute to regulation and N —— | (Reting)

suppression of Melatonin.
* Absorbs light mainly in the blue
wavelength.

* Wavelength

Melanopsin — containing

AN
| | .
Intrinsically photosensitive \ d
retinal ganglion cells = T o Prigitan RHT * Septum ——)>
“I\
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e 1(; vﬁ ! ‘/’ " - | S—CN— * Hypothalamus ~ ——)»
|l | ',\‘ -‘\ Ganglion cel o -
/5 v 4(\?\\ ,/. .z\ o « Light history L(Hypothalamus) «Midbrain ——p  — ——__ .
VIYIRIY YL ...... - R | Circadian &
R0 XS : pinal cor _> neuroendocrine |

}
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£ v
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Ald
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Inner nuclear 2
. regulation |
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(Vetter et al., 2021)
layer 5
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wh:“?:’ (Source: Hattar et al., Science 2002)
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‘Non-Visual’ Photoreception

Properties of light affecting non-visual photoreception

* Intensity

« Timing

e Duration

« Pattern

« Light history
« Wavelength

1072 meters 10° 10¢ 10° 10° 10°

1 nanometer 1000 nanometer 1 millimeter 1 meter 1 kilometer
) I S ) I (O A IO O

Cosmic X-rays Microwaves Radio Broadcast
rays band
Gamma Ultraviolet Infrared Radar

rays (uv)

Short Wavelenghts

I Visible Light

*° 400nm 450nm 500nm 550nm

Visible light spectrum vs circadian light spectrum as
defined by photopic sensitivity range and melanopic
sensitivity range respectively. (Altenberg, 2019)

(a) Observation of a scene by a human observer (0> HSI of the scene over time
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(] Photoreceptor spectral sensitivity profiles Weighted non-image forming response
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_ 1. Behavioral

% alhs Fal \ 2. Psychophysical

% 3. Physiclogical
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Wavelength [nm]

Current Opinion in Behavioral Sciences

Overview of the human visual system’s response to a scene over the
spectral range and over time. (Webler et al., 2019)
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New metrics arise from ipRGC light responses

* Quantifiable metrics to capture light's effects on
IPRGC cells:
» Melanopic irradiance
» Equivalent melanopic lux (EML)
* Melanopic-to-photopic light ratios
» Predict daylight's non-visual effects
« Evaluate built environments

non-visual direct-response (nvR,) model

L, history
h ) e ’
i L,: frequency N(u): intensity L, duration response
[W/m2 (eff N . u(t) - V(t) - 7 il
LIGHT INPUT OuTRUT

Diagram of the nvRD model. (Amundadottir et al., 2017)

CIE S 026/E:2018

International Standard

CIE System for Metrology of Optical
Radiation for ipRGC-Influenced
Responses to Light

Sy léme C{Ed mé( Ig d rayon optiques dédié 4 la réponse 4 la lumiére des
sible: d( ét e (ipRGC)

CIESytmf die Metrologie optischer Strahlung fiir ipRGC-beinflusste Antworten auf Licht

CIE International Standards are copyrighted and shall not be reproduced in any form, entirely
or partly, without the explicit agreement of the CIE.

CIEC ntral Bure CIE S 026/E:2018
abenberger: ( 5 A101Dv nnnnn . Austria

UDC: 612.014.481-06 Descriptor: Optical radiation effects on humans

(International Commission on
lllumination (CIE), 2018)
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Differences in photopic and melanopic
spectral sensitivity formalized in the SI-
compliant system for quantifying ipRGC-
influenced responses to light. (Brown et al.,
2022)



Simulation Tools and Architectural Design for Optimal Lighting

» Enable lighting level adjustment

» Based on user preferences and needs
» Spaces that support circadian health

* Optimal building designs

r— X
(1) Massing
Model

D

M)
(2) Climate &
Materials

N\

&

O

D

)
(3) Multi-Spectral
Lighting Simulation

O

LARK

~_

D

)
(4) Data Post-
Processing

R

~

Conceptual diagram of the design assist tool(CDAT). (Konis, 2019)
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(5) Metrics &
Visualizations
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Illuminance at the eye 11 Photopic Lux 10 Circadian Lux

December 21%, 9 am Overcast sky with global horizontal illuminance of 2,717 lux and CCT of 7000°K.

67 Photopic Lux 47Circadian Lux

v I I

March 21% 9am, Intermediate sky with global horizontal illuminance of 13,090 lux and CCT of 5000°K.

1289 Photopic Lux 1611 Circadian Lux

June 21% 9 am, Clear sky with global horizontal illuminance of 68.440 lux and CCT of 25000°K
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Photopic- and circadian-luminance distributions8 and
illuminance values at the scene for 9 am at

selected dates (view looking towards East) (Inanici et al.,
2015)



Wearable Sensors - light loggers and dosimeters

» Detailed tracking of personal light exposure
in real-time settings
* More precise

Photos of the watch-face
using a Fitbit ionic, with
» the strap-pack sensor box.
(Jayathissa et al., 2019)

LuxBlick light-dosimeter for measurement at eye-level. - N
ecklace
(Hubalek et al., 2010)

Spectrace device
components, and
wearability options.
(Webler et al., 2021)

Wearable corneal-plane a-opic light logger.
(Webler et al., 2021)
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Methodology

for field measurement of IpRGC-influenced lighting
and its effects on humans

- -
- - -

N\
7 N
7 \
/
/
|| ]

Natural Daylight ¢ ‘ \ — Electric Lighting
[}

Occupant Behavior
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Our Goals:

Explore the temporal and spatial dimensions of light exposure
Spaces based on user preferences and needs

Spaces that support circadian health

Al
@ ¥

Shifting Lighting Analysis from N
Building Spaces... Transient Occupants

To
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Continuous Data Collection Process and Methodology OF
|
_______________ | |
| | Survey Responses|
Ir? I - =
| IE L |
1z ' |
I1E " I |
l g 001 :_ _ I
I 0.001 -I I
| | I I
' o 1 3 5 7 9 1‘1 13 15 17 19 21 23 : I | I
!_ Time of Day (Hours) ,' : I I_
Melanopic Irradiances | ——d
PR JA S
:’l: o : Sleep Quality
I'?'E 0.002 | S;Z”ﬂ;
I BE - I Significant Time in Well-lit Area
I § | Rely on Artificial Light
I -g o I 2 Productivity
I - — IE Pre Bedtime Consumption
I ) I Number of Awakenings
| I ‘NapDe'ails
Spectral Irradiances : Mood
Daytime Sleepiness Level
|
12

| Daily Journal and |
| Activities Schedule |
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Sensor and Measurement Device
‘Open Optical Spectral Irradiance Sensor’ (OOSI Sensor)

» Data-logging melanopic irradiance
sensor

« Track personal lighting levels

* Measure electric lighting levels

» Measure spectral power distribution
at 5 nm intervals between 340 nm - .
1,010 nm /

/
[

— e

\ Sensor Opening

\
\

. 8cm
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Selected Instantaneous Spectral Irradiances

» The sensor records the spectral light exposure every 1 minute for two weeks.
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Mel. Irrad. (Wm™2)
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Selected Instantaneous Spectral Irradiances OF
« How do the timing, intensity, and quality of light interact with human’s daily life?
10 -
0.003 -
e _
& Hour of Day (\'IE 1
'E 0.002 20 =
= > 15 e I
© 10 T 01 h
£ 9 5 5
S [
T 0.001- 0 = “ W
= g 0.01 -
Bl i J?l
0000] =" = 0.001 -
400 500 600 700 1 3 5 7 9 11 13 15 17 19 21 23
Wavelength (nm) Time of Day (Hours)
Spectral Irradiances Melanopic Irradiances
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Track physical activity Rate your Alertness? Rate your mood? Current Lighting?
Track sleep patterns

Track subjective wellbeing through <« X S ) X
periodic surveys _ :
A little tired

VEYTE] Artificial

I

2 Ok @l
419 17
Mon, Oct 2

-

Alert?

20000000000



Demographic Information/ Daily Journal

Participants record their:

Sleep patterns
Light Exposure Experiences
Alertness Levels and Mood

General Locations

22" |International Radiance Workshop
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Participant Daily Report: Sleep and Light Exposure Study

IELS

Unique Identifier: Date Range:
Day1 Day2 Day3 Day4 Days Day6 Day7
Today's date:
Wake up Time:
% Did you charge the sensor last night?
2 [ 0id you have any anomalies in your sieep last nignt?
@ | 1. Difficulty falling asleep/ 2. Waking up during the night/
£ | 3.Nene
-
& | Number of awakenings and total time awake last ight:
o
g How would you rate the quality of your sleep?
1. Very Poor/ 2. Poor/ 3. Fair/ 4. Good/ 5. Very Good
How alert did you feel when you got up this morning?
1. Alert/ 2. Alert but a little tired/ 3. Sleepy
Was your sleep Glsturbed by any factors during the night?
Any other comments about your sleep worth noting? D1 02 03 D4 DS D6 o7
D1:
D2
D3:
Da:
UNIVERSITY OF TORONTO
0s: bbb ket
D6: Participant Daily Report: Sleep and Light Exposure Study
D7: Unique Identifies Date Range: ..
Day1 Day2 Day3 pay4 Day5 Day6 Day7
Today's date:
Sleep Time:
Chaose one of tne following that happened today:
1. Forget toattach the sensor at the beginning of the day
2. misplace or lose the sensor during the day
3. None
Did you have to temporarily remave the sensor during the day? If
; yes, at what time?
2 | D you rely on artifical ight sources for a significant part of your
& | day?
& | Did you spend significant time near a window or in a well-lit area?
How would you rate your mood throughout the day on a scale of
1tos?
1. Angry/ 2. Upset/ 3. Neutral/ 4. Happy/ 5. Excited
5, How productive were you foday on 2 scale of 1 to 52 1 being the
&= [east productive and 5 being the most productive.
Did you take a nap? If yes, for how long?
Approximately 2-3 hours before getting to bed, | consumed:
Aleohol o a a m] a a a
14 glasses of liquid =] a a o a a o
Aheavy meal (=] a a u} o a
Alight mealfsnack C a a o a o
Caffeine C g a o a o
boiing ] B =] a o =] o o
How sleepy did you feel during the day tcday?
1. Very Alert/ 2. Rather Alert/ 3. Neither Alert nor Sleepy/ 4. Some
Signs of Sleepiness/ 5. Very Sleepy




Analysis Plan

« Our goal is to explore:
« The effects of different times of day
on melanopic irradiance levels
« The effects of locations on melanopic
irradiance levels
« Individual sleep schedules related to
alertness and melanopic irradiance

22" |International Radiance Workshop

Light Exposure

Related Behaviour

Activity Patterns

Subjective Mood

and Alertness

V.
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Participants’ alertness levels by considering their light exposure and time of day OF
Participant 1 Participant 2 Participant 3
I3
g
2
g 01-
A= @
c
= 0.01 -
0
<
{
8 12 18 22 8 12 18 22 8 12 18 22
Time of Day (Hour)

: Alertness —*— Alittle tired —#— Alert —8— Sleepy |

19
Frequency of Response @ 1 . ‘ ' ‘

22" |International Radiance Workshop



Participants’ alertness levels by considering their light exposure and time of day

Participant 1 Participant 2 Participant 3
¥ 1
=
2
—g’ 0.1 -
E &
©
= 0.0l A
0
<
{
0.001 4 ‘ -
8 12 18 22 8 12 18 22 8 12 18 22
Time of Day (Hour)

Alertness —*— Alittle tired —#— Alert —8— Sleepy

22nd International Radiance wWorkshop -~ -~ -~~~ ~— — — ~— ~—~—“~—""+¥———¥—™7¥Y"—>——7——Y—7—7—7—7—7—7—7—



Participants’ alertness levels by considering their light exposure and time of day

Being Sleepy+

Participant 1 Participant 2 Participant 3
Being Alert +
(?A L= o ’Lf\
{ [

§ f*“u x4

e~ s

—g’ 0.1 1 i

= &

©

= 0.0l A

0

<

0.001 4 ‘
12 18 8 12 18 2 8 12 113 22
Time of Day (Hour)
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Alertness

—&— A little tired -#— Alert —®— Sleepy

Frequency of Response @ 1 ‘ 3 ‘ 5 ‘ 7 ‘ 9

21
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Participants’ alertness levels by considering their light exposure and time of day OF
Participant 1 Participant 2 Participant 3
I3
= N
2 |
g 01- |
A= @
c
= 001 -
0
<
{
0.001 -
F TR m 2 (Rl B B & & %] 0 2
L= L2 L=
Time of Day (Hour)

Alertness —*— Alittle tired —#— Alert —8— Sleepy

22
Frequency of Response @ 1 . 3 ‘ 5 ' 7 ‘ 9
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Participants’ melanopic irradiance by location and time of day OF
Day (6am — 6pm) Night (6pm — 6am)
04 m————,—e—e— e, ——————— 1
10 A s |
& I |
I
g 14 -
| L 1
=
2
B 01- g
E H I
o
0.01 - ——— — - | -
= g I s |
® ®
) ) | e |
0.001 - ] U o L . el & J
Home Indoor Outdoors School Transit Entertainment Home Indoor  Outdoors School Transit

Location

Participant E Pl . P2 ' P3 .
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Participants’ average sleep schedule

* Shows:
» Sleep duration
* Average bedtime
* Average waking time
* Explains variations in alertness

22" |International Radiance Workshop

Participant

AN
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U
OF
s
Average Bedtime Average Waking Time
—)
P3 = i [
= |
e ]
- |
- -
Pl - ' A
! 0
1 | | 1 | | | | 1 | || 1 |
) 4 6 8 0 12 14 16 18 20 22 24
Time
Participant Pl N P2 J P3

24
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Participants’ average sleep schedule Participant 2

APy

£ e

R 6:

S 014 _[_1

E P

g_ 0.01 ‘

z

00014 @&
e SO
Time of Day (Hour)

Alertness —* Alittle tired —#— Alert —e—  Sleepy

Participant
S
1
I_O

ML
Pl = L)
s “'
bastiopan 1 T T T T T T T T T T T T T
0 2 4 6 10 12 14 16 18 20 22 24
& 1
P [ime
2
g 011 o
E Participant P1 P2 I 73
g 0.01 -
2
< '
0.001 :-.- _ 3 ap : 25
811 18 2

Time of Day (Hour)
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Participant’s daily journal responses OF

Sleep Quality o Very Good (20%) Good (24%) Fair (44%)

|
: Sleep Disturbance A Yes (8%
|

| Significant Time in Well—-lit Area A

Rely on Artificial Light o

|
: Productivity -
| Pre Bedtime Consumption -

Questions

| Number of Awakenings A

Nap Details 4

| Morning Alertness A

26

Responses
22" |International Radiance Workshop



Comparison between participants’ daily journal responses

22" |International Radiance Workshop

Participants

P3 4

P2 1

P14

P3 1

P2 1

P1 +

P3 4

P2

P14

P3 4

P2 1

P14

P3 +

P2

P14

P3 +

P2 4

P1 1

Daytime Sleepiness Level Mood
T
) Signs
Very Alert (17%) Rather Alert (50%) P2
Morning Alertness Nap Details
Alert i Fe—— ;
o | =1 [ No(se |
Alert (50%) P2 No (100%) ‘
- |

Number of Awakenings

Pre Bedtime Consumption

Alcohol (17%)

Productivity

Rely on Artificial Light

Significant Time in Well-lit Area

Sleep Anomalies

Sleep Disturbance Sleep Quality
T I — —
Yes (25%) _ P1 Very Good (25%) Good (38%) Fair (25%) Poor (12%)
Responses

—TC

AN
IELS
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Example of participants’ daily journal responses OF
Sleep Quality
| mreso boos 122
P34  VeryGood (20%)  Good (24%) | Fair (44%) R r (12%)
—— =Y e
P2 - X‘gﬁ"d Good (33%) Fair (12%9) Poor (29%) |
« Shows a clear relationship between = = - T == —'———f‘—o—— , :I
sleep quality and mood i g I g G

» Individualized relationships between
sleep, mood, and daily light exposure

» It can address specific areas of concern Mood

like improving sleep hygiene, managing

A P3 -
stress, or adjusting light exposure.

P24

Pl's

28
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* Include a more diverse cohort

« Understand light's multifaceted effects

» Develop adaptive and personalized
lighting strategies

« Future research is required to investigate
effects of longer exposure durations and
potential moderations by prior light
exposure, personal characteristics, and

spectrum.
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Thank you for your attention
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