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The increased use of self-luminous displays, especially in the evening prior to
bedtime, has been associated with melatonin suppression, delayed sleep and
sleep curtailment. The present study set out to investigate whether the Night Shift
application provided by Apple Inc. for use on its portable electronic devices is
effective for reducing acute melatonin suppression, a well-established marker of
circadian phase. Participants experienced four experimental conditions: a dim light
control, a high circadian stimulus true positive intervention and two Night Shift
interventions delivering low and high correlated colour temperature light from the
devices. Melatonin suppression did not significantly differ between the two Night
Shift interventions, which indicates that changing the spectral composition of selfluminous displays without changing their brightness settings may be insufficient
for preventing impacts on melatonin suppression.

1. Introduction
The human circadian system, as measured by
acute melatonin suppression and phase shifting of the dim light melatonin onset (DLMO),
a well-established marker of the biological
clock, is maximally sensitive to short-wavelength (blue) light. Recent technological
developments and the advent of light-emitting
diodes (LEDs) have led to larger and brighter
devices (e.g. televisions, computer displays,
cell phones and tablets) that, in some cases,
can emit more short-wavelength light.
Exposure to short-wavelength light in the
evening and at night carries risks for adverse
effects in humans, including acute melatonin
suppression, delayed sleep and, with frequently occurring exposures, circadian disruption. Circadian disruption has been
associated with poor sleep quality and has
been linked to mood disorders, such as
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depression, and increased risks of chronic
diseases such as diabetes, obesity, cardiovascular disease and cancer.1
Night-time exposure to short-wavelength
light from electronic devices has been shown
to suppress secretion of the hormone melatonin.2–4 Examining the effects of evening
exposure to LED-backlit computer displays,
Cajochen et al. showed that a five-hour
exposure to displays with a high shortwavelength content significantly suppressed
melatonin compared to non-LED backlit
displays of equal luminance.5 Figueiro et al.
demonstrated that a two-hour exposure to
cathode ray tube computer displays induced a
slight, but not statistically significant reduction in melatonin concentrations in college
students.6 Wood et al. showed that melatonin
levels were significantly suppressed after a
two-hour exposure, but not after a one-hour
exposure, to iPads at full brightness.7 A more
recent within-subjects study conducted by
Chang et al. showed that light received at
the cornea of 12 young adults from the nighttime use of e-readers (ﬃ32 lux, four-hour
10.1177/1477153517748189
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exposure) significantly decreased melatonin
secretion and subjective sleepiness while also
reducing electroencephalogram (EEG) theta
activity compared to reading a conventional
printed book in ambient lighting conditions
(ﬃ1 lux).8 (An increase in theta activity has
been associated with an increase in sleepiness.9) Moreover, assessment of circadian
phase, as measured by melatonin suppression,
after five consecutive nights in both conditions revealed a 1.5-hour delay for participants in the e-reader condition. Examining
the effects of a shorter duration of exposure,
Grønli et al. showed that compared to reading a printed book in ambient light
(ﬃ26.7 lux), a half-hour exposure to iPads
operating at full brightness (ﬃ58 lux)
decreased subjective sleepiness and delayed
slow-wave brain activity during sleep by
about 30 minutes, as measured by EEG.10
Considered together, these studies suggest
that commercial self-luminous electronic
devices can adversely affect sleep and circadian physiology. In response, several device
manufacturers and third-party software
developers have introduced applications that
adjust the spectral composition of self-luminous displays to reduce their short-wavelength light emissions in an attempt to avoid
decrements to sleep and circadian health. The
goal of the present study was to test the
effectiveness of one such application, Night
Shift, which was released in 2016 by Apple
Inc. with the aim of improving sleep quality
among users of its self-luminous portable
electronic devices. The iPad was selected for
the study because 8.9 million of the devices
were sold worldwide in the first quarter of
2017 alone, outselling its nearest two competitors combined and accounting for nearly
25% of all tablet sales.11 Moreover, the newly
released Night Shift application had never
been tested before.
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2. Method
2.1. Participant selection
A total of 12 participants (five female) with
a median  standard deviation (SD) age of
22.5  3.7 years took part in this two-phase
study involving six participants in each phase,
the first occurring in June 2016 and the
second in June 2017. Using suppression data
and variances from similar past studies,3,7 an
a priori power calculation (SD ¼ 0.15)
revealed that 12 subjects were needed to
observe a large effect size at 99.9% statistical
power to significantly detect 25% melatonin
suppression and a power of 93.4% to significantly detect 15% melatonin suppression. All
participants were pre-screened for major
health problems, such as bipolar disorder,
seasonal depression, cardiovascular disease,
diabetes and hypertension. Participants were
excluded from the experiment if they were
taking over-the-counter melatonin or prescription hypertension medications, antidepressants, sleep medicine or beta-blockers.
Participants reporting eye diseases such as
cataracts and glaucoma were also excluded.
All participants were required to maintain a
consistent sleep–wake schedule, with bedtimes
no later than 23:00 and wake times no later
than 07:30, during the week leading up to
each night-time study session to maintain
their
melatonin
circadian
rhythm.
Participants were also required to refrain
from caffeine consumption 12 hours prior to
the start of each session. All human studies
conducted by the research team (Lighting
Research Center, Rensselaer Polytechnic
Institute) conform to 45 CFR 46 and international ethical standards,12 and are
reviewed, approved and monitored by the
Rensselaer Institutional Review Board.
Informed consent was obtained from all
study participants.

iPad Night Shift and melatonin suppression
2.2. Experimental conditions and apparatus
The participants reported to the laboratory
on four nights, each separated by at least one
week to allow for a wash-out period between
the experimental conditions. Participants in
each phase of the study were randomly
divided into two equal groups and exposed
to four experimental conditions that were
scheduled in a pre-decided, counterbalanced
order to avoid effects of order, learning or
adaptation on the study’s outcome measure.
A single condition was experienced by the
participants for the duration of each experimental session. For all conditions, participants viewed identically configured iPads for
the duration of the experiment, and display
brightness levels for all conditions were
maintained at their maximum setting for the
duration of the exposure. From a fixed
distance of 30.5 cm (12 inches) for a white
background at full brightness, the iPads in the
Night Shift Low CCT and the Night Shift
High CCT interventions delivered photopic
illuminances at the cornea of 54.3 lux and
97.8 lux, respectively. It should be noted,
however, and as reported below, measurements from the Dimesimeter worn by the
participants showed that actual average
exposure amounts varied depending on what
participants were watching during each session, as the screen background was not
always white.
Over the course of the study, all participants were exposed to a high circadian
stimulus (CS) ‘true positive’ intervention,
Blue Light Goggles, which was calibrated to
deliver 40 lux of ‘blue’ light (lmax ¼ 470 nm) at
the cornea. The device used for this intervention was composed of two LEDs mounted
above the eyes and directed at the participants’ line of sight through the centre of each
eye opening on lensless commercial eyeglasses
frames that were modified for this purpose.
Polycarbonate translucent tape covered each

375

LED to diffuse the emitted light, minimise
glare and avoid blue-light hazard.13,14 Before
each experimental session, the goggles were
calibrated using an optical fibre with a
Lambertian diffuser on one end. The
researchers independently measured the
irradiances of the left and right LEDs and
made any necessary adjustments. The device’s
light level (40 lux) was selected to provide a
CS of 0.45 that was predicted to be above
threshold (CS ¼ 0.1) and below saturation
(CS ¼ 0.7), following the metric employed by
the Rea et al. model, 15,16 which assesses the
circadian effectiveness of a light source for
acute suppression of melatonin after a onehour exposure.
The study also used two spectrally distinct
lighting interventions for the iPad (iPad Air 2,
IOS 9.3, Apple Inc., Cupertino, CA, USA)
that were generated by adjusting the ‘colour
temperature’ slide control of the device’s
Night Shift application to either extreme of
its ‘less-warm’ (5997 K) or ‘more-warm’
(2837 K) range. The correlated colour temperatures (CCTs) of both Night Shift interventions (i.e. Night Shift Low CCT and Night
Shift High CCT) were measured using a
spectrometer (Model USB650 Red Tide
Spectrometer, Ocean Optics, Winter Park,
FL, USA). The relative spectral power distributions (SPDs) for the lighting conditions are
shown in Figure 1. Finally, all of the participants were exposed to a dim light condition,
Orange Goggles, which served as the control
for the baseline melatonin suppression calculations. On the control night, participants
wore orange-tinted glasses (SAF-T-CURE
Orange UV Filter, Chicago, IL, USA) that
filtered out radiation5525 nm to ensure minimal impact on the circadian system.17 For
the Blue Light Goggles and Orange Goggles
conditions, the iPad displays were covered
with orange-tinted media that similarly filtered out radiation5525 nm (Roscolux #21
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Figure 1 The relative spectral power distributions for the lighting interventions used in this study.

golden
amber,
Rosco
Laboratories,
Stamford, CT) to eliminate any CS from the
screens.
Participants exposed to the Night Shift
Low CCT and Night Shift High CCT interventions wore lensless eyeglasses frames fitted
with a circadian light meter called a
Dimesimeter,18 which measured corneal light
exposures by recording the light stimulus at
30-second intervals during the two-hour
exposure. The circadian-effective light (CLA)
levels were calculated from the resulting
photometric data using post-processing algorithms following the Rea et al. model,15,16 and
the CLA values were transformed into CS
values using a logistic function based on the
human circadian system’s response.19 During
each intervention, light levels at the cornea
were also spot-checked every 30 minutes using
the spectrometer. The same devices and
protocol were used in both phases (i.e. June
2016 and June 2017) of the study.
2.3. Protocol
For each night-time experimental session,
each participant arrived at the laboratory at
22:30 and remained in dim light (55 lux at eye
level) for 30 minutes, followed by a two-hour
exposure to one of the four experimental
Lighting Res. Technol. 2019; 51: 373–383

conditions. The dim light stimulus remained
on for the duration of all experimental
sessions in all four conditions. Over the
course of each 2.5-hour session, three saliva
samples were collected from each participant;
the first sample was taken immediately before
the beginning of the experimental condition
after a 0.5-hour dim light exposure and the
two remaining samples were taken thereafter
at one-hour intervals while experiencing the
condition (Figure 2). At 01:00, after the final
saliva sample was collected, participants left
the laboratory. During exposure to the four
experimental conditions, participants were
free to choose whatever viewing content (e.g.
games, on-line shopping, reading, etc.) they
preferred in order to simulate typical use of
the devices.
Saliva samples were collected using the
Salivette system (Sarstedt AG, Nümbrecht,
DE), wherein the participant chews on a plain
cotton cylinder, which is then placed in a test
tube and centrifuged for 10 minutes at 3000g.
Each saliva sample was frozen (208C)
immediately after it was taken, and the
samples were assayed in a single batch using
melatonin radioimmunoassay kits. The
reported sensitivity of the saliva sample
assay was 2.9 pg/mL, and the intra- and
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Figure 2 Protocol used in this study, showing the relationship between experimental conditions and saliva sample
times (T1–T3).

Table 1 Calculations of the five -opic irradiances for all experimental conditions, following the SI-compliant approach
recommended by the CIE.
Experimental condition

Cyanopic
irradiancea
(mWcm2)

Melanopic
irradiancea
(mWcm2)

Rhodopic
irradiancea
(mWcm2)

Chloropic
irradiancea
(mWcm2)

Erythropic
irradiancea
(mWcm2)

iPad
iPad
iPad
iPad

21.0
6.0
1.3
0

35.6
7.7
3.8
0

30.4
9.6
5.9
50.1

18.2
11.1
9.3
50.5

10.5
11.5
12.1
51.0

with Blue Light Goggles
Night Shift High CCT (5997 K)
Night Shift Low CCT (2837 K)
with Orange Goggles (control)

CIE: International Commission on Illumination; CCT: correlated colour temperature.
a
Based upon the spectral irradiance distributions of the light sources, -opic irradiances are calculated using the CIE’s
SI-compliant version20,21 of the Lucas et al.22 toolbox.

inter-assay coefficients of variability were
6.9% and 14%, respectively.
2.4. Data analysis
Using the spectral irradiance distributions
from the Dimesimeter measurements, the
-opic irradiances were calculated (Table 1)
for each experimental condition with the
International Commission on Illumination’s
(CIE)20,21 SI-compliant version of the Lucas
et al. toolbox.22 The -opic irradiance metric
refers to how each of the human photoreceptors responds to light stimulus. The -opic
irradiance, Ee,, was determined by convolving
the spectral irradiance of the light source,
Ee,l(l), for each wavelength, with the desired
action spectrum, s(l), where s(l) is normalised to one at its peak

Z
Ee, ¼

Ee,l ðlÞs ðlÞdl

ð1Þ

Given that the -opic irradiance values
provided in Table 1 do not refer to the
predicted response by the circadian system
(i.e. melatonin suppression), CLA and CS
values were calculated using data from the
Dimesimeter (Table 2). The spectral irradiance at the cornea was converted into CLA,
reflecting the spectral sensitivity of the
circadian system, and then, second, transformed into the CS, reflecting the absolute
sensitivity of the circadian system. CS is a
measure of the effectiveness of the retinal
light stimulus for the human circadian system
from threshold (CS ¼ 0.1) to saturation
Lighting Res. Technol. 2019; 51: 373–383
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Table 2 Photopic illuminance (lux), circadian light (CLA), circadian stimulus (CS) and melatonin suppression at T2 (after
one-hour exposure) and at T3 (after two-hour exposure) for each of the experimental conditions.
Experimental conditiona

Photopic
illuminance
(lux)

Circadian
light CLAb

Circadian
stimulus
mean CSb

Mean  SEM
melatonin
suppression
at T2 (%)

Mean  SEM
melatonin
suppression
at T3 (%)

Blue Light Goggles
Night Shift High CCT (5997 K)
Night Shift Low CCT (2837 K)
Orange Goggles (control)

40
69.6  31.4
71.4  52.9
55

619
93.5  29.4
56.9  23.9
51.0

0.45
0.13  0.04
0.08  0.03
0.00

32  0.05
15  0.05
8  0.03
NA

51  0.04
19  0.05
12  0.03
NA

a
Stimulus reported for Blue Light Goggles intervention was calibrated and measured prior to each experimental
session. Photopic illuminances reported for the Night Shift interventions are the mean  SEM values recorded by the
Dimesimeter over the duration of exposure. The CLA and CS values reported for both Night Shift interventions are
mean  SEM. Photopic illuminance for the Orange Goggles condition was measured using an illuminance meter during
the experiment.
b
CS values calculated using Rea et al. 15,16 can be compared to observed melatonin suppression at T2 (after one-hour
exposure).

(CS ¼ 0.7).15,16 The following equations were
used to determine CLA and CS

RodSat: half-saturation
bleaching rods ¼ 6.5 W/m2

constant
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>
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Z
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>
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where:
CLA: circadian light; the constant, 1548,
sets the normalisation of CLA so that 2856 K
blackbody radiation at 1000 lux has a CLA
value of 1000
El: light source spectral irradiance
distribution
Mcl: melanopsin (corrected for crystalline
lens transmittance) sensitivity
Sl: S-cone fundamental
mpl: macular pigment transmittance
Vl: photopic luminous efficiency function
V0 l: scotopic luminous efficiency function
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for

ð2Þ

k ¼ 0.2616
ab-y ¼ 0.700
arod ¼ 3.300
CS ¼ 0:7 
1þ

0:7
 CLA 1:1026

ð3Þ

355:7

Melatonin suppression for each lighting
intervention was determined by comparing
melatonin levels collected during the control
night (i.e. Orange Goggles) to those collected
at the same saliva sample times (T2 and T3)
on the lighting intervention nights. For each
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where:
Mn ¼ the normalised melatonin concentration at each saliva sample time during the
intervention
Md ¼ the normalised melatonin concentration at each saliva sample time during the
control
Statistical analyses were performed using
repeated measures analysis of variance
(ANOVA) with ‘saliva sample time’ and
‘lighting intervention’ as within-subjects factors and independent variables. Further evaluation for the main effects and interactions was
performed using post-hoc, 2-tailed Student’s
t-tests. Results were considered to be statistically significant if the p value was50.05.
3. Results
The repeated measures ANOVA revealed a
significant main effect of saliva sample time
(F1,11 ¼ 14.83, p50.05), indicating that longer
duration exposures suppress melatonin to a
greater degree during participants’ biological
night (Figure 3).
The ANOVA also revealed a significant
main effect of lighting intervention (F2,22 ¼
28.07, p50.05) (Figure 4). Post-hoc analysis,
using a paired sample 2-tailed Student’s t-test
with a Bonferroni correction, revealed that,
over the two-hour exposure, the mean  standard error of the mean (SEM) melatonin
suppression from exposure to the Blue Light
Goggles intervention (41  4.1%) was significantly greater than that observed for both the

Melatonin suppression (%)

40

*
30

20

10

0
T2 (1 hour)
T3 (2 hours)
Saliva sample time (duration)
Figure 3 The main effect of saliva sample time on
melatonin suppression across all lighting interventions.
The error bars represent standard error of the mean; *
represents statistical significance (p50.05).

70
Melatonin suppression (%)

night, specifically, the melatonin concentrations at T2 (after a one-hour exposure) and
T3 (after a two-hour exposure) were first
normalised to T1, and the melatonin suppression at T2 and T3 was then calculated using
the following formula

 
Mn
Percent suppression ¼ 1 
100 ð4Þ
Md
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*
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40
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10
0

Night Shift
Night Shift
Blue Light
High CCT
Low CCT
Goggles
Lighting intervention
T2 (1 hour)

T3 (2 hours)

Figure 4 The main effect of lighting intervention on
melatonin suppression, as well as the significant interaction between lighting intervention and saliva sample
time (T2, T3) on melatonin suppression. The error bars
represent standard error of the mean; * represents
statistical significance (p50.05).

Night Shift Low CCT (10  2.7%) (t23 ¼ 5.77,
p50.05) and Night Shift High CCT
(17  4.6%) (t23 ¼ 8.09, p50.05) lighting
interventions. Mean melatonin suppression
after exposure to the Night Shift Low CCT
and the Night Shift High CCT interventions
Lighting Res. Technol. 2019; 51: 373–383
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was not significantly different (t23 ¼ 3.16,
p40.05).
One-sample t-tests showed that suppression after one-hour and two-hour exposures
to all of the lighting interventions was significantly different from zero. The significant
interaction between lighting intervention and
saliva sample time (F2,22 ¼ 11.33, p50.05)
(see Figure 4) showed that melatonin suppression was significantly greater after a twohour exposure than after a one-hour exposure
only in the Blue Light Goggles intervention.
For the Blue Light Goggles intervention,
suppression values were significantly different
from zero at T2 (24:00) (t11 ¼ 6.20, p50.05)
and at T3 (01:00) (t11 ¼ 13.42, p50.05). For
the Night Shift High CCT intervention,
suppression values were significantly different
from zero at T2 (24:00) (t11 ¼ 3.30, p50.05)
and at T3 (01:00) (t11 ¼ 3.83, p50.05). For
the Night Shift Low CCT intervention, suppression values were also significantly different from zero at T2 (24:00) (t11 ¼ 3.14,
p50.05) and at T3 (01:00) (t11 ¼ 3.50,
p50.05). Table 2 shows the mean  SEM
melatonin suppression at T2 and T3.
4. Discussion
The results of the present study indicate that
all three lighting interventions significantly
suppressed melatonin over two durations of
exposure (one-hour and two-hour) during the
participants’ biological night. As hypothesised, the greatest suppression was obtained
when participants were exposed to the Blue
Light Goggles intervention, which was used
as the ‘true positive’ intervention. These
findings are consistent with previous studies
examining the effect of night-time exposures
to self-luminous electronic devices on melatonin suppression. One study involving 13
young adult participants showed that the
night-time (23:00 to 01:00) use of self-luminous devices (iPads) suppressed melatonin by
7% and 23% following one-hour and twoLighting Res. Technol. 2019; 51: 373–383

hour exposures, respectively. 7 A follow-up
study involving 20 adolescent participants
who viewed a variety of self-luminous devices
(computers, tablets, e-readers, televisions
and/or cell phones) for three hours prior to
their normal bedtimes demonstrated that onehour and two-hour exposures suppressed
melatonin by 23% and 38%, respectively.3
Together, these studies suggest an increased
sensitivity to light at night among adolescents
and highlight the importance of considering the
duration of exposure to such devices when
specifying technological or operational design
recommendations. It should be noted that
although the amount of melatonin suppression,
especially from the Night Shift Low CCT
intervention, was close to threshold, it is not
known how this amount of suppression induces
circadian disruption, delays sleep or affects
health. Larger, more comprehensive epidemiological studies should investigate how the longterm use of these self-luminous displays affects
people, especially adolescents and children.
The results of the present study indicate
that the Night Shift Low CCT and Night
Shift High CCT interventions both provided
stimuli that resulted in some suppression of
nocturnal melatonin after one-hour and twohour exposures, but post-hoc analysis revealed
that melatonin suppression did not significantly differ between these two spectrally
distinct modes. These results therefore suggest
that adjusting a self-luminous display’s spectral composition without adjusting its brightness setting may be insufficient for avoiding
adverse impacts on melatonin secretion and
circadian system function and further emphasise the importance of considering both the
spectral and absolute sensitivities of the
human circadian system with respect to
photic stimulus.
Another interesting observation from the
present study is that after the first hour of
exposure, melatonin suppression appeared to
saturate for both Night Shift interventions
but not for the Blue Light Goggles
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intervention, suggesting that, while the stimulus was effective at inhibiting melatonin
secretion initially, it was not strong enough
to counter the natural rise in melatonin levels
over the course of the participants’ biological
night.
Finally, the significantly higher melatonin
suppression observed after exposure to the
Blue Light Goggles intervention compared to
both Night Shift interventions is consistent
with the predictions shown in Table 2.
Perhaps more importantly, the percentage
melatonin suppression observed for both
Night Shift interventions after a one-hour
exposure closely corresponded to the respective CS values for each intervention provided
by the Rea at al. model.15,16 Specifically, the
CS value of 0.08 for the Night Shift Low CCT
intervention corresponded to the observed
8% melatonin suppression, and the CS value
of 0.13 for the Night Shift High CCT intervention was quite close to the observed 15%
melatonin suppression (see Table 2). Broadly
speaking, the ability to predict light’s effectiveness for influencing acute melatonin suppression could be a very useful tool for
researchers, manufacturers, specifiers and
lighting designers.
One of the limitations of this study is the
degree of freedom granted to the participants in
selecting the viewing distance and media content when using their respective iPads. Any
potential variability within the individual spectral and absolute characteristics of the stimulus,
however, was accounted for by the data
collected from the Dimesimeters and crosschecked with spot measurements using a spectrometer every 30 minutes. The content viewed
by the participants during the interventions was
also noted. Furthermore, the study’s withinsubjects experimental design ensured that any
random effects were minimised.
Another limitation worth noting is that we
did not monitor and control for participants’
photic history leading up to the laboratory
session. Given that all participants were full-
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time employees or students with regular schedules, however, it was assumed that they would
receive consistent light exposures during all
four weeks of the study. Lastly, one must be
very cautious in making far-reaching deductions from the data presented, as the study
considered only one model of self-luminous
electronic tablet and a single application.
Overall, the results of the present study
may be useful for developers, manufacturers
and users of self-luminous electronic devices
by emphasising considerations other than
spectrum. Perhaps limiting the daily duration
of exposure from two hours to one hour and
reducing the light level by dimming such
devices can be more effective in preventing
circadian disruption. Lastly, since the use of
self-luminous devices in the hours before
bedtime is most prevalent in children and
adolescents, it is paramount to consider their
increased sensitivity to light at night while
developing new applications such as Night
Shift.
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