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Study Objectives: Prolonged exposure to blue wavelength light has been shown to have an alerting effect, and enhances performance on cognitive tasks. 
A small number of studies have also shown that relatively short exposure to blue light leads to changes in functional brain responses during the period 
of exposure. The extent to which blue light continues to affect brain functioning during a cognitively challenging task after cessation of longer periods of 
exposure (i.e., roughly 30 minutes or longer), however, has not been fully investigated.
Methods: A total of 35 healthy participants (18 female) were exposed to either blue (469 nm) (n = 17) or amber (578 nm) (n = 18) wavelength light for 30 
minutes in a darkened room, followed immediately by functional magnetic resonance imaging (fMRI) while undergoing a working memory task (N-back task).
Results: Participants in the blue light condition were faster in their responses on the N-back task and showed increased activation in the dorsolateral 
(DLPFC) and ventrolateral (VLPFC) prefrontal cortex compared to those in the amber control light condition. Furthermore, greater activation within the VLPFC 
was correlated with faster N-back response times.
Conclusions: This is the first study to suggest that a relatively brief, single exposure to blue light has a subsequent beneficial effect on working memory 
performance, even after cessation of exposure, and leads to temporarily persisting functional brain changes within prefrontal brain regions associated 
with executive functions. These findings may have broader implication for using blue-enriched light in a variety of work settings where alertness and quick 
decision-making are important.
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INTRODUCTION
Exposure to light has important effects on human physiology 
that are independent of visual perception. These non-image 
forming effects of light include the regulation of circadian 
rhythms, melatonin production, changes in core body tempera-
ture, sleep propensity, and alertness.1,2 Many of these effects of 
light are due to activation of retinal ganglion cells, which are 
maximally sensitive to light within the short wavelength (~480 
nm; blue light). These cells transmit irradiance signals to hy-
pothalamic nuclei (e.g., the suprachiasmatic nucleus [SCN]), 
which are responsible for regulating circadian rhythms and 
melatonin production.1,2 Exposure to blue light in the evening 
or at night has been shown to increase alertness and improve 
performance on reaction time tasks, most likely as a result of 
the suppression of the evening onset of melatonin, which leads 
to a phase delay of the circadian rhythm.3–6 In a similar vein, 
morning blue light exposure suppresses melatonin in the early 
part of the day and leads to a phase advance of the circadian 
rhythm by inducing the onset of plasma melatonin earlier in 
the evening.7 In addition, blue light, and bright white light ex-
posure more generally, during the day, has also been shown 
to have beneficial effects on alertness in a number of studies. 
One study compared the effects of bright (5,000 lux) versus 
dim light (< 10 lux) exposure during the day (between 12:00 
and 16:00) and at night (between 00:00 and 04:00), and found 
that participants reported lower levels of sleepiness and fatigue, 
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Significance
This study shows that exposure to thirty minutes of blue wavelength light in the morning subsequently leads to faster response times on a cognitive 
working memory task and greater functional brain responses within the prefrontal cortex than comparable exposure to amber light. This is the first 
study to show that a short, single exposure to blue light during the daytime can lead to enduring measurable changes in brain activation and speed of 
performance during subsequent completion of a cognitively challenging task. While these findings may have important implications for using blue light in 
occupational settings, future research will be necessary to establish whether these findings generalize to naturalistic settings.

and greater energy during bright versus dim light exposure, re-
gardless of time of day.8 In addition, the effects of daytime blue 
light exposure appear to have beneficial effects over longer pe-
riods of exposure. In a work place office setting, participants 
who were exposed to blue-enriched white light during the work 
day for 4 weeks reported increased subjective alertness, per-
formance, positive mood, and concentration, in comparison to 
4 weeks of white light exposure.9 Further evidence suggests 
that blue light can also be superior to caffeine for sustaining 
performance on tasks requiring psychomotor functioning.10

While the alerting effects of nighttime exposure to blue light 
appear to be produced predominantly by the suppression of 
melatonin, the increases in daytime alertness after blue light 
exposure are thought to be largely due to effects other than 
melatonin regulation.11 In particular, the daytime alerting ef-
fect of blue light may come from the indirect effects of mela-
nopsin photosensitive retinal ganglion cells, which also project 
to brain regions other than the hypothalamus. For example, 
these cells can also indirectly influence activation of the 
locus coeruleus (LC),12 which in turn releases norepinephrine 
broadly throughout the cerebral cortex,13 leading to increases 
in alertness.14 Such downstream influences may explain some 
of the effects of blue light on alertness during the daytime, 
independent of the effects of melatonin. In fact, a functional 
magnetic resonance imaging (fMRI) study of in-scanner acute 
light exposure demonstrated that short 50-second bursts of 
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blue light increased activation within the middle frontal gyrus 
and the brainstem, in comparison to violet light, while par-
ticipants completed an auditory working memory task.15 While 
precise identification of brainstem nuclei is difficult using 
fMRI techniques, the location of the activation was consistent 
with the general stereotaxic coordinates of the LC.15 Thus, it 
appears plausible that blue light exposure may result in in-
creased noradrenergic influence over cortical regions involved 
in controlled cognitive processing.

The aforementioned research suggests that blue light expo-
sure activates brain networks that underlie many aspects of 
cognitive performance. One especially important cognitive 
function that may benefit from blue light exposure is working 
memory. Working memory comprises a set of cognitive pro-
cesses that allow information to be actively held in mind in 
order to guide decision-making.16 Studies of healthy popula-
tions as well as patients with brain lesions have shown that 
working memory performance is associated with increased ac-
tivation within the prefrontal cortex (PFC), and especially the 
dorsolateral PFC (DLPFC) and ventrolateral PFC (VLPFC).16,17 
Since blue light exposure appears to influence the LC, which 
can increase the release of norepinephrine and lead to subse-
quent neural activation within the PFC, this may plausibly in-
fluence neural processes associated with working memory.

Neurocomputational models suggest that decision-making 
processes, such as those supported by working memory, re-
quire a trade-off between speed and accuracy. In this case, 
either a lot of time is spent to accumulate evidence for “safe 
and slow” decision-making, or less time is spent for “fast 
but risky” decision-making.18 These models also suggest that 
changes in baseline activation levels, as opposed to changes in 
the decision-threshold itself, may control this trade-off. For ex-
ample, increases in baseline activation levels would decrease 
the distance from threshold, leading to faster but less reliable 
choices.18 One might therefore predict that blue light exposure 
would lead to faster response times within this type of task by 
increasing baseline activation levels. However, the few studies 
that have actually examined the effects of blue wavelength 
light during working memory performance (e.g., an auditory 
N-back task and an oddball task) have not found significant 
effects in terms of response time or accuracy when compared 
to non-blue wavelengths, despite significant increases in the 
activation of arousal and working memory systems of the 
brain.15,19,20 It should be noted that the duration of blue light 
exposure was considerably longer in those behavioral studies9 
mentioned above (where a significant effect on performance 
was observed) compared to those fMRI studies finding no ef-
fect15,19,20 (one to several hours of blue light exposure in behav-
ioral studies in comparison to 50 seconds up to 21 minutes 
in fMRI studies). Importantly, a recent review has suggested 
that the performance-enhancing effects of blue light at night as 
well as during the day usually occur with an exposure duration 
of roughly 30 minutes or longer.21 It is therefore possible that 
the shorter durations (e.g., 18 minutes) of blue light exposure 
applied in prior fMRI studies may not have been long enough 
to induce measurable behavioral changes. Furthermore, it 
has not been investigated in detail whether blue light expo-
sure has the ability to affect functional brain responses and 

working memory performance after cessation of a single dose 
of daytime blue light exposure. While it has been shown that 
self-reported sleepiness is reduced after blue light exposure at 
nighttime,3 it is unclear whether a single dose of daytime blue 
light exposure can lead to enduring effects in terms of cog-
nitive performance and functional brain responses. It is also 
possible that the lack of findings in previous fMRI studies may 
have been the result of participants completing the working 
memory task during light exposure, and not afterwards.

The goal of the present study was therefore to examine 
how 30 minutes of continuous blue wavelength light expo-
sure would affect subsequent working memory performance 
and associated functional brain responses after cessation of 
the light exposure. We hypothesized that the enduring effects 
of blue wavelength light exposure would be associated with 
greater activation during a working memory task (N-back task) 
within areas usually recruited by such tasks, specifically the 
DLPFC and VLPFC, and that this increased activation would 
be associated with faster response times during the task, in 
comparison to a control exposure of amber light under the 
same conditions.

METHODS

Participants
Thirty-five healthy 18- to 32-year olds (18 female; 17 male) 
took part in the study. Participants completed an average of 
12.5 years of education, were all right handed, primary English 
speaking, free from psychiatric, neurological, and substance 
use disorders, and reported a regular sleep schedule of going 
to bed between 22:00 and 01:00 and waking between 06:00 
and 09:00.

Materials

Light Exposure
Participants underwent the controlled light exposure while 
sitting in an otherwise completely darkened room. All par-
ticipants began with a blue light Washout Period (described 
in more detail under Procedure) that involved sitting in a 
dark room while only exposed to two amber light devices 
(described below) mounted on a desk at a distance of approxi-
mately 80 cm from the participant’s nasion, with each light 
centered at a 45-degree angle from midline (see Figure 1A). 
Actual distance and angle of the light devices were adjusted 
manually until the pair of amber devices used during the ini-
tial washout period resulted in a 20-lux reading as measured 
by a light meter (Digital Lux Meter LX1330B) on each side of 
the participant’s nose. During the Exposure Period, light was 
administered by a similar configuration of 4 light devices, 
also centered at 45 degrees to each side of the participant 
with a distance of approximately 80 cm from the participant’s 
nasion (see Figure 1B). During the Exposure Period, the light 
devices were either blue or amber depending on random as-
signment. Blue light exposure utilized an array of commer-
cially available Philips goLITE BLU Energy Light devices 
(Model HF3321/60; Philips Electronics, Stamford, CT). Each 
device consisted of a plastic table-mounted chassis with 



SLEEP, Vol. 39, No. 9, 2016 1673 Blue Light Exposure and Working Memory—Alkozei et al.

a 10 × 6 array of light emitting diodes (LEDs), encased in 
1 × 1 cm cubical projection elements and a translucent plastic 
window cover. The goLITE BLU Energy Light is commer-
cially available and has a narrow bandwidth (peaking at 
λ = 469 nm, at 214 lux, and panel irradiance [mW/cm2] = 1.23 
at 20 cm). The amber devices were provided by the manufac-
turer for research purposes and were essentially identical to 
the goLITE BLU devices, with the exception that they were 
fitted with amber LEDs (peaking at λ = 578 nm, at 188 lux, 
and total irradiance [mW/cm2] = 0.35).

N-back Task
This task was used during functional neuroimaging. The 
N-back task is a widely used task for assessing working 
memory22 and is typically applied in either auditory or vi-
sual modalities. In the present study, we employed a widely 
used visual variant of the task whereby participants viewed 
and responded to a series of letters appearing in serial order 
on the screen.16 Participants were presented with white let-
ters appearing one letter at a time centered on a black screen. 
The N-back task included 3 conditions of varying cognitive 
load. During the control condition (i.e., “zero-back”), partic-
ipants were asked to identify by button press whether each 
letter on the screen matched a predetermined letter (e.g., “P”) 
by pressing “yes” with their middle finger or “no” with the 
index finger of their right hand. In the “one-back” condition, 
participants responded with a button press using their right 
hand to indicate whether the letter presented in the current 
trial was identical to the letter presented in the immediately 
preceding trial. In the same way, during the “two-back” con-
dition, participants indicated whether the letter shown in the 
current trial was identical to the letter presented 2 letter trials 
previously. Each cognitive load condition was presented as 
a block lasting 42 seconds. These blocks each consisted of a 
6-s instruction screen followed by 16 trials (trial = stimulus 
displayed for 500 ms + 1,750 ms blank screen, ISI = 2,250 ms). 
Each cognitive load block was presented 3 times in pseudo-
random order for a total of 9 blocks (3 “zero-back”; 3 “one-
back”; 3 “two-back”) throughout the task. The task began and 
ended with a 10-s crosshair image requiring only visual fixa-
tion, and each block was also separated by a 10-s crosshair 
fixation image, for a total task run of 478 seconds (7 min 58 
sec). Prior to neuroimaging, participants underwent a practice 
version of the task outside of the scanner. This involved com-
pleting each cognitive load condition once (i.e., 16 trials each) 
with immediate visual feedback on each trial to ensure that 
they understood the task before completing it in the scanner. 
Verbal instructions were given to participants while in the 
scanner and they were encouraged to ask any questions before 
beginning the task.

Stanford Sleepiness Scale (SSS)
The Stanford Sleepiness Scale (SSS)23 is a one-item measure to 
assess participants’ current level of sleepiness on a 1–7 point 
scale, ranging from “feeling active, vital, alert, or wide awake” 
to “no longer fighting sleep, sleep onset soon, having dream-
like thoughts.” Higher scores on the SSS indicate higher levels 
of sleepiness.

Procedure
Participants completed the study on an individual basis, but 
all participants were run at the same time each day to control 
for circadian time of day effects. To ensure that participants 
were not in caffeine withdrawal during the procedure, they 
were asked to consume their normal levels of morning caf-
feine before arrival for the study. Participants arrived for the 
study at 07:45 and were escorted to the laboratory. For the 
first portion of the day, participants completed the informed 
consent process, and completed some basic information ques-
tionnaires and cognitive tasks. Participants were randomized 
to receive either 30 min of blue (n = 17) or amber (n = 18) 
light exposure. At approximately 09:15, participants were then 
fitted with wrap around polycarbonate blue light-blocking 

Figure 1—Diagram of light device placements. Participants were seated 
at a desk in a darkened room with light devices placed at a 45-degree 
angle to the right and left of center at a distance of approximately 80 
cm. (A) During the 30-minute blue light Washout Period, 2 devices 
(one on the left and one on the right) fitted with amber light emitting 
diodes (LEDs; λ = 578 nm) were directed toward the participant, with 
each device centered at a 45-degree angle). (B) During the 30-minute 
Exposure Period, 4 devices (2 on the left and 2 on the right) were 
directed toward the participant, with each pair centered at a 45-degree 
angle. Devices were fitted with either blue (λ = 469 nm) or amber (λ = 578 
nm) LEDs, according to random assignment.

A

B
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glasses (to minimize extraneous blue light exposure) and were 
escorted to the neuroimaging center at the University of Ari-
zona Department of Medical Imaging. At 09:45, participants 
then completed the SSS and immediately underwent a “blue 
light washout” period for 30 min to ensure that residual ef-
fects of outdoor and ambient lighting had dissipated before the 
beginning of the light exposure period. During this washout 
period, participants were seated comfortably in a darkened 
room and then removed the light-blocking glasses. Ambient 
lighting was provided by 2 amber light devices (see Materials), 
which were activated on the desk in front of the participant 
and located 45° to the left and right of center, approximately 
80 cm from the participant’s nasion (see Figure 1A). The 
amount of light exposure was measured and the lights were 
adjusted for each participant to ensure that 20 lux of amber 
light was registered on each side of the nose. Participants 
were instructed not to look directly at the light devices, and 
to relax with their eyes open and maintain a generally for-
ward gaze. At 10:15, the 2 Washout Period light devices were 
replaced with the 4 Exposure Period devices (see Figure 1B). 
Then the 30-min Exposure Period was initiated by engaging 
the 2 pairs of light devices (either blue or amber, depending 
on condition), with each pair mounted side by side on the desk 
in front of the participant, centered at the same location as the 
Washout Period amber lights. During the 30-min Exposure 
and Washout Periods, participants maintained a forward gaze 
and completed several computerized practice tasks to pre-
pare them for their time in the scanner. The laptop monitors 
were shielded by an amber colored Plexiglas panel, which was 
acquired from www.lowbluelights.com, to block blue wave-
length light. These computerized practice tasks ranged from 5 
to 10 min each and were interspersed with 5-min rest breaks 
that involved sitting silently and maintaining a forward gaze 
at a crosshair on the wall facing the participant. At the comple-
tion of the Exposure Period (10:45), participants again donned 
their blue light-blocking glasses, were escorted to the MRI 
scanner, and again completed the SSS. Once in the scanner, 
the scanner room lights were dimmed and the glasses were 
removed. While we have no measurement of the lux levels in 
the scanner due to the incompatibility of lux meters within 

the magnetic field of the scanner, the light conditions were 
held constant across participants. The scanning sequence was 
initiated at 11:00, and the N-back task was started at approxi-
mately 11:25, and the scan was completed by 12:30. At the 
conclusion of the scan, participants exited the scanner and 
completed one last SSS (10:45) and were released. Figure 2 
details the timeline of the study procedure.

Ethical Considerations
The research protocol was reviewed and approved by the In-
stitutional Review Board of the University of Arizona and the 
U.S. Army Human Research Protections Office.

Neuroimaging Methods
Participants underwent fMRI immediately after completion of 
the 30-min exposure to either blue or amber light. Neuroim-
aging scans were collected on a Skyra 3T scanner (Siemens, 
Erlangen, Germany) using a 32-channel head coil. Structural 
images were first acquired using a T1-weighted 3D MPRAGE 
sequence (TR / TE / flip angle = 2.1 s / 2.33 ms / 12 degree) 
over 176 sagittal slices (256 × 256) and a slice thickness of 1.00 
mm (voxel size = 1 × 1 × 1). T2*-weighted functional MRI 
scans were collected over 32 transverse slices and a slice thick-
ness of 2.5 mm using an interleaved sequence (TR / TE / flip 
angle = 2.0 s / 25.0 ms / 90 degree) with 239 images collected 
per slice. Data were collected with a 22.0 cm field of view and 
a 64 × 64 acquisition matrix.

Image Processing
Processing and analysis of neuroimaging scans was con-
ducted in SPM12 (Wellcome Department of Cognitive Neu-
rology, London, UK; http://www.fil.ion.ucl.ac.uk/spm). Raw 
functional images were first preprocessed by realigning and 
unwarping the functional images, and then co-registering 
the newly created mean functional image to each subject’s 
structural T1 scan. Forward deformation fields were used 
to normalize the images from subject native space to Mon-
treal Neurological Institute (MNI) coordinate space. Finally, 
the images were spatially smoothed (6 mm full-width at half 
maximum), and resliced to 2 × 2 × 2 mm voxels. A high pass 

Figure 2—Timeline detailing the study procedure. Between 09:45 and 10:15, participants underwent 30 minutes of “washout” amber light exposure. 
Immediately following the washout period, participants either received 30 minutes of amber placebo light or blue light exposure (i.e., between 10:15 and 
10:45). During this time, at 10:20, participants received instructions on the N-back task and completed one practice run, lasting 10 minutes in total. At 11:00, 
participants began the fMRI scan, and the N-back task was initiated at 11:25 and ended at 11:33. The scan ended at 12:30. Participants completed the 
Stanford Sleepiness Scale (SSS) 3 times during the procedure, including just before the start of the washout period, immediately after the light exposure, 
and at 12:45 after exiting the fMRI scanner.
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filter with a 128-s cutoff period was used to remove low fre-
quency confounds. The standard canonical hemodynamic 
response function in SPM was employed, and serial auto-
correlation was corrected with an autoregressive model of 
1 (+white noise). Motion artifacts exceeding 3 SD in mean 
global intensity and scan-to-scan motion that exceed 1.0 
mm were regressed out using the Artifact Detection Tool 
(http://www.nitrc.org/projects/artifact_detect/).

Statistical Analysis
On an individual basis, a general linear model (GLM) was spec-
ified to contrast activation between the two-back > zero-back 
condition. These contrast images were entered into a second-
level independent samples t-test analysis with light group 
(blue versus amber) as the independent variable. Based on our 
a priori hypotheses and previous findings from a large meta-
analysis of normative functional neuroimaging studies using 
the N-back task,16 spheres of a 10 mm radius centered on ste-
reotaxic coordinates derived from the previous meta-analysis 
were placed in areas of the DLPFC and VLPFC. The Talairach 
coordinates reported in Owen et al.16 were transformed to MNI 
coordinates using the MNI2TAL online program from Lacadie 
et al.24 (http://sprout022.sprout.yale.edu/mni2tal/mni2tal.html). 
The following MNI coordinates were used: DLPFC (x = 41, 
y = 31, z = 30; x = −37, y = 45, z = 21; x = −46, y = 19, z = 22), 
and VLPFC (x = −31, y = 21, z = 4; x = 34, y = 23, z = 1). Anal-
yses were thresholded at P < 0.001 (uncorrected) and subjected 
to small volume correction for multiple comparisons within 
each search territory, family wise error (FWE) corrected at 
P < 0.05, and k (extent) ≥ 10 contiguous voxels.

In addition to the primary analysis of our hypothesized ef-
fects, we also conducted an exploratory whole brain analysis to 
provide complete data for future hypothesis generation. Here, 
we used a slightly more liberal height threshold of P < 0.005, 
while protecting against type I error through a cluster-cor-
rected extent threshold of 201 voxels, which represents an 
FWE correction of P < 0.05.25 Because this analysis was ex-
ploratory, we had no a priori hypothesis and merely present 
these supplemental findings for completeness and to obviate 
bias in reporting.

RESULTS

Descriptive Statistics
According to self-report, participants slept on average 7.2 h 
(SD 0.94) per night, and obtained 6.8 h (SD 0.72) of sleep the 
night before the assessment. Participants reported going to 
bed on average at 23:32 (SD 1 h 4 min) and waking at 07:37 
(SD 1 h 2 min) on weekdays. Participants reported drinking 
an average of 0.93 (SD 0.89) caffeinated products per day, and 
8 participants (4 in each group) reported having had one caf-
feinated product prior to the assessment, which was consistent 
with their normal morning consumption patterns. Groups did 
not differ on age, gender, years of education, mean number 
of hours slept on weeknights, number of hours slept the pre-
vious night, mean number of caffeinated products per day, and 
waking and bed times (see Table 1).

Behavioral Results
A repeated-measures ANOVA of the SSS scores showed no 
interaction between light color and session (pre-washout, post 
light exposure, and post-fMRI) (F2, 31 = 0.12, P = 0.88). An 
analysis of simple effects showed no difference between light 
color groups at each of the 3 sessions (see Table 1).

There was no difference in accuracy and response time be-
tween the blue and amber groups for the zero-back condition, 
but participants in the blue group responded faster during the 
one- (t33 = −2.26, P = 0.03) and two-back conditions (t33 = −1.98, 
P = 0.05) than participants in the control group (see Table 2).

Neuroimaging Results

Hypothesis Testing
For the two-back > zero-back contrast, individuals in the blue 
light group showed significantly greater activation in a cluster 
within the left DLPFC (k = 29; PFWE = 0.03; t = 4.12; x = −50, 
y = 14, z = 22, small volume corrected) and a cluster within 
the right VLPFC (k = 17, PFWE = 0.006, t = 4.83; x = 34, y = 20, 
z = −6, small volume corrected) than individuals who were 
exposed to the amber control light (see Figure 3). There were 
no regions within the brain where amber light exposure was 

Table 1—Sample characteristics.

Blue group (n = 17) Mean (SD) Amber group (n = 18) Mean (SD) Statistic
Age 21.71 (2.58) 22.22 (4.06) t33 = 0.63, P = 0.53
Gender 47% female 55% female χ² = 0.25, P = 0.62
Years of Education 12.71 (3.58) 12.44 (3.34) t33 = 0.22, P = 0.26
Mean hours of sleep on a weeknight 7.25 (0.97) 7.22 (0.94) t33 = 0.09, P = 0.93
Hours of sleep the night before the assessment 6.88 (0.54) 6.86 (0.87) t33 = −0.09, P = 0.93
Mean number of caffeinated products per day 0.78 (0.81) 1.08 (0.97) t33 = −0.97, P = 0.34
Typical wake time on weeknights 07:52 (0:56) 07:24 (1:05) t33 = −0.13, P = 0.19
Typical bed time on weeknights 23:40 (1:12) 23:25 (0:56) t33 = −0.70, P = 0.48
SSS pre-washout 1.69 (0.87) 1.89 (0.58) F2, 32 = 0.63, P = 0.43
SSS post-exposure 2.38 (1.25) 2.78 (1.14) F2, 32 = 0.98, P = 0.33
SSS post-fMRI scan 1.94 (1.12) 2.11 (1.27) F2, 32 = 0.17, P = 0.67

SSS, Stanford Sleepiness Scale.
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associated with greater functional brain responses than blue 
light exposure.

In order to investigate the association between regional ac-
tivation and behavioral responses, we extracted the activation 
for the unadjusted cluster eigenvariate for both brain regions 
and conducted Pearson correlations between the eigenvariate 
and response time and performance metrics during the two-
back condition. There was a negative correlation between 
VLPFC activation and response time (r = −0.35, P = 0.04). This 
correlation was present among the sample as a whole and was 
not driven by one group in particular (Figure 4). No signifi-
cant associations with accuracy were found. In addition, no 
significant associations were found between activation within 
the DLPFC and performance on the working memory task.

To investigate whether participants were more “efficient” 
with increases in working memory (i.e., the number of correct 

responses per second), a measure of cognitive throughput was 
calculated ([Accuracy × (1 / RT) * 1,000]).26 Throughput pro-
vides a quantitative metric of the speed versus accuracy trad-
eoff. While there was no difference in throughput between 
the 2 groups in the zero-back condition (t33 = −1.60, P = 0.19), 
participants in the blue group showed enhanced throughput 
in the one-back (t33 = −2.57, P = 0.01), and marginally higher 
throughput in the two-back condition (t33 = −1.92, P = 0.06). 
In other words, participants in the blue light group provided 
a greater number of correct responses per unit of time than 
participants in the amber control group (Figure 5). Given that 
the groups were essentially equivalent with regard to accuracy, 
this difference suggests that exposure to blue light led to faster 
response times with no loss in accuracy.

Table 2—Mean accuracy and reaction times for the N-back task.

Accuracy (SD) in %
Total Reaction Time (SD) in 

milliseconds
Reaction Time for Correct Responses 

(SD) in milliseconds
Zero-back

Blue 96.05 (0.39) 410.72 (97.04) 407.81 (91.55)
Amber 97.43 (0.25) 457.05 (94.07) 458.64 (93.03)

One-back 
Blue 87.31 (0.71) 485.09 (133.81) a 485.09 (133.81) c

Amber 88.49 (0.82) 601.97 (168.77) a 601.97 (168.77) c

Two-back 
Blue 88.60 (0.91) 556.00 (196.87) b 553.00 (192.05) †

Amber 88.74 (1.03) 691.01 (205.59) b 682.62 (204.16) †

a, b, and c, denote groups that significantly differ at P < 0.05; † marginal difference (P = 0.06).

Figure 3—SPM images showing the clusters of significant activation 
where Blue > Amber for the N-Back task (two-back > zero-back). Based 
on the a priori regions of interest, this comparison revealed that the blue 
light condition was associated with significantly greater activation within 
the left dorsolateral prefrontal cortex (DLPFC) and the right ventrolateral 
prefrontal cortex (VLPFC) when compared to the amber light condition 
during complex working memory. Clusters are significant at P < 0.05, 
FWE corrected, but are displayed at P < 0.005 for ease of visualization.

Figure 4—The scatterplots illustrate the association between the 
activation within the right ventrolateral prefrontal cortex (VLPFC) and 
reaction time during the two-back condition for the blue and amber light 
groups, and the sample as a whole.
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Exploratory Analysis
Finally, exploratory whole brain analysis was undertaken for 
the purpose of facilitating future hypothesis generation, with a 
peak height threshold of P < 0.005, and cluster-corrected extent 
threshold of P < 0.05 (FWE corrected). Again comparing the 
two-back > zero-back contrast, we found that the blue-wave-
length light exposure group showed significantly greater acti-
vation than the amber control group within several distributed 
regions including left and right VLPFC (i.e., inferior frontal 
gyrus/insula), left and right middle temporal gyrus, right pos-
terior cingulate gyrus, left middle occipital cortex, brainstem, 
and thalamus (Figure 6). Table 3 lists the cluster maxima for 
these exploratory analyses. There were no regions in the brain 
showing greater activation for the amber control light group 
compared to blue light group during the working memory task.

DISCUSSION
The goal of the present study was to examine the effects of 30 
minutes of controlled blue wavelength (469 nm) light exposure 
compared to amber placebo light (578 nm) exposure on sub-
sequent functional brain responses and performance during 
an N-back working memory task among healthy non-sleep 
deprived individuals. We found that exposure to 30 minutes 
of blue wavelength light produced greater activation within 
regions of the DLPFC and VLPFC and faster response times 
during a subsequent working memory task than exposure to 
amber wavelength light under otherwise identical conditions. 
Moreover, greater activation in the VLPFC for both groups 
combined was significantly correlated with faster response 
times during the working memory task, consistent with this 
region’s role in executive functioning. Finally, while blue light 
effects were observed for brain activation and response time, 
there were no group differences in accuracy on the working 
memory task. Together, these findings suggest that a relatively 
brief exposure to blue light has an enhancing effect on speeded 
cognition and brain function that may persist for at least 40 
minutes after cessation of the light.

It is well established that both the DLPFC and VLPFC are 
critically involved in the encoding, retention, and retrieval of 
information during working memory tasks.16,27,28 Our findings 
suggest that a single, relatively short exposure to blue wave-
length light of only 30 minutes can increase neural activation 
over the subsequent 40-minute period within those prefrontal 
areas most critical for successful working memory perfor-
mance. Prior work has shown that even short bursts of blue light 
for periods lasting from 50 seconds to 20 minutes are effective 
at activating similar regions of the DLPFC and VLPFC during 
auditory working memory tasks.15,19,29 While previous studies 
have found increases within the prefrontal regions during ex-
posure,15,19 this study shows that brain activation and improved 
working memory task performance as a result of light exposure 
can substantially endure well beyond the exposure period and 
adds to emerging work suggesting that prolonged blue light ex-
posure (30 minutes or more) may continue to affect brain func-
tion even after termination of the light.30 Although previous 
studies suggest that light-induced changes in functional brain 
responses may decline within 10 minutes after the end of the 
exposure period,20 it is important to consider that the duration 

of the light exposure was considerably shorter, roughly 10 to 29 
minutes less time than in the present study.15,19,20 It is therefore 
possible that the longer light exposure may have contributed to 
these differences in findings. However, it should be also pointed 
out that some of these previous studies may have employed 
shorter periods of light exposure (e.g., 50 second bursts of expo-
sure15) in order to prevent the confounding effects of variations 
in alertness and performance on the N-back task. Future studies 
comparing varying durations of light exposure, and employing 
different tasks, will therefore be necessary to determine the 

Figure 5—The figure shows group differences in working memory 
cognitive throughput (Accuracy × [1 / RT] * 1,000), which is a measure 
of the speed × accuracy trade-off. (A) There was no difference between 
the blue and amber groups with regard to throughput performance 
on the zero-back task. (B) On the one-back task, the blue light group 
showed significantly enhanced throughput performance compared to the 
amber control group. (C) On the two-back task, there was a marginally 
significant trend toward greater throughput for the blue compared to the 
amber control group.

A

B

C
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Table 3—Cluster maxima for whole brain exploratory analysis of blue > amber light conditions.

Region Cluster Size x y z T Cluster P (FWE corrected)
Right Middle Temporal Gyrus 262 60 −24 −6 5.41 0.007
Right Posterior Cingulate Gyrus 611 12 −46 26 5.00 < 0.001
Left Middle Occipital Gyrus 306 −36 −74 4 4.90 0.002
Right Inferior Frontal Gyrus/Insula 210 34 20 −6 4.83 0.009
Left Inferior Parietal Cortex 201 −44 −46 60 4.76 0.010
Left Inferior Frontal Gyrus 277 −44 34 −10 4.37 0.002
Brainstem/Thalamus 553 −4 −28 −8 4.13 < 0.001
Left Middle Temporal Gyrus 284 −54 −32 8 3.90 0.002

Exploratory whole brain analyses were conducted using a height threshold of P < 0.005 (uncorrected) and a cluster-extent correction of P < 0.05, family-
wise error (FWE) corrected.

Figure 6—Whole brain exploratory analysis (height P < 0.005, cluster corrected P < 0.05, FWE). (A) The “glass brain” figures show the location of 
significant clusters of brain activation where Blue > Amber for the N-Back Task (two-back > zero-back). (B) The axial slices show the aforementioned 
clusters in greater anatomical detail. Blue light was associated with greater activation than amber control within: (a) pons, (b) inferior frontal gyrus, (c) 
superior brainstem, (d) thalamus, (e) middle temporal gyrus, (f) middle occipital gyrus, (g) lingual gyrus, (h) calcarine cortex, (i) inferior parietal lobule.

A

B
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extent of the persisting effects of light on subsequent perfor-
mance. It is conceivable that this prolonged effect may be a re-
sult of sustained noradrenergic activation. Prior research has 
shown that blue light exposure leads to greater activation within 
the LC, which in turn releases norepinephrine throughout the 
cortex.13 If blue light exposure in our study promoted increased 
noradrenergic influence within the PFC (leading to an increase 
in baseline regional activation), this could plausibly explain the 
increased prefrontal BOLD responses and improved response 
times that we observed.

It is important to note that performance on the N-back task, 
in terms of faster response times, correlated positively with ac-
tivation within the mid VLPFC. This finding is consistent with 
previous studies suggesting that an increase in baseline lateral 
prefrontal activation leads to faster decision-making.31 Neuro-
computational models suggest that the higher the baseline ac-
tivity within a cortical area, the lower the activation needed to 
reach a response threshold, which can lead to faster response 
times.18 This increase in baseline activation may in turn be 
explained by increased release of norepinephrine throughout 
the frontal cortex, due to stimulation of the LC14 as a result of 
blue light exposure. It is also notable that blue light improved 
the speed of responses to the working memory task relative to 
amber control, but did not lead to an overall improvement in 
accuracy. Consideration of these data in light of the throughput 
metric, which quantifies the speed-accuracy tradeoff, suggests 
that while blue light was associated with an increase in the speed 
of responding to the working memory items, there was no cor-
responding loss of accuracy. Thus, blue light exposure was as-
sociated with the ability to make a greater number of correct 
responses per unit of time compared to the amber control light.

While previous studies that investigated the alerting effects 
of blue light have often employed study designs during night-
time,5 or during prolonged (i.e., 4 hours) daytime exposure to 
blue light,8 the present findings may have a broader application. 
Together with findings from previous studies, the results sug-
gest that a relatively short duration (i.e., 30 minutes) of blue 
light exposure during the day can have a measurable effect on 
brain functioning and cognitive performance, not only acutely 
during the period of exposure, but that the effects may also 
endure for some time after termination of the light. This may 
have implications for the kind of light that is being used in 
office spaces, cockpits, and hospitals, in particular for individ-
uals who have to perform their duties during sleep-deprived 
conditions. While the present study only examined the effects 
of light exposure under normally rested conditions, it is likely 
that these effects on brain activation and performance might 
be even more robust during periods of insufficient sleep. Prior 
work has suggested that blue wavelength light may be effec-
tive at improving some aspects of alertness and cognitive per-
formance during nocturnal sleep loss,32 but this has not been 
explored using neuroimaging techniques. It should also be 
pointed out that participants did not report any subjective dif-
ferences in sleepiness/alertness depending on light condition. 
It is possible that longer light exposure is necessary to produce 
subjectively alerting effects of blue light exposure.

While the present findings suggest that blue wavelength light 
has meaningful effects on brain function and performance that 

persist beyond the exposure period, there are a number of limi-
tations to be borne in mind. First, we present data on only a 
single cognitive task in a relatively artificial neuroimaging en-
vironment. Light exposure in the “real world” rarely follows 
these constraints. Further work with more ecologically valid 
tasks and environments will be necessary to establish the ef-
fectiveness of blue or blue-enriched white light in a variety of 
occupational settings. Some work has demonstrated increases 
in subjective alertness and performance after four weeks of 
blue-enriched white light exposure in offices,9 but additional 
research will be necessary to determine the most effective pa-
rameters for administering light for the purpose of enhancing 
or sustaining performance in occupational settings. In addition, 
previous neuroimaging studies have employed an auditory, and 
not a visually presented letter variant of the N-back task as in 
the present study. It is unclear the extent to which the different 
variants of the N-back task might have contributed to some of 
the differences in findings across studies. It has been shown 
that an auditory N-back task may be more difficult than a visual 
variant of the N-back task. However, these differences in task 
type were only apparent at the three-back level.33 The present 
study and previous fMRI studies investigating the effects of 
blue light on functional brain responses15,19 have thus far been 
restricted to the two-back level. Nevertheless, future work that 
includes both visual and auditory N-back tasks that are more 
cognitively demanding will be necessary to establish whether 
blue wavelength light has a differential effect on these separate 
working memory systems. Furthermore, our sample sizes, while 
consistent with current practice in much of the neuroimaging 
literature, remain modest and limited in power, necessitating 
further replication to establish the reliability of the findings. 
Our sample was also relatively young and homogeneous in 
terms of background and health. Some evidence suggests that 
the effects of blue light on alertness may be attenuated among 
older individuals.34 It has also been suggested that the effects of 
light on performance and brain responses may differ depending 
on genotype and circadian phase of testing.35 Although partici-
pants were included if habitual bed and wake times fit within 
the pre-determined range to reduce variability due to circadian 
differences, the laboratory experiment started relatively early 
at 07:45 which may have led to elevated melatonin levels in 
some participants with later waking times. In addition, we did 
not collect genetic material in this sample, so examination of 
the role of genetics on the observed effects will require further 
study. Lastly, it should be pointed out that participants practiced 
the N-back task during either the blue light or amber light ex-
posure (depending on condition). During the practice session 
participants received detailed instructions, were able to ask 
questions, and completed one trial of each condition (zero-back, 
one-back, and two-back) with feedback while undergoing light 
exposure. It is therefore possible that blue light exposure during 
the practice session influenced participants’ ability to learn the 
task in such a way that they were able to perform better during 
the actual task. This potential role of light in learning is in-
deed an intriguing possibility. While the effects of blue light on 
immediate learning versus its persistent effects on subsequent 
performance cannot be disentangled here, this will likely be a 
fruitful question for further research.
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CONCLUSIONS
The present findings suggest that daytime exposure to 30 min-
utes of blue wavelength light in non-sleep-deprived individuals 
has a beneficial impact on working memory performance and 
elicits measurable functional brain responses within prefrontal 
regions associated with executive functions. These results ex-
tend previous work by showing that exposure to blue light leads 
to persistent changes within the brain and performance during 
the post-exposure period (40 minutes). Additional research is 
necessary to identify the duration and breadth of these effects 
and how they may interact with individual difference factors 
such as gender, age, genotype, and other factors such as sleep 
debt and circadian influences.
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