
J Pineal Res. 2022;00:e12780.	 		 		 |	 1 of 10
https://doi.org/10.1111/jpi.12780

wileyonlinelibrary.com/journal/jpi

Received:	14	May	2021	 |	 Revised:	12	November	2021	 |	 Accepted:	23	November	2021

DOI:	10.1111/jpi.12780		

O R I G I N A L  A R T I C L E

High sensitivity of melatonin suppression response to 
evening light in preschool- aged children

Lauren E. Hartstein1 |   Cecilia Diniz Behn2,3 |   Lameese D. Akacem4 |   Nora Stack2 |   
Kenneth P. Wright Jr.1 |   Monique K. LeBourgeois1

©	2022	John	Wiley	&	Sons	A/S.	Published	by	John	Wiley	&	Sons	Ltd

1Department	of	Integrative	Physiology,	
University	of	Colorado	Boulder,	
Boulder,	Colorado,	USA
2Department	of	Applied	Mathematics	
and	Statistics,	Colorado	School	of	
Mines,	Golden,	Colorado,	USA
3Division	of	Endocrinology,	
Department	of	Pediatrics,	University	
of	Colorado	Denver	Anschutz	Medical	
Campus,	Aurora,	Colorado,	USA
4Division	of	Preclinical	Innovation,	
National	Center	for	Advancing	
Translational	Sciences,	Rockville,	
Maryland,	USA

Correspondence
Monique	K.	LeBourgeois,	Department	
of	Integrative	Physiology,	University	of	
Colorado	Boulder,	354	UCB,	Boulder,	
CO	80309,	USA.
Email:	monique.lebourgeois@colorado.
edu

Funding information
This	research	was	supported	with	
funds	from	the	Eunice	Kennedy	Shriver	
National	Institute	of	Child	Health	&	
Human	Development	(R01-	HD087707),	
the	University	of	Colorado	Boulder	
Undergraduate	Research	Opportunities	
Program,	and	the	University	of	
Colorado	Boulder	Biological	Sciences	
Initiative	Scholars	Program.

Abstract
Light	at	night	in	adults	suppresses	melatonin	in	a	nonlinear	intensity-	dependent	
manner.	In	children,	bright	light	of	a	single	intensity	before	bedtime	has	a	robust	
melatonin	suppressing	effect.	To	our	knowledge,	whether	evening	light	of	differ-
ent	intensities	is	related	to	melatonin	suppression	in	young	children	is	unknown.	
Healthy,	 good-	sleeping	 children	 (n  =  36;	 3.0–	4.9  years;	 39%	 male)	 maintained	
a	stable	sleep	schedule	for	7 days	followed	by	a	29.5-	h	in-	home	dim-	light	circa-
dian	assessment	(~1.5 lux).	On	the	final	night	of	the	protocol,	children	received	
a	1-	h	 light	exposure	(randomized	to	one	of	15 light	 levels,	ranging	5–	5000 lux,	
with	 ≥2	 participants	 assigned	 to	 each	 light	 level)	 in	 the	 hour	 before	 habitual	
bedtime.	 Salivary	 melatonin	 was	 measured	 to	 calculate	 the	 magnitude	 of	 me-
latonin	 suppression	 during	 light	 exposure	 compared	 with	 baseline	 levels	 from	
the	previous	evening,	as	well	as	the	degree	of	melatonin	recovery	50 min	after	
the	end	of	light	exposure.	Melatonin	levels	were	suppressed	between	69.4%	and	
98.7%	(M = 85.4 ± 7.2%)	during	light	exposure	across	the	full	range	of	intensi-
ties	examined.	Overall,	we	did	not	observe	a	light	intensity-	dependent	melatonin	
suppression	response;	however,	children	exposed	to	the	lowest	quartile	of	light	
intensities	(5–	40 lux)	had	an	average	melatonin	suppression	(77.5 ± 7.0%)	which	
was	significantly	lower	than	that	observed	at	each	of	the	three	higher	quartiles	of	
light	intensities	(86.4 ± 5.6%,	89.2 ± 6.3%,	and	87.1 ± 5.0%,	respectively).	We	fur-
ther	found	that	melatonin	levels	remained	below	50%	baseline	for	at	least	50 min	
after	the	end	of	light	exposure	for	the	majority	(62%)	of	participants,	and	recovery	
was	not	influenced	by	light	intensity.	These	findings	indicate	that	preschool-	aged	
children	are	highly	 sensitive	 to	 light	exposure	 in	 the	hour	before	bedtime	and	
suggest	the	lighting	environment	may	play	a	crucial	role	in	the	development	and	
the	maintenance	of	behavioral	sleep	problems	through	impacts	on	the	circadian	
timing	system.
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1 	 | 	 INTRODUCTION

Circadian	timing	is	determined	by	an	individual's	biology	
(e.g.,	 circadian	 period)	 and	 their	 lighting	 environment.	
Light	influences	the	circadian	clock	chiefly	through	stim-
ulation	 of	 the	 eye's	 intrinsically	 photosensitive	 retinal	
ganglion	 cells	 (ipRGCs),	 melanopsin-	expressing	 photo-
receptors	 with	 a	 peak	 sensitivity	 to	 light	 of	 ~480  nm.1,2	
When	 stimulated,	 the	 signal	 from	 the	 ipRGCs	 is	 trans-
mitted	 via	 the	 retinohypothalamic	 tract	 to	 the	 suprachi-
asmatic	 nucleus	 (SCN),	 the	 master	 circadian	 clock.	 In	
turn,	 the	 SCN	 controls	 the	 pineal	 gland's	 production	 of	
the	sleep-	promoting	hormone	melatonin.3,4	Several	find-
ings	suggest	that	this	mechanism	emerges	early	in	mam-
malian	 development.	 In	 rodent	 models,	 the	 ipRGCs	 are	
functional	and	light	sensitive	 from	birth.5-	7	Additionally,	
melanopsin	is	present	in	human	eye	tissue	at	eight	weeks	
post-	conception.8	Lastly,	in	pre-	term	infants,	the	pupillary	
light	reflex	is	evoked	by	470 nm	blue	light	but	not	635 nm	
red	light,	suggesting	activation	of	the	ipRGCs.9	Yet,	despite	
the	early	development	of	this	pathway,	few	experimental	
studies	have	examined	the	circadian	response	to	light	 in	
early	childhood.

What	 is	 known	 about	 children's	 photosensitivity	
during	the	first	decade	of	life	suggests	a	strong	melatonin	
suppression	 response	 to	 light.	Compared	with	 their	par-
ents,	school-	aged	children	(aged	~9 years)	demonstrated	
nearly	twice	the	melatonin	suppression	during	an	evening	
bright	light	exposure	(580 lux).10	Additionally,	9-	year	olds’	
melatonin	was	suppressed	significantly	more	under	home	
light	levels	(~140 lux)	compared	with	dim-	light	conditions	
(<30 lux),	a	difference	not	observed	in	their	parents.10	In	
preschoolers,	we	previously	demonstrated	that	a	1-	h	expo-
sure	to	bright	light	(1000 lux)	in	the	hour	before	bedtime	
resulted	in	robust	melatonin	suppression	(~90%)	and	that	
melatonin	levels	remained	attenuated	50 min	after	the	end	
of	the	light	stimulus.11	Children's	photosensitivity	is	likely	
related	 to	 developmental	 changes	 in	 the	 eye,	 including	
larger	pupils	and	clearer	lenses	than	adults,	allowing	for	
greater	 light	 transmission.10,12-	14	Together,	 these	findings	
point	to	the	importance	of	understanding	the	effects	of	the	
lighting	environment	on	the	maturing	circadian	clock.

The	 adult	 circadian	 response	 to	 light	 is	 intensity-	
dependent,	and	even	low	levels	of	evening	light	can	sup-
press	melatonin	production.15-	18	Zeitzer	and	colleagues19	
established	 illuminance–	response	 curves	 to	 a	 6.5-	h	 ex-
perimental	light	stimulus	of	varying	intensities	with	light	
exposure	centered	3.5 h	before	the	fitted	minimum	of	the	
endogenous	 core	 body	 temperature.	 They	 reported	 that	
50%	of	the	maximal	melatonin	suppression	response	oc-
curred	at	~50–	130 lux,	within	the	range	of	typical	indoor	
room	light.	Recent	data	from	a	5-	h	evening	light	exposure	
protocol	 suggest	 that	 the	 adult	 circadian	 system	 may	 be	

highly	 sensitive	 to	 evening	 light,	 with	 50%	 of	 the	 mela-
tonin	 suppression	 response	 occurring	 at	 an	 average	 of	
only	~25 lux.15	To	date,	young	children's	sensitivity	to	eve-
ning	 light	 intensity	has	not	been	examined	and	was	 the	
objective	of	this	research.

Employing	a	rigorous,	experimentally	controlled,	ran-
domized	 research	 design,	 healthy,	 preschool-	aged	 chil-
dren	maintained	a	stable	sleep	schedule	for	seven	days	and	
then	entered	an	in-	home	dim-	light	environment	(29.5 h).	
On	the	final	night	of	the	dim-	light	protocol,	they	received	
a	1-	h	light	exposure	in	the	hour	before	their	habitual	bed-
time,	 a	 time	 chosen	 to	 reflect	 when	 children	 are	 often	
exposed	to	artificial	light	in	their	everyday	lives.	Salivary	
melatonin	 was	 collected	 in	 order	 to	 calculate	 baseline	
dim-	light	 melatonin	 onset	 (DLMO),	 melatonin	 suppres-
sion	 during	 the	 light	 exposure,	 and	 melatonin	 recovery	
following	light	termination.	We	hypothesized	that	evening	
light	exposure	would	induce	acute	melatonin	suppression	
in	a	nonlinear	intensity-	dependent	manner.

2 	 | 	 METHODS

2.1	 |	 Participants

This	study	included	36 healthy	children	aged	3.0–	4.9 years	
(M = 4.2 ± 0.5 years;	39%	male;	34	Caucasian	and	2 mixed	
race)	recruited	from	the	greater	Boulder,	CO	area.	Two	ad-
ditional	participants	were	enrolled,	but	did	not	complete	
the	study	due	to	accidental	light	exposure	(n = 1)	or	illness	
(n = 1).	Interested	parents	were	screened	through	online	
questionnaires	and	an	in-	depth	phone	interview	to	assess	
eligibility.	Children	were	excluded	for	parental	report	of	
any	 of	 the	 following:	 clinical	 sleep	 disorders;	 behavio-
ral/emotional	 problems;	 pre-	term	 or	 post-	term	 delivery	
(term = 35–	45 weeks)	or	low	birth	weight	(<5.5 lbs.);	cur-
rent	 use	 of	 caffeine	 or	 medications	 affecting	 the	 sleep/
circadian	systems	or	light	sensitivity;	developmental	dis-
abilities;	 neurological	 or	 metabolic	 disorders;	 chronic	
medical	conditions;	lead	poisoning;	head	injury	involving	
loss	 of	 consciousness;	 migraine	 or	 frequent	 headaches;	
oral	disease	or	injury;	travel	beyond	two	time	zones	in	the	
two	months	before	circadian	assessments;	nighttime	sleep	
opportunity	(time	in	bed)	of	<10 h/night;	parent-	reported	
child's	 sleep	 schedule	 varying	 >2  h	 between	 weekdays	
and	weekends;	regular	daytime	napping	(>2	times/week);	
visual	impairment,	eye	disorders,	or	color	blindness	(con-
firmed	 with	 Ishihara	 Color	 Vision	 Test).	 Parents	 com-
pleted	 written	 informed	 consent.	 All	 study	 procedures	
were	 approved	 by	 the	 University	 of	 Colorado	 Boulder	
Institutional	 Review	 Board	 and	 in	 accordance	 with	 the	
Declaration	 of	 Helsinki.	 Families	 were	 compensated	 for	
their	participation.
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2.2	 |	 Protocol

Data	 were	 collected	 during	 the	 summer	 months	 (mid-	
May	to	mid-	August)	of	2017,	2018,	and	2019	to	control	for	
variations	in	photoperiod	throughout	the	year.	All	study	
procedures	 took	 place	 in	 participants’	 homes.	 Children	
completed	 a	 9-	day	 protocol	 (Figure  1).	 Throughout	 the	
study,	children	wore	an	actigraph	(Spectrum	Plus,	Philips	
Respironics,	Pittsburgh,	PA,	USA)	on	their	nondominant	
wrists	to	objectively	measure	sleep	and	light	exposure.	For	
the	 first	 seven	 days	 of	 the	 protocol,	 children	 followed	 a	
strict	 parent-	selected	 sleep	 schedule	 (bedtime	 and	 wake	
time)	of	at	least	10-	h	time	in	bed	per	night.	Parents	com-
pleted	 a	 sleep	 diary	 and	 were	 contacted	 by	 researchers	
daily	in	order	to	confirm	adherence	to	the	schedule.

On	 Day	 8,	 researchers	 transformed	 the	 participant's	
home	 into	 a	 dim-	light	 environment	 by	 covering	 win-
dows	with	black	plastic	and	installing	low	wattage	bulbs	
and	dimmer	switches,	achieving	an	average	light	level	of	
~1.5 lux.	Participants	entered	the	dim-	light	environment	
4.5  h	 before	 their	 scheduled	 bedtime	 and	 remained	 in	
dim-	light	through	the	completion	of	the	protocol	(1 h	past	
scheduled	bedtime	on	Day	9).

During	 the	 evening	 of	 Day	 8,	 we	 assessed	 children's	
baseline	DLMO.	Starting	3 h	and	20 min	before	habitual	
bedtime,	 saliva	 samples	 were	 collected	 in	 20-		 or	 30-	min	
intervals,	continuing	1 h	past	habitual	bedtime.	In	cases	
where	a	participant	exhibited	a	 long	sleep	onset	 latency,	
as	 measured	 by	 the	 first	 7  days	 of	 actigraphy,	 collection	
of	 saliva	 samples	 was	 extended	 for	 an	 additional	 hour	
each	night,	in	order	to	account	for	the	possibility	of	a	later	
DLMO	(n = 3).	Saliva	samples	were	obtained	by	having	
the	child	mouth	and	chew	on	one	end	of	a	braided	cotton	
roll	for	~2 min.	Children	remained	in	a	sitting	posture	for	
5  min	 prior	 to	 and	 during	 each	 sample	 collection20	 and	
did	not	eat	or	drink	for	15 min	before	each	sample.	Light	
levels	were	obtained	during	each	sample	using	a	research	

photometer	 (ILT2400;	 International	 Light	 Technologies,	
Inc.,	Peabody,	MA,	USA)	held	approximately	5 cm	adja-
cent	 to	 the	child's	eye	and	directed	 in	 the	angle	of	gaze.	
Samples	 were	 immediately	 centrifuged	 and	 stored	 on	
ice	 in	 coolers	 on-	site,	 then	 transferred	 to	 the	 laboratory,	
and	stored	in	a	−20°C	freezer.	Following	the	completion	
of	 each	 summer	 data	 collection	 period,	 samples	 were	
shipped	and	assayed	offsite	at	Solid	Phase,	Inc.	(Portland,	
Maine,	USA)	by	technicians	who	were	blind	to	the	study	
conditions.

On	 Day	 9,	 researchers	 arrived	 at	 the	 participant's	
home	shortly	before	their	scheduled	wake	time	and	re-
mained	 with	 the	 child	 throughout	 the	 day	 in	 order	 to	
confirm	 adherence	 to	 study	 protocol	 and	 maintenance	
of	 the	dim-	light	environment.	 In	the	evening,	children	
were	scheduled	to	a	1-	h	 light	exposure	 in	the	hour	be-
fore	 their	 habitual	 bedtime.	 Participants	 sat	 at	 a	 low	
table	playing	at	a	dimmable	illuminated	flat	LED	panel	
(5000K;	 Beghelli	 USA).	 The	 spectral	 power	 distribu-
tion	 of	 the	 experimental	 light	 source	 at	 the	 maximum	
set	 point	 (5000  lux)	 is	 provided	 in	 supplemental	 data	
(Fig.  S3).	 A	 hazard	 analysis	 confirmed	 that	 the	 exper-
imental	 light	 source	 emitted	 no	 UV	 radiation	 below	
400nm	 and	 had	 blue-	light	 hazard	 and	 burn	 hazard	 ra-
diances	several	orders	of	magnitude	less	than	the	pub-
lished	limits,	 thereby	posing	no	photobiological	risk	to	
participants.21,22	 Neutral	 density	 filters	 (LEE	 Filters,	
Burbank,	 CA,	 USA)	 of	 varying	 transmissivities	 were	
wrapped	over	the	panel,	in	conjunction	with	active	dim-
ming	controls,	to	achieve	the	desired	intensity.	In	order	
to	 direct	 the	 child's	 gaze	 downwards	 toward	 the	 light	
source	 continuously	 during	 the	 1-	h	 light	 exposure,	 re-
searchers	engaged	the	child	in	activities	such	as	coloring	
on	 transparencies	 or	 playing	 with	 translucent	 blocks.	
Light	intensity	at	the	child's	angle	of	gaze	was	recorded	
every	10 min	throughout	the	light	exposure.	Additional	
readings	were	taken	whenever	the	child	shifted	position,	

F I G U R E  1  Nine-	day	study	protocol.	Children	maintained	a	strict	parent-	selected	sleep/wake	schedule	for	seven	days,	followed	by	a	
29.5-	h	dim-	light	assessment.	On	Day	8,	a	baseline	DLMO	was	determined.	On	Day	9,	children	received	a	1-	h	light	exposure	in	the	hour	
before	habitual	bedtime,	with	salivary	melatonin	measured	before,	during,	and	after	the	exposure.	The	times	in	the	figure	are	intended	as	an	
example;	actual	parent-	selected	bedtimes	and	wake	times	varied	across	participants.	
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and	the	intensity	was	modified	accordingly	with	a	dim-
mer	knob	if	needed	to	ensure	constant	exposure	to	the	
assigned	intensity.	Saliva	samples	were	collected	20 min	
before	and	10,	30,	and	50 min	after	the	start	of	the	light	
exposure,	as	well	as	20	and	50 min	after	the	end	of	the	
light	exposure.	All	 samples	 taken	on	Day	9	were	 time-	
anchored	to	those	collected	on	the	previous	evening.

Participants	 were	 randomly	 assigned	 to	 a	 single	 il-
luminance	 (ranging	 from	 10	 to	 5000  lux).	 Sampling	
intensities	 were	 chosen	 to	 optimally	 characterize	 the	
features	 of	 the	 illuminance–	response	 curves.	To	 deter-
mine	sampling	intensities,	we	divided	the	range	of	 the	
log(illuminance)	into	four	subintervals:	[1.0–	1.6];	[1.6–	
2.2];	 [2.2–	2.9];	 and	 [2.9–	3.7]	 corresponding	 to	approxi-
mate	 illuminance	 ranges	 for	 dim	 (10–	40  lux),	 indoor	
(60–	150  lux),	 bright	 indoor	 (200–	750  lux),	 and	 bright	
outdoor	light	(1000–	5000 lux),	respectively.	Within	each	
of	 these	 ranges,	 we	 identified	 3–	4	 representative	 sam-
pling	 intensities,	 with	 the	 highest	 sampling	 frequency	
occurring	in	the	region	from	1.8	(~63 lux)	to	3	(1000 lux)	
where	 we	 expected	 the	 illuminance–	response	 curve	
to	 have	 its	 steepest	 slope	 and	 half-	maximal	 response.	
To	 account	 for	 interindividual	 variability,	 at	 least	 two	
participants	 were	 assigned	 to	 each	 illuminance	 level.	
Participants	were	assigned	illuminance	exposure	levels	
using	 quasi-	block	 randomization	 to	 ensure	 a	 range	 of	
illuminance	 exposures	 during	 each	 collection	 period.	
After	reviewing	the	preliminary	findings,	data	from	two	
final	participants	were	collected	at	5 lux.

The	melanopic	equivalent	daylight	illuminance	(EDI),	
irradiance,	and	photon	density	are	presented	in	Table 1	for	
each	experimental	light	intensity.

2.3	 |	 Analysis

Salivary	 melatonin	 levels	 were	 assayed	 using	 radioim-
munoassay	 (Bühlmann	 Laboratories	 AG,	 Schöenbuch,	
Switzerland).	 The	 limits	 of	 detection	 of	 the	 melatonin	
assays	 were	 0.5	 to	 50.0  pg/mL.	 Any	 sample	 measured	
above	 the	 upper	 limit	 was	 recorded	 as	 50.0  pg/mL	
(n  =  7).	 The	 inter-	assay	 coefficients	 of	 variation	 for	
samples	 from	 2017	 and	 2018	 were	 between	 11.4%	 and	
12.7%	(n = 22).	The	intra-	assay	coefficients	of	variation	
for	 these	 samples	 ranged	 from	 6.3%	 to	 11.0%.	 For	 the	
samples	collected	during	2019,	a	different	lot	of	controls	
was	 employed	 resulting	 in	 inter-	assay	 coefficients	 of	
variation	 between	 8.2%	 and	 8.7%	 and	 intra-	assay	 coef-
ficients	of	variation	from	5.0%	to	9.9%	(n = 22).	DLMO	
was	 calculated	 as	 the	 linear	 interpolated	 clock	 time	 at	
which	salivary	melatonin	levels	reached	4 pg/mL,	pro-
vided	 melatonin	 levels	 remained	 above	 the	 threshold	
for	 ≥2	 consecutive	 samples.20,23	 One	 child	 was	 a	 high	

melatonin	 secretor,	 and	 thus	 an	 adjusted	 threshold	
of	 10  pg/mL	 was	 used	 to	 calculate	 the	 DLMO	 for	 this	
participant.24	 Analyses	 were	 run	 both	 including	 and	
excluding	this	participant's	data.	The	only	change	in	re-
sults	that	occurred	by	excluding	this	participant	was	in	
the	comparison	of	the	average	melatonin	suppression	in	
the	lowest	2	quartiles	of	assigned	light	intensity,	which	
became	a	nonsignificant	trend	when	the	participant	was	
excluded.

Actigraphy	data	were	scored	with	our	previously	pub-
lished	 standard	 procedures.25	 Averages	 were	 calculated	
across	the	first	7 days	of	actigraphy	for	the	following	sleep	
parameters:	 bedtime	 (lights	 out),	 sleep	 start	 time,	 mid-
sleep	 time	 (the	 midpoint	 between	 sleep	 start	 and	 sleep	
end),	 sleep	 end	 time,	 wake	 time	 (lights	 on),	 and	 sleep	
onset	latency	(number	of	minutes	between	bedtime	and	
sleep	start	time).	Phase	angles	of	entrainment	were	com-
puted	 as	 the	 difference	 between	 DLMO	 and	 each	 sleep	
timing	 parameter	 (i.e.,	 scheduled	 bedtime,	 bedtime,	
sleep	 start,	 midsleep,	 sleep	 end,	 and	 wake	 time).	 Data	
from	participants	with	a	scheduled	bedtime	phase	angle	
greater	 than	 −0.17  h,	 indicating	 that	 baseline	 DLMO	
had	not	occurred	by	the	time	of	 the	final	saliva	sample	
during	 light	 exposure,	 were	 removed	 from	 the	 analysis	
(n  =  9;	 Figure  2).	 Minute-	by-	minute	 measurements	 of	
light	exposure	were	recorded	by	the	actigraph	and	used	
to	 compute	 average	 light	 exposure	 between	 wake	 time	
and	 bedtime.	 Photometer	 readings	 collected	 during	 sa-
liva	samples	at	 the	child's	angle	of	gaze	were	averaged,	
excluding	 samples	 collected	 during	 the	 experimental	
light	exposure.

Melatonin	 suppression	 resulting	 from	 the	 light	 expo-
sure	 was	 determined	 using	 area	 under	 the	 curve	 (AUC;	
trapezoidal	method)	of	 the	melatonin	profile	during	 the	
light	 exposure	 and	 the	 corresponding	 1-	h	 time	 window	
on	the	baseline	night.11	Melatonin	levels	at	the	beginning	
and	end	of	the	light	exposure	were	interpolated	for	each	
participant.	Suppression	was	calculated	as	 the	 following	
normalized	quantity:

Melatonin	recovery	was	calculated	as	the	ratio	between	
the	melatonin	levels	50 min	after	the	end	of	the	light	expo-
sure	and	the	levels	at	the	same	clock	time	on	the	previous	
evening	(baseline).

Group	 averages	 of	 melatonin	 levels	 at	 each	 sample	
time	 were	 compared	 across	 the	 two	 evenings	 through	
paired-	samples	t-	tests.	Independent	samples	t-	tests	were	
used	 to	 compare	average	melatonin	 suppression	across	
quartiles	of	light	intensity.	Effect	sizes	for	all	t-	tests	are	
presented	as	Cohen's	d.	Bivariate	correlations	were	used	

Suppression =

AUCbaseline −AUClight

AUCbaseline
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to	examine	the	relationship	between	light	intensity	and	
melatonin	suppression	for	the	participants	with	baseline	
DLMO	before	the	start	of	the	light	exposure,	as	well	as	
between	melatonin	recovery	and	both	light	intensity	and	
melatonin	suppression	across	the	full	sample.	All	signif-
icance	testing	was	performed	with	an	α-	level	of	0.05.

3 	 | 	 RESULTS

Table 2	provides	means	and	standard	deviations	for	sleep	
and	 circadian	 variables	 for	 this	 cohort	 of	 preschool-	
aged,	 healthy	 children.	 Average	 bedtime	 during	 the	
seven	days	 leading	up	to	the	dim-	light	assessment	was	
20:04 ± 0:36.	The	timing	of	baseline	DLMO	ranged	from	
17:48	 to	 21:16	 (M  =  19:18  ±  0:47),	 occurring	 on	 aver-
age	45.9 ± 28.7 min	before	children's	average	bedtime.	

Intensity set point 
(lux)

Melanopic EDI 
(lux)

Irradiance (W 
m−2)

Photon density 
(photons s−1 m−2)

5 4.5 0.03 1.03 × 1017

10 8.5 0.04 1.30 × 1017

20 16.8 0.08 2.56 × 1017

40 31.5 0.13 3.90 × 1017

60 45.4 0.20 5.66 × 1017

80 61.4 0.26 7.68 × 1017

100 76.9 0.33 9.64 × 1017

150 116.1 0.51 1.47 × 1018

200 140.6 0.57 1.59 × 1018

350 247.2 1.00 2.83 × 1018

500 351.6 1.43 4.03 × 1018

750 517.2 2.12 5.89 × 1018

1000 686.5 2.81 7.82 × 1018

2000 1335.9 5.51 1.53 × 1019

5000 3275.7 13.62 3.79 × 1019

T A B L E  1 	 Melanopic	equivalent	
daylight	illuminance	(EDI),	irradiance,	
and	photon	density	of	experimental	light	
intensities.

F I G U R E  2  Participants’	scheduled	bedtime	phase	angles.	
Phase	angle	was	calculated	as	clock	time	of	baseline	DLMO	minus	
scheduled	bedtime.	Data	are	organized	from	smallest	to	largest	
phase	angles.	The	shaded	yellow	area	represents	the	1-	h	light	
exposure	in	the	hour	before	scheduled	bedtime.	The	dashed	line	
denotes	the	inclusion	cutoff	(the	time	of	the	final	saliva	sample	
collected	during	the	light	exposure),	with	participants	to	the	right	
of	the	line	excluded	from	analysis	(n = 9).	

n = 36 T A B L E  2 	 Means	and	standard	deviations	of	sleep	and	circadian	
variables.

M SD

Sleep variables

Bedtime 20:04 0:36

Sleep	start	time 20:21 0:37

Midsleep	time 1:35 0:36

Sleep	end	time 6:47 0:39

Wake	time 6:59 0:37

Sleep	onset	latency	(min) 17.9 7.7

Circadian variables

Dim-	light	melatonin	onset	time 19:18 0:47

Bedtime	phase	angle	(min) 45.9 28.7

Sleep	start	phase	angle	(min) 62.5 27.7

Midsleep	phase	angle	(h) 6.3 0.5

Sleep	end	phase	angle	(h) 11.5 0.6

Wake	time	phase	angle	(h) 11.7 0.6

Light	exposure	phase	angle	(min) 14.4 30.0

Note: For	dim-	light	melatonin	onset	time	and	light	exposure	phase	angle,	
n =	27.	For	all	other	variables,	n	=	26	due	to	an	actigraph	technical	failure.
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Baseline	 DLMO	 ranged	 from	 68  min	 before	 to	 48  min	
after	the	timing	of	light	onset.	Depictions	of	individual	
DLMO	and	sleep	variable	averages	are	provided	in	sup-
plemental	data	(Fig. S1).

Participants	 were	 exposed	 to	 an	 average	 of	
2241 ± 1665 lux	per	day	from	wake	time	to	bedtime	during	
the	week	before	the	circadian	assessment.	Across	29.5 h	in	
the	dim-	light	environment,	 children	were	exposed	 to	an	
average	of	1.5 ± 0.8 lux.	During	collection	of	saliva	sam-
ples	(not	including	those	obtained	during	the	experimen-
tal	 light	 exposure),	 intensity	 at	 the	 child's	 angle	 of	 gaze	
averaged	0.7 ± 0.3 lux.

Group	 averages	 of	 melatonin	 levels	 at	 each	 of	 the	
sample	 times	 are	 depicted	 in	 Figure  3.	 Melatonin	 levels	
10 min	(p = .001,	d = 0.72),	30 min	(p < .001,	d = 0.96),	
and	50 min	(p < .001,	d = 1.43)	after	light	onset	were	sig-
nificantly	 lower	 than	melatonin	 levels	at	 the	same	clock	
time	on	the	previous	night.	Additionally,	melatonin	levels	
were	significantly	 lower	20 min	(p < .001	d = 1.75)	and	
50 min	(p < .001,	d = 1.50)	after	the	end	of	light	exposure	
compared	with	melatonin	levels	at	the	same	clock	time	on	
the	previous	night.	Across	the	wide	range	of	experimental	
light	intensities,	melatonin	levels	during	the	light	exposure	
were	low	with	little	variability	between	participants,	sug-
gesting	a	consistent,	robust	melatonin	suppression	effect.

Melatonin	 suppression	 during	 the	 1-	h	 light	 exposure	
ranged	from	69.4%	to	98.7%	(M = 85.4 ± 7.2%;	Figure 4).	

A	single	sample	t-	test	revealed	that	melatonin	levels	were	
significantly	suppressed	across	the	sample,	t(26) = 61.64,	
p <  .001.	A	relationship	between	 light	 intensity	and	 the	
magnitude	 of	 melatonin	 suppression	 was	 not	 observed.	
Rather,	suppression	values	were	high	across	the	full	range	
of	light	intensities.

Intensities	 were	 divided	 into	 quartiles	 (5–	40  lux,	 60–	
150 lux,	200–	750 lux,	and	1000–	5000 lux)	in	order	to	fur-
ther	 examine	 any	 differences	 in	 melatonin	 suppression	
between	 those	 exposed	 to	 high	 or	 low	 intensity	 light.	
Illustrations	 of	 the	 group	 averages	 of	 melatonin	 levels	
within	 each	 quartile	 are	 provided	 in	 the	 supplemental	
data	 (Fig.  S2).	 The	 average	 percent	 melatonin	 suppres-
sion	within	each	quartile	is	depicted	in	Figure 5.	Average	
suppression	 within	 the	 lowest	 quartile	 was	 significantly	
lower	 than	 the	 2nd	 (p  =  .03,	 d  =  1.41),	 3rd	 (p  =  .01,	
d = 1.77),	and	4th	(p = .01,	d = 1.59)	quartile	ranges	of	
intensity	(M = 77.5 ± 7.0%,	86.4 ± 5.6%,	89.2 ± 6.3%,	and	
87.1 ± 5.0%,	respectively).	Comparisons	among	the	three	
higher	 quartiles	 were	 nonsignificant.	These	 results	 indi-
cate	that	participants	assigned	to	a	light	intensity	of	40 lux	
or	 lower	had	 less	melatonin	suppression	compared	with	
those	exposed	to	higher	intensities.

As	depicted	in	Figure 2,	we	observed	a	wide	variation	
in	 the	 circadian	 timing	 of	 the	 light	 stimulus	 across	 par-
ticipants.	Baseline	DLMO	occurred	before	the	clock	time	
of	light	onset	in	eight	participants,	indicating	that	the	full	
1-	h	light	exposure	occurred	during	their	biological	night.	
Analyzing	melatonin	suppression	in	only	those	8	children	
revealed	 a	 significant	 relationship	 (r  =  0.72,	 p  =  .046;	
Figure  6),	 such	 that	 brighter	 light	 intensities	 resulted	
in	 greater	 melatonin	 suppression.	 However,	 even	 at	 the	
lower	assigned	intensities	(i.e.,	20	and	40 lux),	we	still	ob-
served	robust	melatonin	suppression	of	~70%.

Finally,	we	compared	melatonin	levels	50 min	after	the	
end	of	light	exposure	to	melatonin	levels	at	the	same	clock	
time	on	the	prior	evening	in	order	to	assess	melatonin	re-
covery	following	suppression.	Melatonin	levels	remained	
below	 50%	 of	 baseline	 melatonin	 levels	 in	 the	 majority	
(62%)	 of	 participants.	 Melatonin	 recovery	 ranged	 from	
3.8%	 to	 98.7%	 (M  =  45.2  ±  22.3%).	 No	 association	 was	
observed	between	melatonin	recovery	and	light	intensity	
(r = −0.06,	p = .78;	Figure 7a);	however,	larger	melatonin	
suppression	 was	 significantly	 correlated	 with	 smaller	
melatonin	recovery	(r = −0.50,	p = .01;	Figure 7b).	This	
association	remained	significant	after	controlling	for	light	
intensity	(r = −0.50,	p = .01).

4 	 | 	 DISCUSSION

In	this	well-	controlled,	randomized	research	study,	we	ex-
amined	young	children's	melatonin	suppression	responses	

F I G U R E  3  Group	averages	of	melatonin	levels	(n = 27).	Filled	
circles	represent	saliva	samples	collected	during	the	baseline	
night	(Day	8),	and	open	circles	represent	those	collected	during	
the	light	exposure	night	(Day	9).	Error	bars	denote	standard	
error.	The	yellow	shaded	area	represents	the	timing	of	the	
light	exposure	(1 h before	habitual	bedtime).	Asterisks	denote	
significant	differences	between	melatonin	levels	of	the	light	
exposure	and	baseline	days	(p < .05).	Melatonin	levels	on	Day	9	
were	significantly	lower	10,	30,	and	50 min	after	light	onset,	as	
well	as	20	and	50 min	after	the	end	of	light	exposure,	compared	
with	the	same	clock	time	on	Day 8.	

*
*

*
*

*
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to	a	wide	range	of	light	intensities	(5–	5000 lux).	Contrary	
to	our	hypothesis	and	prior	findings	observed	in	adults,15,19	
we	did	not	observe	a	 light	 intensity-	dependent	effect	on	
melatonin	suppression.	Rather,	a	1-	h	light	exposure	in	the	
hour	 before	 bedtime	 resulted	 in	 consistently	 high	 mela-
tonin	suppression	across	a	wide	range	of	light	intensities.	
These	suppression	data	are	not	well-	described	by	a	logis-
tic	 dose–	response	 curve	 as	 previously	 reported	 in	 adult	
illuminance–	response	 curves,	 and	 given	 that	 the	 mini-
mum	suppression	was	69%,	we	are	not	able	 to	calculate	
the	intensity	of	the	half-	maximal	response.15,19	However,	
average	melatonin	suppression	across	the	lowest	quartile	

of	light	intensities	(5–	40 lux)	was	significantly	lower	than	
that	 measured	 across	 each	 of	 the	 3  higher	 quartiles	 of	
intensity.	 This	 finding	 may	 reflect	 a	 large	 range	 of	 light	
intensities	 that	 result	 in	 a	 saturated	 melatonin	 suppres-
sion	response.	It	is	possible	that	a	finer	resolution	at	lower	
intensities	could	reveal	an	intensity-	dependent	melatonin	
suppression	 response	 curve.	 However,	 as	 we	 observed	
large	melatonin	suppression	(~82%)	in	response	to	5	and	
10  lux	 intensities,	 our	 findings	 suggest	 that	 significant	
melatonin	 suppression	 would	 likely	 occur	 at	 very	 dim	
intensities.	 We	 also	 observed	 a	 sustained	 effect	 of	 light	
exposure,	such	that	melatonin	 levels	were	 lower	50 min	
after	 the	 end	 of	 light	 exposure	 compared	 with	 baseline	
the	night	prior.	Overall,	our	findings	indicate	that	young	
children	 are	 highly	 sensitive	 to	 light	 exposure	 at	 night	
prior	 to	habitual	bedtime	with	regard	 to	melatonin	sup-
pression.	Our	findings	among	the	eight	participants	who	
received	the	full	1-	h	light	exposure	during	their	biological	
night	suggest	that	the	melatonin	suppression	response	to	
light	exposure	in	the	hour	after	DLMO	may	demonstrate	
a	 dose-	dependent	 relationship	 with	 intensity.	 However,	
even	at	 low	intensities,	we	still	observed	melatonin	sup-
pression	of	~70%,	revealing	that	young	children	are	highly	
sensitive	to	dim-	light	levels	in	the	hour	before	bedtime.

In	our	previous	published	work,	an	evening	light	expo-
sure	to	1000 lux	resulted	in	significant	melatonin	suppres-
sion	that	did	not	return	to	baseline	levels	50 min	after	the	
end	of	the	light	exposure.11	These	findings	were	replicated	
and	extended	in	the	present	study,	in	which	group	average	

F I G U R E  4  Melatonin	suppression	as	a	function	of	light	
intensity	across	all	participants.	Melatonin	suppression	ranged	
from	69.4%	to	98.7%	with	an	average	of	85.4 ± 7.2%.	Across	the	full	
sample,	no	relationship	between	light	intensity	and	the	magnitude	
of	melatonin	suppression	was	observed.	

n = 27

[4.5] [8.5] [140.6] [686.5] [3275.7]

[Melanopic EDI (lux)]

[39.6]

F I G U R E  5  Average	melatonin	suppression	(%)	within	each	
quartile	of	light	intensity.	Error	bars	represent	standard	error.	
The	average	melatonin	suppression	across	the	lowest	quartile	
(M = 77.5 ± 7.0%)	was	significantly	less	than	each	of	the	three	
higher	quartiles	(M = 86.4 ± 5.6%,	89.2 ± 6.3%,	87.1 ± 5.0%;	all	
p < .05).	

F I G U R E  6  Melatonin	suppression	as	a	function	of	light	
intensity	across	participants	with	baseline	DLMO	occurring	before	
light	onset.	We	observed	a	significant	relationship	between	light	
intensity	and	percent	melatonin	suppression	(r = 0.72,	p = .046).	

n = 8

[4.5] [8.5] [140.6] [686.5] [3275.7]

[Melanopic EDI (lux)]

[39.6]
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melatonin	 levels	 50  min	 after	 the	 end	 of	 light	 exposure	
were	significantly	lower	than	those	at	the	same	clock	time	
of	 the	 previous	 evening	 (baseline).	 Additionally,	 more	
than	 half	 of	 participants	 (62%)	 failed	 to	 reach	 50%	 of	
their	baseline	melatonin	levels	at	50 min	after	the	end	of	
the	light	exposure.	No	association	was	observed	between	
percent	melatonin	recovery	and	light	 intensity,	although	
percent	melatonin	recovery	was	inversely	correlated	with	
percent	melatonin	suppression.	Together,	our	findings	in-
dicate	 that	 in	 preschool-	aged	 children,	 exposure	 to	 light	
before	bedtime,	even	at	 low	intensities,	 results	 in	robust	
and	sustained	melatonin	suppression.

These	 findings	 add	 to	 a	 growing	 body	 of	 literature	
demonstrating	 that	 children	 are	 highly	 sensitive	 to	 eve-
ning	light,	as	demonstrated	by	the	magnitude	of	melatonin	
suppression.10,26	 One	 possible	 mechanism	 underlying	
children's	 sensitivity	 to	 light	 is	 their	 ophthalmological	
features.	Children	have	larger	pupil	diameters	compared	
with	their	parents,	under	both	dim	and	bright	light	condi-
tions,10	and	larger	baseline	pupil	diameter	in	adults	is	pre-
dictive	of	greater	 light-	induced	melatonin	suppression.27	
Additionally,	the	human	ocular	lens	becomes	increasingly	
yellow	 and	 opaque	 with	 age,	 limiting	 the	 effectiveness	
of	 light	 to	 suppress	 melatonin	 in	 older	 individuals.12	 At	
10 years	of	age,	the	transmission	of	light	through	the	lens	
at	 480  nm,	 peak	 sensitivity	 of	 melanopsin,	 is	 72%	 more	
than	 at	 80  years.28	 Children's	 larger	 pupils	 and	 clearer	
lenses	allow	for	greater	light	transmission	and	likely	con-
tribute	to	the	high	photosensitivity	observed	in	this	pop-
ulation.	 Although	 little	 is	 known	 about	 the	 ontogeny	 of	
human	ipRGCs,	findings	from	rodent	models	suggest	sub-
stantial	changes	throughout	early	development.	Newborn	
mice	have	nearly	five	times	more	light-	responsive	retinal	
ganglion	cells	than	adults.5	The	response	of	the	ipRGCs	to	
light	 stimuli	 increases	 throughout	 early	 development	 as	
the	ipRGCs	start	to	receive	input	from	the	rods	and	cones.7	
Additionally,	projections	from	the	ipRGCs	to	the	SCN	via	

the	 retinohypothalamic	 tract	 strengthen	 during	 the	 first	
few	 weeks	 of	 life.29	 Understanding	 how	 developmental	
changes	in	the	human	ipRGCs	or	other	downstream	pro-
cesses	contribute	to	photosensitivity	in	early	childhood	is	
an	 important	 area	 for	 future	 research.	 Additionally,	 the	
contribution	of	other	photoreceptors	(e.g.,	S-	cones)	to	the	
melatonin	suppression	pattern	that	we	observed	needs	to	
be	elucidated.30

Prior	 studies	 in	 adults	 on	 the	 relationship	 between	
light	intensity	and	melatonin	suppression	have	employed	
light	exposures	 lasting	several	hours	and/or	anchored	to	
a	circadian	phase	marker.15,19	In	contrast,	we	utilized	an	
ecologically	valid	light	exposure	time	(1 h	before	habitual	
bedtime)	in	order	to	simulate	how	children	are	exposed	to	
evening	light	in	their	everyday	environment.	For	instance,	
a	recent	survey	found	that	nearly	half	of	children	under	
age	 8	 use	 screen	 media	 in	 the	 hour	 before	 bedtime.31	
Furthermore,	 children	 in	 our	 study	 directed	 their	 gaze	
downwards	to	the	light	throughout	the	1-	h	exposure,	sim-
ilarly	 to	how	they	would	use	a	mobile	electronic	device.	
Additionally,	in	contrast	to	adults	who	typically	self-	select	
bedtimes	 on	 average	 ~2  h	 after	 DLMO,32	 bedtimes	 for	
children	in	this	age	group	are	parent-		or	caregiver-	selected	
and	may	differ	widely	with	respect	to	a	child's	DLMO.25	It	
is	challenging	to	compare	our	results	to	those	reported	in	
previous	adult	studies	due	to	these	differences	in	method-
ology.	Under	the	conditions	of	the	present	study,	however,	
we	observed	high	sensitivity	in	young	children.

The	present	study	provides	strong	evidence	for	the	high	
sensitivity	of	 the	developing	circadian	system	to	evening	
light	exposure.	However,	some	limitations	of	this	research	
should	 be	 noted.	 First,	 our	 strict	 eligibility	 criteria	 re-
sulted	in	a	homogenous	sample	of	healthy,	good-	sleeping	
children,	 limiting	 the	 generalizability	 of	 our	 findings	 to	
broader	 populations.	 A	 recent	 study	 with	 adults	 demon-
strated	 that	 photosensitivity	 can	 vary	 greatly	 across	 in-
dividuals,	with	the	 light	 intensity	needed	to	achieve	50%	

F I G U R E  7  Associations	between	percent	melatonin	recovery	and	(a)	light	intensity	and	(b)	melatonin	suppression.	Percent	melatonin	
recovery	was	not	associated	with	the	intensity	of	the	light	exposure	(r = −0.06,	p = .78),	but	was	inversely	associated	with	percent	melatonin	
suppression	(r = −0.50,	p = .01).	One	participant	did	not	provide	a	final	sample	on	the	baseline	night;	thus,	this	analysis	includes	data	from	
26	participants.	

n = 26(B)n = 26(A)
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melatonin	suppression	ranging	from	6	to	350 lux.15	Given	
that	each	of	our	participants	was	assigned	to	only	one	light	
intensity,	we	are	not	able	to	analyze	potential	interindivid-
ual	differences	in	children's	photosensitivity.	Furthermore,	
our	 interpretation	of	percent	melatonin	suppression	was	
complicated	by	variability	in	the	timing	of	light	exposure	
relative	to	melatonin	onset.	Consistent	with	our	previous	
findings	 with	 young	 children,25	 parent-	selected	 bedtime	
(used	to	set	the	timing	of	the	light	exposure)	varied	with	
respect	to	melatonin	onset,	with	a	much	narrower	phase	
angle	than	those	observed	in	adults.	Intrinsic	circadian	pe-
riods	longer	than	24h	could	have	contributed	to	our	find-
ings	 for	calculated	melatonin	suppression	due	 to	drift	 in	
the	dim-	light	environment.	As	 there	are	currently	no	re-
liable	estimates	of	circadian	period	for	this	age	group	and	
we	 did	 not	 include	 a	 within-	subject	 control	 condition	 at	
0 lux	for	each	participant,	we	cannot	disregard	the	possi-
bility	that	drift	may	have	contributed	to	the	high	melatonin	
suppression	 observed,	 particularly	 for	 participants	 with	
later	melatonin	onsets.	Although	we	 identified	a	modest	
relationship	 between	 light	 intensity	 and	 melatonin	 sup-
pression	 among	 the	 eight	 participants	 who	 received	 the	
full	1-	h	light	exposure	after	melatonin	onset,	variability	in	
the	timing	of	light	exposures	limited	our	ability	to	estab-
lish	this	relationship	across	the	full	cohort.	Finally,	photic	
history	influences	sensitivity	to	nighttime	light	exposure,	
such	that	prior	adaptation	to	a	dim-	light	environment	re-
sults	in	greater	light-	induced	melatonin	suppression	com-
pared	with	adaptation	to	typical	room	light.33,34	Given	that	
our	 subjects	 spent	 27.5  h	 in	 dim	 light	 prior	 to	 the	 light	
exposure,	 the	 dark	 adaptation	 may	 have	 increased	 their	
sensitivity	compared	with	their	typical	light	environment.	
Future	studies	should	explore	the	effects	of	prior	light	his-
tory	on	photosensitivity	in	this	population.

In	summary,	although	we	were	unable	to	extend	prior	re-
search	with	adults	by	establishing	a	nonlinear	illuminance–	
response	curve	for	melatonin	suppression,	our	data	indicate	
that	 melatonin	 secretion	 in	 preschool-	aged	 children	 is	
highly	sensitive	to	light	in	the	1 h	before	bedtime	across	a	
wide	range	of	intensities.	Children's	evening	lighting	envi-
ronments	can	disrupt	the	regular	production	of	melatonin,	
which	 contributes	 to	 physiological	 changes	 that	 prepare	
the	body	for	sleep	in	humans,35	and	may	contribute	to	the	
development	of	evening	settling	problems	(i.e.,	sleep	onset	
delay	 and	 bedtime	 resistance)	 in	 early	 childhood.	 These	
findings	highlight	the	importance	of	reducing	light	levels	in	
the	home	before	bedtime	in	order	to	support	healthy	sleep	
and	circadian	rhythms	in	young	children.
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