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Creating the Vision for Technology 
 

As an educational community, we recognize that the role of technology has changed in our 
lives and therefore believe its role in the classroom should evolve as well. The District’s 
leadership is committed to identifying innovative practices that will enrich learning 
experiences while preparing our students for life in a world that is ever changing.  Our goal 
and expectation is for the integration of technology to become as ubiquitous as pencil and 
paper in our classrooms. The Irvington Board of Education has adopted a goal that strives 
to advance technology in our schools: Assess the use of technology in instruction and 
develop a coherent K-12 technology curriculum action plan and begin implementation 
where possible. As with any instructional goal, the strategies, practices and approaches 
have already begun to emerge; it is how we build our foundation and models. 
 

The early assessment by school leaders is that we must begin to consider how the 
perception of the educational environment must shift as a result of the influence of 
technology on society.  We believe that by maintaining a focus on student learning and 
instructional design, we can have the most significant impact on student 
experiences.  Through the implementation of pilot programs in technology-rich instruction 
and the exploration of new technologies, we will be able to more effectively assess the 
needs that are present in our schools while being able to identify impactful opportunities. 

 
How the Think Tank Informed Our Thinking 

 

In the spring of 2013, District administration facilitated a Technology Think Tank to begin to 
engage the school community in meaningful dialogue about the prospect for teaching and 
learning in the 21st Century.  Among the topics discussed were Infrastructure, Access and 
Equity, Instruction, and Professional Development. This forum motivated us to consider how 
we should begin to explore the benefits that can be had from the implementation of 
innovative instructional practices. One goal of the Think Tank session was to identify areas 
in our District where educational technology pilot programs would provide opportunities for 
both innovation as well as impact on instruction and learning. Based on discussions and 
recommendations from the initial Think Tank meeting, we have initiated work on several 
pilots: 
 

 Flipped Classroom - A cadre of teachers (6-12) are participating in an immersive 
professional development cohort designed for developing lessons and delivering 
instruction using the “flipped classroom” model. Based on the success of the first 
cohort, a second cohort has been planned for the spring. 

 Google Apps - We are preparing a rollout of our Google Apps For Education (GAFE) 
domain. Students and teachers will be given Google accounts under our own private 
Irvingtonschools.org domain. The GAFE suite of tools (including Docs, 
Spreadsheets, and Sites) will encourage collaboration, critical thinking, creativity, 
and problem-solving. 

 BYOD (Bring Your Own Device) - Infrastructure upgrades have already been put in 
place to support the introduction of BYOD through the creation of a wireless network 
at the Campus. This greater level of access to technology in our classrooms can 
provide our students with learning opportunities that were previously not possible. 
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 Chromebooks - Chromebooks provide an easily manageable and cost-effective 
option for extending and maximizing the potential for collaboration that GAFE 
provides. We are exploring pilots of Chromebooks in a variety of learning 
environments and models (one-to-one) to determine their optimal usage. 

 Tablets (iPads) - Initiatives involving iPads have already been kicked off at the 
elementary and secondary levels. Additional possibilities are being identified and 
developed for pilots that are perfectly suited to leverage the advantages of tablet 
technology. 

 3D Printing - A Makerbot printer was purchased for our STEM (science, technology, 
engineering, mathematics) program. This initiative is a first step towards providing 
students with opportunities to connect with the ”Maker Ed” movement where 
students focus on creative solutions to STEM-related concepts. 

 Quad Village Technology PD - In partnership with the other three districts in the 
Quad Villages and the Edith Winthrop Teacher Center, we are participating in a 
locally-developed technology professional development initiative. This program will 
provide our teachers with the opportunity to gain hands-on experience with content-
specific educational technologies and to share best practices with their peers. 

 

Next Steps 
 

Based on the success of the initial Technology Think Tank, the group will be reconvened on 
February 6th to continue to develop the ideas and work that started with the initial kickoff 
meeting. The goal of our work will be to develop a framework for a District Technology 
Action Plan that will identify specific goals and span a three-year period.  
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'Blue Light' May Impair Students' Sleep, 
Studies Say 
By Sarah D. Sparks 
 
San Diego 

Schools may soon face an unintended consequence of more flexible technology and more 
energy-efficient buildings: sleepier students. 

That's because evidence is mounting that use of artificial light from energy-efficient 
lamps and computer and mobile-electronics screens later and later in the day can lead to 
significant sleep problems for adults and, particularly, children. 

While lights and electronic devices that mimic daylight can improve students' attention 
and alertness if used during normal daytime hours, Dr. Charles A. Czeisler, a professor of 
sleep medicine at Harvard Medical School, has found exposure in the late afternoon and 
evening can disrupt sleep cycles as much as six to eight hours—the same amount of "jet 
lag" caused by a flight from New York City to Honolulu. 

"Technology has disconnected us from the natural 24-hour day," Dr. Czeisler said in a 
keynote lecture at the Society for Neuroscience meeting held here last month. 

That could lead to headaches for school districts across the country that are rolling out 
take-home electronic devices in an effort to boost student achievement. 

Two connected systems determine how people of all ages sleep. The first is pretty 
straightforward: The longer it's been since you've slept, the sleepier you get. The second 
system, called the circadian cycle, is more complex and can easily come into conflict with 
a person's basic sleep drive. 

Human brains regulate circadian sleep through exposure to short-wavelength "blue" 
light, which makes up the bulk of bright daylight. Short-wavelength light increases 
cortisol in the brain, which regulates alertness. As blue light during the day fades to the 
longer-wavelength, redder light of dusk, the brain's timekeeper, the hypothalamus, 
suppresses cortisol and releases the sleep-promoting chemical melatonin. 

One study released this month in the Journal of Cognitive Neuroscience showed that 
even those who are functionally blind become more alert and have increased 
brain activity in response to blue light, suggesting it can have effects even when it can't 
be seen. 

 

'Biologically Potent' 

In several studies, Dr. Czeisler has found that light-emitting diodes, or LEDS, which 
contain a large proportion of blue light, are more "biologically potent"—twice as effective 
at resetting the brain's circadian clock as incandescent light. College students exposed to 
even brief periods of blue light late in the day showed delayed release in melatonin and 
up to a two-hour delay in sleep time. 

 

Losing Shut-Eye 

As students move through school, the gap between the amount of sleep they get on 
school nights and the amount they get on weekend nights tends to grow. 

Blue light is becoming ubiquitous in any device that uses LEDS—including tablet and 
laptop computers, energy-efficient lamps, and some televisions. The Arlington, Va.-
based National Sleep Foundation found this year that more than half of Americans use a 



computer, laptop, or tablet device in the hour before sleep every night or nearly 
every night. More than seven in 10 also have televisions in their bedrooms. 

In real life, that can create an unhealthy cycle: Students exposed to blue light late in the 
day feel less sleepy and continue to do homework or play online until very late, exposing 
themselves to more light and making it harder to feel sleepy, even as their need for sleep 
grows. In the past 50 years, Americans' average sleep time has dropped from 8.5 hours a 
day to only 6.9 hours, Harvard's Dr. Czeisler said. An analysis of nearly 700,000 school-
age children in 20 countries found that they slept on average 75 minutes less a night 
in 2008 than in 1905, with American children's sleep shrinking more rapidly than for 
those in most other countries. 

As anyone who has had to wake a teenager for a 7 a.m. bus or deal with a toddler who 
missed his nap knows from experience, research finds children and adolescents are 
particularly affected by disruptions to their sleep cycles. 

For example, a 2012 study by the University of California, Los Angeles, suggested the 
costs of losing sleep outweighed the academic benefits of more study time for high school 
students staying up late before a test. Even small sleep deficits have been found to not 
only hinder students' learning and memory, but also to increase their risks of depression, 
obesity, and getting into car accidents. 

"I think there's huge misunderstanding about the use of these devices" and their effects 
on sleep, said Amy R. Wolfson, a clinical psychologist and sleep researcher at the College 
of the Holy Cross in Worcester, Mass. She found high school students who got poor 
grades slept on average 25 minutes less and went to bed 40 minutes later than those who 
got A's and B's. 

Ms. Wolfson, who is now studying the sleep effects of blue-light-emitting electronics in 
the bedrooms of college students, said sleep researchers have been trying, mostly in vain, 
to get educators to take sleep into consideration in their technology plans. 

 

Raising the Question 

"The Los Angeles school district purchased iPads for all their students, but did they 
educate parents on how to regulate the use of them in their homes? They thought about 
security, but [not sleep]. ... it's very hard for people to see it as a priority," Ms. Wolfson 
said. "I think that you've got to get a school district like L.A. to raise the question before 
they make a rollout." 

Omar M. Del Cueto, the director of change management for Los Angeles public schools, 
said that staff members did not consider sleep issues when planning to distribute some 
30,000 iPads this year, but trainers do talk to parents about setting "family rules" 
governing the use of the devices outside of school. 

"We give the parent or guardian full authority over the use of the device in the home, to 
the same degree that they would limit a Play Station or a cellphone or a home computer 
or any other device," Mr. Del Cueto said. "I talk about the importance of sitting down 
with the students and saying, 'Look, I don't want this in your bedroom. ...You're going to 
be using the device here in the family room or the dining room, and you've got to get 
everything done before, say, the arbitrary time of 9:30 p.m.' " 

Likewise, the Mooresville, N.C., schools, which have provided laptop computers for each 
student for several years, give general training on home use, but Scott S. Smith, the chief 
technology officer, said it does not cover sleep concerns. 

Shannon Haber, a spokeswoman for Los Angeles, said her school system is conducting 
internal studies next month and seeking feedback from teachers, principals, and parents 
on how mobile devices are being used and affecting students. 



Education sales of tablet computers alone are expected to pass 3.5 million by the end of 
the year, but Sarah Landers, the communications manager for the Washington-based 
Consortium for School Networking, said that group, like many of the school districts 
using the new devices, has not looked at light issues associated with them. 

 

Building in Daylight 

Research on the effects of light on attention and health is hardly new, and school 
facilities planners have been considering how best to use light in school design for years, 
said Jeffrey K. Platenberg, the assistant superintendent and a facilities-planning expert 
for Fairfax County, Va., public schools. 

With energy-efficiency and other improvements, Mr. Platenberg said, "it just makes 
sense to provide natural light into educational facility design." 

Research by Dr. Czeisler and others has suggested exposing students to blue light in the 
mornings—through school windows and skylights, or even LED tablets—can strengthen 
the normal circadian cycle. 

For example, Smith Middle School in Chapel Hill, N.C., installed skylights and reflectors 
throughout its building, which Principal Philip J. Holmes said have improved both 
energy efficiency and "mood" in the building. The school has since been used in a 
National Institutes of Health study on the effects of light on students' circadian 
cycles, since bright daylight is heavy in blue light. 

"Before this, I was a principal in an elementary school with no windows at all," Mr. 
Holmes said. "I can't speak to the circadian rhythms, but you can definitely feel the 
difference [in Smith Middle School], even on cloudier days. We've had conversations 
about what it does to the mood—it brings a real positive energy." 

Mr. Del Cueto of the Los Angeles district said he thinks it should be up to companies that 
make lights or electronic devices to ensure their products don't cause sleep problems. 

Developers are starting to look for ways to correct lighting problems in both electronic 
devices and ambient light. The Philips lighting company's SchoolVision project has been 
testing adjustable classroom lights that allow teachers to provide different light intensity 
and color ranges for "focus," "energy," and "calm"—though so far there have only been 
small in-house case studies on the system's effects on students in Europe. 

Similarly, the free software program f.lux, developed by Michael Herf, the co-founder of 
the Picasa digital-image organizer, attempts to adjust light from computer screens in line 
with the natural lighting for that time of day. There is no research yet on whether it 
improves users' sleep cycles, however, and it cannot be used legally on many tablets or 
mobile devices. 

Still, Ms. Wolfson of the College of the Holy Cross argued that educators and parents 
should take a deeper look at how school policies—from class start-times to evening 
homework and extracurricular activities—influence students' light exposure and sleep 
habits. "We've understood about light and circadian rhythms for decades," she said, "but 
understanding in this more-nuanced way may shift the conversation and behavior 
more." 

Coverage of school climate and student behavior and engagement is supported in part by grants 
from the Atlantic Philanthropies, the NoVo Foundation, the Raikes Foundation, and the 
California Endowment. Education Week retains sole editorial control over the content of this 
coverage. 
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Write arguments to support claims in an analysis of substantive topics or texts, 

using valid reasoning and relevant and sufficient evidence. 

5th  

Write opinion pieces on topics or texts, supporting a point of view with 

reasons.  
Introduce the topic or text they are writing about, state an opinion, and create an 

organizational structure that lists reasons. 

6th – 8th  

Write arguments to support claims with clear reasons and relevant 

evidence. 

 

6) Introduce claim(s) and organize the reasons and evidence clearly. 

 

7) Introduce claim(s), acknowledge alternate or opposing claims, and   

organize the reasons and evidence logically. 

 

8) Introduce claim(s), acknowledge and distinguish the claim(s) from 

alternate or opposing claims, and organize the reasons and evidence 

logically. 

9th  

Write arguments to support claims in an analysis of substantive topics or 

texts, using valid reasoning and relevant and sufficient evidence. Explore 

and inquire into areas of interest to formulate an argument.  
Introduce precise claim(s), distinguish the claim(s) from alternate or opposing 

claims, and create an organization that establishes clear relationships among 

claim(s),counterclaims, reasons, and evidence. 
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Blue Light Stimulates Cognitive Brain Activity in
Visually Blind Individuals

Gilles Vandewalle1,2*,**, Olivier Collignon3,4*,†, Joseph T. Hull5,6,
Véronique Daneault1,2, Geneviève Albouy1, Franco Lepore3,
Christophe Phillips7, Julien Doyon1, Charles A. Czeisler5,6,

Marie Dumont2, Steven W. Lockley5,6††, and Julie Carrier1,2††

Abstract

■ Light regulates multiple non-image-forming (or nonvisual)
circadian, neuroendocrine, and neurobehavioral functions, via
outputs from intrinsically photosensitive retinal ganglion cells
(ipRGCs). Exposure to light directly enhances alertness and per-
formance, so light is an important regulator of wakefulness and
cognition. The roles of rods, cones, and ipRGCs in the impact of
light on cognitive brain functions remain unclear, however. A
small percentage of blind individuals retain non-image-forming
photoreception and offer a unique opportunity to investigate
light impacts in the absence of conscious vision, presumably
through ipRGCs. Here, we show that three such patients were
able to choose nonrandomly about the presence of light de-
spite their complete lack of sight. Furthermore, 2 sec of blue
light modified EEG activity when administered simultaneously
to auditory stimulations. fMRI further showed that, during an

auditory working memory task, less than a minute of blue light
triggered the recruitment of supplemental prefrontal and tha-
lamic brain regions involved in alertness and cognition regula-
tion as well as key areas of the default mode network. These
results, which have to be considered as a proof of concept, show
that non-image-forming photoreception triggers some aware-
ness for light and can have a more rapid impact on human cog-
nition than previously understood, if brain processing is actively
engaged. Furthermore, light stimulates higher cognitive brain
activity, independently of vision, and engages supplemental
brain areas to perform an ongoing cognitive process. To our
knowledge, our results constitute the first indication that ipRGC
signaling may rapidly affect fundamental cerebral organization,
so that it could potentially participate to the regulation of nu-
merous aspects of human brain function. ■

INTRODUCTION

Light is essential for the regulation of numerous circadian,
neuroendocrine, and neurobehavioral functions, some-
times termed nonvisual or non-image-forming responses,
via outputs from intrinsically photosensitive retinal gan-
glion cells (ipRGCs; Schmidt, Chen, & Hattar, 2011; Hatori
& Panda, 2010). These ipRGCs represent a recently dis-
covered novel class of retinal photoreceptors (in addition
to rods and cones), which express the photopigment
melanopsin, are maximally sensitive to short-wavelength
blue light (∼480 nm), and project broadly throughout

the brain. Importantly, light exposure can directly enhance
alertness and performance during multiple cognitive
tasks, with a greater efficiency for short wavelength light,
so that light is an essential regulator of wakefulness and
cognition (Chellappa, Gordijn, & Cajochen, 2011; Lockley
et al., 2006). Thebrainmechanisms involved in the stimulant
effect of light on cognitive function are only starting to be
elucidated, however (Vandewalle, Maquet, & Dijk, 2009).
Human neuroimaging has demonstrated that ocular light

exposure acutely modulates attentional, executive, and
emotional brain responses to auditory tasks (Vandewalle
et al., 2006, 2009, 2010, 2011; Vandewalle, Gais, et al.,
2007; Vandewalle, Schmidt, et al., 2007; Perrin et al.,
2004). These studies identified the hypothalamus, the
thalamus pulvinar (PULV), and the brainstem locus coeru-
leus as likely subcortical interfaces mediating the non-
image-forming impact of light on the cortical areas involved
in the ongoing cognitive process, particularly in prefrontal
and parietal cortices. IpRGCs are likely to be the primary
photoreceptors mediating these effects as, compared with
other wavelengths, blue light is more effective in induc-
ing sustained modulations of brain responses. A direct
demonstration of the implications of a non-image-forming
photoreception system in the light-induced modification

1University of Montréal Geriatric Institute, Québec, Canada,
2Hôpital du Sacré-Cœur deMontréal, Québec, Canada, 3Université
de Montréal, Québec, Canada, 4Centre de Recherches CHU
Sainte-Justine,Montréal, Québec, Canada, 5Brigham andWomenʼs
Hospital, Boston, MA, 6Harvard Medical School, Boston, MA,
7University of Liège, Belgium
*These authors contributed equally to this work.
**Present address: Cyclotron Research Centre, University of
Liège, Belgium.
†Present address: Centre for Mind/Brain Science, University of
Trento, Italy.
††These authors are joint senior authors on this work.
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of cognitive brain activity is still lacking, however, because
prior neuroimaging data were acquired in fully sighted
participants (Allen, Brown, & Lucas, 2011; Lall et al.,
2010; Dkhissi-Benyahya, Gronfier, De Vanssay, Flamant,
& Cooper, 2007).
Nearly two decades ago, it was discovered that retinal

light exposure could suppress melatonin and entrain cir-
cadian rhythms in some blind people, despite a complete
absence of conscious light perception (Czeisler et al.,
1995). Later research confirmed this finding and estab-
lished that light could also induce circadian phase re-
setting and slow-onset pupil constriction in this small
percentage of totally visually blind individuals with outer
retina degeneration but presumably with an intact gan-
glion cell layer (Zaidi et al., 2007; Klerman et al., 2002).
These responses are similar to the circadian and pupil re-
sponses to light observed in rodents lacking functional
rods and cones, which are mediated through ipRGC
photoreception (Hattar et al., 2003; Panda et al., 2003;
Lucas, Freedman, Muñoz, Garcia-Fernández, & Foster,
1999). In addition, in one of these individuals, prolonged
exposure to light improved subjective and objective EEG
correlates of alertness as well as performance during a
simple auditory psychomotor vigilance task (PVT; Zaidi
et al., 2007). This non-image-forming impact of light is
likely to arise from ipRGCs because (1) these cells are
known to be preserved in individuals with outer retinal
degeneration (Hannibal et al., 2004), (2) ophthalmologi-
cal examination confirmed atrophy of the retinal pigment
epithelium and found no detectable functional responses
from rods and cones (Zaidi et al., 2007), (3) light effects
were more pronounced using 460- to 480-nm monochro-
matic light as compared with other wavelengths (Zaidi
et al., 2007), and (4) recent data show that the dynamics
of pupillary constriction in a blind human with outer
retinal degeneration was compatible with the exclusive
involvement of ipRGCs (Gooley et al., 2012). Blind indi-
viduals with preserved non-image-forming photorecep-
tion might also exhibit some nonconscious awareness
of light. In a previous report, despite complete visual
blindness, one participant was able to choose success-
fully when a light exposure was presented in a two-
alternative forced-choice task (2AFC) but only when
∼480-nm blue monochromatic light, and not other wave-
lengths, were administered (Zaidi et al., 2007). These
rare individuals—only nine have been identified to date
worldwide—therefore offer a unique opportunity to inves-
tigate the selective impact of light on cognitive brain func-
tions in the absence of conscious vision, presumably
solely via ipRGCsʼ intrinsic light sensitivity.
In this study, we aimed to confirm and extend the find-

ing that nonconscious awareness of light is apparent in
visually blind participants who retain non-imaging-forming
responses to light. In addition, we used a traditional EEG
protocol, adapted from the multisensory integration litera-
ture, to investigate whether brief exposure (up to 2 sec)
to high-intensity blue light could modify EEG activity in

these participants while they performed an auditory cog-
nitive task. Finally, we used fMRI to test whether expo-
sure to high-intensity blue light for less than a minute
modulated cognitive brain responses to an auditory task
and to identify neural correlates of this light-induced
modulation.

METHODS

Participants

Three totally visually blind individuals, with complete loss
of sight and no conscious light perception, participated in
this study (60–67 years old, one woman; see Table 1 for
detailed characteristics). They provided written informed
consent, and all experiments were approved by the Comité
mixte dʼéthique de la recherche du Regroupement Neuro-
imagerie/Québec. All three had previously completed
studies that established that they retained a light-induced
melatonin suppression response despite the absence of
conscious vision (published for two of them: Zaidi et al.,
2007; Klerman et al., 2002). Participant 1 had pupil muscle
damages during lens removal surgery for cataract problems
and did not respond to a standard pen-light examination.
Participant 2 exhibited pupil constriction if the pen-light
exposure was continued for up to 10 sec. Participant 3
had no clearly distinguishable pupil. In previous visits to
Boston, a fundoscopic examination in Participants 1 and
2 confirmed atrophy of the retinal pigment epithelium,
with thinning of retinal vessels and bone spicule pigmen-
tation. These findings were confirmed on several occasions
by different ophthalmologists who examined the patient
independently. Visual acuity tests previously performed
in Boston indicated no light perception in either eye of
the three participants. Standard visually evoked EEG
potential (VEP) procedures were also previously admin-
istered to Participants 1 and 2, and a standard electro-
retinogram procedure was previously administered to
Participant 3. No classical visual responses were detected
in any tests. Finally, questionnaire scores indicated that
Participants 2 and 3 reported, respectively, relatively poor
sleep quality and high propensity to fall asleep during the
day (Table 1).

All three participants had been declared totally blind
for at least 10 years, but the cause and duration of sight
loss differed (Table 1). Participants maintained a regular
sleep schedule for 7 days before travelling to Montréal
(verified using sleep logs). They remained on their home
time zone for their entire stay in Montréal and were
allowed to go outside when not performing an experiment.
Nopupil dilatorwas administered for any of the experiments
described below.

EEG Protocol

On two consecutive days, participants arrived in the labora-
tory 6.5 h after wake time and were blindfolded for 1 h

Vandewalle et al. 2073



before the first recording was initiated. All recordings
were conducted in a dark and sound-attenuated Faraday
room while participants sat with their head on a chin rest
and with their eyes 6 cm away from the center of a 21 ×
11 cm diffusion glass, including ultraviolet and infrared
filters, behind which a 48 blue light-emitting diode
(LED) array was placed (peak = 465 nm, FWHM = 27 nm;
spectrum assessed with Lightspex [GretagMacbeth,
New Windsor, NY]; see Supplementary Figure S4).

Irradiance at eye level was high and set at 414 μW/cm2/sec
(PM100D, Thorlabs, Newton, NJ), which corresponds to
9.7 × 1014 photons/cm2/sec. The light device produced no
perceptible sounds or temperature change. Throughout the
EEG protocol, participantsʼ “gaze” was monitored with an
infrared camera to ensure that their eyes remained open.
Presentation software (Neurobehavioral Systems, Inc.,
Albany, CA) was used to produce auditory stimuli, control
the LED array, and record keyboard responses. Auditory

Table 1. Participants Characteristics

Participant 1 Participant 2 Participant 3

Age 67 60 66

Sex Female Male Male

Body mass index 27.3 30.0 27.4

Cause of blindness Retinitis pigmentosa Retinitis pigmentosa Retinopathy of prematurity

Years of total blindness 10 25 66

Chronotype 62, moderate morning 72, moderate morning 68, moderate morning
type type type

Anxiety (from 0 = lowest to 5 0 2
63 = highest)

Mood (from 0 = best to 63 = worst)

Sleep disturbances (from 0 = lowest 3 10 4
to 21 = highest)

Daytime propensity to 1 4 16
fall asleep

Laterality Right handed Right handed Right handed

Time zone difference with Montréal −1 h 0 h −3 h

Cigarette consumption No No No

Medication None None Low dose of blood pressure
medication

Years of education 17 12 12

Alcohol consumption (units/week) <1 <1 0

Caffeine consumption (cups/day) 2 5 2

Last confirmation of light-induced Yes, in 2008 Yes, in 2006 Yes, in 2002
melatonin suppression

Previous standard ERG examination No No Yes, in 1994
(no detectable signal)

Previous standard VEP examination Yes, in 2008 Yes, in 2006 No
(no detectable signal)

Pupil response to prolonged No Yes No
light exposure (>5 sec)

Participated in a published study No Yes (Zaidi et al., 2007) Yes (Klerman et al., 2002)

Chronotype was assessed by the Horne–Östberg Questionnaire (Horne & Ostberg, 1976), anxiety level was measured on the 21-item Beck Anxiety
Inventory (Beck, Epstein, Brown, & Steer, 1988), mood was assessed using the 21-item Beck Depression Inventory II (Steer, Ball, Ranieri, & Beck,
1997); sleep disturbance was determined by the Pittsburgh Sleep Quality Index Questionnaire (Buysse, Reynolds, Monk, Berman, & Kupfer, 1989),
and daytime propensity to fall asleep during daytime nonstimulating situations was assessed by the Epworth Sleepiness Scale ( Johns, 1991). ERG =
electroretinogram.
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stimuli were transmitted to the participant via headphones
(EarTone3A, Etymotic Research, Elk Grove Village, IL).
Volume was set to an individual comfortable level before
the task was initiated.

2AFC

At the start of the EEG protocol and after being blind-
folded for at least 1 hr, participants were asked to report
whether the high-irradiance blue LED array was on dur-
ing the first or second half of a 4-, 10-, or 20-sec interval
in a 2AFC. Each trial started with the auditory instruction
“start” and ended with the auditory instruction “end.” A
high-pitched sound (500 msec, 1000 Hz) indicated the
middle of the trial. The participant gave his or her re-
sponse at the end of each trial both orally and by press-
ing a key. Blue light was pseudorandomly turned on in
the first or second half of the trial. Each trial duration
was tested in a separate session, which included 40 trials
delivered to both eyes simultaneously. The 4- and 10-sec
trial durations were tested on the same day, whereas the
20-sec trial duration was acquired on the preceding or
following day. Cumulative binomial statistics on discrimi-
nation were carried out to determine whether responses
were significantly different from random choices.

Visually Evoked Potential

Participants were instructed to keep their eyes wide open
in front of the LED array while blinking as little as possible.
Given the small sample size and their visual blindness, the
number of trials was high (800) so that slight EEG-evoked
responses could be detected. Flashes of blue light (dura-
tion = 500 msec, ISI = 1600–1800 msec) were delivered
to the participant in four blocks of 200 stimuli (two blocks
per experimental day).

Bimodal PVT

Visual stimuli consisted of 500-msec and 2-sec exposures
to blue light. Auditory stimuli consisted of 150-msec pink
noise bursts (90% of normalized peak value, plateau
time = 90 msec, rise/fall time = 5 msec). For bimodal
stimuli, auditory stimuli were administered for the last
150 msec of the visual stimuli (i.e., 350 or 1850 msec after
light onset). Participants were asked to respond as fast as
possible to each sound by pressing a keyboard with their
right hand. Given the limited number of participants, a
high number of trials were recorded. Participants com-
pleted five blocks of each conditions (500 msec and
2 sec), and each block included 300 trials equally divided
between each stimuli type (100 sound alone, 100 light
alone, 100 bimodal) for 500 trials per stimulus type. ISI
was randomly ranged from 1200 to 2600 msec (mean =
1900 msec) in the 500-msec condition and from 1200 to
1600 msec (mean = 1400 msec) in the 2-sec condition.

Participants 2 and 3 started with the 500-msec condition,
whereas Participant 1 started with the 2-sec condition.

EEG Recordings and Analyses

During the VEP and bimodal PVT protocols, EEG was re-
corded from 40 Ag–AgCl electrode caps (Neurosoft, Inc.,
Sterling, VA), placed according to the extended inter-
national 10–20 system, including a ground electrode. All
electrodes were referred to both mastoids, and imped-
ance was maintained at <5 kΩ. EEG and EOG were
digitized at 1000 Hz, high-pass filtered at 0.1 Hz, low-pass
filtered at 100 Hz, and averaged offline.

Trials with artifacts at electrode sites of interest (Cz and
Oz) or eye blinks (vertical eye movements > 100 μV)
were manually excluded. EEG time series of 600 msec,
with 100-msec preauditory stimulus, were edited off-line
using BrainVision Analyzer (Brain products, Gilching,
Germany) following three steps: (1) data filtering (0.1–
35 Hz), (2) data epoching, and (3) baseline corrections.
For trials with light stimuli alone of the bimodal PVT pro-
tocol, the last 150 msec of the light pulse were consid-
ered as postauditory stimulus for comparison with trial
with auditory stimulations (i.e., as if a sound had been
produced). Edited EEG time series of each trial for each
participant and for each condition were exported to
Matlab 7.1 (MathWorks, Inc., Natick, MA) for analyses.
For the VEP recording, trials were averaged and displayed
in Supplementary Figure S1. Because no responses could
be isolated, no statistical analyses were performed. For
the bimodal PVT, as classically performed in EEG experi-
ments investigating multisensory integration (Molholm
et al., 2002; Giard & Peronnet, 1999), ERPs from the
auditory-alone and visual-alone conditions were summed
for statistical comparison with the ERP response to the
simultaneous audiovisual condition.

Given the limited sample size, conservative single-
subject analyses was undertaken. We used a nonparametric
Monte Carlo permutation approach to find the time points,
in each individual separately, with significant differences
between the ERPs obtained in the bimodal condition and
the sum of the ERPs obtained in the two unimodal condi-
tions. For each time point, bimodal trials and the sumof the
two unimodal trials were grouped in a single set, which was
randomly partitioned 500 times between the two condi-
tions. t Statistics were computed for each partition to con-
struct a histogram of t statistic distribution.We finally tested
for each time point whether the proportion of t test of our
permutationswas above the t test of our original conditions.
This proportion is the Monte Carlo significance probability,
which constitutes the p value. To further control for false
positives, we only considered significant differences present
for 10 consecutive time points (∼10msec at a sampling rate
of 1024 Hz), because the likelihood of getting 10 false
positives in a row is considerably low, even if these time
points are nonindependent (Giard & Peronnet, 1999).
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fMRI Protocol

Participants arrived at the laboratory 2.5 h before habitual
sleep time. A structural image of the brain was acquired,
and participants were familiarized with the MR setting.
Participants were then blindfolded for 2 h before the
fMRI run, which started 30 min after habitual sleep onset
time. Light was produced by a quartz halogen white light
source (PL950, Dolan–Jenner Industries, Boxborough,
MA), filtered by narrow interference band-pass filter
(Edmund Optic, Barrington, NJ) to produce blue mono-
chromatic light (peak = 480 nm, FWHM = 13 nm; spec-
trum assessed with Lightspex; Supplementary Figure S4).
Light was transmitted by a metal-free optical fiber dif-
fusers (glasses frames mounted with 7 × 9 cm uniform
diffusing glass placed 2 cm away from the eye). Blue light
irradiance at eye level was set at 81 μW/cm2 (1.95 ×
1014 photons/cm2/sec). The light device produced no
perceptible sounds or temperature change.

2-Back Task

Stimuli consisted of nine English monosyllabic conso-
nants (duration = 500 msec, ISI = 2000 msec), produced
using COGENT 2000 (www.vislab.ucl.ac.uk/cogent.php),
implemented in MATLAB, and transmitted to the partici-
pants using MR CONTROL amplifier and headphones
(MR Confon, Magdeburg, Germany). Data aquisition
was preceded by a short session during which volunteers
set volume level. For each auditory stimulus, volunteers
were requested to state whether it was identical to the
stimulus presented two stimuli earlier by pressing buttons
with their right hand on an MR-compatible keypad. Series
of stimuli were constructed with ∼30% hits so that diffi-
culty was similar in all blocks, were presented only once,
and were randomly assigned to a task block. Participants
were trained to the task for 30 min in the afternoon pre-
ceding fMRI acquisition, and performance was >88% in all
three participants (supplementary results; Supplementary
Figure S3A, top).

Participants performed 20 task blocks, which lasted
55 sec and contained 22 auditory stimuli. Participants
performed the task alternatively in complete darkness
(<0.01 lux) or while exposed to blue light, in which case,
the light was turned on and off at the beginning and end
of a task block (and therefore, exposure to light also
lasted 55 sec). Ten blocks included blue light, and 10 blocks
included darkness. Blocks were separated by 13- to 22-sec
episodes of rest in darkness (<0.01 lux, mean duration =
17.6 sec). The first block for Participants 1 and 2 included
blue light, whereas for Participant 3, the first block was
conducted in darkness.

Technical Issues

For technical reasons, the initial fMRI data obtained in
Participant 3 could not be used. Therefore, the follow-

ing evening, this participant performed the identical
fMRI protocol, with the exception that he was allowed
to sleep later than usual the night preceding acquisitions
(equal sleep duration but bedtime and waketime were
delayed by 1.5 hr) to prevent sleep deprivation from the
previous testing night.

fMRI Data Acquisition

Functional MRI time series were acquired using a 3-T MR
scanner (TIM-TRIO, Siemens, Erlangen, Germany). Multi-
slice T2*-weighted fMRI images were obtained with a
gradient-echo-planar sequence using axial slice orien-
tation (32 slices, voxel size = 3.4 × 3.4 × 3 mm3 with
30% gap, matrix size = 64 × 64 × 32, repetition time =
2000 msec, echo time = 30 msec, flip angle = 90°).
Structural brain images consisted of a T1-weighted 3-D
magnetization prepared rapid gradient echo (repetition
time = 7.92 msec, echo time = 2.4 msec, time of inversion =
910 msec, flip angle = 15°, field of view = 256 × 224 mm2,
matrix size = 256 × 224, voxel size = 1 × 1 × 1 mm3).

fMRI Data Analyses

Data were analyzed using SPM8 (www.fil.ion.ucl.ac.uk/
spm). They were realigned, coregistered, and spatially
normalized using the “new_segment” and “dartel” tool-
boxes of SPM8 (which includes smoothing). Because of
the limited sample size, random effects analyses account-
ing for intersubject variability were not carried out, and
the analysis consisted in a single fixed effects step in-
cluding all three participants. This approach guarantees
that any significant differences obtained in our analyses
are valid within our sample of three subjects but implies
that it cannot be generalized yet to the entire population
of totally blind individuals with preserved non-image-
forming photoreception. Changes in brain responses
were estimated using a general linear model, in which task
blocks were modeled using boxcar functions, convolved
with a canonical hemodynamic response function and its
first and second derivatives. Light onsets were modeled
using stick function (“event”), convolved with a canonical
hemodynamic response function and its first and second
derivatives. A parametric modulation was added to each re-
gressor to track any linear change of the amplitude of brain
responses across time. Regressors were modeled sepa-
rately in task blocks performed under blue light exposure
and in complete darkness. Movement parameters derived
from functional volumes realignment were considered as
covariates of no interest. High-pass filtering was implemen-
ted in the matrix design using a cutoff period of 256 sec to
remove low-frequency drifts from the time series. Serial
correlations in the fMRI signal were estimated using auto-
regressive (order 1) plus white noise model and restricted
maximum likelihood algorithm. The contrasts of interest
compared task blocks performed under blue light and in
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darkness. Statistical inferences on the t statistics maps re-
sulting from contrasts of interest were performed at a
threshold of p= .05 after conservative correction for multi-
ple comparisons computed on the entire brain volume
(family-wise error method).

RESULTS

We conducted classical visually evoked potential proce-
dures and administered 800 500-msec flashes of high-
intensity blue light to each participant (465 nm; 9.7 ×
1014 photons/cm2/sec). No evoked response was detected
at the occipital Oz location, where visual responses are
expected to be the greatest, nor at any other electrode
location (Supplementary Figure S1). This finding confirms
a lack of image-forming light perception in either eye.

Nonconscious Awareness of Light Is Present in
Visually Blind Individuals

We investigated whether the blind participants could
“detect” the presence of high-intensity blue light (465 nm;
9.7 × 1014 photons/cm2/sec) by performing a 2AFC (Zaidi
et al., 2007). In addition, we varied the length of the light
stimulus to examine whether the ability to detect blue light
was duration dependent. In three separate sessions, par-
ticipants were given 40 of either 4-, 10-, and 20-sec trials
randomized for whether the first or second half of the trial
included blue light exposure (i.e., 2, 5, or 10 sec of light),
with the other half consisting of darkness. Although the
participants were hesitant about reporting the presence of
visual stimuli that they were not conscious of, their selec-
tions were not random (Figure 1).
Responses from Participant 1 were extremely accurate

(95%) irrespective of the interval duration ( p < 10−8).
The accuracy of Participant 2ʼs responses appeared to be
duration dependent with a linear increase from random

choices for 2-sec light exposures ( p = .44), 65% accu-
rate for 5-sec exposures ( p = .04), and 80% accurate
for 10-sec exposures ( p < .001). Participant 3 made ran-
dom choices for 2-sec light exposures ( p = .44) and
5-sec exposures, although a tendency for significant detec-
tion was found for the latter exposure duration (62.5%,
p = .08). When exposures were increased to 10 sec
(half of a 20-sec epoch), his performance was poor (30%)
but significantly different from a random choice ( p =
.008), suggesting some nonconscious awareness of the
stimulation. Overall, the results indicate that at least two
of the three participants could detect the presence of
light during the 2AFC task, despite a complete lack of clas-
sical photoreception as measured by standard ophthalmo-
logical techniques.

Two-second Blue Light Exposure Modulates EEG
Activity if Administered Simultaneously to the
Processing of Auditory Stimulations in
Visually Blind Individuals

We investigated whether brief high-intensity blue light
exposures (465 nm; 9.7 × 1014 photons/cm2/sec) could
modify EEG activity while participants were required to
respond as fast as possible to randomly occurring audi-
tory stimuli in a PVT, which probes the ability to maintain
sustained attention (Dinges & Powell, 1985). The goal
was to investigate if a nonconsciously perceived flash of
blue light could influence the EEG brain response of
another (auditory) sensory modality. A similar approach
is commonly used to investigate audio-visual multi-
sensory integration in sighted individuals, in which simul-
taneous presentation of an auditory and a visual input
produces brain integration, resulting in a greater re-
sponse to simultaneous visual and auditory stimulation
than the sum of the responses to each stimulation modal-
ity alone (Driver & Noesselt, 2008).

Light and auditory stimuli were administered either
alone or simultaneously, in which case, auditory stimuli
were produced during the last 150 msec of the 500-msec
light exposure so that light extinction and the termination
of the sound coincided. We also administered 2-sec stim-
uli to explore the duration-dependent impact of light, in
which case, auditory stimuli were also produced during
the last 150 msec of the exposure.

No EEG response was evoked by 500-msec or 2-sec
blue light exposures if they were administered alone
(Figure 2, blue lines), confirming results of the VEP test.
RTs to the PVT task were not affected by 500-msec or
2-sec light exposures ( p > .1; Supplementary Figure S2).
Importantly, however, analysis showed that activity evoked
by the processing of the auditory stimuli was reliably af-
fected by simultaneous 2-sec light pulses in all three partic-
ipants. As depicted on Figure 2 (right), at Cz, where
auditory responses are expected to be the greatest, auditory
evoked responses simultaneous to light administration
were significantly different not only from responses evoked

Figure 1. Results of the 2AFC task. Participants chose whether the
light was on or off for 2, 5, or 10 sec during the first or second half
of a 4-, 10-, or 20-sec trial, respectively. Dashed lines indicate the
limit between random and nonrandom selections ( p < .05).
P1 = Participant 1; P2 = Participant 2; P3 = Participant 3.
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by auditory stimuli alone and by light alone but also from
the sum of responses to sound and light alone (Figure 2).
The amplitudeof the response at Cz increased continuously
between 183 and 371 msec and between 411 and 434 msec
poststimuli for Participant 1, between 119 and 150 msec
and between 209 and 226 msec for Participant 2, and be-
tween 137 and 163 msec for Participant 3. In contrast, the
500-msec blue light exposure had only a marginal impact
on auditory evoked responses in Participant 2 (Figure 2,
left), with significant amplitude increase between 189 and
206 msec.

Less than a Minute of Blue Light Exposure
Stimulates fMRI Brain Responses in
Visually Blind Individuals

We then employed an fMRI procedure based on previous
studies in sighted individuals (Vandewalle et al., 2011;

Vandewalle, Schmidt, et al., 2007). Participants per-
formed blocks of an auditory 2-back task alternatively
in complete darkness or while exposed to high-intensity
blue light for 55 sec (480 nm; 1.95 × 1014 photons/cm2/
sec). This task requires updating, maintaining, and com-
paring information in working memory, in addition to
attention and auditory processing (Cohen et al., 1997).
Similar to our prior findings in sighted participants
(Vandewalle et al., 2011; Vandewalle, Schmidt, et al.,
2007), the performance of the task was not affected by
short exposures to blue light ( p > .25; Supplementary
Figure S3A) and confirms that differences in brain activa-
tion are not biased by behavioral differences.
Statistical analyses of fMRI data showed that brain activ-

ity was significantly increased under blue light exposure
in numerous brain areas, as compared with complete
darkness (blue > dark). These areas include the ventro-
lateral PFC, medial PFC (MPFC), precuneus (PREC), ACC,

Figure 2. Auditory evoked
potentials at the Cz location in
the presence or absence of
light. EEG activity evoked by an
auditory stimuli alone (green),
by blue light exposure alone
(blue), or by light and sound
simultaneously (bimodal, red).
Horizontal bars correspond to
results of the permutation
statistics between the bimodal
trials and sum of both trials
alone (probability values as on
the lateral vertical color bar).
The difference is significant
whenever the color is not dark
blue. In the 500-msec condition
(left), each auditory stimulus
was preceded by 350 msec
of light and terminated
simultaneously with light
extinction, whereas in the
2-sec condition (right), each
auditory stimulus was preceded
by 1850 msec of light and
terminated simultaneously with
light extinction. In the 2-sec
condition, all three participants
showed significant differences
between the bimodal trials
and the sum of both trials
alone, whereas in the 500-msec
condition, only Participant 2
presented marginal (but
significant) differences
(see text for details and
Supplementary Figure S2 for
detailed behavioral results).
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and the dorso-posterior thalamus in the dorsal PULV (Fig-
ure 3, Table 2). Most of these areas are known to be
involved in cognitive processes associated to the n-back
task (Collette, Hogge, Salmon, & Van der Linden, 2006),
and we have previously reported light-induced activity
modulations in many of them in sighted participants
while performing the same auditory task (Vandewalle
et al., 2009, 2011; Vandewalle, Gais, et al., 2007; Vandewalle,
Schmidt, et al., 2007). In addition, blue light exposure
increased brain activity in several regions of occipital
cortex relative to darkness, including the inferior and
superior occipital gyri, and the calcarine sulcus. In all these
brain areas affected by the light condition, average activity
estimates showed that responses to the task under blue
light were superior compared with darkness (Figure 3).
Individual activity estimates are also depicted in Figure 3

(right graphs) and show that activity was higher under
blue light as compared with darkness in each participant
but that the magnitude of the difference between the light
conditions could differ substantially. Importantly, in each
participant, no brain responses to the taskwere significantly
greater in darkness compared with during blue light expo-
sure. Furthermore, analyses examining transient brain activ-
ity associatedwith light onsets, towhich rods and cones and
the visual system are particularly responsive (Allen et al.,
2011; Brown et al., 2010), yielded no significant results.

Brain responses to the task performed in darkness only
exhibited a classical pattern of activations typically ob-
servedwith ann-back task, with fronto-parietal recruitment,
left lateralized in the case of a verbal task (Supplementary
Figure S3B and Supplementary Table S1; Collette et al.,
2006; Cohen et al., 1997). Interestingly, the significant

Figure 3. Brain areas showing
significant increases in activity
under blue light exposure
while performing a 2-back
task as compared with darkness.
(Left) Statistical results
( p < .001, uncorrected)
overlaid over the mean
structural image of the three
participants. Vertical color
bars (bottom left) refer to
t statistic results. (Right)
Activity estimates (arbitrary
unit/a.u. ± SEM ) in the regions
showing significant differences
between blue light and darkness
episodes ( p < .05, corrected).
Average activity estimates of
the three participants (left)
are plotted together with
the individual activity
estimates (right) to show the
interindividual variability of
the effects (see Table 2 for
names of the brain regions
corresponding to the letters
and abbreviations and
Supplementary Figure S3
and Supplementary Table S1
for detailed behavioral
results, together with main
brain responses to the task
in darkness).
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relative increases in brain responses induced by blue light
did not appear to be located in areas that were significantly
recruited by the task when performed in darkness. To test
this assumption formally, we created a broad map of the
brain areas recruited by the task in darkness in our sample,
even marginally so (i.e., we displayed results of the brain
responses associated to the task in darkness at a very
permissive statistical threshold of p < .05, uncorrected for
multiple comparisons), and used it to mask out the brain
areas affected by blue light exposure. This procedure re-
vealed that only four clusters found to be significant when
comparing directly blue light and darkness presented a
marginal overlap with the brain areas at least slightly
engaged in the task in complete darkness (see footnote b
in Table 2), whereas all other significant clusters showed
no overlap. These results indicate that not only did blue light
significantly increase brain responses when directly com-

pared with darkness, but it did somainly in areas not signifi-
cantly engaged in the task during darkness.
Activity estimates showed that, in many of these areas,

the effect of blue light administration, compared with
darkness, was because of a reduction in the deactivation
observed in the darkness condition (Figure 3C–G and L).
Most of these areas, particularly the ACC and MPFC, are
part of the so-called “default mode network,” which con-
stitutes a set of coupled areas that are generally dis-
engaged relative to quiet passive wakefulness to perform
an active process (Buckner, Andrews-Hanna, & Schacter,
2008; Raichle et al., 2001). We therefore tested whether
the significant differential effect of blue light versus dark-
ness was located in areas showing significant deactivation,
or disengagement when the task was performed in dark-
ness. Deactivations in response to the task while in dark-
ness are displayed in red on Figure 4 and correspond to

Table 2. Significant Differences between Brain Responses to an Auditory 2-Back Task Performed under Blue Light Exposure
and in Darkness

Side x, y, z Z pcorrected
a

Blue Light > Darkness

Ventrolateral prefrontal/frontopolar cortex R 28, 52, 6 4.72 .032

VLPFC [a, b, c] Rb 58, 38, 0 5.32 .002

R 54, 44, 14 5.05 .007

L −56, 30, 14 4.61 .049

MPFC [d, e, f, g] L −12, 60, −2 6.88 <.001

R 10, 54, 18 6.19 <.001

L −12, 50, 30 6.05 <.001

R 18, 40, 36 5.22 .003

R 18, 54, 0 4.76 .026

R 16, 38, 50 4.74 .029

L −18, 56, 16 4.71 .033

PREC [h] Rb 8, −74, 58 6.59 <.001

Calcarine sulcus [i] R 10, −82, −4 7.73 <.001

Superior occipital gyrus [j] Lb −18, −98, −4 7.71 <.001

Inferior occipital gyrus [k] Rb 32, −80, −22 5.03 <.008

ACC [l] R 10, 38, 10 4.78 .024

PULV [m] L −10, −20, 12 4.64 .044

Darkness > Blue Light

No significant voxel

Letters between “[]” correspond to letters of Figure 3. R = right; L = left.

VLPFC =ventrolateral prefrontal cortex; MPFC =medial prefrontal cortex; PREC =precuneus; PULV =thalamus pulvinar.
ap Values corrected for multiple comparisons over the entire brain volume (family-wise error approach).
bIn these areas, an additional analyses showed that cluster size of the significant difference was slightly reduced after applying an exclusive mask ( p=
.05, uncorrected for multiple comparisons) for the brain response to the task blocks performed in complete darkness. All other clusters remained
unaffected after mask application, supporting that blue light induces the significant recruitment of additional brain regions.
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a typical map of the default mode network (Buckner et al.,
2008; Raichle et al., 2001), including areas of the MPFC;
anterior, posterior, and retrosplenial cingulate; and inferior
parietal cortex (see Supplementary Table S1 for a detailed
list of brain regions). Widespread overlaps between these
deactivations and locations of the significant impacts of
blue light as compared with darkness were observed within
the ACC and MPFC, demonstrating that blue light pre-
vented the deactivations observed in complete darkness
in these parts of the brain (Figure 4).

DISCUSSION

These results show that, in the absence of conscious
sight, when non-image-forming photoreception is re-
tained, light is able to modulate activity in the PULV,
PREC, ACC, occipital cortex as well as in the PFC, includ-

ing in medial prefrontal areas of the default mode network.
The results also indicate that, in our sample, administration
of as little as 2 sec of high-intensity blue light is able to
modulate brain activity, as shown by modification of audi-
tory evoked EEG responses during a sustained attention
task, but only when the brain is actively processing the
acoustic stimulations. The data further confirm and extend
the finding that rudimentary “nonconscious awareness” of
light can occur in the absence of conscious vision if non-
image-forming photoreception is preserved.

A first conclusion is that the impact of light on auditory
cognitive brain responses previously reported in sighted
participants (Vandewalle et al., 2009, 2010, 2011) involved
non-image-forming photoreception and cannot be attrib-
uted solely to conscious vision. Given the limited sample
of three participants (although they represent a third of
the population of such individuals identified to date), our
EEG and fMRI results have to be considered as a “proof
of concept” rather than a fine-grained identification of
the brain mechanisms involved in the non-image-forming
impact of light on cognition. Interindividual variability is
reflected in the fMRI and EEG results, but also in the
forced-choice task. The fact that we obtained significant
results in so few cases, however, is remarkable because
the onset and etiology of blindness differed substantially
between participants. It is even more remarkable when
considering the reduction in retinal illumination because
of age-related decrease in pupil size and increase in lens
yellowing, which in combination may lead, on average,
to a 0.6-log unit reduction in retinal illumination in a 60-
to 70-year-old (Kessel, Lundeman, Herbst, Andersen, &
Larsen, 2010).

Participants had no conscious light perception and no
visually evoked EEG responses to 800 flashes of light, and
ophthalmological examinations found no indication of
residual rod or cone function. Although we cannot phys-
ically confirm the absence of functional rod and cone
photoreceptors in these blind patients, the results of
the EEG, fMRI, and light “nonconscious awareness” re-
sponses to blue light are consistent with the hypothesis
that ipRGCs are the primary photoreceptors mediating
these effects. At the irradiance we employed, the ipRGC
intrinsic response, which is typically sluggish in the ab-
sence of functional rods and cones, can be detected in
rodents in about a second, and this is the case even when
assuming a putative 1.2-log unit age-related reduction in
retinal illumination (i.e., doubled compared with normal
aging; Lall et al., 2010; Dacey et al., 2005; Berson, Dunn,
& Takao, 2002). The temporal dynamics of the mela-
nopsin response may also explain why only 2 sec but
not 500 msec of light reliably modulated auditory-evoked
EEG responses. Melanopsinʼs primary involvement is
further supported by our recent demonstration that the
dynamics, wavelength sensitivity, and sensitivity thresh-
old of the pupillary light reflex in Participant 2 of this
study matched mice lacking functional rods and cones
(Gooley et al., 2012; Lucas, Douglas, & Foster, 2001).

Figure 4. Blue light exposure prevents deactivation within medial
prefrontal areas of the default mode network during the performance of
an auditory 2-back task. Significant deactivations, as compared with
baseline, in response to 2-back task during darkness are displayed in
red, whereas significant differences between blocks of task performed
under blue light and in complete darkness are in blue (blue light >
darkness, corresponding to the results displayed in Figure 3). Overlays
are displayed in white and indicate that a significant relative increase in
brain response induced by blue light is located in areas showing a
significant deactivation in darkness (see Supplementary Table S1
for a complete list of significant deactivations in responses to the
task in darkness).
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Our data constitute the first direct indication that non-
image-forming photoreception alone can mediate light-
induced modulation of fMRI and EEG brain activity while
performing a cognitive task and are the clearest evidence
that these effects can be mediated through ipRGCs.
Future studies will be able to capitalize on these initial
results to isolate and quantify the contribution of non-
image-forming photoreception and ipRGCs, using addi-
tional wavelengths and different light levels in blind and
sighted control individuals.

Previous studies in sighted individuals (Lockley et al.,
2006; Cajochen, Zeitzer, Czeisler, & Dijk, 2000) and a
study in which Participant 2 took part (Zaidi et al.,
2007) reported light-induced improvement in alertness,
objectively measured by modifications in the power spec-
trum of waking EEG. These improvements were observed
using exposures lasting several hours while participants
were quietly awake, suggesting that the non-image-
forming impact of light on cognitive brain function re-
quires prolonged exposures. Similarly, significant changes
in cognitive performance in sighted participants have only
been reported after 30 min of illumination (Cajochen
et al., 2011; Chellappa, Steiner, et al., 2011; Lockley
et al., 2006). In this study, and consistent with previous
fMRI studies in sighted participants (Vandewalle et al.,
2010, 2011; Vandewalle, Schmidt, et al., 2007), changes
in brain responses were observed using only 55-sec expo-
sure. In addition, modifications of the EEG were detected
with as little as 2 sec of exposure to light and if the brain
was simultaneously processing auditory information. Our
data therefore demonstrate that the non-image-forming
impact of light can affect cortical activity within a few
seconds if brain processing is actively engaged. This find-
ing constitutes the first indication that it is crucial to
differentiate the effects of light while at rest or engaged
in a cognitive process when characterizing the dynamics
of the non-image-forming influence of light on brain func-
tion. In addition, our findings suggest that the bimodal
PVT protocol, together with pupillary constriction test
(when applicable; Gooley et al., 2012), could constitute
a simple means to assess whether non-image-forming
photoreception is retained in a totally blind individual,
for example, before elective enucleation.

Most brain areas that showed a light-induced increase
in activation in fMRI were not recruited by the task at all
when it was performed in complete darkness, supporting
a general increase of brain responsiveness leading to
the significant recruitment of supplementary brain areas.
Data previously acquired in sighted participants and in
Participant 2 of this study showed that RTs in an auditory
PVT or in executive tasks are improved under prolonged
nighttime blue or blue-enriched light exposure (Cajochen
et al., 2011; Chellappa, Steiner, et al., 2011; Zaidi et al.,
2007; Lockley et al., 2006). It is therefore plausible that
the recruitment of supplemental brain areas under blue
light exposure we report here precedes and causes sig-
nificant behavioral changes, such as RT improvements.

In addition, light-induced modulations were found in
higher-order ventrolateral prefrontal areas, considered
to be at the top of the hierarchy of cognitive control
(Koechlin & Hyafil, 2007). Light can therefore allow the
engagement not only in supplemental areas but also in
areas known to be involved in “higher level” processes. This
finding clearly demonstrates that the non-image-forming
photic input pathway is a strong regulator of human
cognition.
Our observation that the influence of light on EEG sig-

nal could only be detected when a sound was adminis-
tered supports the notion that the stimulant impact of
light is initiated in subcortical structures (to which the
EEG is rather insensitive) and can modulate cortical activ-
ity when it is engaged (Vandewalle et al., 2009). Targets
of ipRGCs are primarily subcortical including the supra-
chiasmatic nucleus, ventrolateral preoptical areas, and
lateral hypothalamus, which are all involved in circadian
and sleep–wake regulation (Schmidt, Chen, & Hattar,
2011). These hypothalamic structures are intimately
connected with several nuclei of the brainstem ascending
arousal system, such as the locus coeruleus and dorsal
raphe, which regulate cognition and broadly project to
the cortex (Saper, Fuller, Pedersen, Lu, & Scammell,
2010). Light could therefore have a widespread impact
on brain activation via the hypothalamus and brainstem,
in which a non-image-forming effect of light has previously
been suggested in sighted participants (Vandewalle et al.,
2010; Vandewalle, Schmidt, et al., 2007; Perrin et al.,
2004). In addition, the pulvinar, which receives indirect
retinal light information through the superior colliculus
(Danckert & Rossetti, 2005) and has been shown repeat-
edly to be sensitive to light in studies of sighted individuals
performing auditory task (Vandewalle et al., 2006, 2009,
2011; Vandewalle, Gais, et al., 2007; Vandewalle, Schmidt,
et al., 2007), is also significantly affected by light in the blind
participants. This finding further supports a primary role of
the pulvinar in mediating the broad non-image-forming
impact of light on cognition at the subcortical level, pos-
sibly through the facilitation of thalamo-cortical infor-
mation flow. IpRGC output could also directly reach the
occipital cortex, as previously shown in rodents (Brown
et al., 2010). The occipital cortex is known, however, to
be devoted to auditory processes in blind individuals
because of brain plasticity phenomenon (Collignon et al.,
2011) and was indeed at least slightly engaged in the task
in darkness in this study (see Supplementary Figure S3B
and Supplementary Table S1). It therefore remains unclear
whether the significant recruitment of occipital areas dur-
ing light exposure is related to the task or to direct ipRGC
light information reaching these areas or both.
Given that light had an impact on another (auditory)

modality, the effects we describe might be associated
with multisensory integration. The time window of the
modulation of the auditory evoked potential by light ob-
served in this study (between 120 and 180 msec) appears
congruent with several studies reporting multisensory
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modulations in higher-order regions (Driver & Noesselt,
2008). The contribution of non-image-forming photo-
reception to multisensory integration is speculative and
remains to be thoughtfully investigated, but our data
show that the non-image-forming impact of light contrib-
utes to a multisensory interplay between exposure to
light and auditory processing, likely involving ipRGCs. A
site of such interplay could lie within the pulvinar,
through which information can transit between areas
mainly devoted to different sensory modalities (Cappe,
Rouiller, & Barone, 2009). Multisensory interplay could
also take place in the superior colliculus, which is one
of the most documented structures involved in multisen-
sory integration (Stein & Stanford, 2008) and receives di-
rect inputs from ipRGCs (Schmidt et al., 2011; Hatori &
Panda, 2010).
The neurobiological substrate of nonconscious aware-

ness to light remains unclear. Light awareness could be
caused by the increased brain responsiveness induced
by light exposure mainly through subcortical structure,
which could be “sensed” by the participants but remains
difficult to describe. Multisensory interplays within the
pulvinar or superior colliculus could also be involved.
Alternatively, direct ipRGC projections to the LGN have
been demonstrated in rodents and nonhuman primates
(Schmidt et al., 2011; Hatori & Panda, 2010; Dacey
et al., 2005) and could also mediate sensitivity to the
presence of light. Recent data suggest that, in rodents
and, possibly, in sighted humans, these ipRGC pro-
jections contribute to melanopsin-based brightness de-
tection (Brown et al., 2012), a phenomenon that could
contribute to nonconscious light awareness in our visually
blind participants. Our fMRI protocol did not reveal signif-
icant light-induced activity modulations in the superior
colliculus or LGN, however.
Remarkably, deactivations within the MPFC and ante-

rior cingulate, which are part of the brain default mode
network (Buckner et al., 2008; Raichle et al., 2001), were
prevented when blue light was administered. This obser-
vation indicates that, in our participants, light prevented
the relative disengagement of the MPFC and anterior
cingulate that was normally observed when initiating a
block of 2-back task in darkness. Although the role of
the default mode network is still under intense investi-
gation, two main hypotheses stand out. One postulates
that the network serves internal mentation, whereas
the other proposes that its role is to maintain minimal
resource for the monitoring of external environment when
the brain is not engaged in an active process (Buckner
et al., 2008). In the latter perspective, our results raise
the intriguing possibility that, during the performance of a
cognitive task, light would trigger the recruitment of
supplemental areas in part through the maintenance of
activity within the default mode network, so that the
known impact of light on sustained attention (Chellappa,
Gordijn, et al., 2011; Zaidi et al., 2007; Lockley et al., 2006)
would also allow themaintenanceof attentional resources to

monitor the environment. This theory may underlie how
performance during a PVT or other executive task is
improvedby light exposure (Cajochenet al., 2011;Chellappa,
Steiner, et al., 2011; Zaidi et al., 2007; Lockley et al., 2006).

The default mode network stands as the most robust
brain functional network, and its organization appears to
be similar in blind and sighted individuals (Buckner
et al., 2008; Burton, Snyder, & Raichle, 2004). The func-
tional significance of the impact of light in some of its
areas remains to be established, but the default mode
network constitutes one of the fundamental organiza-
tion mode of the brain (Buckner et al., 2008). To our
knowledge, our results constitute the first indication that
non-image-forming signaling, likely through ipRGCs, can
rapidly affect basic cerebral organization, so that it could
potentially participate in the regulation of numerous
aspects of human brain function, in addition to the rapid
recruitment of supplemental brain areas to perform an
ongoing cognitive process.
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Introduction 

There are a number of labels to describe the young people currently studying at school, college 

and university. They include the digital natives, the net generation, the Google generation or the 

millenials. All of these terms are being used to highlight the significance and importance of new 

technologies within the lives of young people (Gibbons, 2007).  For some, new technologies have 

been such a defining feature in the lives of younger generations that they predict a fundamental 

change in the way young people communicate, socialise, create and learn. They argue that this 

shift has profound implications for education (e.g. Prensky, 2001a; Gibbons, 2007; Rainie, 2006 

and Underwood, 2007). Typically, supporters of this concept view the differences between those 

who are or who are not digital natives as primarily about when a person was born. This paper will 

critique and show new evidence against this conception of the digital native as based purely on 

generational differences. The paper will separate the ‘doing’ from the ‘being’, that is it will propose 

a number of digital activities (doing) that indicate digital nativeness and then examine which types 

of people (being) are most likely to demonstrate these characteristics. The paper will show that 

breadth of use, experience, self-efficacy and education are just as, if not more, important than 

age in explaining how people become digital natives.  

 

Prior to presenting the findings, it is useful to provide a brief review of the literature on this topic. 

The central argument to support the concept of the digital native is that young people born in the 

last two decades have always been surrounded by, and interacted with, new technologies.  

According to Prensky, one of the more radical consequences of this technology rich environment 

is a hypothesized change in the brain structure that means young people think and process 

information in fundamentally different ways compared to older generations (Prensky, 2001a; 

Prensky, 200b). He explains, “Digital Natives are used to receiving information really fast. They 

like to parallel process and multi-task. They prefer their graphics before their text rather than the 

opposite. They prefer random access (like hypertext). They function best when networked. They 

thrive on instant gratification and frequent rewards. They prefer games to “serious” work 
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(2001a:1). Prensky defines this younger generation as the digital natives as they, are all “native 

speakers” of the digital language of computers, video games and the Internet” (2001a:1).  

 

Prensky refers to people who were born before this new digital era, which began around 1980, as 

Digital Immigrants. According to him digital immigrants may learn to use new technologies but will 

still be in some way located within the past, unable to fully understand the natives. Prensky likens 

this to the difference between learning a new language and being a native speaker. According to 

him, characteristics of digital immigrants include: not going to the Internet first for information, 

printing things out as opposed to working on screen, and reading manuals rather than working 

things out online. The supporters of this concept suggest that the differences between these two 

groups have profound implications for education. They argue that young people now have a 

range of different preferences, tools and ways of processing and using information that do not fit 

well with current educational practices. Thus, the current pedagogies employed in education need 

to change. For example, Prensky suggests that educators now need to communicate in a way 

that fits with needs of the digital natives i.e., “going faster, less step-by step, more in parallel, with 

more random access, among other things”. (2001a:2). A powerful teaching method, Prensky 

suggests, would be to use computer games to teach the digital natives. Supporters of this view 

see a gap or “digital disconnect” between students and teachers (Underwood, 2007) that is 

difficult to bridge. In Prensky’s terms, the natives are being taught by immigrants who are, in 

effect, not talking the same language (Prensky, 2001a). 

 

The use of the digital native term has become popular in public and political debate. A quick 

Google search using this term provides 910 hits for UK websites created in the last year (17,400 

worldwide) and a Nexis search throws up 48 UK newspaper articles that used this term in the last 

year (114 world wide in English language newspapers).  In comparison, Web of Science only 
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cites 2 and Scopus only 12 academic articles which ever mentioned this term1. This suggests that 

while the term is popular, there is not much academic research in this area.  

 

In fact there is very little evidence that young people are radically different in the ways they use 

and process information (Bennet et al., 2008). To justify his claims Prensky draws on the widely 

held theory of neuroplasticity, which, simply put, suggests our brains are plastic, flexible and 

subject to change throughout life in response to changes in the environment. Thus young 

people’s brains have developed differently to adults as they have grown up in a world surrounded 

by new technologies. However, it is not yet known what differences (if any) there are in the brain 

structure of adults and young people who use the Internet and other new technologies.  As 

Prensky himself admits, exactly how the brain is changing as a result of growing up with and 

using technology and the implications this has for cognitive processes associated with learning 

are still being explored by neuroscientists (Prensky, 2001b).  

 

There is a growing body of academic research that has questioned the validity of the generational 

interpretation of the digital native concept. Those in support of this digital native / immigrant 

distinction tend to assign broad characteristics (e.g. a specific learning style, amount and type of 

technology use and / or set of learning preferences) to an entire generation (Bennet et al., 2008) 

and suggest all young people are expert with technology. Yet, while the proportion of young 

people who use the Internet and other new technologies is higher than the older population (e.g. 

Dutton and Helsper, 2007; Cheong, 2008) there are significant differences in how and why young 

people use these new technologies and how effectively they use them (e.g.  DiMaggio and 

Hargittai, 2001; Facer & Furlong 2001;Hargittai and Hinnart, 2008; Livingstone & Helsper, 2007). 

Indeed, a number of writers have highlighted the complexity and diversity of use of new 

technologies by young people which tends to be ignored or minimized in many arguments in 

support of the digital native. 

 
                                                      
1 All searches performed March 2009 using the “digital native” search term. 
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A second, equally important aspect of this debate is the extent to which the differences between 

digital natives and digital immigrants can be explained by generational differences. For Prensky, 

age seems to be the defining factor. For Tapscott (1998) who refers to the “generation lap” (i.e. 

technology is the one place where young people are better than older people) a digital native is 

defined by exposure to, or experience with, technology. For some writers it appears it does not 

matter a great deal if it is age or experience which defines if someone is a digital native or part of 

the net generation (Oblinger and Oblinger, 2005).  

 

However, whether the extent to which a person is a digital native is about date of birth or about a 

certain amount of exposure, experience or expertise with new technologies, is an important 

question for policy and practice. If characteristics of a digital native are determined by age then 

older generations are lost and a solution to a ‘digital disconnect’ between adults and younger 

people is out of sight. However, if being tech savvy is determined by exposure and experience 

then collaboration and learning is possible in environments where younger and older generations 

interact. The distinction between generational and experience aspects of ‘digital nativeness’ has 

been less well researched because the majority of previous studies examining young people’s 

use of technology tend to focus on young people and their parents (e.g. studies by Livingstone 

and Bober (2005) and Facer et al., 2003)) not young people as part of the wider population. In 

addition, the vast majority of the evidence cited in support of the concept of the digital native is 

based on data from the United States. Before educational policy makers and practitioners begin 

to change the educational system in the UK in response to these claims we need more empirical 

evidence to inform the debate (Kennedy, et al., 2008). 

 

This paper aims to add to this discussion by providing evidence on how the British population 

access and use the Internet and other new technologies from a nationally representative face-to-

face survey (the Oxford Internet Surveys). While this cannot tell us anything about the structure of 

the brain or cognitive processes, this data enables us to explore and test the basic assumptions 

of the digital native / digital immigrant concept. An answer to this question will inform the extent to 
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which it is possible to get teachers to “talk the same language” as their students, add to the 

debate about what and how we should be educating young people and has implications for the 

current policies to support family learning i.e. the extent to which carers and parents can support 

their children using new technologies in the home.  

 

Specifically, we will untangle the different aspects of what a native is by exploring whether acting 

like a digital native is determined by: 

  

1) age – the youngest generation who has grown up with technology and does not know 

any other context 

2) experience – those who have been on the Internet the longest, while they might not have 

grown up with the Internet when young, they have been ‘submerged’ in it for the longest 

period of time; or 

3) breadth of use – those for whom the Internet is integrated into almost every aspect of 

their everyday lives independent of their age or experience. 

 

In this paper we examine this by exploring the importance of these three variables in determining 

if someone is a digital native. While an exact definition of being a digital native is not often 

presented in the literature we define it here as someone who multi-tasks, has access to a range 

of new technologies, is confident in their use of technologies, uses the Internet as a first port of 

call for information and – given the educational focus of this article - uses the Internet for learning 

as well as other activities.  

Method 

The data upon which this article is based is taken from the 2007 Oxford Internet Survey (OxIS), 

carried out by the Oxford Internet Institute (University of Oxford) which provides authoritative 

information on Internet use and non-use in Britain. The surveys are multistage probability sample 

surveys of individuals 14 years and older, and are carried out face to face. The 2007 survey was 
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conducted during March and April 2007 with 2,350 respondents (a response rate of 77%) of 

which 1,578 were Internet users.  Areas covered in the survey include information about: Internet 

users (who uses / doesn't use the Internet, and how they gain access to it); Internet uses 

(including e-learning, e-government, e-entertainment and e-finance); and impacts of the Internet 

on everyday life (including changing habits and practices, privacy concerns and attitudes to 

technology).  

 

In this paper we make the distinction between those who are more and less comfortable with the 

Internet. We focus just on those who have some exposure to the technology and do not focus on 

non-Internet users or ex-users. For a more detailed discussion of non-users please see Dutton 

and Helsper (2007). Since young people are currently more likely to use the Internet than the 

elderly and retired this influences the final sample and this will be taken into consideration in the 

conclusions drawn in this paper.  

 

We start this paper by carrying out descriptive analyses of age, experience and breadth of use in 

relation to media richness of the household (i.e. the number of ICTs in the household), their level 

of Internet self-efficacy, if someone goes to the Internet first for information, if they multitask and 

what they use the Internet for. OxIS asks a number of questions about the kinds of activities 

people carry out online and from these twelve general categories of Internet uses were 

constructed based on an exploratory factor analyses. The following twelve types of Internet use 

were identified: fact checking, training, current affairs and Interests, travel, finance, shopping, 

entertainment, social networking, diary functions, person to person networking, e-government and 

civic participation (see Helsper, Dutton & Gerber 2009).  

 

As this analysis did not provide a clear answer to our question we then carried out a series of 

linear regressions to identify the variables that explain who has the most media rich household, 

who has high levels of Internet self-efficacy, who goes to the Internet first for information, who 

multitasks and who is more likely to use the Internet for learning. All of the twelve different types 
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of Internet use identified from the factor analysis could arguably be seen as indicators of learning. 

However, there are three factors that seem most directly related to learning and education: fact 

checking (using the Internet to look up a definition of a word or checking a fact); training and 

learning (looking for jobs, distance learning for an academic degree, getting information for a 

school related project, getting information for a work related project, finding out opportunities for 

further study) and current affairs and interests searching (news, sports, local events, health). 

These three factors were chosen for the linear regression because they seem the most closely 

related to potential learning opportunities and thus most relevant to the focus of this paper. 

Results  

As noted above we explored the significance of generation, experience and breadth of use in 

defining a digital native. Prior to utilizing these variables it is valuable to define them and examine 

the relationship between them. 

 

Age is a self explanatory variable, nevertheless since the concept of the digital native is so 

closely linked to generations it is important to define which generation is considered digitally 

native. Prensky’s original definition considered those born after 1980 digitally native, but in most 

of the recent literature this category seems to have shifted. Arguably the rise of web 2.0 

applications might have created a second generation of digital natives which can be separated 

from the first due to their familiarity and immersion in this new, web 2.0, digital world. The current 

generation of teenagers born after 1990 (currently 18 or younger) is here identified as second 

generation digital natives, while the young adults born between 1983 and 1990 (currently 

between 18 and 25 years old) are considered the first generation of digital natives. 

 

It is important to define what we mean by experience and breadth of use. Experience is 

operationalised as years of using the Internet. Breadth of use is operationalised as the number of 

different activities a person undertakes online. Breadth of use was calculated based on a factor 

analyses of all the uses of the Internet measured in OxIS (see Helsper, Dutton & Gerber 2009) 
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and then summing all these activities into a scale from 0 to 12.  Since we are looking at Internet 

users only the scale runs from 1 to 12 because they undertake at least 1 of the 12 types of 

activities on the Internet. In addition, OxIS measures an individual’s level of self-efficacy (how 

good are you at using the internet?)  to have a subjective indicator of expertise. 

 

Descriptive analyses of OxIS showed that breadth and self-efficacy were strongly correlated with 

age, but experience was not. That is, younger generations might have expertise, measured by a 

wide range of uses (r=-.17; p<.01) and high levels of self-efficacy (r=-.20; p<.01), but they have 

not necessarily spent more or less years using the Internet (r=.02; p=.45).  The latter is important 

because it offers an opportunity to understand the differential effect of experience and generation 

on the ‘digital nativeness’ of an individual by comparing people of different age groups with the 

same number of years of experience. 

  

Let us first look at each of these three variables more closely in relation to those factors that we 

earlier earmarked as indicators of digital nativeness: use of the Internet, media richness, the 

importance of the Internet as an information source and types of Internet use. That is the extent 

to which generation, experience or breadth of use can help us to define digital “nativeness”.   

Generation 

[TABLE 1 HERE] 

 

Looking at the population as a whole, younger people were more likely to be digital natives as 

they have a wider variety of ICTs at home and were more likely to be Internet users (see Table 

1). Interestingly the biggest drop in the proportion of Internet users was when users were over 55 

years old, which means that majority of educators and parents of younger children do use the 

Internet.  

[TABLE 2 HERE] 
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Table 2 shows that younger age groups can indeed be qualified as digital natives in terms of the 

prominence that ICTs and the Internet have in their lives. The youngest Internet users (second 

generation digital natives) lived in households with the widest variety of ICTs and they used the 

Internet as a first port of call for the widest range of activities in comparison to almost all other 

generations. They also multitasked significantly more and referred to the Internet more than 

others for information for school and work. For most indicators of digital nativeness there was a 

linear decline with age and a clear drop in the 44 to 54 or 55 to 64 age groups. 

 

[TABLE 3 HERE] 

Table 3 provides an overview of what different age groups used the Internet for. Not surprisingly 

the teenage group was least likely to manage their finances online or use e-government. Younger 

people, when they did use the Internet were also less likely to use the Internet for civic 

participation and this corresponds to what we know about offline behaviour. Younger people were 

more likely to use the Internet for entertainment, social networking and diary functions. In terms of 

the three activity types most closely related to learning young people were more likely to use the 

Internet for fact checking (definitions of words and checking facts) and training (looking for jobs, 

eLearning, online courses). For current affairs and interests the differences between age groups 

were not significant. The linear decline by age in relation to the types of activities people engage 

with was less clear then when we looked at other indicators of digital nativeness. Although 

entertainment and social networking activities dropped steeply for those who were neither first nor 

second generation digital natives (14 to 25 year olds), for other activities related to applications 

for which some economical capital is necessary (shopping, investment and travel) first generation 

digital natives (18-25 year olds) were, not surprisingly, more likely than second generation digital 

natives (14-17 year olds) to participate. 
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Experience 

Experience was also an important variable in relation to “digital nativeness”. In general there was 

an increase in household media richness (r=.22; p<.01), the importance of the Internet (r=.29; 

p<.01), multitasking (r=.20; p<.01) and internet self-efficacy (r=.38; p<.01) with an increase of 

experience. Thus those who had experienced the Internet for longer periods of time were more 

digitally native. Nevertheless, it is interesting to note that the most recent users (less than 6 

months) of use showed higher levels of self-efficacy (51% good or excellent skills), media 

richness (av=2.78), and importance of the internet (av=2.10) than those who had used the 

internet for 6 months to one year (28% good or excellent skills; av= 2.59 media richness; av=1.99 

internet as first port of call). . The difference was especially large for self-efficacy. We could call 

this the ‘honeymoon’ period in which the new user tries everything out and feels like the world is 

at their feet, after a few months (half a year) their enthusiasm dies down and they realise that 

there are many things they cannot do.  

 

[TABLE 4 HERE] 

 

In contrast to what was found for generational groups (see Table 3), all differences between 

experience groups were significant (see Table 4). Almost always it was those with the most 

experience, that is having used the Internet for more than 5 years, who used the Internet most 

independent of the activity observed. There were a few exceptions, entertainment, which the 

most novice users undertook more than the intermediate users. Current affairs and interests and 

person to person networking also showed a slight dip for those who had used the Internet 

between 6 months and 1 year in comparison to those who had used it less than that. For many 

other activities, including the three learning related activities (i.e. fact checking, training and 

learning and current affairs and interests) use showed a large increase for those individuals who 

had used the Internet for more than 1 year. 
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Breadth of use 

The sum of all the internet uses discussed in the previous sections can be called the breadth of 

use, and the higher the number different activities a person undertakes the more the internet is 

integrated into the person’s everyday life.  

 

The increase in digital nativeness was exponential in relation to breadth of use. Not only were 

those with a narrow use less likely to multitask (r=.40;p<.01),, they were also less likely to use the 

Internet as a first port of call (r=.45;p<.01), and had far lower levels of internet self-efficacy 

(r=.49;p<.01),. In addition, they had a smaller variety of ICTs in their households (r=.37; p<.01). 

 

To understand how this type of expertise, or embededness in the Internet, is related to specific 

uses of the internet we grouped the number of different activities a person undertook based on 

quintiles of internet users. That is, we constructed five almost equally sized groups of internet 

users with different levels of breadth of use. 

 

[TABLE 5 HERE] 

 

Similar to what we found for experience groups, all differences between breadth of use groups 

were significant (see Table 5).  There was a pattern in the order in which people began to use the 

Internet for different purposes. The most popular activities for people who only used the Internet 

for one or two things tended to be shopping and travel, then, as the range of use increased, 

Internet users were more likely to use the Internet for current / affairs, training, entertainment, 

person to person networking and fact checking.  Using the Internet for social networking, finance, 

and diary functions were activities that were more likely to be undertaken by those who use the 

Internet for 10-12 activities than by those who undertake less than 10 activities.  
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Generation, experience and breadth of use  

Thus, the descriptives do not give straight forward answers to the question of what determines 

digital nativeness: age, experience, and breadth of use all seem important. Only by looking at 

their independent effect can we sort out which factors really determine who shows the 

characteristics of a digital native. Below we examine the importance of these three variables 

alongside gender, whether or not there are children in the household and level of education, in 

explaining: 1) being surrounded by all kinds of different technologies; 2) using the Internet as a 

first port of call for information; 3) multi-tasking; 4) self-efficacy and 5) using the Internet for three 

types of learning activities that are the focus here (fact checking, training and learning and current 

affairs and interests).  

[TABLE 6 HERE] 

 

Generation, experience and breadth of use were all significantly and independently related to the 

media richness of the household (see Table 6a). Younger people, those who had used the 

Internet for longer and those who had integrated the Internet into a wider variety of activities had 

more different ICTs in the household. In addition, the presence of children in the household and 

high levels of educational achievement were strongly related to the variety of technologies one 

had access to at home. Breadth of use and the presence of children in the household had a 

larger relative impact (based on standardized coefficients) on the media richness of the 

household than the age of the person. 

 

Generation, experience and breadth of use were all important predictors of using the Internet as a 

first port of call as a benchmark for digital natives (see Table 6b). In contrast to the media 

richness of the household, children and the level of education were not significantly related to 

using the Internet as a first port of call. However, women were significantly less likely than men to 

use the Internet as the first port of call. The strongest predictor of using the internet as the first 

port of call was the breadth of a person’s Internet use. 
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[TABLE 7 HERE] 

 

Similar to what was shown for media richness and using the internet as a first port of call, 

generation, experience and breadth of use were also good predictors for digital nativeness  when 

multitasking was taken as the ultimate indicator of this type of person (see Table 7a). Similar to 

internet use as a first port of call, level of education and having children did not influence the 

extent to which a person multi-tasked. 

 

 The importance of self-efficacy in relation to positive learning outcomes has been clear in offline 

learning. Similarly, the extent to which people report that their ability to use the Internet is poor, 

fair, good or excellent is a good predictor of Internet use and positive attitudes towards using the 

Internet as a source for information (see also Eastin & LaRose, 2000). However, it is not clear 

whether Internet self-efficacy itself is best explained by generation, experience and / or breadth of 

use. Table 7b shows that generation, but also experience and breadth of use as well as level of 

education were important in relation to how confident people were in their own Internet skills.  

 

[TABLE 8 HERE] 

 

Different indicators predict the three types of learning activities (fact checking; training and 

learning and current affairs (see Table 8). For fact checking breadth of use was proportionately 

the most important variable, generation and level of education were also significant predictors. In 

other words those who used the Internet for more purposes, were younger and had a higher level 

of education were more likely to use the Internet for fact checking. Breadth of use was also very 

important for training and learning, in addition this type of Internet activity was more likely to be 

undertaken by those with more education, those who were younger, those who considered 

themselves more expert at using technologies and women. For current affairs breadth of use was 

again important, along with generation and gender. Men and older generations were more likely 
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to use the Internet to keep up with current affairs. Experience (years) with using the Internet was 

not significant for any of the learning activities nor was the presence of children in the household.  

Discussion  

In this paper we have examined the extent to which generation, experience in using the Internet 

and breadth of use are good indicators of whether someone is a digital native or not. For the 

purposes of this paper a digital native has been defined as someone who comes from a media 

rich household, who uses the Internet as a first port of call for information, multi-tasks using ICTs 

and uses the Internet to carry out a range of activities particularly those with a focus on learning.  

 

Contrary to the argument put forward by proponents of the digital native concept, generation 

alone does not adequately define if someone is a digital native or not. From the analysis above it 

is clear that there are a range of factors involved. It appears that younger people do have a 

greater range of ICTs in their household, tend to use the Internet as a first port of call, have 

higher levels of Internet self-efficacy, multi-task more, and use the Internet for fact checking and 

formal learning activities. Nevertheless, generation was not the only significant variable in 

explaining these activities: gender, education, experience and breadth of use also play a part. 

Indeed in all cases immersion in a digital environment (i.e. the breadth of activities that people 

carry out online) tends to be the most important variable in predicting if someone is a digital 

native in the way they interact with the technology.  

 

In some respects these findings do support the arguments put forward by Prensky and others. A 

larger proportion of young people use the Internet, they are more likely to come from media rich 

homes are more confident about their skills and are more likely to engage in online learning 

activities. What implications this has for young people’s brain structures remains an open 

question. Nevertheless,, what is very clear is that  it is not helpful to define digital natives and 

immigrants as two distinct, dichotomous generations. While there were differences in how 

generations engaged with the internet there were similarities across generations as well mainly 
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based on how much experience people have with using technologies. In addition, the findings 

presented here confirm that individuals’ Internet use lies along a continuum of engagement 

instead of being a dichotomous divide between users and non-users (see also Warschauer, 

2002; Van Dijk 2005).   

 

This conclusion supports other research that has demonstrated that there are significant 

differences within cohorts of young people in terms of their preferences, skills and use of new 

technologies (e.g. Kennedy, et al., 2008). As Facer and Furlong argue young people are not, a 

“homogeneous generation of digital children” (Facer and Furlong, 2001: 467).  This research 

adds to existing research by showing that a generational distinction between natives and 

immigrants, us and them, is not reflected in empirical data. Therefore, the distinction is not helpful 

and could even be harmful. For example, the inequalities in use and breadth of use within 

younger generations could be exacerbated as teachers assume a level of knowledge in school 

lessons which may not be accurate for all students (Facer and Furlong, 2001); and teachers and 

parents do not help young people in this area as they feel powerless in trying to support them in 

their uses of the Internet and other new technologies (Cheong, 2008; Helsper, 2008b).  

 

So if generation is not the only defining characteristic of a digital native what implications does 

this analysis have for education policy and practice? In terms of formal education there seem to 

be two key messages. Firstly, it seems that adults, specifically teachers can “speak the same 

language” as their students if they want to. Younger people are more likely to have a wider variety 

of ICTs at home, use the Internet as a first port of call for information, multitask and use the 

Internet first for school / work information but many adults do as well. Tables 1-3 suggest that the 

biggest drop off in these activities in terms of generation appears after the age of 55 – much later 

than supporters of the digital native concept would have us believe and older than many 

educators.   
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Of course, some supporters of the digital native or net generation concept would agree that older 

people can learn to use technologies. For, example Tapscott (1998) draws on the work of Piaget 

to explain that learning to use technology is an assimilative process for young people who have 

always experienced technology as a part of their everyday lives. However, for older people where 

new technologies have been introduced at some stage in their life time it is an accommodative 

(thus more difficult) process (Tapscott, 1998). Whether this is true or not  cannot be gleaned from 

our data, but the findings do suggest that older generations have accommodated ICTs to a great 

extent and in quite a few instances to the same level as younger people.  

 

Secondly, this data helps to add to the debate in terms of what or how we teach young people in 

schools. While it is important to understand what young people are using new technologies for in 

debates about future developments in pedagogy and curriculum; we cannot assume that just 

because young people do more of something it is always a good thing. For example, the analysis 

here supports the view that young people multitask more. However, we do not know if this is a 

positive or negative aspect of young people’s use of new technology. Multitasking may have a 

negative impact on learning due to cognitive overload (Hembrooke and Gay 2003). Similarly, 

while young people are more likely to use the Internet as a first port of call for information this 

does not mean they are in fact skilled in dealing with and critically assessing information 

(Livingstone, 2008). Finally, while not the focus of this paper, there may not be much demand 

from young people for school to change as technology may well play very different roles in a 

student’s lives in and out of school (Bennet et al., 2008).  

 

This data also has implications for supporting informal and family learning which are important 

policy areas in the UK (Becta, 2008). It could be argued that there are potential learning benefits 

in many online activities from playing collaborative games to chatting in a forum. However, while 

in general in the policy literature access and use of the Internet is a “good thing” there is very little 

debate about the kinds of learning activities we want people to carry out online or indeed if any 

activities are seen as more “beneficial” for learning than others. Other studies with a broader 
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focus on different digital cultures and home socialization in relation to technologies argue that the 

impact of home interaction with the Internet on formal education cannot and should not be 

ignored because they influence what young people are able and willing to learn in school 

(Helsper, 2009).  Questions that educators need to ask themselves are, for example,, are we only 

interested in supporting formal learning activities or are we satisfied if people just focus on playing 

online games further developing skills they acquired in informal contexts?  In some ways this 

analysis helps to address this question. The analysis has shown that immersion in the technology 

(ie. breadth of online activities) is an important factor (although not the only factor) in 

understanding whether people are confident in their ICT skills and whether they use the Internet 

for the three learning activities classified here. Thus, perhaps policy makers should be developing 

initiatives that encourage broad use of technologies as opposed to focusing on one or two narrow 

activities. We speculatively conclude that immersion in ICTs, or perhaps more accurately, the 

integration of ICTs in many aspects of a person’s life, is likely to lead to the uptake of digital 

learning opportunities and that Internet users are unlikely to ignore these learning activities if they 

otherwise use technologies in a broad fashion.  

 

In terms of family learning there are also some interesting implications. Having children in the 

household is a significant variable in the media richness of the household. Thus, it could be 

argued that older generations might acquire the technology because they think it will benefit their 

children (Van Rompaey, Roe, & Struys, 2002; Venkatesh & Vitalari, 1992). This obviously, has 

positive implications for learning. However, interestingly, based on the analysis here, the 

presence of children in the household does not influence parents’ use of the Internet for their own 

learning activities. Parents have an important role to play in supporting their own children’s use of 

technology and our research shows know that generational gaps are far from insurmountable. 

Nevertheless,  we still need to explore and better understand the link between children’s use of 

technology, technology in the home and family learning.  
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Finally, our analysis has demonstrated the continuing importance of socio-demographic variables. 

Specifically, education, and gender. The stronger a person’s educational background the more 

likely they are to feel confident in their ICT skills and use the Internet for learning activities, 

specifically fact checking and training and learning. Our analysis has also shown that gender is 

important. It is important that these issues of social inclusion and exclusion are not ignored in 

these debates around the idea of the digital native (Cheong, 2008; Facer and Furlong, 2001; 

Helsper, 2008a)  

Conclusion 

Although young people do use the Internet more, our analysis does not support the view that 

there are unbridgeable differences between those who can be classified as digital natives or 

digital immigrants based on when they are born.  

 

This is important because the term digital native, net generation and other catchy terms are being 

used widely in public and political debate. The acceptance of these generalizations is especially 

problematic in a context where JISC, BECTA and academics are investing significantly in 

research programmes that aim to explore and better understand learners’ experiences of using 

technologies. More importantly, the frequent uncritical use of these and similar terms, even if the 

term is used without accepting the underlying assumptions, could have a negative impact upon 

the perceived possibilities of teacher- student interaction. 

 

Proponents of a generational definition of concepts such as that of the digital native arguably 

support a view of society as a new era that is fundamentally different and signals a break with 

previous times (Stevenson, 2002); where technology is a key driver of this change (Webster, 

2002). Yet what this data indicates is that the opposite is true – that contemporary society is a 

continuation of the past and technology, while important, is not the only determining factor in our 

lives. There can be a tendency within educational policy to see technology as the “fix” or 

“solution” to many of the challenges the sector faces (Robins and Webster, 1989) and there is a 
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danger that the current popularity of statements about young ‘techy’ generations could increase 

the prominence of this deterministic view. To counter such claims the publication and discussion 

of empirical work on the realities of how younger and older generations learn through and engage 

with technology is needed. This study and other research such as that by Facer and Furlong 

(2001), Bennet et al (2008) and Cheong, (2008) are steps in the right direction but further 

research and greater awareness amongst parents and practitioners is necessary. 

 

While survey data goes some way to understanding these issues, more qualitative work could 

also be beneficial to explore the dynamics of family learning, what people actually do when they 

are online, how learning can take place and the importance of cognitive and neurological 

development. Reporting of use of the Internet is not the same as understanding the learning that 

may take place as a result of this use. In particular, we lack studies that discuss household 

member and peer interactions, for example in relation to proxy use, as regards the use of and 

learning from ICTs. Such research is vital in order to refine and advance existing theories of 

learning using new technologies.  

 

Prensky, Oblinger and Oblinger and others are right - we need to understand learners in order to 

teach them well. We are not saying education should not change, but debates about change must 

be based on empirical evidence and not rhetoric. 
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Table 1 Media richness and Internet use in different age groups in Britain 

 Age in years

 14-17 18-24 25-34 35-44 45-54 55-65 65+ 

Number of ICTs in 

households (scale 0-8)** 

4.27 

(1.53) 

3.56 

(1.79) 

3.27 

(1.70) 

3.45 

(1.70) 

3.15 

(1.97) 

2.40 

(1.67) 

1.52 

(1.48) 

Internet users ** 90% 

(.30) 

86% 

(.35) 

78% 

(.42) 

78% 

(.41) 

77%  

(.42) 

57% 

(.50) 

32% 

(.47) 

Base: All (N=2,350)  

Note. Standard deviation is indicated between (…) 

** Differences between age groups significant at p<.01 

 



Table 2 Media richness of the household, Internet prominence (first port of call), multi-tasking and 
self-efficacy amongst Internet users in different age groups 

 Age in years

 14-17 18-24 25-34 35-44 45-54 55-65 65+ 

Average number of ICTs in households  

(scale 0-8)** 

4.45 

(1.42) 

3.77 

(1.75) 

3.62 

(1.58) 

3. 83 

(1.59) 

3.51 

(1.90) 

3.11 

(1.62) 

2.49 

(1.70)

Average number of activities for which the 

Internet is the first port of call (scale 0-5)** 

3.57 

(1.57) 

3.24 

(1.77) 

3.33 

(1.66) 

3.07 

(1.78) 

2.99 

(1.83) 

2.56 

(1.85) 

1.99 

(1.66)

Internet first for school/work information** 80% 72% 77% 76% 71% 57% 54% 

 (.40) (.45) (.42) (.43) (.46) (.50) (.50) 

Multitasking** 87% 

(.34) 

74% 

(.44) 

75% 

(.43) 

64% 

(.48) 

52% 

(.50) 

51% 

(.50) 

43% 

(.50) 

Self-efficacy (good or excellent skills)** 82% 76% 72% 65% 49% 45% 47% 

 (.39) (.43) (.45) (.48) (.50) (.50) (.50) 

Base: All Internet Users (N=1,578)  

Note. Standard deviation is indicated between (…) 

** Differences between age groups significant at p<.01 



Table 3 Percentage of internet users who undertook different types of Internet use (in the last year) in 

different age groups 

  Age in years

  14-17 18-24 25-34 35-45 45-44 55-65 65+ 

Entertainment**  100% 93% 92% 85% 79% 67% 68%

Training**  94% 87% 83% 80% 77% 62% 53%

Fact Checking ** 92% 84% 86% 84% 82% 76% 69%

Current affairs/interests 85% 90% 92% 93% 91% 86% 81%

Person to Person Networking ** 84% 84% 87% 83% 73% 74% 71%

Shopping**  81% 94% 94% 95% 93% 92% 85%

Social Networking **  70% 64% 49% 47% 37% 35% 32%

Travel**  55% 83% 95% 93% 90% 87% 77%

Diary Functions** 50% 40% 32% 27% 26% 22% 18%

eGovernment ** 25% 37% 50% 58% 48% 44% 41%

Finance**  16% 47% 68% 71% 60% 58% 45%

Civic Participation * 3% 7% 11% 5% 11% 13% 12%

N= 85 211 318 343 295 172 153

Base: All Internet Users (N=1,578)  

* Differences between age groups significant at p<.05  

** Differences between age groups significant at p<.01 



Table 4 Percentage of internet users who undertook different types of Internet use (in the last year) in 

groups with different years of internet use experience 

 Years of experience in using the Internet

 < 6 months 6months to 1 yr 1yr to 2yrs 2yrs to 5yrs > 5 yrs 

Current affairs/interests**  81% 76% 90% 87% 95% 

Entertainment** 79% 67% 76% 84% 89% 

Shopping**  76% 87% 93% 90% 97% 

Travel**  70% 73% 87% 85% 94% 

Fact Checking** 68% 69% 79% 81% 88% 

PtoP Network**  64% 55% 71% 78% 90% 

Training**  64% 62% 64% 75% 87% 

Finance**  36% 34% 47% 54% 72% 

Social Network** 30% 27% 30% 40% 63% 

eGovernment** 27% 24% 33% 41% 62% 

Diary Functions ** 17% 12% 19% 25% 41% 

Civic Participation** 4% 5% 5% 5% 15% 

N= 85 98 171 568 635 

 

Base: All Internet Users (N=1,578)  

* Differences between age groups significant at p<.05  

** Differences between age groups significant at p<.01 



Table 5 Percentage of internet users who undertook different types of Internet use (in the last year) in 

groups with different breadths of activity 

 Number of activities undertaken in total

 

1 or 2 

activities

3 to 6 

activities

7 or 8 

activities

9 

activities

10 to 12 

activities 

Shopping**  56% 81% 95% 99% 100% 

Travel** 33% 73% 91% 96% 99% 

Current affairs/interests**   21% 75% 96% 99% 100% 

Training**  17% 47% 82% 91% 98% 

Entertainment** 17% 58% 91% 98% 99% 

Person to Person Network** 16% 44% 89% 97% 99% 

Fact Checking**  12% 62% 84% 96% 98% 

Egovernment**  5% 14% 33% 60% 86% 

Civic Participation** 4% 1% 3% 6% 24% 

Social Network**  3% 11% 32% 55% 92% 

Finance**  2% 23% 52% 71% 94% 

Diary**  0% 4% 13% 34% 68% 

N= 60 356 458 253 441 

 

Base: All Internet Users (N=1,578)  

* Differences between age groups significant at p<.05  

** Differences between age groups significant at p<.01 

 



Table 6 Linear regression of media richness of the household and Internet prominence (first port of call) 

 Media richness a    First port of call b

 b β p. b β p. 

(Constant) 2.09  ** 1.34  ** 

Generation -0.01 -0.12 ** -0.02 -0.14 ** 

Experience 0.04 0.09 ** 0.05 0.09 ** 

Breadth of use 0.21 0.31 ** 0.27 0.38 ** 

Gender (Female) -0.15 -0.04 0.06 -0.19 -0.05 * 

Children 0.90 0.26 ** 0.05 0.01 0.54

Education -0.12 -0.06 * 0.01 0.00 0.88

R2= 0.24 0.23 

Base: All Internet Users (N=1,578) , 

a. Number of ICTs in the household.  

b. The number of activities for which a person would use the internet first.  

* Significant at p<.05 

** Significant at p<.01 

 



Table 7 Linear regression of multitasking and self-efficacy 

 Multitasking a Self-efficacy b

 b β p. b β p. 

(Constant) 0.37  ** 2.08  **

Generation -0.01 -0.20 ** -0.10 -0.14 **

Experience 0.03 0.13 ** 0.17 0.24 **

Breadth of use 0.08 0.28 ** 0.13 0.32 **

Gender (Female) -0.09 -0.07 ** -0.08 -0.05 0.05

Children 0.03 0.02 0.40 -0.06 -0.04 0.12

Education 0.04 0.05 0.07 0.16 0.16 **

R2= 0.21 0.34 

Base: All Internet Users (N=1,578) 

a. How often the respondent does other things while using the Internet.  

b. How good the respondent thinks they are at using the Internet. 

* Significant at p<.05 

** Significant at p<.01 

 



Table 8 Linear regressions of formal and informal online learning opportunities 

  Fact checking Training and Learning Current affairs

  b β p. b β p. b β p. 

(Constant) 0.04  0.72 -0.97  ** 0.02  0.94

Generation -0.04 -0.06 * -0.20 -0.16 ** 0.05 0.05 *

Gender (Female) 0.04 0.03 0.29 0.14 0.04 * -0.18 -0.07 **

Experience 0.02 0.03 0.23 0.03 0.02 0.41 -0.02 -0.02 0.40

Breadth of use 0.16 0.40 ** 0.29 0.36 ** 0.32 0.48 **

Self-efficacy 0.03 0.04 0.21 0.15 0.08 ** 0.06 0.04 0.14

Children -0.02 -0.01 0.67 0.10 0.03 0.20 0.02 0.01 0.71

Education 0.05 0.05 * 0.31 0.16 ** 0.05 0.03 0.26

R2= 0.22 0.30 0.26 

Base: All Internet Users (N=1,578)  

Note. The linear regressions were based on the factor scores for each of these activities 

* Significant at p<.05 

** Significant at p<.01 

 

 



+ 

Irvington Middle School  

Implementation of the  

Common Core Learning Standards (CCLS) 

Board of Education Meeting  
January 28, 2014 


	Digital natives (London School of Economics).pdf
	Digital natives (cover).doc
	Digital natives (author version).doc
	Introduction
	Method
	Results 
	Generation
	Experience
	Breadth of use
	Generation, experience and breadth of use 

	Discussion 
	Conclusion
	References

	Digital natives tables (author version).doc




