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To comprehend edited video, viewers must infer the meaning
conveyed by successive video shots (i.e., continuous video segments
separated by edit points, such as camera cuts). The central question
here was whether comprehension-related top-down cognitive processes drive eye movements during sequential processing of video
montage. Eye movements were recorded as 4 year olds and adults
(n = 62) watched a video with the same constituent shots in either
normal or random sequence. The key analyses compared eye movements to constituent shots when presented in normal order with
those to the same shots presented in random order. The dependent
variable was attentional synchrony or the extent to which viewers
looked at the same location at the same time, indicating commonality
of processing the video. This was calculated as the bivariate contour
ellipse area within which points of gaze fell during each video frame.
Results indicated that children were more scattered in their gaze
locations than adults. Viewers became more similar to each other as
normal vignettes unfolded over time; this was especially true in
adults and possibly reflects a growing and shared understanding of
the content. Conversely, adult attentional synchrony was reduced
when watching random shot sequences. Thus, attentional synchrony
during normal video viewing is driven not only by salient visual features, such as movement and areas of high contrast, but also, by the
unfolding sequential comprehension of video montage, especially in
adults. Differences between children and adults indicate that this topdown control of eye movements while watching video changes systematically over development.
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espite the growing popularity of interactive screen technologies, the vast majority of children’s media time is spent
with television or other noninteractive video, which is often
viewed on mobile digital devices (1). Film and television programs are ordinarily constructed as sequences of video shots (i.e.,
continuous video segments that are separated by edit points,
such as camera cuts), from which overarching meaning emerges.
As an example, a shot of the Eiffel Tower followed by a shot of a
busy outdoor café would typically lead to the viewer’s inference that
the café scene takes place in Paris. A scripted television program
consists of sequences individually conveying concepts, such as location, spatial layout, time transitions, implied events, character
point of view, and many others. Such relations between shots are
collectively called filmic montage. It has long been recognized that
viewers have to learn how to comprehend filmic montage insofar as
many shot sequences deviate from real-world perceptual experiences (2). By adulthood, most viewers readily extract the meaning
from edited video sequences and are often not aware of the transitions between shots, such as cuts, fades, and wipes (3, 4). Research
with adults who are inexperienced with audiovisual media indicates
that comprehension of shot transitions often fails, suggesting that
maturation and real-world experience alone are not enough for
efficient processing of video (5).
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Ordinarily, video producers avoid presenting images that are
visually cluttered and complex. A television image is typically
designed to have only one or two visual foci that represent the most
informative portions of the image with respect to illustrating the
ongoing scripted content. This may be particularly true of children’s
television programs (6). In addition, videos are edited to be coherent in the attempt to sustain attention as well as to encourage
cognitive comprehension and emotional engagement. A successful
video production directs visual attention to the most informative
portions of the screen during each successive shot. It is highly desirable, therefore, that the audience looks at the same places on the
screen at the same time. In line with this assertion, adults are more
similar to each other in their visual fixations when viewing professionally edited Hollywood movie trailers than when viewing static
scenes or videos of naturalistic scenes that have not been professionally edited (7). To the degree to which the audience is fixating the screen in common, it is likely that it is arriving at a
common understanding of the video content. A corollary of this is
that, to the degree to which the audience does arrive at a common
understanding of the content, then fixation patterns should become
progressively tighter with each new shot into the unfolding content.
Although transparently obvious to experienced adults, audiovisual
media comprehension is much more challenging for young children.
Only beginning at 18 mo, for example, do toddlers begin to look more
at meaningful shot sequences compared with randomized sequences of
the same shots, indicating that they have begun to perceive relationships between adjacent shots; by 24 mo, a preference for meaningful
shot sequences is well-established (8, 9). Nonetheless, comprehension
of edited video is likely a cognitively taxing activity for young viewers,
with research indicating substantial growth in comprehension of simple
edited video stories through middle childhood (10–12).
There has been relatively little research on how viewers process
edited video in real time. The approach taken here is to examine
eye movements during video viewing. With respect to edited video,
the central question here is how eye movements to shots that are
part of a meaningful video montage differ from eye movements to
the same shots that occur in random order. One possibility is that
eye movements are driven by bottom-up perceptual mechanisms
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(also referred to as exogenous stimulus control) related to perceptual salience, such as movement or image regions of high contrast
(13, 14). An additional possibility, explored here, is that, as a viewer
develops a schematic understanding of the unfolding video montage, top-down cognitive processes (or endogenous control) increasingly drive eye movements. Top-down cognitive processes
related to cognitive understanding of the content should be manifest
in normal video and to a much lesser extent (if at all), in random shot
sequences. If so, because adults are vastly more experienced in processing filmic montage compared with young children, adult eye
movements should be relatively more influenced by disruptions in
sequential shot comprehensibility.
When adults watch video, they exhibit attentional synchrony
(15) [that is, a strong tendency to look at the same place on the
screen at the same time as each other (7, 13, 16–21)]. This coherence between adult viewers is at least partly explained by
common attentional capture by perceptual features, such as
movement (13). In addition to the influence of exogenous features, attentional synchrony may reflect strong coherence in patterns of neural activation during film viewing (22) or in other words,
a common perception and understanding of the unfolding content.
In adult film viewing, individuals’ memory and comprehension of
the content are correlated with the degree to which strong synchronies in neural activation occur across individuals (23). When
encountering new content that is unconnected with prior shots (as
in the transition from television program to commercial), adults
have a strong tendency to fixate the center of the screen, subsequently moving fixations to a point of central interest. In contrast,
in response to shot changes within continuing content, they are
much more likely to fixate other regions of the screen (13, 19, 20,
24). The latter finding likely reflects anticipation of the most informative region of the screen in the current shot as related to the
immediately prior shot.
One study reported that adult attentional synchrony during
film viewing could be successfully modeled without invoking topdown mechanisms involving anticipation based on prior shots
(21). Nevertheless, shot anticipation in adult processing of edited
video was verified using experimentally produced animations
(25). In these animations, a series of shots showed a character or
object moving continuously across a landscape. Following standard cinematic editing practices, the character or object disappeared from one edge of the screen only to reappear on the
opposite edge. Adult viewers showed clear anticipation of this
reappearance by moving their fixations to the opposite side of
the screen; 4-y-old children, in contrast, reacted to the shot
change more slowly and tended to center their gaze at the beginning of the next shot. This study shows that adults efficiently
integrated spatial and action information across shots. This is
consistent with other research showing that adults who receive
contextual information (i.e., view preceding shots) exhibit greater
attentional synchrony and are more likely to make critical inferences when viewing video clips (26). Unlike adults, 4 y olds tend to
wait for a character or object to reappear on the opposite edge of
the screen before they shift their gaze to track it (25).
Compared with adults, young children who are old enough to
comprehend elementary filmic montage exhibit less attentional
synchrony insofar as they are less likely to look at the same place
on the screen at the same time as other children. They are also
much more likely to center their gaze after each shot, regardless
of whether the content is ongoing or new. This stands in contrast
to infants, who not only show relatively little attentional synchrony but
also, show no such tendency to center gaze after a shot boundary,
indicating that they are probably not sensitive to shot transitions as
informative features of video (19). Thus, on the one hand, preschoolaged children exhibit gaze patterns that suggest less systematic topdown processing than what is characteristic of adults’ eye movements
during video viewing. On the other hand, 4 y olds have substantial
comprehension of age-directed, edited television programs, such as
9868 | www.pnas.org/cgi/doi/10.1073/pnas.1611606114

Sesame Street (11). Perhaps reflecting this comprehension, as
shots within a content vignette progress, attentional synchrony
among 4 y olds increases (19). These findings are suggestive
that some top-down control of eye movements occurs in these
young children but that, relative to adults, they are slow and
less efficient.
In summary, the extant literature suggests that attentional
synchrony may be the result of both bottom-up and top-down
cognitive processes. Whether the age-related increase in attentional synchrony is primarily because of greater influence of topdown control remains unknown. Some eye-tracking evidence
suggests that the importance of meaningful features, such as
faces (relative to perceptually salient features), increases with
age (16, 17). However, perceptual salience may be correlated with
the locations of meaningful objects in a scene (27), making it
difficult to separate effects of bottom-up exogenous control and
top-down endogenous control using naturalistic stimuli. This study
experimentally disentangles many of the factors that control eye
movements within shots compared with between shots by using
normal shot sequences compared with the same shots that occur in
random order. In other words, we compared the same audiovisual
content (largely controlling for bottom-up features) presented in
normal sequences vs. random sequences to more directly assess
the impact of top-down comprehension processes on attentional
synchrony. To the extent that viewers efficiently guide eye
movements to successive shots by their emerging comprehension
of the content, they are able to exert top-down control over eye
movements to normal video, and they should show greater disruption of attentional synchrony when the shots are in random
order (21).
Overview of the Study
Adults and 4-y-old children were shown a version of the children’s
television program Sesame Street while their eye movements were
recorded. This television program, while primarily intended as
educational content for preschool children, also has a layer of
humor directed at adult viewers to encourage parent coviewing.
The program incorporates sophisticated editing that is characteristic of professionally produced television and incorporates multiple content segments of several minutes in duration that we refer
to as vignettes. The story arc within each vignette is conveyed
across multiple shots. There are thus three time courses over
which eye movements unfold: across frames within the same video
shot, across conceptually related shots within the same vignette,
and across distinct vignettes that have no semantic relation. There
were two experimental conditions: the normal, comprehensible
sequence of shots in each vignette as originally broadcast and the
same shots presented in random order within each vignette. Four
year olds were used as the child comparison group, because they
are at a prime age for viewing Sesame Street, and prior research
has shown that they have a basic—albeit imperfect—comprehension of filmic montage (12). Sensitivity to canonical filmic montage
first appears at about 18 mo and is well-established by about
24 mo (8, 9); however, comprehension of filmic montage continues to develop throughout early and middle childhood (10, 12).
Analyses consider attentional synchrony among viewers in the
same age group and condition. That is, the analyses examine the
extent to which the viewers looked at the same place on the screen
at the same time as peers who watched the same video sequence.
We predicted that eye movements to the normal version of Sesame Street would be more synchronous for adults than for children, consistent with greater strategic, comprehension-related
information processing and greater experience viewing filmic
montage. Such a finding would replicate earlier research (19).
Furthermore, to the extent that attentional synchrony among
adults reflects ongoing comprehension, we expected synchrony
to increase across successive shots within a vignette when adults
viewed normal video sequences. In the random shot sequence
Kirkorian and Anderson

Results
The dependent variable was attentional synchrony across individuals as indicated by bivariate contour ellipse area (BVCEA).
Methods has specific detail regarding BVCEA calculation. The
unit of analysis was an individual frame, each of which was viewed
by children and adults viewing either normal or random shot sequences. Thus, the general analytical design was a four-level hierarchical linear model (HLM) including age and condition (level
1), time into a shot (level 2), order of shots in a vignette (level 3),
and order of vignettes in the video (level 4). To compare identical
frames when viewed in normal vs. random sequence, one model
included data from both conditions, with age, condition, and
frame order (in seconds) as predictors. Given that shot order
differed in the normal and random conditions, separate models
examined the impact of shot order for each sequence. As an example of raw data, Fig. 1 presents scatterplots of gaze coordinates
for 15 viewers in each of the four groups during one video frame.
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Attentional Synchrony Within the Same Shot. Model 1 compared

attentional synchrony among children and adults when watching
the exact same shot as it was presented in either a normal or
random sequence. This model also examined change in attentional synchrony over the course of a single shot. Results from
model 1 are presented in Table 1 and plotted in Fig. 2.
The first set of effects in Table 1 (marked as constant) represents BVCEA for adults in the normal condition (i.e., when
both age and condition = 0) and how attentional synchrony for
this group changed over time into a single shot. There was a
significant effect of frame order, such that adults’ synchrony
decreased over time into a shot (evidenced by greater BVCEA):
δ0100 = 33.77, SE = 3.37, t(501) = 10.01, P < 0.001.
The second set of effects in Table 1 shows the effect of age in
the normal condition and the extent to which this age effect
changed across individual shots. There was a significant main
effect of age, such that children were less synchronous (larger
BVCEA) than adults: δ1000 = 33.96, SE = 2.81, t(1,618) = 12.10,
P < 0.001. While this main effect was evident throughout shots,
it decreased somewhat over time: δ1100 = −0.76, SE = 0.28,
t(1,618) = −2.74, P = 0.007.
The third set of effects in Table 1 depicts condition effects for
adults (i.e., whether random video differs from normal video)
and the extent to which this condition effect changed over time
into individual shots. Adults’ fixations were less synchronous
(higher BVCEA) when watching random shot sequences than
when watching shots in a coherent order: δ2100 = 8.21, SE = 2.81,
t(1,618) = 2.93, P = 0.004. This difference is consistent with the
hypothesis that attentional synchrony among adults is at least
partly the result of top-down endogenous control given that the
audiovisual features that would drive bottom-up exogenous
control were identical across the two conditions. The effect of
frame time on condition was not significant (P > 0.250); thus, the
effect of condition did not vary across a single shot.
Kirkorian and Anderson

Fig. 1. Examples of contour ellipses around gaze coordinates. (Upper) A single
video frame from the video. (Lower) Fifteen randomly selected gaze coordinates for children watching this shot in the normal sequence (A), children
watching the random sequence (B), adults watching the normal sequence (C),
and adults watching the random sequence (D). © 2017 Sesame Workshop.!
Sesame Street! and associated characters, trademarks, and design elements
are owned and licensed by Sesame Workshop. All rights reserved.

The fourth set of effects in Table 1 depicts fixed effects for the
condition by age interaction (i.e., the extent to which the condition effect differed between children and adults). The level
1 interaction term was significant: δ3000 = −8.35, SE = 3.97,
t(1,618) = −2.10, P = 0.035. Although adults were less synchronous when watching random sequences than when watching
normal sequences, this was not the case for children. As with
adults, the condition effect for children did not change significantly over time into a single shot (P > 0.900).
To summarize, adults’ gaze locations were more similar to
those of other adults when watching normal shot sequences than
when watching the same shots in random sequences. This difference is consistent with the hypothesis that top-down control
over eye movements in adults likely results in high attentional
synchrony among viewers. Because these vignettes are easy for
an adult to comprehend, there should be little difference between adults in their level of comprehension, and therefore,
BVCEA should be small. In the random shot condition, in
PNAS | October 2, 2018 | vol. 115 | no. 40 | 9869
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version, however, there is much less opportunity for top-down
endogenous guidance of eye movements. Consistent with this
prediction, comparisons with normal video have shown that
random shot sequences engage different neural systems than
normal shot sequences; in particular, the default mode network
is not activated while watching random shot sequences (28, 29).
Activation of the default mode network, in turn, is associated
with sequential comprehension (30). Therefore, we predicted
that, while watching random shot sequences, adult eye movements would be more variable and thus, more similar to child eye
movements to the same shots. Given that 4-y-old children are
able to comprehend Sesame Street but have much less experience
than adults viewing edited video, it was an open question as to
how much their eye movement patterns would change between
normal and random shot sequences.

random sequence, these strategies are disrupted, thus limiting
viewers’ ability to engage in common comprehension.

Table 1. Fixed effects for model 1 examining attentional
synchrony within the same shot
Predictor
Constant (δ0000)
Frame within shot (δ0100)
Age (δ1000)
Age × frame (δ1100)
Condition (δ2000)
Condition × frame (δ2100)
Condition × age (δ3000)
Condition × age × frame (δ3100)

Coefficient (SE)
33.77
1.04
33.96
−0.76
8.21
−0.31
−8.35
0.03

(3.37)
(0.28)
(2.81)
(0.28)
(2.81)
(0.28)
(3.97)
(0.39)

t Ratio
10.01***
3.76***
12.10***
−2.74**
2.93**
−1.12
−2.10*
0.09

The dependent variable was BVCEA (10° visual angle2) for each group for
each frame. Age was entered at level 1 as a dichotomous variable, with zero
representing adults and one representing children. Condition was also a
level 1 dichotomous variable, with zero representing the normal condition
and one representing the random condition. Frame order (seconds since the
start of the shot) was entered at level 2: df = 6 for the constant (δ0000), df =
501 for frame order within a shot (δ0100), and df = 1,618 for all other predictors. P values are *P < 0.05, **P < 0.01, and ***P < 0.001.

contrast, adults likely cannot apply a common real-time comprehension scheme to a vignette. Consequently, cognitive interpretations of the shot sequence likely vary across individuals,
explaining an increase in values of BVCEA. In comparison with
adults, children were relatively less synchronous, and there appears to be relatively little impact of random shot sequences on
eye movement patterns of young children. These findings are
consistent with the hypothesis that younger viewers are less able
to engage top-down comprehension processes in real time to
guide anticipatory eye movements when watching normal shot
sequences, resulting in relatively high variability across individuals, regardless of whether the shots are presented in normal or
random order.
Attentional Synchrony Across Multiple Shots. To the extent that
attentional synchrony across individual viewers is caused by ongoing comprehension processes, we would expect comprehension and thus, synchrony to increase over time in a coherent
video sequence but not in a random sequence. To test this hypothesis, separate HLM4 models examined changes in BVCEA
across coherent vs. random shot orders. Table 2 presents fixed
effects for model 2 (normal sequences) and model 3 (random
sequences). Fitted lines from these two separate models are
overlaid in Fig. 3 for ease of visual comparison.
When viewing shots in normal order, adults’ gaze locations became more synchronous across successive shots: δ0010 = −0.77,
SE = 0.26, t(44) = −2.92, P = 0.006. Also consistent with the hypothesis that increasing attentional synchrony reflects increasing
comprehension of events within a vignette, there was no increase in
synchrony across shots in a random sequence (P > 0.500).
As in model 1, children’s eye movements were more scattered
than those of adults in both the normal and random conditions:
δ1000 = 20.74, SE = 3.82, t(500) = 5.43, P < 0.001 vs. δ1000 =
20.46, SE = 3.65, t(500) = 5.61, P < 0.001, respectively. Of
greater interest here was the extent to which attentional synchrony varied across a sequence of shots. In the normal condition, children’s gaze became more synchronous across shots in
the same vignette but to a marginally lesser extent than that of
adults: δ1010 = 0.51, SE = 0.22, t(500) = 2.33, P = 0.020. In the
random condition, children (like adults) did not exhibit any
change in BVCEA across shots (P > 0.900).
Together, these findings are consistent with the hypothesis
that adults (and to a lesser extent, young children) are able to use
top-down strategies to guide visual attention when viewing normal shot sequences. When the same shots are presented in a
9870 | www.pnas.org/cgi/doi/10.1073/pnas.1611606114

Discussion
There have been two broad (not necessarily mutually exclusive)
points of view of the factors that control eye movements to video.
One is that fixations are controlled by visual factors individually
associated with each image. That is, the eyes are attracted to
regions of high visual contrast, movement, and other visual
features that are known to produce visual orienting, even in infants (13, 17). Subsequently, viewers may home in on a portion of
the image that is most informative (21). The other broad point of
view is that attention to the screen in general and fixations to
specific portions of the images are driven by comprehension of
the content as it unfolds across filmic montage. Experience
gained viewing video, therefore, provides the viewer with efficient comprehension-related strategies of eye movements that
can guide fixations across successive shots (19, 25).
While there is prior evidence for both bottom-up (13, 17, 21)
and top-down (14, 25) factors controlling eye movements to
video, this experiment attempts to developmentally disentangle
them using identical video content that is presented in either coherent or incoherent sequences. By removing the logical or
pragmatic connections between shots (that is, by placing them in
random order), the primary factors that control eye movements
are likely those that are found within each individual shot. In
contrast to normal videos, where comprehension has the potential
to grow over successive shots, there should also be a growing realization by viewers that a random sequence of shots provides little
relevant information useful in guiding eye movements.
The findings for adults were quite consistent with hypotheses
that both top-down and bottom-up cognitive and perceptual
processes drive eye movements to video. Normal shot sequences
led to eye positions clustered in relatively small regions of the
screen. As shots within vignettes progressed, these regions became even smaller, consistent with the hypothesis that adults
acquire a growing understanding of the content and greater expectations as to the nature of succeeding shots. Random shot
sequences, however, greatly increased the variability between
adult viewers as to where they looked in each shot. There was
little decline in this variability between viewers as additional

Fig. 2. Fitted lines for model 1 examining attentional synchrony as a
function of age, condition, and frame (seconds into the shot). Table 1 shows
fixed effects. The dependent variable was BVCEA (10° visual angle2) for a
group’s gaze coordinates to a single frame (n = 561).
Kirkorian and Anderson

Model 2: normal
Predictor
Constant (δ0000)
Shot within vignette (δ0010)
Age (δ1000)
Age × shot (δ1010)

Coefficient (SE)
53.00
−0.77
20.74
0.51

(4.79)
(0.26)
(3.82)
(0.22)

t Ratio
11.07***
−2.92**
5.43***
2.33*
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Table 2. Fixed effects for models 2 (normal) and 3 (random) examining age and shot order
effects on attentional synchrony in each condition
Model 3: random
Coefficient (SE)
49.14
−0.20
20.46
0.002

(5.56)
(0.36)
(3.65)
(0.28)

t Ratio
8.84***
−0.55
5.61***
0.007

shots from the vignette were presented in random order. This
evidence is consistent with the position that adults anticipate
content in succeeding shots during normal video and that they
use this information to guide eye movements. Moreover, the fact
that adults showed greater attentional synchrony than children to
individual shots in the random sequences is suggestive that they
have, with maturation and viewing experience, developed efficient strategies for finding informative visual features even when
sequential comprehensibility is absent (21).
Compared with the findings for adults, the findings for children were quite different. Consistent with earlier research (19),
this study found much greater variability in gaze locations among
4 y olds relative to adults. This indicates that children are less
likely than adults to look at the same part of the screen at the
same time as their peers. The differences in synchrony between
normal and random shot sequences for children were relatively
small, indicating little effect of sequentially meaningful shot relationships on eye movement control. In fact, if random shot
sequences had any impact on the eye movements of children, it
would be in the opposite direction than would be expected by
comprehension-related top-down control of eye movements
across shots. That is, children had slightly (albeit nonsignificantly) greater attentional synchrony during random sequences
than normal ones. One possible explanation is that, during random

Fig. 3. Modeled attentional synchrony as a function of age, condition, and
shot (order within vignettes). The dependent variable was BVCEA (10° visual
angle2) for a group’s gaze coordinates to a single frame (n = 561). Plots for
model 2 (normal condition; solid lines) and model 3 (random condition;
dashed lines) were calculated separately (Table 2 shows fixed effects) but are
overlaid here for ease of comparison.
Kirkorian and Anderson

shot sequences, children tended to center their gaze in the
middle of the screen for each and every shot, thus reducing
individual differences in fixation point. However, analyses of
gaze distance from the center did not support this interpretation. We suggest instead that greater variability in gaze location
among children during normal shot sequences likely reflects
individual differences in filmic montage comprehension and
perhaps, in overall content understanding. Some children may
be in the early stages of anticipating the next shot, but others
simply center their gaze with each new shot, regardless of shot
coherence. Alternatively, less gaze variability during random
sequences may represent a default mode of visual attention,
wherein gaze is simply directed at the most salient portion of
the image.
We created experimental stimuli using Sesame Street to observe visual attention in a seminaturalistic viewing situation.
While this approach provides some degree of external validity, it
leaves some questions unanswered. Future research with carefully controlled audio and visual stimuli is needed to more directly examine the interplay between bottom-up and top-down
processes in video viewing. Such research would also be useful in
determining the specific features of random video sequences that
decreased attentional synchrony in adults in this study (e.g., less
perceptual overlap between adjacent shots at shot boundaries,
inability to use audio information to predict what will happen in
the next shot). It is also critical to complement these findings
with direct assessments of content comprehension in both children and adults, particularly as it relates to attentional synchrony
and ongoing narrative comprehension. Nonetheless, this study
represents a critical step in bridging the research on filmic
montage comprehension by young children and attentional synchrony among adults during video viewing.
Television, video, and television-like digital applications have
become extraordinarily important aspects of modern children’s
lives (1). Video screens on a wide variety of large-screen and
mobile devices have become principal sources of formal and
informal education as well as entertainment. Especially with
respect to education, it is essential to provide productions that
are informed by evidence of how children process video and how
that processing changes with development. This study shows that
preschool children’s patterns of eye movements are quite different from those of adults and that they process video montage
differently. These differences likely arise from slower processing
speed and above all, more difficulty in processing transitions
between shots. An implication is that educational media producers should not rely on adult perceptions alone to produce
effective content for young children (31, 32). Instead, for video
and video-like interactive productions, judicious shot pacing and
image composition should be high priorities for producers. Educational video programs (and video-like interactive applications) can and should make use of evidence-informed principles,
PNAS | October 2, 2018 | vol. 115 | no. 40 | 9871
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The dependent variable was BVCEA (10° visual angle2). Age was entered at level 1 as a dichotomous variable,
with zero representing adults and one representing children. Shot order (centered at the first shot in each
vignette) was entered at level 3: df = 6 for the constant (δ0000), df = 44 for shot order (δ0010), and df =
500 for all other predictors. P values are *P < 0.05, **P < 0.01, and ***P < 0.001.

such as these, to produce engaging and comprehensible educational
content.
Methods
Participants and Design. Participants were 30 4-y-old children (11 female,
19 male; mean age of 4.52 y old; range = 4.36–4.74 y old) and 32 adults
(26 female, six male; mean age of 20.80 y old; range = 18.17–30.49 y old). An
additional three children were excluded from analyses because of inability to
calibrate visual fixation points; 12 adults were excluded for the same reason
(e.g., because they wore glasses). Equal numbers of viewers in each age group
were randomly assigned to watch normal, comprehensible video or random
edit, sequentially incomprehensible video. Adults were studied, because they
have high comprehension of editing techniques and exhibit relatively synchronous gaze patterns compared with younger viewers (16, 17, 19). Additionally, adults exhibit greater attentional synchrony when watching comprehensible
shot sequences than when watching randomly edited video segments (21).
Four year olds were studied, because prior research shows that young children
have only a limited understanding of editing conventions relative to older
children (12) and have fewer synchronous gaze patterns relative to adults
when watching normal shot sequences (19).
The study was approved by the Institutional Review Board at the University
of Massachusetts Amherst. Adult participants were recruited from undergraduate psychology courses. Names and addresses for potential child
participants came from a database of birth records for children in western
Massachusetts. Each family received a letter describing the project and a
follow-up phone call requesting participation. This database typically results
in a response rate of 10–20%. When participants arrived at the laboratory, an
experimenter explained the study and offered to answer questions. Then,
adult participants and parents signed an informed consent document.
Parents of child participants also completed a survey to report demographics and home media use. The majority (90%) of parents identified
their child as white or Caucasian; the remaining 10% identified their child as
biracial or mixed race. As a proxy for socioeconomic status, parents reported
the number of years of education completed by each parent, with 12 y
typically indicating a high school diploma, 16 y typically indicating a 4-y
college degree, and so on. The average number of years per parent was
17.03 y (SD = 3.54 y, range = 10–28 y).
Parents reported their child’s use of screen media at home by completing
a retrospective viewing diary for a typical week. Each day (Monday through
Sunday) was divided into 30-min intervals from 6:00 AM to 10:00 PM. Parents indicated times during which the television was typically on while the
child was in the room. Of those times, parents distinguished between
foreground exposure (when the child would typically be watching a program) and background exposure (when the child would be in the room with
the television on but not watching a child-directed program). Parents
reported daily averages of 1.94 h of foreground television (SD = 1.44 h,
range = 0–5.93 h) and 0.65 h of background television (SD = 1.18 h, range =
0–4.57 h). Parent-reported television exposure did not predict the dependent variable of interest (attentional synchrony), and it did not differ
significantly by condition; therefore, it was not considered further.
Video Stimulus. The video stimulus was a compilation of 10 vignettes from the
children’s program Sesame Street. The entire video lasted ∼19 min. Vignettes represented a mix of live action and computer-generated imagery as
well as real-life actors, puppets, and animated characters. The narrative vignettes contained an average of 19 distinct shots (range = 3–47). Individual
shots averaged 6 s in length but ranged from less than 1 to almost 40 s. The
only difference between the two experimental conditions was the order of
shots within each vignette. In the normal condition, the shots were played in
their original order, creating a cohesive story for each vignette. In the random condition, the shots (including the audio) within each vignette were
played in a random sequence. Questions regarding the videos can be directed to H.L.K.
In the random condition, the shots were separated either at the exact
moment of an abrupt jump cut or at the midpoint of a wipe across the screen.
Thus, to the extent possible, the formal features (visual and auditory characteristics) of each vignette remained largely unchanged in the random
sequence, but the sequence of events within each vignette was disrupted,
rendering each narrative less comprehensible. While it is possible that adjacent video shots are more perceptually similar than those that occur farther
away from each other in a sequence and that randomly ordering shots within
each vignette incidentally increased the perceptual differences between
adjacent shots, such differences are unlikely to explain the condition effects
observed in this study. To rule out this possibility, we calculated the Visual
Activity Index (VAI) (33) immediately before and after each cut. This index
9872 | www.pnas.org/cgi/doi/10.1073/pnas.1611606114

describes the similarity in luminance in two separate images (in our case, each
pixel of the video frame that appeared immediately before vs. after each cut).
The average VAI across all frame pairs was identical for the normal and the
random edit video (normal video: mean = 0.70, SD = 0.14, range = 0.34–1.11;
random video: mean = 0.70, SD = 0.19, range = 0.11–1.16). Therefore, any
condition effects observed in this study are unlikely to be caused by systematic
differences in the perceptual similarity of adjacent shots, giving more confidence to the interpretation that condition effects are caused by differences
in viewers’ ongoing comprehension of each vignette.
Another video was used to calibrate the eye-tracker cameras. This video
consisted of small animated images alternating between the top left and
bottom right corners of the screen. Each image was on the screen for 4 s. In
other research, this procedure has resulted in equally accurate calibration across
age groups insofar as there were no significant age differences in horizontal
and vertical variability of the samples that were averaged to calculate gaze
location for the two calibration points. Because the same calibration procedure
was used for all participants before they viewed the Sesame Street video, any
condition effects that are reported here are not likely to be explained by
systematic differences in the quality of the calibration.
Setting and Apparatus. The study took place in a laboratory space on a university
campus. A curtain was hung from the ceiling to separate the control area from the
viewing area where participants watched the video (1.93 × 2.54 m). The stimulus
display screen, a 66-cm television set (standard 330-line resolution screen,

Level 4: Vignette Within Video

Level 3: Video Shot Within Vignette

Level 2: Frame Within Video Shot

Level 1: Age and Condition Within Each Frame

4 Years
Normal

4 Years
Random

Adult
Normal

Adult
Random

Fig. 4. Graphical representation of the analytical design. Age and condition
(level 1) were nested within frames (level 2). Frames were nested within shots
(level 3). Shots were nested within vignettes (level 4). © 2017 Sesame Workshop.! Sesame Street! and associated characters, trademarks, and design elements are owned and licensed by Sesame Workshop. All rights reserved.
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synchrony estimates were based on a majority of participants in both age
groups and conditions and that the same video frames were analyzed for all
groups. For this step, frames were sampled at a rate of 4 Hz (i.e., one frame
every 250 ms). As in the work by Kirkorian et al. (19), an individual video
frame was included in analyses only if it had usable gaze data from more
than one-half of the individuals in each category (minimum of nine participants per group). This criterion was met for the majority of frames for
adults (91% in the normal condition, 92% in the random condition). However, this criterion was met for only 34% of frames for children watching
normal video and 23% of frames for children watching randomly edited
video. When matching frames across both age groups and both conditions,
12% of video frames had usable gaze data from at least nine individuals
within each of the four groups. We also analyzed the data using less stringent criteria to include more video frames (e.g., lowering the minimum
number of participants to eight increased the number of usable frames to
24%). The general pattern of results was the same. Because our outcome
measure is sensitive to the number of samples included in calculating BVCEA,
we adopted more stringent criteria for the analyses presented here.
After eligible frames were identified, we calculated attentional synchrony
for each group and for each frame using the same formula for BVCEA as that
used in prior studies of between-subject differences in eye movements to
video (18, 19). In brief, this formula produced the spatial area of the best fit
bivariate contour ellipse surrounding at least 61.33% of the data points for
each group for each frame. The equation was

Procedure. On entering the study room, the participant was seated in front
of the video display screen. Parents remained in the room with child
participants, and they were asked to refrain from directing their child’s
attention to any particular area on the screen after the stimulus video
began. The two-point (top left and bottom right) “quick calibration”
procedure was used for all participants. Adult participants were asked to
look at each image, whereas children were asked to “play a guessing
game” by identifying the images (e.g., mouse, robot) as they appeared.
After calibration, the experimenter started the stimulus video and began
recording the gaze file and the digital video. Throughout the video, the
experimenter ensured that the head tracker was enabled and that the eye
camera was focused on the eye.

where ðH was the SD of the horizontal gaze coordinates, ðV was the SD of
the vertical gaze coordinates, p was the product–moment correlation between horizontal and vertical values, and k was the enclosure; k was calculated as

1. Rideout V (2017) The Common Sense Census: Media use by kids age zero to eight.
Available at www.commonsensemedia.org. Accessed November 9, 2017.
2. Münsterberg H (1970) The Film: A Psychological Study: The Silent Photoplay in 1916
(Dover Publications, Mineola, NY).
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"
BVCEA = 2kπðH ðV 1 − p2 ,

p = 1 − e−k ,
where p was the proportion of points included in the ellipse. In this study, k =
0.95, such that 61.33% of data points were required to be included in the best
fit ellipse. This is similar to the threshold used in previous research (18, 19).
Analysis Plan and Preliminary Analyses. The unit of analysis was an individual
video frame. However, each frame was viewed by four groups and therefore,
had four BVCEA values (children vs. adults; normal vs. random). Moreover,
each frame was nested within a video shot, which was then nested within a
vignette. Therefore, we utilized HLM to analyze BVCEA as a function of age,
condition, and time. We created four-level nested models using the HLM
7 software package. Fig. 4 shows a graphical representation. At level 1, we
compared the BVCEA for the exact same video frame when it was presented
to children vs. adults and in a normal vs. random sequence. We also considered time into a single video shot at level 2, the order of shots within a
single vignette at level 3, and the order of vignettes in the video at level 4.
Thus, we were able to consider the effect of age and condition over time
into a single shot, over one story arc, and across multiple story arcs.
The frequency distributions of frames and shots were positively skewed,
such that most frames occurred within the first 20 s of an individual shot and
within the first 30 shots of an individual vignette. Preliminary analyses examined the overall pattern of results when including only those frames that
occurred during this early period of individual shots and earlier shots in the
vignettes. Trimming the dataset in this way did not change the general findings.
In addition, BVCEA can be affected by the number of data points included in the
analysis. Thus, preliminary analyses also examined the overall pattern of results
when the data file included exactly nine data points per group per frame
(randomly selected from all possible data points for that frame). Again, the
general pattern of findings did not differ when trimming the data file in this
way. The results presented here are based on data for frames that occurred at
any point within a shot or vignette. Finally, preliminary analyses indicated that
adding vignette order did not improve any of the HLM4 models; therefore, this
predictor was not considered in the analyses presented here.
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Data Reduction. We adapted the analytical procedure described by Kirkorian
et al. (19). In particular, attentional synchrony was measured using BVCEA,
where larger values represented larger ellipses that fit around more widely
scattered gaze coordinates, thus reflecting less synchrony among viewers. The
unit of analysis was a single video frame. Fig. 1 shows examples. We wrote scripts
using Python 3.4 to reduce the data and to calculate BVCEA for each video
frame. Data files and code can be found at https://uwmadison.box.com/s/
raohe6rxz7e9i1anue2wlldynfmx17c0.
The first step in data reduction was to identify usable data points and to
smooth the data. We analyzed raw gaze coordinates (rate of 60 data points
per second) instead of clustering the data into fixations to include more data
from the children and minimize any impact of systematic data loss. Raw gaze
coordinates were considered usable if they (i) had valid eye data (e.g., pupil
size > 0), (ii) had a gaze coordinate that landed within the bounds of the
video screen, and (iii) occurred during the stimulus video. These criteria were
met for just under one-half of all possible data points for the children (48%
in the normal condition, 45% in the random condition) and the majority of
data points for adults (83% in the normal condition, 84% in the random condition). Because we used raw gaze coordinates rather than aggregated fixations,
the raw gaze coordinates were smoothed by averaging each x and y coordinate
with the previous three data points.
Smoothed gaze coordinates were then matched to a corresponding frame in the
stimulus video based on the exact moment when each gaze coordinate occurred.
Time stamps in the normal and random videos were synced to compare the same
frames when they were presented in their original order and when they were
presented in a random sequence. If an individual participant had two valid data
points for a given video frame, then only the first data point was considered
for analysis.
After each participant’s gaze coordinates were synced with the corresponding stimulus video, data were further reduced to ensure that
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4:3 aspect ratio), was centered along one short wall. The visible image on the
display screen was 40.60-cm high and 54.60-cm wide. Given the dimensions of the
screen and typical distance from the viewer (100 cm), the video image subtended
∼23° visual angle vertically and ∼30.5° visual angle horizontally.
A chair was positioned ∼65 cm from the eye-tracking apparatus for optimum
focus and ∼100 cm from the television screen; children sat on a booster seat to
approximate the height and viewing angle of adults. Parents sat in a chair to the
right of the child participants. Dark curtains hung along the walls on all sides of the
viewing area. In the control area on the other side of the curtain divider, a switcher
allowed the experimenter to toggle between the calibration and video stimuli
as needed.
The eye-tracking cameras were mounted on a tripod and located between the
participant and the stimulus display screen (30.5 cm from the television). The eye
camera was the Applied Science Laboratories (ASL) Eye-Trac 6000 Series, a near-IR
corneal reflection system with remote pan-tilt optics. Effective accuracy is claimed
to be 0.25° visual angle (about 0.25 cm2 at a distance of 50 cm), and temporal
resolution is 60 Hz (60 data points per second). The head-tracking camera was the
ASL VH2 model that uses face recognition software to locate the viewer’s head in
space. The pan-tilt eye camera used information from the video head tracker to
follow the participant’s head movements and minimize data loss.
A second computer was used to keep the participant’s eye on the camera,
calibrate the eye tracker, and save gaze data. A recording deck was used to
capture digital video of the scene with overlaid eye cursor. An ASL Digital
Frame Overlay was also used, which overlaid the digital frame from the ASL
Control Unit onto the scene video, allowing the experimenter to sync the data
file from the user interface computer with the digital video record.
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The diagnosis of attention-deficit/hyperactivity disorder (ADHD)
among children and adolescents has increased considerably over
the past decades. Scholars and health professionals alike have
expressed concern about the role of screen media in the rise in
ADHD diagnosis. However, the extent to which screen media use
and ADHD are linked remains a point of debate. To understand the
current state of the field and, ultimately, move the field forward,
we provide a systematic review of the literature on the relationship
between children and adolescents’ screen media use and ADHDrelated behaviors (i.e., attention problems, hyperactivity, and impulsivity). Using the Differential Susceptibility to Media effects Model
as a theoretical lens, we systematically organize the existing literature, identify potential shortcomings in this literature, and provide
directions for future research. The available evidence suggests a
statistically small relationship between media and ADHD-related
behaviors. Evidence also suggests that individual child differences,
such as gender and trait aggression, may moderate this relationship.
There is a clear need for future research that investigates causality,
underlying mechanisms, and differential susceptibility to the effects
of screen media use on ADHD-related behaviors. It is only through a
richer empirical body that we will be able to fully understand the
media–ADHD relationship.

|

media effects individual differences
attention problems

| media theory | ADHD |

O

ver the past four decades, there has been a significant increase in the diagnosis of attention-deficit/hyperactivity
disorder (ADHD) during childhood and adolescence (1–3).
Commonly defined as a clinically based diagnostic category,
ADHD is now generally viewed as a continuum of ADHDrelated behaviors (i.e., attention problems, hyperactivity, and
impulsivity) (4, 5). Although the increase in the diagnosis of
ADHD-related behaviors may reflect either an underdiagnosis in
the past or an overdiagnosis at present (6, 7), scholars and
health-care professionals alike have repeatedly attributed the
increase in diagnoses to the violent, arousing, and fast-paced
nature of contemporary screen media entertainment (8, 9).
While the literature on the relationship between children’s
media use and ADHD-related behaviors is continuing to grow,
one of the challenges of this body of work is that it is scattered
across a multitude of disciplines (e.g., communication science,
developmental psychology, and pediatric medicine), which are
all trying to understand the nature of this relationship from their
own theoretical and analytical perspectives. With so many different perspectives, it is challenging to obtain a comprehensive
view on the literature. However, such a view is crucial if we hope
to separate what is known from what is yet to be known, and in
doing so, identify a clear research agenda for the field moving
forward. In this review, we therefore start with a comparison of
the results of two recent meta-analyses on media use and
ADHD-related behaviors (10, 11). Then, on the basis of the
Differential Susceptibility to Media effects Model (DSMM) (12),
we discuss important shortcomings in the existing literature and
outline promising avenues for future research.
www.pnas.org/cgi/doi/10.1073/pnas.1611611114

Screen Media Use and ADHD-Related Behaviors: Is There a
Link?
The first empirical studies that addressed the question as to whether
media use might lead to ADHD-related behaviors in children and
adolescents date from the late 1970s (e.g., refs. 13 and 14). Since
then, nearly 50 empirical studies have been conducted, of which the
far majority have appeared in the past decade. These studies have
recently been integrated into two meta-analyses, one by Nikkelen
et al. (10) and one by Ferguson (11). Both meta-analyses have
yielded statistically small but significant pooled zero-order correlations between screen media use and ADHD-related behaviors
[Nikkelen et al. (10): r+ = 0.12; Ferguson (11): r+ = 0.10]. These
pooled correlations are comparable to other meta-analyses of media
effects, which have typically yielded effect sizes between r+ =
0.10 and r+ = 0.20 (with some deviations in both directions; see ref.
15 for a discussion). For example, meta-analyses on the influence of
violent video games on aggression have also reported correlations of
r+ = 0.08 (16), r+ = 0.15 (17), and r+ = 0.19 (18, 19).
Although the meta-analyses of Ferguson (11) and Nikkelen
et al. (10) cover in part the same body of empirical work, there
are some noticeable differences between the two. For example,
the meta-analysis of Ferguson (11) focused only on video games
(violent and nonviolent), whereas Nikkelen et al. (10) included
both television viewing and video game playing (violent and
nonviolent). As a result, the pooled correlation of Ferguson (11)
is based on nine empirical studies, whereas that of Nikkelen et al.
(10) is based on 38 studies on the effects of television and 17 on
the effects of video games. Most importantly, however, is the
difference in conceptual approach of the two meta-analyses.
Whereas Ferguson (11) incorporated background variables
(e.g., age and sex) as controls in his meta-analysis (which reduced
the pooled correlation from r+ = 0.10 to r+ = 0.03), Nikkelen
et al. (10) conceptualized such background variables as moderators. They found, for example, that boys are more susceptible to
the effects of media use on ADHD-related behaviors than girls.
The validity of the meta-analytic approaches by Ferguson (11)
and Nikkelen et al. (10) has been discussed elsewhere (see refs. 11,
20, and 21). It has been argued that treating background variables
as controls instead of moderators, such as in Ferguson’s metaanalysis, may unjustly wash away true media effects for certain subgroups of children (20, 21). As argued by Nathanson (22), children
and families differ, and by routinely controlling for background factors, studies may easily disregard children’s differential susceptibility
to the effects of media. Indeed, most meta-analyses of media effects
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typically focus on main effects or large group-level moderator effects.
As a result, they are often not able to highlight subtler yet potent
individual differences in susceptibility to media effects (15). Investigating the moderating role of background variables, such as age,
gender, and family environment, rather than controlling for them
may help both academics and practitioners to better understand
which children are vulnerable to media effects as a cause of ADHDlike behavior and, equally important, which children are not.
Recently, the DSMM (12) has tried to more clearly specify
why overall effect sizes in meta-analyses of media effects are
typically small and why media effects may be small or even
nonexistent for the majority of children but large for some particular children. Specifically, the DSMM puts forward three
propositions that may be relevant to better understanding the
process of media effects. In the remainder of this review, we use
these propositions as a guiding lens to systematically organize the
literature on the relationship between media and ADHD-related
behaviors. In our literature review, we include some newer
studies, which appeared after the meta-analyses of Nikkelen
et al. (10) and Ferguson (11), and which were designed to investigate subtler individual differences in susceptibility to the
effects of screen media on ADHD-related behaviors.
Indirect Media Effects: Which Mechanisms Explain the
Media–ADHD Relationship?
A first proposition of the DSMM that specifies the boundary
conditions of media effects on ADHD-related behaviors involves
the underlying mechanisms of such effects (12). The DSMM
posits that media effects can be explained by a combination of
three types of response states that occur during or just after
exposure to media: cognitive (i.e., the attention to and processing of certain media content), emotional (i.e., affective reactions,
such as fear and joy while or after watching or playing), and
excitative (i.e., physiological arousal while or just after watching
or playing) response states (12). These response states are conceptualized as intervening (or mediating) variables between
screen media use and ADHD-related behaviors.
Consistent with the DSMM (12), most explanatory hypotheses
that have been forwarded in the literature conceptualize certain
response states as the underlying mechanisms in the screen media–
ADHD relationship. These hypotheses are based on the assumption that either the fast pace or the violent nature of contemporary
media entertainment affect children’s media-induced response
states, which in turn increase the likelihood of ADHD-related
behaviors. As for the fast pace of screen media, two hypotheses
have been suggested. The fast-pace arousal-habituation hypothesis
(10) builds on the role of cognitive and excitative response states. It
posits that fast-paced media forces children to repeatedly shift their
attention and renew their orienting responses, which increases
arousal (23). With frequent exposure, children may become habituated to this fast pace and produce less arousal. As a result,
children’s baseline arousal levels may decrease, which may ultimately lead to ADHD-related behaviors (1, 24). A second hypothesis, the scan-and-shift hypothesis (10), builds on the role of
cognitive response states and argues that the fast pacing of media
prevents children from developing attentional focusing skills (25,
26) and forces them to constantly shift their attention, such that
they acquire an attentional style of scanning and shifting (27).
These deficits in attentional skills hinder children’s capacities to
engage in activities that require effortful attention.
As for the violent nature of screen media, two hypotheses have
also been proposed. The violence-induced script hypothesis (10)
builds on the role of cognitive response states and posits that
through exposure to violent media content, children may acquire
aggressive cognitive scripts (28, 29). These scripts may lead to the
performance of aggressive behavior, which is characterized by
impulsivity and poor inhibitory control, which, ultimately, may
lead to ADHD-related behaviors (30). A second hypothesis, the
9876 | www.pnas.org/cgi/doi/10.1073/pnas.1611611114

violence-induced arousal-habituation hypothesis (10), attributes the
effect of violent media on ADHD-related behaviors to arousal.
Frequent exposure to violent media may increase children’s arousal
level (31, 32), which may habituate children to violent-induced
arousal and create a desensitization effect, such that children’s
baseline arousal level declines (33). This state of underarousal may
ultimately lead to ADHD-related behaviors (1, 24).
Effects of Program Pacing. The effects of program pacing on ADHD-

related behaviors have mainly been investigated in experimental
studies, with mixed results (10). It is no surprise, therefore, that the
meta-analysis of Nikkelen et al. (10) was unable to discern an effect
size for program pacing. Investigations of the role of program pacing
began nearly four decades ago. In this early study, researchers
compared the immediate effects of fast- and slow-paced episodes of
Sesame Street on preschoolers’ impulsivity and found that program
pacing had no effect (13). However, because the pacing of Sesame
Street is relatively slow compared with other child-directed media
content (34), fast-paced episodes of Sesame Street might still be
relatively slow and, as such, studies that used Sesame Street episodes
as stimuli might underestimate the effect of pacing (35, 36).
Arguing that today’s media pace is far faster than that of four
decades ago (8), three recent studies have reinvestigated the
program pacing–ADHD relationship, again with mixed results.
Cooper et al. (37) recently investigated the short-term impact of
pacing on children’s attention problems and impulsivity. Surprisingly, they found that fast-paced television content was related with
fewer (rather than more) attentional problems. However, the
stimuli used in their study (i.e., a video clip of an adult reading a
children’s story, only 3.5 min in length) were highly unusual for a
television study. In contrast, a study by Lillard and Peterson (25)
found that children who viewed a fast-paced program had more
attentional problems after viewing the program compared with
children who viewed a slow-paced program and children who
watched no television but engaged in drawing.
However, as proposed by Lillard and Peterson (25), the attentional problems of children in their study could be due to the
fantastical content rather than the pace of the program. And
indeed, in a follow-up study, Lillard et al. (36) found evidence for
their hypothesis that it is not fast pacing but fantastic content
that is problematic. However, Lillard et al. (36) relied on a
sample of 4-y-olds, who are not yet able to distinguish fantasy
and realistic media content, and thus still lack the skills to process fantastical media content in the way older children would
do. In fact, some of the stimuli used in the study might have been
too complex for children in their sample, thus leaving open the
question as to whether the increase in attention problems can be
attributed to the fantastical content or the complexity or the
comprehensibility of their stimulus material.
In all, it seems that the role of pacing is not yet clearly understood and that more studies are needed to obtain a clear
understanding. The inconsistent results may be due to three
factors. First, because children’s exposure to fast paced content
cannot be validly assessed through questionnaires, researchers
are forced to employ experimental designs in which groups of
children are typically exposed to either fast-paced or slow-paced
stimuli. However, in popular children’s programs, a fast pace is
often inextricably tied to action and/or violence (38). Although
researchers may try to remove the action and violence from fastpaced stimulus materials, their materials may become too dull
and artificial to ensure the ecological validity of their experiments. Second, the inconsistencies may be due to ethical constraints, which reduce the ecological validity of studies. For
ethical reasons, it is impossible to expose children to programs
that contain violence or otherwise age-inappropriate content.
And because, as discussed, rapidly paced programs often also
contain action or violence, the stimuli used in the experiments
are typically “innocent” programs [e.g., the video clip of an adult
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Effects of Violent Media Content. Unlike studies into the effects of
program pace on ADHD-related behavior, studies on the effects
of violent media content have mostly relied on correlational
survey studies rather than experiments. As for the effects of
media violence on ADHD-related behaviors, the empirical results are more consistent than those of the effects of program
pacing. Several studies and the meta-analysis of Nikkelen et al.
(10) have confirmed that exposure to violent television and
video games is positively related to ADHD-related behaviors
(26, 29, 39–43). For example, Kronenberger et al. (29) found
that adolescents’ violent media use was associated with attention
problems. However, as observed by Nikkelen et al. (10), most
studies into the relationship between media violence and ADHD
were cross-sectional studies, hence preventing any conclusions
about the direction of the relationship between media use and
ADHD-related behaviors.

Conditional Media Effects: Who Is Affected in the Media–ADHD
Relationship?
A second proposition of the DSMM is that any media effect can
be enhanced or reduced by certain person-based or environmental factors (12). This proposition is in line with several other
media-effects theories, which propose that some individuals are
more susceptible to the effects of screen media than others [e.g.,
Slater’s Reinforcing Spirals Model (44) and Bandura’s Social
Cognitive Theory (45)]. Children’s susceptibility to the effect of
the use of screen media on ADHD-related behaviors may depend on three different factors: developmental, dispositional,
and social factors (12).
Developmental Susceptibility. In terms of developmental suscep-

tibility, scholars have hypothesized that young children are more
susceptible than older children and adolescents to the effects of
screen media on ADHD-related behaviors (10). The argument is
that young children are less capable of controlling their arousal
levels when using violent and arousing media (46), and as such,
the effect of media on children’s media-induced arousal may be
stronger for young children than for older children and adolescents. However, to date, research has not provided consistent evidence for such differences. For example, the meta-analysis of
Nikkelen et al. (10) did not provide evidence for a moderating role
of age in the relationship between media use and ADHD-related
behaviors. Nikkelen et al. (10) attributed this lack of evidence to
the fact that hardly any of the empirical studies included in their
meta-analysis had actually investigated age differences.
Of course, meta-analyses are only as good as the empirical
studies that they attempt to integrate. If the empirical studies fail
to investigate age differences in susceptibility, a meta-analysis
based on these studies can hardly compensate for these omissions (20). Recently, Linebarger (42) did study age differences in
the relationships between children’s video game playing, hyperactivity, and attention problems. She found a direct, positive
relationship between video game playing and hyperactivity
among preschoolers, but not among school-age children. However, this relationship disappeared after adjusting for parenting
style. Linebarger (42) found no relationship between video game
playing and attention problems among either age group.
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Dispositional Susceptibility. Dispositional susceptibly refers to all
person-based characteristics of children that may enhance their
susceptibility to media effects (12). Researchers have thus far
investigated the role of children’s sex, level of aggression, and
genetic disposition. Regarding sex differences, scholars have
hypothesized that boys may be more susceptible to the effects
of media on ADHD-related behaviors. On average, boys exhibit
lower levels of inhibitory control than girls (47). As a result,
scholars have hypothesized that the effect of media on mediainduced arousal and, ultimately, ADHD-related behaviors, may
be stronger for boys (48). The meta-analysis of Nikkelen et al.
(10) indeed suggests that boys may be more susceptible than girls
to the effect of screen media on ADHD-related behaviors.
However, again, very few studies included in this meta-analysis
actually investigated sex differences in susceptibility. Two more
recent studies did look for a moderating effect of sex. Nikkelen
et al. (48) found that only for boys (and not for girls), both
overall and violent television viewing were positively associated
with ADHD-related behaviors. However, Ansari and Crosnoe
(49) found an opposite trend: higher levels of television viewing
were related to higher levels of hyperactivity among girls but not
among boys.
In the meta-analysis of Nikkelen et al. (10), it was impossible to
investigate the moderating effects of other dispositional variables
because too few studies in the meta-analysis had done so and,
therefore, it was not possible to arrive at a pooled effect size. That
said, several individual studies did explore the role of other dispositional factors. Kronenberger et al. (29) found that physically
aggressive adolescents were more susceptible to the effect of violent media on attention problems. This finding might, at least
partly, explain why boys are more susceptible to the effects of
media on ADHD-related behaviors than girls, since boys tend
to exhibit more physical aggression (50, 51). In other work, researchers investigated the role of genes in the relationship between
children’s media use and ADHD-related behaviors. Nikkelen et al.
(52) investigated whether children’s genetic disposition to violent
media exposure and ADHD-related behaviors moderated the relationship between children’s violent media use and ADHDrelated behaviors. Although they found that genetic disposition
did predict children’s use of violent media, it did not moderate
the effect of violent media on their ADHD-related behaviors.
All told then, the meta-analysis of Nikkelen et al. (10) and
their empirical work (48) suggest that boys are more susceptible
to the effects of media on ADHD-related behaviors than girls
(but see ref. 49). This may also hold for aggressive adolescents
(29). However, more robust evidence for the moderating role of
these and other dispositional variables has yet to be established.
Social Susceptibility. Social susceptibility refers to all social-context factors that may enhance or reduce media effects, such as
parenting style, media-specific parenting, or peer pressure (12).
Thus far, only a handful of studies have investigated social susceptibility, focusing upon parenting styles, media-specific parenting, demographic characteristics, and parental well-being.
In fact, none of the studies included in the meta-analysis of
Nikkelen et al. (10) considered social susceptibility to media effects.
It is only very recently that scholars have begun to include social
factors as potential moderators of the media use–ADHD relationship in their studies. One study asked about the moderating
role of parenting styles and demographic risk (e.g., low maternal
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Thus, while theoretical arguments exist to expect age differences
in the relationship between children’s media use and ADHD-related
behaviors, there is as yet not enough empirical evidence to support
this claim. While some work suggests that younger children are
more susceptible to the effects of screen media on ADHD-related
behaviors (10, 42), more research is needed to arrive at any
decisive conclusions.
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reading a children’s story in the Cooper et al. study (37)], which
differ greatly from the typical favorite programs in the age group.
Finally, program pacing has been operationalized in a multitude
of different ways across the different experiments (for an overview, see ref. 35). For example, while the Cooper et al. study (37)
focused on camera angle changes, the Anderson et al. study (13)
focused on multiple factors, including camera cuts, voice changes,
and scene changes. It is quite possible that such differences in
the operationalization of pacing complicate valid comparisons
across studies.

education and single-parent status) (42). Results indicated that
responsive parenting reduced the effect of video game playing on
hyperactivity among preschoolers who did not experience demographic risks, but enhanced its effect among school-age children who did experience demographic risks. As for attention
problems, the results were the opposite in that the reducing effect of responsive parenting was found for preschoolers who did
experience demographic risks and school-age children who did
not experience such risks.
Besides general parenting, media-specific parenting has also
been investigated as a potential moderator of the media–ADHD
relationship. In their study on the relationship between violent
media use and ADHD-related behaviors among adolescents,
Nikkelen et al. (43) investigated the moderating role of active
media-specific parenting, distinguishing between controlling active media-specific parenting (i.e., providing rules about violent
media use in a threatening way) and autonomy-supportive media-specific parenting (i.e., providing explanations about media
use rules). Their study did not provide evidence for a moderating
role of media-specific parenting.
In other work, Ansari and Crosnoe (49) investigated the role of
socioeconomic status and parental well-being as moderators of the
relationship between hyperactivity and television viewing. The
study showed that higher levels of hyperactivity were associated
with a subsequent increase in television viewing only among children whose parents had lower income and lower levels of education. In the same vein, Ansari and Crosnoe found that parental
depression moderated the relationship between hyperactivity and
television viewing, but parenting stress did not. Children with
higher levels of hyperactivity watched more television 1 y later only
when parents experienced high levels of depression.
In all, then, we find very little evidence in the literature in
support of children’s social susceptibility to the effects of media
use on ADHD-related behaviors. The few studies that have investigated social susceptibility factors suggest that parenting style
(42), demographic factors, and parental well-being (49) enhance
the effects of children’s media use on ADHD-related behaviors.
However, more robust evidence is needed.
Transactional Media Effects: What Is the Directional Nature
of the Media–ADHD Relationship?
A third proposition of the DSMM is that many media effects are
transactional or reciprocal (12). In line with other recent mediaeffects theories, such as the Reinforcing Spirals Model (44) and the
Social Cognitive Model (45), the DSMM proposes that media use
may generate certain outcomes, which, in turn, may predict subsequent media use (12). Transactional media-effects models are
based on three subpropositions. A first subproposition is that
children (and adults) have a tendency to expose themselves to
media content that is congruent with their dispositions (53). It has
been found, for example, that children with an aggressive temperament are more likely to choose violent media content (54). A
second subproposition is that media content can only influence
those children who expose themselves to this content: a child who
never watches media violence can logically not be influenced by
such violence (12). This subproposition thus implies that children,
by shaping their own media use, also partly shape their own media
effects (15).
A third subproposition is that transactional media effects are
especially likely when the outcomes of media use are an important
aspect of a child’s temperament (44). Children high in ADHDrelated behaviors may therefore be more likely to choose violent
or otherwise arousing media, which may in turn increase their
ADHD-related behaviors. An explanation as to why ADHD may
influence children’s media use has to do with arousal. Specifically,
research has shown that children who display ADHD-related behaviors typically experience low baseline arousal levels (55, 56).
This is often experienced as an unpleasant physiological state (57),
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and to alleviate this state, children with ADHD-related behaviors
tend to seek out and engage in arousing activities (58). Media use,
particularly violent or fast-paced media, may serve as a sufficiently
arousing activity.
Another explanation may be that children who display ADHDrelated behaviors often experience social difficulties with parents
and peers. Indeed, children’s ADHD-related behaviors may easily
elicit parent–child or peer–peer conflict (59–61). Scholars suggested that media may be an important means to avoid or escape
such conflicts (62). While theoretically children may escape family
conflict by using any type of media content or react against family
conflict by using nonviolent content, empirical support exists for a
“social context-content congruency” hypothesis whereby children
are most apt to escape family conflict by using violent media (62).
While transactional effects are likely for outcome variables such as
ADHD-related behaviors (12), most empirical work has failed to
conceptualize such effects. The meta-analysis of Nikkelen et al.
(10) found that, of the 45 empirical studies included in their metaanalysis, the far majority of studies conceptualized media use as a
cause of ADHD-related behaviors. In fact, only three studies considered transactional or reciprocal effects (63–65).
The three studies in the Nikkelen et al. meta-analysis (10) and a
recent fourth study by Ansari and Crosnoe (49) provided mixed
evidence for transactional relationships. Only one of these four
studies, a study by Gentile et al. (63), found evidence for a transactional relationship between video game playing (both overall and
violent) and attention problems and impulsivity. The other studies
found that overall television viewing was related to subsequent
attention problems, but not vice versa (64), that higher levels of
hyperactivity were related to a subsequent increase in television
viewing (49), or that television viewing, attention problems, and
hyperactivity were not related whatsoever (65).
Discussion and Avenues for Future Research
If anything, it should be clear from this review that the relationship
between children’s screen media use and ADHD-related behaviors
is more theoretically than empirically grounded. Indeed, while
there are many hypotheses to explain how and why media use and
ADHD-related behaviors may be linked, as well as for whom they
may be linked, the empirical work seems to lag behind. The remainder of this paper presents some general conclusions and avenues for future research.
The Effects of Program Content and Pacing. As this review shows,

studies into the effects of program pacing and those into the
effects of violent content on ADHD-related behavior are hindered by different types of problems. Because exposure to fastpaced programs is difficult to measure via questionnaires, this
strand of research mostly consists of experiments. But due to
several factors, such as ethical constraints to expose young children to age-inappropriate entertainment programs and a lack of
agreement in the field how to operationalize program pace in
experiments, the results of these experiments are too mixed to
arrive at any decisive conclusions. Conversely, research into the
effects of violent media is dominated by correlational research.
Although this research is more consistent in its conclusions than
studies into the effects of program pacing, it does not allow us to
assess the causal direction of the relationship between media
violence and ADHD-related behaviors.
In both strands of research, all explanatory hypotheses propose that the effects of screen media use on ADHD-related
behaviors are indirect: that is, mediated through its influence on
cognitive and excitative response states. However, the existing
studies do not evaluate such indirect, mediated effects. In fact, a
large portion of the correlational studies rely on existing cohort
studies that typically do not include measures of underlying
mechanisms. Ignoring mediated effects is a serious omission
for two reasons. First, mediating variables provide important
Beyens et al.

Individual Differences. While most media-effects theories argue
that some children might be more susceptible to the effects of
media (12, 44, 45), few studies investigating the media–ADHD
relationship have included individual difference factors and
those that did yielded mixed results. Moreover, in most media–
ADHD studies, individual difference variables, if considered at
all, are typically regarded as noise. In experiments, such variables
are disregarded because they are assumed to be cancelled out by
random assignment (77). In concurrent and longitudinal survey
studies, they are, at best, modeled as controls. In many of these
cases, a theoretical reason as to why these variables are modeled
as controls (rather than moderators) is often lacking.
Developmental, dispositional, and social-context factors influence
what type of media (content) children use as well as how they respond to such media (content). As such, these individual difference
factors provide pivotal guidelines as to who is particularly susceptible to media effects (and who is not). Future studies should continue
to establish further evidence for potential age, sex, and temperament differences in susceptibility, as well as systematically examine
how parents and peers affect the relationship between children’s
media use and ADHD-related behaviors. Research has shown
that parent factors, such as parental ADHD, parental temperament,
parenting stress, family conflict, unresponsive parenting, and chaotic
parenting are negatively linked to ADHD-related behaviors (78,
79), and that responsive parenting can suppress ADHD-related
behaviors (79). Future research should build on this knowledge and
Beyens et al.
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systematically investigate how these parent factors may moderate potential effects of media on ADHD-related behaviors.
Furthermore, there is a need for future research to investigate how
parents may influence children’s cognitive, affective, and excitative
responses to media content and pace. For example, by talking to their
children about media content, parents may mitigate the formation of
aggressive cognitive scripts that likely result from watching violent
media and that may ultimately lead to ADHD-related behaviors (43).
Likewise, by supporting the development of focused attention
(through responsive parenting and rehearsing sustained attention)
parents may prevent the development of attentional focusing deficits
resulting from exposure to fast-paced media (80).
Transactional Effects. Although some of the hypotheses on the

media–ADHD relationship, such as the scan-and-shift hypothesis, lend themselves to short-term experimental investigation,
most other hypotheses, such as the fast-pace arousal-habituation
hypothesis and the violence-induced arousal-habituation hypothesis, argue for a longer-term cumulative effect of repeated
media exposure. To investigate these latter hypotheses, longitudinal studies are needed. Such studies are also needed to investigate potential transactional effects. As this review shows,
although transactional effects are likely when it comes to the
media–ADHD relationship, empirical evidence is too scant to
allow any conclusions on their validity. The question of causality
in the media use–ADHD relationship has as yet received little
research attention, mainly due to the concurrent nature of most
empirical studies (10). Consequently, it remains unclear as to
whether media use is a cause or a consequence of children’s
ADHD-related behaviors, or both.
However, investigating transactional effects is challenging. In
our experience, the investigation of such effects is complicated
due to differences in the state and trait nature of media use and
ADHD-related behaviors. Since ADHD is a trait-like variable
(4), it is a stable construct with high stability coefficients over
time. These high-stability coefficients imply that ADHD-related
behavior measured at a certain time point is largely explained by
its measurement at previous time points (81). Conversely, media
use is a state-like variable, which usually leads to lower stability
coefficients, and, as a result, inevitably leaves more variance left
to be explained by other independent variables. This difference
in the trait-state nature of concepts in cross-lagged models may
render it more difficult to find effects from media use to ADHDlike behavior rather than the other way around. Therefore, as
argued by Adachi and Willoughby (81), in longitudinal autoregressive models even very small effects should be considered
meaningful when there is strong stability in the outcome variable.
Conclusion
Through a comprehensive review of the literature on the relationship between screen media use and ADHD-related behaviors among
children and adolescents, we attempted to understand what is known
and what remains open for investigation. It seems fair to conclude
that there does exist a relationship between children’s media use and
ADHD-related behaviors, albeit statistically small (10). However,
the direction of the relationship, the boundary conditions of the
relationship, and the pathway through which this relationship occurs
are all largely open questions, calling for a systematic series of empirical investigations. We hope that researchers embrace the challenges we have offered, and in doing so, help answer the important
questions associated with the media–ADHD relationship.
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explanations for why and how media effects occur and, thus, they
can be helpful when designing prevention and intervention programs (15). Second, ignoring mediated effects could lead to an
underestimation of effect sizes in empirical research and, thus, in
meta-analyses (66). After all, it is the combination of direct and
indirect effects that makes up the total effect of screen media use on
ADHD-related behaviors. To quote Raykov and Marcoulides (67),
“if an indirect effect does not receive proper attention, the relationship between two variables of concern may not be fully considered” (for a further discussion, see ref. 15). Hence, to obtain a
true understanding of the effects of media use on ADHD-related
behaviors, there is a vital need for studies that measure children’s
responses to programs that differ in content (e.g., violent, fantastic)
or pace: for example, through the use of think-aloud methods (68)
or via physiological measures, such as heart rate, galvanic skin response, and facial expressions (69, 70).
Another way to move the field forward is to examine associations
of different types of media use with executive functioning skills,
including working memory, inhibitory control, and attention (71),
that have been linked to ADHD-related behaviors. Recent research
has shown that media use can affect children’s executive functioning
(25, 72–74) and that executive functioning is a precursor of ADHD
(30, 75). Although the results of these disparate studies suggest a
mediating role of executive functioning in the media–ADHD relationship, this hypothesis has never been investigated. Therefore,
this is an important avenue for future research.
Future hypotheses also need to address differentiations in the
measurement of ADHD. For example, Nikkelen et al. (10) argued that violent media use may be more strongly related to
impulsivity than to hyperactivity and attention problems. And
some recent empirical work suggests that screen media use is
related differently to hyperactivity than to attention problems
(42). Because existing studies have often clustered the three
ADHD-related behaviors, we are unable to clearly identify which
ADHD-related behaviors are affected most. In fact, the ADHD
literature, as well as the Diagnostic and Statistical Manual of
Mental Disorders (DSM) (76) and most contemporary measures
of ADHD, focus on an ADHD classification that distinguishes three
ADHD subtypes: ADHD-inattentive subtype, ADHD-hyperactive/
impulsive subtype, and ADHD-combined subtype (30, 76).
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Attention deficit hyperactivity disorder (ADHD) is now among the
most commonly diagnosed chronic psychological dysfunctions of
childhood. By varying estimates, it has increased by 30% in the
past 20 years. Environmental factors that might explain this
increase have been explored. One such factor may be audiovisual
media exposure during early childhood. Observational studies in
humans have linked exposure to fast-paced television in the first
3 years of life with subsequent attentional deficits in later childhood. Although longitudinal and well controlled, the observational nature of these studies precludes definitive conclusions
regarding a causal relationship. As experimental studies in humans
are neither ethical nor practical, mouse models of excessive
sensory stimulation (ESS) during childhood, akin to the enrichment
studies that have previously shown benefits of stimulation in
rodents, have been developed. Experimental studies using this
model have corroborated that ESS leads to cognitive and behavioral deficits, some of which may be potentially detrimental. Given
the ubiquity of media during childhood, these findings in humansand rodents perhaps have important implications for public
health.
ADHD

| cognition | overstimulation | child development | media

T

he prevalence of attention deficit hyperactivity disorder
(ADHD) has increased substantially over the past 20 y, by as
much as 30% by some estimates (1). ADHD is a clinical diagnosis recognizable to many. However, some argue that attentional capacity should be treated as a continuous rather than a
dichotomous outcome given compelling evidence that there is a
monotonically increasing relationship between a child’s ability to
stay focused and improved adult health outcomes (2, 3). Akin to
the rise in autism, the reasons for the rising prevalence of ADHD
are likely multifactorial including an increase in the incidence as
well as increased recognition. Decades of research have established
a genetic predisposition to ADHD, but estimates of the heritability of ADHD range from 0.5 to 0.8 (4–8). The 1999 Surgeon
General’s report on child mental health stated, “for most children with ADHD, the overall effects of these gene abnormalities
appear small, suggesting that non-genetic factors also are important.” (4, 9–13) These “non-genetic factors” must account for
the increased incidence as our genes have not changed appreciably in millennia. The role that environment might play in
ADHD has been tested provisionally with respect to maternal
smoking, maternal stress during pregnancy, maternal obesity,
chaotic families, and inconsistent or harsh parenting (14–26).
Another potential emerging environmental factor may be early
exposure to electronic media.
Children today are immersed in electronic technology beginning shortly after birth. The typical child today begins regularly
watching television at 4 mo of age compared with 4 y of age in
1970 (27, 28). Most of this shift has occurred in the past 15 y with
the advent of new programs geared toward young infants (29).
www.pnas.org/cgi/doi/10.1073/pnas.1711548115

Moreover, although no data are available for the long-term impact of smart phone, tablet, and computer usage on young infants, there is an emerging literature that indicates that these
new forms of media usage can be linked to ADHD and other
psychiatric disorders in older children and college students (30,
31). The perhaps excessive exposure to media starting with very
young infants has led some to refer to this generation as “digital
natives” who are being raised by “digital immigrants.” The positive and negative implications of growing up as a digital native in
a society in which media use begins early and is ubiquitous remain largely unknown. The success of human evolution is in part
explained by the tremendous plasticity of the human brain, which
allows it to be shaped through interactions with its environment.
This plasticity, however, also means that early experiences exert
considerable influence on neuronal structure, function, and
ultimately cognition.
The present review paper will discuss the general processes
that govern neurodevelopment, provide a theoretical framework
as to what the potential risks of overstimulating the developing
brain might be, review our observational findings in humans
related to exposure to early fast-paced media and subsequent
attentional deficits, and summarize experimental animal data
that corroborate our prior hypotheses. It should be noted that,
although we refer to media, most of the prevailing research in
young infants is based on television rather than newer platforms
(e.g., touchscreens). Although recent studies have demonstrated
considerable use of touchscreens in infants and toddlers, data
regarding untoward effects are minimal to date. However, the
proposed paradigm is one of overstimulation, which could also
be operative on touchscreens depending on the content
being viewed.
Neurodevelopment—An Interactive Process Driven by the
Environment
During neurodevelopment, billions of neurons become wired into
a multitude of interconnected neuronal networks, microcircuits,
layers, columns, and functional areas (32–36). Most neurons
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form hundreds of local and long-range connections and in turn
process barrages of synaptic and neuromodulatory inputs at any
given time. Neuronal processing occurs throughout the CNS, but
important connections are also formed with the various divisions
of the autonomic nervous system (37–40), the peripheral sensory
system, and the somatic motor systems (41–43). This neuronal
organization generates and processes spatiotemporal patterns
and information that determines who we are, how we behave,
and how we cope with our environment.
Consisting of billions of connected neurons, the human brain
is set up by 19,000–20,000 protein-coding genes (44). Notably,
a strikingly similar number of genes have been discovered in
Caenorhabditis elegans (45), a small worm that possesses only
302 neurons, all of which have been individually identified
(46). Moreover, the majority of disease-related genes in humans have homologs in C. elegans (47). This is to say that
humans carry more or less the same number of genes that
evolved to wire a brain of barely 300 nerve cells that control the
entire behavioral repertoire of a small worm. Therefore, instead of being dictated by a relatively small number of genes,
neurodevelopment is a highly interactive process in which
genes provide general developmental signals—a very rough

framework—and neuronal and modulatory interactions determine the wiring of the billions of cells that form the human
brain: a nervous system capable of generating consciousness,
emotions, memories, communication, and a complex and
sophisticated behavioral repertoire.
This dynamic process depends not only on tremendous
neuroplasticity but also on homeostatic mechanisms that are
critical to achieve a balanced outcome (48–51). The infant
brain is very responsive to environmental changes. Many factors, such as early-life adverse events, pubertal and maternal
stress (52–54), toxins (55–57), nutrition (58–60), geographic
environment (61, 62), and epigenetic factors (63, 64), can have
adverse consequences on neurodevelopment. Indeed, there is
increasing evidence that most neurological and psychiatric
disorders have a developmental origin that is the result of
prenatal and early postnatal disturbances in this complex
process (65–69).
The fully developed and functional human brain takes more
than 20 y to develop, and different areas have different developmental profiles (70–72), but the first few years of life are
widely acknowledged to be the most crucial (73). The human
brain triples in size in the first 3 y of life, a slope that is uniquely

Fig. 1. Schematic illustrating the hypothesized relationship between human brain development and exposure to ESS. Typical cortical development involves
proliferation, migration, arborization, and myelination. Proliferation and migration predominantly occur during prenatal stages, and arborization (circuit
formation) and myelination continue through the first two postnatal decades. Synaptic pruning predominantly occurs in the early part of development but
continues for years into adulthood. The brain grows drastically in size and complexity, which can be influenced by genetic and environmental factors. During
these developmental stages, psychological disorders are developed. Media usage increases dramatically. The blue shaded area indicates a representative time
frame in which these occurrences happen during mouse development, and when we used the ESS. Human and rodent (e.g., mouse and rat) developmental
stages and corresponding time windows (years for humans and months for rodents) are represented in the x axis of the graph. Typical brain growth in weight
is displayed for human (blue brain development line) and mice (red brain development line) in the y axis.
9852 | www.pnas.org/cgi/doi/10.1073/pnas.1711548115
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Studying the Effects of Media Overuse
The pacing of shows designed for infants is extremely rapid
compared with reality and even to shows designed for older
children and adults (94). These formal features may be what
keep infants engaged in the screen (27). Conceptually, this raises
the concern that this excessive auditory and visual stimulation
might condition the developing brain to expect an intensity of
inputs that reality cannot provide, thus leading to inattention in
later life. Put another way, is it possible that the highly interactive process of wiring the brain will adjust the sensory cortices to the fast-paced bombardment associated with some
media? Moreover, will sensory overstimulation also affect other
brain areas that are not directly affected by fast sensory stimulation? The “overstimulation hypothesis” was first tested in small
experimental studies in the 1970s (95–97). The results were
mixed with some finding the pacing of programs was associated
with short-term deficits in attention while others did not. A more
recent experimental study did find that a rapidly paced show
(compared with a slowly paced one) diminished executive
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10 Days

Behavioral Tests
10 Days

An illustration of the mouse excessive sensory stimulation (ESS) chamber and the experimental procedure.
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show numerous changes in neurodevelopment compared with
animals reared in an impoverished one devoid of social and
environmental stimuli. The brain size, cortical thickness, complexity in dendritic branching, and spine density of animals exposed to an enriched environment are highly increased, as are
the cognitive abilities (85–90). Furthermore, light tactile stimulation for the first 10–15 d of postnatal neurodevelopment results
in significant changes in nervous system and behavior that are
beneficial (91, 92). These changes are permanent, which is
consistent with experiments performed by Mychasiuk et al. (93),
indicating that enriched environment leads to a significant decrease in gene methylation in the frontal cortex and hippocampus, suggesting that early experiences result in epigenetic changes.
While the salubrious effects of stimulation on brain development and cognition are well established, what has not been adequately studied is to what extent the developing brain can be
overstimulated. Is there good stimulation and bad stimulation?
Can too much sensory stimulation during this complex process of
neurodevelopment result in detrimental consequences?

NEUROSCIENCE

steep over the life span (Fig. 1). This initial phase of neurodevelopment is characterized by a proliferation phase that is
associated with an increase in the number of neurons, spinogenesis, and dendritic and axonal growth (72, 74, 75). This initial
phase leads to an overproduction of connections, and it is estimated that an infant has three times as many synapses as adolescents and adults (76). What follows is a “pruning” phase
during which connectivity specializes: Connections that are
functionally important are strengthened, while those that are not
used are weakened (72). Various cellular mechanisms change in
this biphasic manner. For example, the number of spines follows
an inverted U-shaped trajectory, with a peak in spine density at
the age of ∼3.5 mo. However, it is important to emphasize that
all of these changes have different trajectories in different brain
regions. These ultrastructural changes are complemented by
dramatic changes in functional connectivity conditioned on their
location (74, 77, 78). Insights into these changes have been
gained through resting-state functional connectivity MRI
(rs-fcMRI) studies. These studies investigate how fluctuations in
the blood oxygen level-dependent signal of different regions of
the brain are correlated with one another at rest, forming a
number of specialized functional networks (e.g., the default
mode network). Functional networks are differentially shaped in
a region- and species-specific manner, involving the migration of
neurons, myelination of axons, the formation of synapses, and
the continuous synaptic pruning that occurs throughout the first
20 y of life (79, 80). The first structures to be functionally connected are primary sensorimotor and visual networks, while
frontoparietal, executive control networks are still premature
and form later during development (66). Early life functional
network patterns are fundamentally distinct from adult networks
and are reorganized throughout development (81–83). Developmental brain maturation trajectories are prominent enough
to predict the age of an individual using patterns in rsfcMRI (84).
Of note, the trajectory of this brain development is profoundly
influenced by experiences. Perhaps the most cited influence is
the type of environment. Animals reared in a complex and interactive environment (the so-called “enriched environment”)

Table 1. Summary of behavioral tests performed on control and ESS mice
Test name

Description

Light/dark latency test Mice are placed in light/dark box. Mouse behavior is tracked using VideoTrack (ViewPoint LS) to assess the time they spent
(LDL)
in the light side of the chamber compared with the dark.
Elevated plus maze
Mice are placed on EPM. Behavior is tracked to determine how much time they spent in the open arms compared with the
(EPM)
closed.
Open-field test
Mice are placed in a large square box for 10 min. Behavior is tracked to determine how much time is spent on the inner
edge of the box compared with the center of the chamber. Overall distance traveled in the chamber is also tracked.
Novel object
Mice are put in the same test apparatus as the open field. This time two identical objects are put in the chamber as well for
recognition test
an acquisition trial. After mice get familiarized with these objects, they are taken out for 1 h. One hour later, the mice
were put back in the chamber for the test trial. For the test trial, one of the previous familiar objects remains in the
chamber, but the other one is replaced with a new “novel” object. Time spent on each object is recorded.
Barnes maze
Mice are placed on a large elevated circle, which has 19 mock holes and 1 target hole, which leads to an escape hole
underneath the table. Mice are placed in the middle of the circle and time to find the escape hole is measured. This is
done for 4 training days. On the fifth day, the escape hole is blocked and number of pokes into the escape hole are
measured.

function at least briefly after viewing (98). There is increasing
evidence that, in its extreme, excessive media usage can also lead
to behavioral addiction, This seems to be particularly the case for
internet gaming. Studies examining the neuronal consequences
of internet gaming disorder reported numerous significant changes
(99, 100), including alterations in resting-state EEG coherence
(101), significant alterations in cortical thickness (102, 103), altered functional connectivity in the default mode network (104,
105), and significant associations with ADHD and other psychiatric disorders (106, 107). As they now stand, these findings
are correlational and cannot establish causation. Nevertheless,
exploring the consequences of excessive internet use and internet
gaming has become a rapidly emerging field of research, with
immense clinical and public health implications. However, all of
these studies focus on preschoolers, school age children, and
college students and therefore did not test the effects of viewing
during the most critical window of brain development.
In a large observational study, we found that increased television viewing before the age of 3 was associated with increased
risk of attentional problems at school age (21). Moreover, in a
follow-up study, we found that the pacing of shows drove these
effects with faster pacing having stronger associations with subsequent attentional problems (108). These findings may have
important public health implications given that attentional capacity in early childhood is associated with improved outcomes
in adulthood in several domains including the following: higher
socioeconomic status, lower rates of substance use and incarceration, and lower divorce rates (2). Based on the existing
literature, the American Academy of Pediatrics discourages
television viewing before 2 y of age (109).
Developing an Animal Model for Excessive Rapidly Paced
Media
All studies of infant television viewing and subsequent deficits in
attention have been observational for logistical and ethical reasons, and although they controlled for many potential confounding factors, the possibility of residual confounding remains.
Indeed, when trying to understand what aspects of electronic
media use are detrimental and what aspects are beneficial, observational studies are inadequate to gain mechanistic insights
into the potential contribution of these nongenetic factors to
ADHD. Media use is an exceedingly complex stimulus. Dissecting its various components will be essential to understanding which aspects of it may be detrimental. One salient aspect
of media is that it can deploy surreal pacing, producing scene
changes that are unachievable in the “real” world, which raises
important questions that need to be addressed mechanistically. Can the sheer sensory, nonnormative bombardment (i.e.,
9854 | www.pnas.org/cgi/doi/10.1073/pnas.1711548115

sensory overstimulation) be sufficient to cause increased impulsivity, hyperactivity, or cognitive impairment? These questions
can be mechanistically dissected and tested in animal models.
Indeed, it took experimental proof in animal studies to convince
the tobacco industry and politicians that cigarettes are highly

Fig. 3. This figure highlights the results of (A) the open-field test (OFT), (B)
elevated plus maze (EPM), and (C) light/dark latency (LDL) tests. A demonstrates illustrative examples of control (CON) (red) and excessive sensory
stimulation (ESS) (blue) travel paths. These are quantified for each group
indicating the overall distance traveled in the OFT [mean ± SEM; CON,
58.37 ± 1.94, n = 72; ESS, 66.12 ± 2.01; n = 72; t(142) = 2.62, P < 0.01]. B shows
an illustrative example of the paths during the EPM for CON and ESS. Time
spent in open arms is depicted in the bar graph [mean ± SEM; CON, 9.93 ±
2.11, n = 48; ESS, 31.03 ± 2.78; n = 61, t(105) = 3.39, P < 0.001]. C depicts the
examples of CON and ESS path lengths during the LDL, and time in the light
chamber is quantified in the bar graph [mean ± SEM; CON, 53.79 ± 4.17, n =
48; ESS, 82.39 ± 6.41, n = 61; t(105) = 2.62, P < 0.01]. Error bars in graphs
represent the SEM of variability within each group. Note: **P < 0.01; ***P <
0.001. Adapted with permission from ref. 119.
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Fig. 4. Results of (A) Barnes maze (BM) test and (B) novel object recognition test (NORT). A shows differences in search strategies on the test day of the BM
for control (CON) (red) and excessive sensory stimulation (ESS) (blue). Learning throughout the 4-d training trials is depicted in terms of the time to find the
target hole for CON and ESS. ESS mice trend toward finding the target hole faster than CON on day 1 (effect of hyperactivity) [mean ± SEM; CON, 30.60 ±
4.64, n = 12; ESS, 20.08 ± 2.35, n = 10; t(16) = 1.80, P < 0.09] but spent significantly more time on day 4 to find the target hole [mean ± SEM; CON, 3.44 ± 0.39,
n = 12; ESS, 6.33 ± 0.67, n = 10; t(15) = 5.24, P < 0.001]. B illustrates the NORT and the results of the discrimination ratio on the test trial. The discrimination
ratio was calculated as follows: (time spent on the novel object – time spent on the familiar object)/total time. ESS mice spent less time with the novel object
compared with CON [mean ± SEM; CON, 0.32 ± 0.07, n = 39; ESS, 0.16 ± 0.05; n = 42; t(70) = 1.99, P < 0.05]. Error bars in graphs represent the SEM of variability
within each group. Significance was determined using a two-tailed t test. Note: *P < 0.05; ***P < 0.001. Adapted with permission from ref. 119.

addictive and cause lung cancer. At this point, we can only
speculate that media use affects behavior, and any association
with ADHD remains on relatively soft ground. Although the
recent studies on internet gaming provide increasing evidence for a link between media use and ADHD as well as other
neurological and psychiatric sequelae, the data are far from
conclusive (110).
Consequently, we have developed a mouse model of what we
have termed excessive sensory stimulation (ESS) to further advance the field, and dissect one particular aspect of media use. In
humans, it will be impossible to isolate the “mere” sensory
overstimulation aspect from cognitive involvement, and from the
interactive potential of media use. Our model builds on the
seminal studies in rodents that actively explored environmental
influences on brain development and cognition. Rodents reared
under enriched environmental conditions perform better on
maze trials later in life (86, 87, 111). This improvement is associated with increased dendritic branching in the occipital and
motor-sensory cortex (89, 111), increased size and complexity of
the superior colliculus (89), and increased neurogenesis in the
hippocampus (90, 112–116). Our research has tested the “opposite” hypothesis: that ESS during a similar period will
subsequently diminish performance and adversely affect
neurogenesis. In contrast to the enriched environment, ESS requires no active engagement, increased locomotor activity, or
curiosity; it isolates the sheer bombardment of the senses from
other aspects of media use. We brought a hypothesis based on
observational studies in humans to the laboratory to experimentally validate it in a rodent model. While many studies test
hypotheses in animal models and speculate about human implications, we in effect did the opposite.
To test this condition, experimental mice received an ESS
experience for 6 h per day for 42 d (Fig. 2). Speakers, connected
to a precision amplification device, were mounted above
Christakis et al.

standard mouse cages, and colored lights were positioned at all
four walls. Audio from the “cartoon channel” was piped into the
mouse cage at 70 dB. This level is typical for television watching
and well below the 100–115 dB that are typically used for
acoustic stress models in rodents (117, 118). A photorhythmic
modulator was used to change colors and intensities in concordance with the audio, thereby simulating television that cannot
be avoided (e.g., flashing lights on all four sides of the cage). We
consider this excessive in the sense that it far exceeds any stimulation that mice would encounter under normative conditions in
a vivarium of natural setting.
Beginning at postnatal day 10 (P10), mice were divided into
two groups: (i) The control group was reared according to approved and established protocols at the Seattle Children’s Research Institute vivarium. (ii) The experimental group was
treated identically to the control group except that it was exposed to ESS for 6 h every night in the ESS chamber. Exposure
lasted for 42 d, which is comparable to the length commonly used
in enriched environment studies. Mice remained with their
mother until weaning (P21) after which pups were housed in
groups of up to five mice per cage. Following the exposure period, lights and speakers were removed, but mice remained in
their familiar, regular mouse cages. Ten days later, mice were
behaviorally tested using the light/dark latency test (LDL), the
elevated plus maze (EPM), the open field test (OFT), the novel
object recognition test (NORT), and the Barnes maze (BM).
Table 1 summarizes the tests that were performed. In all cases,
technicians blinded to research group made assessments.
Interestingly, anxiety, learning, and memory were decreased,
whereas risk-taking and motor activity levels were enhanced in
ESS mice compared with controls (119) (Figs. 3 and 4). Specifically, ESS mice traveled greater distances in the open field,
spent more time in the open on the elevated maze test, and spent
more time in the lighted chamber compared with control mice.
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These findings can be interpreted as showing that mice are hyperkinetic and less risk averse. This is an important finding as it
directly addresses the question raised earlier: Is the sensory
overstimulation alone sufficient to have detrimental consequences resembling those of ADHD? Our data indeed suggest
that, even without cognitive engagement and without social
isolation, sensory overstimulation alone is sufficient to have
detrimental consequences. Aside from numerous behavioral
changes, we found significant neurobiological alterations in
glutamatergic transmission in the nucleus accumbens and
amygdala (120). A different group of investigators in Israel did a
replication and extension study of our work (121). They exposed
juvenile rats to 1 h daily of highly salient odors that were changed
frequently, whereas control rats had consistent odors. They
found that overstimulated rats performed more poorly on the
five-choice serial reaction time task when auditory distractors
were present. The five-choice serial reaction time task tests for
impulsivity and attention and is considered analogous to the
computer performance task used in humans to measure ADHD
symptomology (122, 123). Notably, there findings are consistent
with what is seen clinically in children with ADHD: They perform better when distractions are minimized. Importantly, while
it can be argued that our ESS paradigm used types of stimulation
that rodents would never encounter in the real world, Hadas
et al. (124) used a paradigm of odors that in theory could exist in
more naturalistic environments. This suggests that it is the intensity of the stimulation that drives the observed effects.
These results provide experimental corroboration of observational data in humans. Indeed, this was hypothesis-driven research confirming findings from children in rodents rather than
the reverse as is frequently the case. Indeed, it is important to
note that the arguably most frequently used rodent model for
ADHD, the so called hypertensive rat, was not created in a
hypothesis-driven and/or mechanistic manner; rather the behavioral traits seen in this rodent were considered “ADHD-like.”
(125–129) This means that the behavioral phenotype of these
rats could be caused by a myriad of mechanisms that may or may
not be relevant for understanding the etiology of ADHD. Nevertheless, as is the case for all animal models, the differences
(and similarities) between what is observed in human infants and
what is induced in rodents are worth considering in some detail.
First, there is the issue of cognitive engagement. It is unclear
how much cognitive engagement infants have while watching
television (130), but it is highly probable that mice have little to
none when experiencing ESS. Thus, our findings cannot speak to
the role of cognitive engagement itself. Instead, our findings
support a much less intuitive but more important hypothesis: that
the formal features of the medium are what present a risk,
thereby making even potentially educational programming

detrimental, not because of the content but because it overstimulates too many senses for too long too early in development. In other words, ESS, in and of itself and independent of
any cognitive content, suffices to have significant behavioral and
neurobiological consequences. This phenomenon has been observed in humans where even programs that have demonstrable
educational benefits in preschoolers (e.g., Sesame Street) have
been shown to result in decreased language when viewed by
infants (131).
Second, some might argue that the control condition does not
represent “normal” mouse developmental exposures since laboratory conditions are clearly different from what would be encountered in natural habitats. We propose two counterfactuals to
this. The work on enriched environments that has been so highly
impactful also used a similar control group (88, 115). In addition,
laboratory-reared mice are not offered unlimited terrain to cover
or predatory threats to avoid. Seen in this light, our findings are
notable in that overstimulated mice have outcomes that are
consistently worse than those reared in what might be deemed an
understimulating one. In other words, relative sensory deprivation is better than sensory overload. Future experiments should
build on these findings and directly compare ESS with EE mice.
Last, it might be argued that our findings are confounded by
stress. While it should be noted that the observations in humans
might also be induced by stress as isolating infants and bombarding their audio and visual senses may well be stressful, we do
not believe that is operative in our model for several reasons. We
have opted to keep the pups with their mother before weaning to
minimize stress related to separation. In addition, the audio
levels we use (70 dB) are well below acoustic stress levels (100–
115 dB) for mice (132). Furthermore, our finding of increased
risk taking (decreased anxiety) runs contrary to what has been
found in stress models where increased anxiety has been repeatedly demonstrated (133–137). Moreover, stress alters appetite and weight gain, and there were no differences in body
weights between mice exposed to the ESS paradigm and controls; finally, we have measured cortisol levels in experimental
and control animals and found no significant differences (120).
In summary, our observations in humans have been at least
provisionally confirmed in experimental studies in mice. ESS
early in life can negatively impact cognitive function and behavior. These findings support the American Academy of Pediatrics recommendation that screen time—particularly when it
involves fast-paced media—should be minimized for children
under 2 (138). However, it should be noted that the age of 2 y is
arbitrary, and given evidence that brain development continues
until the early 20s, further research should be conducted
to better clarify potential impacts throughout the pediatric
life span.
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To clarify and quantify the influence of video game violence (VGV)
on aggressive behavior, we conducted a metaanalysis of all
prospective studies to date that assessed the relation between
exposure to VGV and subsequent overt physical aggression. The
search strategy identified 24 studies with over 17,000 participants
and time lags ranging from 3 months to 4 years. The samples
comprised various nationalities and ethnicities with mean ages
from 9 to 19 years. For each study we obtained the standardized
regression coefficient for the prospective effect of VGV on subsequent aggression, controlling for baseline aggression. VGV was
related to aggression using both fixed [β = 0.113, 95% CI = (0.098,
0.128)] and random effects models [β = 0.106 (0.078, 0.134)]. When
all available covariates were included, the size of the effect
remained significant for both models [β = 0.080 (0.065, 0.094)
and β = 0.078 (0.053, 0.102), respectively]. No evidence of publication bias was found. Ethnicity was a statistically significant moderator for the fixed-effects models (P ≤ 0.011) but not for the
random-effects models. Stratified analyses indicated the effect
was largest among Whites, intermediate among Asians, and nonsignificant among Hispanics. Discussion focuses on the implications of such findings for current debates regarding the effects
of violent video games on physical aggression.
video games
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controversy has developed over the relation of violent video
game play and aggression (1–4). Whereas the majority of
those who conduct research on this topic argue that playing such
games increases aggressive behavior, a vocal minority has argued
that the relation of game play and real-world aggressive behavior
is at best overstated and at worst spurious. The controversy has
had important real-world implications. In 2011, the US Supreme
Court struck down a California statute designed to limit purchases and rentals of extremely violent video games by children
(5). The majority opinion expressed skepticism about the importance of effects of violent video games, likening them to a
“harmless pastime” (5).

Violent Video Game Play and Aggression
The case that violent video game play increases aggressive behavior
has been made most forcefully by Anderson et al. (6; see also refs. 7
and 8). Specifically, these authors undertook a comprehensive
metaanalysis of the literature on the impact of violent video game
play on six categories of aggressive response: cognition, affect,
arousal, empathy/sensitization to violence, overt aggressive behavior, and overt prosocial behavior. Their metaanalysis examined
effects from over 130 research reports based on over 130,000 participants. On the basis of these analyses, the authors concluded that
violent video game play is positively associated with aggressive
behavior, aggressive cognition, and aggressive affect, as well as
negatively associated with empathy for victims of violence and with
prosocial behavior. Furthermore, the authors concluded that these
effects are statistically reliable in experimental, cross-sectional, and
longitudinal studies, are observed across cultures, gender, and game
types (e.g., first vs. third person perspective; human vs. nonhuman
targets; and so forth), and that methodologically superior studies
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tended to yield larger effects. A more recent metaanalysis by
Greitemeyer and Mügge (9) came to similar conclusions.
Although hailed by some as conclusively demonstrating a link
between violent video game play and aggression (7), the Anderson
et al. (6) metaanalysis did not decrease skepticism among a vocal
minority of researchers (10). In a wide range of articles, Ferguson
(2, 11–16) has leveled four criticisms at research purporting to
show that video game violence (VGV) increases real-world aggression: (i) many studies that support such a link use measures of
“nonserious aggression” (e.g., accessibility of aggression related
words, aggression related feelings) that inflate effect-size estimates; (ii) many studies do not include important covariates as
statistical controls and hence any observed effects may be spurious
consequences of third variable relationships; (iii) there is a bias to
publish studies supporting a VGV → aggression link as opposed to
those reporting a null effect; and (iv) even if one accepts the existence of a VGV → aggression relationship, the estimated effect
size typically reported is exceedingly weak. Despite the fact that
these arguments have been vigorously rebutted by Anderson and
his colleagues (8), Ferguson and his colleagues have continued to
stand by their critique (2, 15, 17, 18). With respect to the critiques
raised by Ferguson et al. (19–21), it is noteworthy that these researchers have conducted three rigorous longitudinal studies that
have found no significant relationship between violent video game
play and aggression. They attribute these noneffects in part to: (i)
using measures of “serious” aggression (e.g., overt physical aggression), and (ii) including appropriate control covariates.
Ethnicity and Game Play
Some evidence exists supporting the potential of ethnicity and
culture to moderate VGV effects. Anderson et al. (6) noted in their
metaanalysis of aggressive behavior in longitudinal designs that the
VGV effect was somewhat larger in Western than Eastern cultures
and this difference approached statistical significance (P = 0.07). At
the same time, in these comparisons cultural differences were
confounded with variation in research designs, such that “it was
unclear whether the difference should be attributed to cultural
differences in vulnerability or to the use of different measures” (6).
The potential for ethnicity to moderate the effects of video
game exposure on aggression was corroborated by Ferguson (15)
in his own recent metaanalysis. In that work, Ferguson found a
statistically significant association between exposure to video
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Metaanalysis of Longitudinal Research on VGV and
Aggressive Behavior
The present review aims to address the four arguments outlined
above that have been made against a relationship between VGV
and aggression, and to reassess evidence for ethnicity as a moderator of this relationship. In reviewing the literature we focus on
what we regard as providing the most stringent and appropriate
test of the violent video game → aggression hypothesis: longitudinal designs that examine the association of violent video game
play at one point in time with overt physical aggression at a subsequent point in time, while covarying prior aggression. By focusing on overt physical aggression, we avoid the criticism that
other nonserious measures of aggression falsely inflate the effect
size seen in the literature. By conducting a metaanalysis, we can
estimate the average size, statistical reliability, and heterogeneity
of effects in the literature. This allows us to examine the extent to
which those estimates vary as a function of (i) the statistical
covariates included by individual researchers and (ii) the culture/
ethnicity of the participant. Finally, we looked for evidence of
publication bias using a variety of methods.
Methods
Study Retrieval and Selection. We searched the electronic databases PsycInfo,
PubMed, Web of Science, and ERIC using combinations of keywords associated with video game play (video gam* OR videogam* OR computer gam*
OR electronic gam*), longitudinal designs (longitudinal OR prospective), and
aggressive behavior (aggress* OR violen* OR delinquen*). The search included articles published up to April 1, 2017. Studies from any country were
eligible for inclusion, and those published in languages other than English
were eligible for inclusion as long as they could be translated into English.
Articles, dissertations, and book chapters were eligible for inclusion regardless of whether they were published or unpublished.
To be eligible for inclusion in the metaanalysis, studies must have measured
violent video game exposure and physical aggression at one point in time and
measure physical aggression at least 3 wk later. Because the relationship of
interest is specific to a subset of video games with violent or mature content,
studies were excluded if they assessed total video game exposure (rather than
exposure to violent or mature-rated games) or if they assessed exposure to
violent movies or media other than video games. Only studies that measured
real-world, overt physical aggression were included, based on the perspective
that video game-induced changes in cognition (e.g., attitudes, attributional
bias), emotion (e.g., hostility, emotional desensitization), feelings (e.g., empathic
concern), and arousal are principally important insofar as they elucidate psychological processes that can serve as mediators for an established behavioral
effect. Self-reports of real-world aggressive behavior were acceptable aggression
measures, as were similar ratings provided by parents, teachers, or peers. Reports
using hypothetical scenarios and reports restricted to verbal aggression were not
considered acceptable measures. Finally, the search was restricted to longitudinal
designs, given their strength in reducing the plausibility of reverse-causality.
Although restricting the review to longitudinal studies of real-world, overt
physical aggression does not preclude studies that use experimental designs, it
does eliminate from consideration those laboratory-based experiments whose
effects might be criticized as involving only temporary effects on behavior. Each
set of authors for the resulting studies were contacted to inquire as to any
information they might have regarding other published or unpublished longitudinal studies of video game play and aggression.
For all studies, the effect-size estimate used was the standardized regression coefficient associated with violent video game play and subsequent
physical aggression, calculated while including prior aggression as a covariate. This estimate was preferred over a zero-order correlation because it
better characterizes the relationship of interest, namely the link between
violent video game exposure and subsequent change in aggression, which
requires prior aggression to be taken into consideration. In addition, insofar
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as researchers included covariates beyond violent video game play and prior
aggression in their originally published effects, we contacted each research
team and requested that they supply us with the standardized regression
coefficient associated with baseline violent video game play when used to
predict subsequent physical aggression while covarying: (i) baseline physical
aggression only and (ii) baseline physical aggression and gender.
Statistical Analysis. We estimated overall effects and heterogeneity in the
effect sizes using both fixed-effects and random-effects metaanalytic modeling. We then tested whether some of the observed heterogeneity was
predictable from three identifiable study characteristics: majority participant
ethnicity, average participant age at study inception, and longitudinal time
lag in measurement of aggression. Finally, we performed publication bias
analyses described in detail below. We used both SPSS v20 and the R package
“meta”(22) to conduct metaanalyses and publication bias analyses.

Results
Literature Search Results. Ultimately, our search yielded 24 studies

(19–21, 23–40) (Table 1), of which only 5 appeared in the earlier
metaanalysis by Anderson et al. (6) and 8 of which appeared in a
more recent metaanalysis by Greitemeyer and Mügge (9). These
studies included over 17,000 participants from a wide variety
of countries (Austria, Canada, Germany, Japan, Malaysia, the
Netherlands, Singapore, and the United States). Participants’ average
age ranged from 8.9 to 19.3 y, and the longitudinal time lag ranged
from 3 mo to just over 4 y. The vast majority of these studies measured violent video game play and aggressive behavior at an initial
point in time and then used both measures to predict subsequent
aggressive behavior in a simultaneous regression analysis (or path
analysis or structural equation model) while including a variety of
control covariates. All studies measured exposure to violent video
games rather than experimentally manipulating video game exposure.
Table 1 summarizes the major characteristics of these studies,
including participant nationality and our categorization of the
participants as representatives of three primary ethnicities: White,
Hispanic, and Asian. In addition, the table includes a brief description of the physical aggression measure used, average age of
participants at baseline, time lag to assessment of subsequent
physical aggression, and effect-size estimates without covariates
other than baseline aggression, with baseline aggression and
gender, and with all covariates included in the original report.

Basic Analyses.
Effect-size estimates using only autoregressive lag as a covariate. For all

but one of the datasets, we were able to obtain estimates of the
standardized regression coefficient associating only initial violent
video game play with subsequent physical aggression, covarying
initial physical aggression (Table 1). A fixed-effects metaanalysis
yielded an average coefficient of β = 0.113, 95% CI = (0.098,
0.128), z = 14.815, P < 0.001, and a Q statistic, χ2(22) = 61.820, P <
0.001, that indicated significant heterogeneity. A Hedges–Vevea
random-effects metaanalysis yielded similar effect-size estimates, β = 0.106, 95% CI = (0.078, 0.134), z = 7.462, P < 0.001,
and a Q statistic, χ2(22) = 28.109, P = 0.172, indicating
nonsignificant heterogeneity.
Effect-size estimates using autoregressive lag plus covariates. Subsequent
analyses were conducted that involved estimates adjusted for all
covariates used in the 24 originally reported results. A majority of
studies reported positive estimates indicating that violent video
game play was associated with increases over time in physical
aggression controlling for prior aggression and all other covariates.
A fixed-effects metaanalysis yielded an average coefficient of
β = 0.080, 95% CI = (0.065, 0.094), z = 10.387, P < 0.001, and a Q
statistic, χ2(23) = 50.556, P = 0.001 (indicating significant heterogeneity). A Hedges–Vevea random-effects analysis yielded
similar effect-size estimates, β = 0.078, 95% CI = (0.053, 0.102),
z = 6.173, P < 0.001, and a Q statistic, χ2(23) = 27.404, P = 0.239,
indicating nonsignificant heterogeneity. (Results from the analyses
that included both the autoregressive lag and gender as covariates
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games and aggressive behavior among studies that used Western
samples, but this relationship was not significant among studies
that used Asian or Hispanic samples. Because these metaanalytic
findings were based on studies that measured exposure to all
video games (rather than focusing on violent games), the results
may not speak to questions about VGV effects per se, but they
do support the view of ethnicity as a potential moderator of
aggressive outcomes.

Table 1. Longitudinal studies on VGV and aggression

Year Nationality Principal ethnicity

Adachi and
Willoughby (23)
Anderson et al. (24)†
Anderson et al. (24)†
Anderson et al. (24)†

2016

Canadian

White

Direct aggression (physical and verbal)

1,132

19.1

2008
2008
2008

Japanese
Japanese
American

Asian
Asian
White

∼13.5
∼15.5
∼10.5

Breuer et al. (25)

2015

German

White

Breuer et al. (25)

2015

German

White

Bucolo (26)

2010

American

White

2011

American

Hispanic

Ferguson et al. (21)‡

2012

American

Hispanic

Ferguson et al. (20)

2013

American

Hispanic

Fikkers et al. (27)
Gentile et al. (28)

2016
2009

Dutch
American

White
White

Gentile et al. (29)
Greitemeyer and
Sagiogluo (30)
Hirtenlehner and
Strohmeier (31)
Hopf, et al. (32)
Hull et al. (33)

2014 Singapore
2017 American

Asian
White

2015

Austrian

White

Trait physical aggression scale
181
Physical aggression in past month
1,050
Index of teacher, peer, and self-reports, current
364
school year
Buss & Perry Aggression Questionnaire (physical,
140
two items)
Buss & Perry Aggression Questionnaire (physical,
136
two items)
Buss & Perry Aggression Questionnaire (physical,
648
five items)
Child Behavior Checklist Youth Self-Report,
302
aggression, child (YSRac)
Child Behavior Checklist Youth Self-Report,
165
aggression, child (YSRac)
Child Behavior Checklist Youth Self-Report,
143
aggression, child (YSRac)
Physical aggression
943
Self-reported fights, teacher rating of physical
865
aggression
Six items assessing physical aggression
2,029
Buss & Perry Aggression Questionnaire (physical,
743
two items)
Personal violence
371

2008
2014

German
American

White
White

Student’s’ violence
314
Hitting nonfamily members, sent to school office 2,723
for fighting
1,831
442
49
Self-reported (five items) and teacher-reported
1,715
(one item) physical aggression
Buss & Perry Aggression Questionnaire (physical,
540
seven items)
Buss & Perry Aggression Questionnaire (physical,
143
seven items)
Buss & Perry Aggression Questionnaire (physical,
498
six items)
“Aggression-tilt”
472
Peer nomination, teacher rating: Latent variable
228
Direct aggression (overt). Effect relates sustained 1,492
violent video game play 9–12 with aggressive
slope

Ferguson (19)

‡

‡

Subsample 1
Subsample 2
Subsample 3
Krahé et al. (34)‡

2012

German

White
Hispanic
Asian
White

Lemmens et al. (35)‡

2011

Dutch

White

Möller and Krahé (36)†,‡ 2009

German

White

Shibuya et al. (37)†

2008

Japanese

Asian

Staude-Müller (38)
von Salisch et al. (39)‡
Willoughby et al. (40)‡

2011
2011
2012

German
German
Canadian

White
White
White

Physical aggression measure

n

Average
age T1* Lag (years)

Authors

Covariates other than
Initial Aggression
None

Gender

All

1.0

0.136

0.077

0.076

0.3
0.3–0.5
0.5

0.144
0.115
0.167

0.139
0.075
0.158

0.139
0.075
0.158

−0.151 −0.159

−0.159

16

1.0

19.3

1.0

0.078

0.070

0.070

13.4

1.5

0.17

0.15

0.14

12.3

1.0

0.035

0.011

−0.030

12.3

3.0

−0.068 −0.016

0.030

12.8

1.0

0.069

0.044

0.100

11.8
9.6

1.0
1.1

0.180
0.112

0.126
0.089

0.126
0.089

12.2

1.0
0.5

0.065
0.032

0.043
0.024

0.043
0.021

11.5

1.0

0.190

0.13

0.140

12
13.8

2.7
0.8

—§
0.097

—§
0.088

0.18
0.075

0.103 0.100
0.062 0.034
−0.098 −0.097
0.18
0.15

0.085
0.024
−0.040
0.15

13.4

1.1

13.9

0.5

0.09

—§

0.09

13.3

2.5

0.275

0.213

0.213

∼10.5

0.9

0.072 −0.001{ −0.001

13.7
8.9
13.8

1.0
1.0
4.0

0.046 0.028
−0.021 −0.031
0.164 0.123

−0.020
−0.010
0.070

Note: von Salisch et al. (39) used only peer nominations and teacher ratings to measure aggression; all other studies included self-reported measurements of aggression.

*Age at study onset; Approximate ages (∼) estimated from reported age ranges and/or grade levels.
†

Appears in metaanalysis by Anderson et al. (6).
Appears in metaanalysis by Greitemeyer and Mügge (9).
§
Did not use additional control covariates or effect not reported.
{
Interaction of gameplay and moderator variable statistically significant at P < 0.05.
‡

fell between the estimates from these two analyses. They are
available from the authors upon request.)
Publication bias. We conducted three analyses to assess possible
publication bias, none of which found evidence for overestimation of the effect in the literature. Rosenthal Fail-Safe n
estimates indicated that in excess of 700 null findings would be
necessary to jeopardize the conclusion that a positive longitudinal relation exists between violent video game play and physical
aggression (estimates using only the aggression autoregressive
lag covariate, Fail-Safe n = 1,334; estimates using all covariates,
Fail-Safe n = 723). The Begg and Mazumdar (41) rank correlation τ-b was nonsignificant for both the random-effects model
that only included the autoregressive lag of prior aggression,
τ-b = −0.269, P = 0.072, and the model that included all
9884 | www.pnas.org/cgi/doi/10.1073/pnas.1611617114

covariates, τ-b = −0.033, P = 0.823. Finally, a trim and fill
analysis (42, 43) applied to these data did not add any effects to
the distribution, once again indicating lack of publication bias.
Moderator Analyses. To explore potential moderators of these
observed effects, we examined variation in effect-size estimates
associated with three study characteristics: participant ethnicity,
age, and time lag between measurements of aggression.
Ethnicity. Moderator analyses were conducted to test for variation
in effect sizes as a function of participant ethnicity. In all but one
case, studies were categorized based on the predominant ethnicity of the sample: White, Hispanic, or Asian (Table 1). In the
case of the study by Hull et al. (33) it was possible to calculate
effect sizes separately for each of these ethnic categories based
Prescott et al.

N

ES

[95% CI]

W(fix) W(rand)

143
371
943
1715
648
364
1492
1132
865
1831
540
136
472
743
228
140
11763

0.275
0.190
0.180
0.180
0.170
0.167
0.164
0.136
0.112
0.103
0.090
0.078
0.046
0.032
0.021
0.151
0.130
0.120

[ 0.116; 0.420] 0.8%
[ 0.090; 0.286] 2.2%
[ 0.118; 0.241] 5.7%
[ 0.134; 0.225] 10.3%
[ 0.094; 0.244] 3.9%
[ 0.065; 0.265] 2.2%
[ 0.114; 0.213] 9.0%
[ 0.078; 0.193] 6.8%
[ 0.046; 0.177] 5.2%
[ 0.057; 0.148] 11.0%
[ 0.006; 0.173] 3.2%
[ 0.092; 0.243] 0.8%
[ 0.044; 0.136] 2.8%
[ 0.040; 0.104] 4.5%
[ 0.151; 0.109] 1.4%
[ 0.309; 0.015] 0.8%
[ 0.112; 0.148] 70.8%
[ 0.087; 0.153]

0.144
0.115
0.072
0.065
0.098
0.082
0.082

[ 0.002; 0.284] 1.1%
[ 0.055; 0.174] 6.3%
[ 0.016; 0.159] 3.0%
[ 0.022; 0.108] 12.2%
[ 0.369; 0.188] 0.3%
[ 0.050; 0.113] 22.9%
[ 0.050; 0.113]

0.069
0.062
0.035
0.068
0.035
0.035

[
[
[
[
[
[
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Authors and Year
Ethnicity = White
Moeller & Krahe 2009
Hirtenlehner & Strohmeier 2015
Fikkers et al. 2016
Krahe et al. 2012
Bucolo 2010
Anderson et al. 2008 (3)
Willoughby et al. 2012
Adachi & Willoughby 2016
Gentile, Welk, et al. 2009
Hull et al. 2014 (1)
Lemmens et al. 2011
Breuer et al. 2015 (2)
Staude Mueller 2011
Greitemeyer & Sagiogluo 2017
von Salisch et al. 2011
Breuer et al. 2015 (1)

Fixed effect model
Random effects model

2.0%
3.7%
5.4%
6.2%
4.7%
3.7%
6.0%
5.6%
5.2%
6.2%
4.4%
2.0%
4.2%
5.0%
2.8%
2.0%
69.0%

Fixed effect model
Random effects model

181
1050
498
2029
49
3807

2.4%
5.5%
4.3%
6.3%
0.8%
19.3%

Ethnicity = Hispanic
Ferguson et al. 2013
Hull et al. 2014 (2)
Ferguson 2011
Ferguson et al. 2012

Fixed effect model
Random effects model
Fixed effect model
Random effects model

143
442
302
165
1052

16622

0.096; 0.231]
0.031; 0.154]
0.078; 0.147]
0.219; 0.086]
0.026; 0.095]
0.026; 0.095]

0.8%
2.7%
1.8%
1.0%
6.3%

0.113 [ 0.098; 0.128] 100%
0.103 [ 0.076; 0.130]

2.0%
4.0%
3.3%
2.3%
11.6%

100%

Heterogeneity: Q=64.5, df=24, p<0.0001
0.4

0.2

0

0.2

0.4

Fig. 1. Standardized regression coefficients (β) associating baseline violent video game play with subsequent physical aggression including an autoregressive lag for aggression and based on data selected for ethnicity moderator analyses. Estimated effect size β (ES; square) and 95% confidence interval (CI; lines) are displayed for all effects
entered into the metaanalysis (19–21, 23–31, 33–40). Diamonds represent metaanalytically weighted mean β. Weight percentages for fixed-effects and random-effects models
are labeled W(fix) and W(rand), respectively. For studies with multiple independent samples, the result for each sample is reported separately and numbered 1, 2, or 3.

on each participant’s self-identification. Although all other
analyses used the overall effect-size estimates from the Hull
et al. total sample (n = 2,723), analyses testing the moderating
effect of ethnicity instead involved the specific effect sizes associated with each of the three Hull et al. subsamples: White
Prescott et al.

(n = 1,831), Hispanic (n = 442), and Asian/Pacific Islander
(n = 49).
A fixed-effects moderator analysis using the three ethnic categories in Table 1 applied to the “autoregressive lag only” estimates
yielded a significant moderator effect, χ2(2) = 13.658, P = 0.001.
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Ethnicity = Asian
Anderson et al. 2008 (1)
Anderson et al. 2008 (2)
Shibuya et al. 2008
Gentile et al. 2014
Hull et al. 2014 (3)

Separate analyses indicated that the effect was largest among
White participants, intermediate among Asian participants, and
smallest among Hispanic participants (see Fig. 1 for estimates
within each group, in addition to overall estimates based on
these study samples). The fixed-effects moderator analysis using
two ethnic categories of Hispanic vs. non-Hispanic also yielded a
significant moderator effect, χ2(1) = 6.820, P = 0.009. Both the
random-effects moderator comparison of three ethnicities and
the random-effects comparison of Hispanic vs. non-Hispanic
samples approached significance, [χ2(2) = 5.125, P = 0.077,
and χ2(1) = 3.745, P = 0.053, respectively].
A fixed-effects moderator analysis using three ethnic categories applied to the “all covariates” estimates yielded a significant moderator effect, χ2(2) = 9.059, P = 0.011, of the same
form as observed previously. In this case, neither the randomeffects moderator comparison of three ethnicities, χ2(2) = 3.915,
P = 0.141, nor the Hispanic vs. non-Hispanic comparison,
χ2 (1) = 2.280, P = 0.131, achieved statistical significance.
Time lag. A fixed-effects moderator analysis using three time-lag
categories (less than 1 y, 1 y, more than 1 y) applied to the
“autoregressive lag only” estimates yielded a significant moderator effect, χ2(2) = 14.218, P < 0.001. Separate analyses indicated that the effect was largest in the studies with a lag of
longer than 1 y, β = 0.157, 95% CI = (0.130, 0.184), z = 11.220,
P < 0.001, and smaller in studies with a lag equal to 1 y, β =
0.094, 95% CI = (0.069, 0.120), z = 7.243, P < 0.001, or less than
1 y, β = 0.095, 95% CI = (0.070, 0.120), z = 7.441, P < 0.001. A
random-effects moderator analysis did not achieve conventional
levels of significance, χ2(2) = 4.001, P = 0.135.
Age. A fixed-effects moderator analysis using two age categories
(age 12 and younger, age 13 and older) yielded a moderator
effect that approached significance, χ2(1) = 3.788, P = 0.052.
Separate analyses indicated that the effect was slightly larger in
studies that examined effects among older children, β = 0.128,
95% CI = (0.109, 0.147), z = 13.119, P < 0.001, than those with
younger children, β = 0.097, 95% CI = (0.072, 0.122), z = 7.456,
P < 0.001. A random-effects moderator analysis did not achieve
conventional levels of significance, χ2(1) = 0.982, P = 0.322.
Discussion
Researchers have been divided with respect to the question of
whether or not playing violent video games is associated with
subsequent increases in physical aggression. Although a majority
of researchers have argued for such an association, a vocal minority has claimed that existing evidence is flawed in multiple
respects. Our results speak to three of the four specific criticisms
of this literature outlined previously.
First, to address the criticism that many existing studies used
“nonserious” measures of aggression (e.g., aggressive cognitions
or affect), we limited our metaanalysis to studies that measured
changes in overt, physical aggression over the course of months
or years. Our results demonstrated a reliable metaanalytic effect
in longitudinal studies even when controlling for baseline levels
of physical aggression, suggesting that the effects of violent video
games extend to meaningful behaviors in the real world.
Second, to address arguments that estimates of this effect
were spurious based on a failure to include adequate statistical
controls, we conducted our analyses first with baseline aggression as the sole covariate and again with all covariates originally
included in each study. Results showed that inclusion of covariates appears to have only a minor impact on the estimated
association of game play and aggression. Indeed, for two of the
three studies reported by Ferguson et al. (20, 21), inclusion of
their preferred covariates slightly increased the size of the association (Table 1).
Third, whereas existing metaanalyses have been criticized as
failing to take into account the potential for publication bias, we
observed no evidence that studies with null or negative effect
9886 | www.pnas.org/cgi/doi/10.1073/pnas.1611617114

sizes have been underrepresented in the literature, despite using
three different analytical approaches to assess publication bias.
Importantly, the analytical approaches used to arrive at this
conclusion have been demonstrated to possess complementary
qualities: the trim-and-fill technique has high statistical power
but a high type I error rate, whereas the Begg and Mazumdar’s
rank correlation test has lower power but yields virtually no type
I errors (44). The fact that both of these tests reach the same
conclusion suggests the results are reliable.
With respect to the fourth criticism, focused on the size of these
effects, our metaanalysis yielded a modest effect size of ≈0.11
when additional covariates were not included. Ferguson and his
colleagues have noted that a regression coefficient of 0.10 is associated with only 1% of the variance in the outcome and concluded that this is so small as to be meaningless. However, others
countered that squared regression coefficients provide a lessappropriate metric for judging the practical significance of effects compared with estimates of relative risk (1, 45). In fact,
Rosenthal (45) argued that reliance on r2 values to interpret effect
sizes is particularly problematic in the context of studying antisocial behaviors, such as aggression, stating “our ability to predict
and control antisocial behavior is not at all trivial in practical
terms, despite the apparently small r2s obtained in most studies”
(45). Regardless of one’s subjective definition of a meaningful
effect size, it is clear that a statistically significant, reliable effect
exists in the literature.
Although our study supports a skeptical view of aforementioned criticisms of the literature on VGV and aggression, our
results offer a possible alternative explanation for the differing
conclusions reached by researchers on opposite sides of the debate. Specifically, we found evidence that the effect of VGV on
aggression is moderated by sample ethnicity, with White participants showing the strongest effect and Hispanic participants
showing no significant effects. Effects for Asian participants fell
between those for the other two groups.
The possibility that the effects of violent video games on aggression are moderated by ethnicity was raised in a previous
metaanalysis by Anderson et al. (6) that included both Western
and Asian (but not Hispanic) samples. At the same time, these
authors found that: (i) the moderating effect of ethnicity only
approached conventional levels of significance and (ii) could not
be disentangled from variation in research methodology. A
subsequent metaanalysis by Ferguson (15) replicated and extended this finding by showing that video game effects were
present among Western but not Asian or Hispanic samples.
However, because those analyses involved studies of all design
types (including nonlongitudinal) and did not take into account
the type of game (violent vs. nonviolent) in the studies’ video
game exposure measurements, the results do not speak directly
to the question of VGV effects over time.
In contrast, the present metaanalysis focused specifically on
studies of violent video game exposure that used longitudinal
designs and expanded upon the findings by Anderson et al. (6) by
including many longitudinal studies published since and by distinguishing Hispanic in addition to White and Asian samples.
Our results showed a statistically significant moderation effect of
ethnicity (albeit using fixed-effects estimates), such that the
strongest association was observed among White samples, an
intermediate association for Asian samples, and a small, nonsignificant association for Hispanic samples. That said, given the
small number of studies with Hispanic samples, more studies of
this population are clearly needed before making firm conclusions about the effect of violent games on this group.
Even if differences between ethnic groups are established, the
question remains as to why ethnicity might moderate the influence of violent video games on aggressive behavior. Anderson
et al. (6) elaborated five reasons to expect smaller media effect
sizes in Eastern than Western societies. Specifically, they discuss
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Conclusion
On the basis of this metaanalysis, we conclude that playing violent video games is associated with greater levels of overt physical aggression over time, after accounting for prior aggression.
These findings support the general claim that violent video game
play is associated with increases in physical aggression over time.
Furthermore, the results speak to three specific criticisms of this
literature by demonstrating: (i) that violent video game play is
associated with increases in measures of serious aggressive behavior (i.e., overt, physical aggression), (ii) that estimates of this
effect are only slightly decreased by inclusion of statistical
covariates, and (iii) by finding no evidence of publication bias.
Results further suggest the VGV effect on aggression may be
moderated by sample ethnicity such that it is most strongly observed among White participants, less strongly but reliably observed among Asian participants, and unreliably among Hispanic
participants. In addition, designs that involve longer time lags
appear to be associated with larger effects, a finding consistent
with observations in multiwave studies (e.g., ref. 33).
In sum, the results of our metaanalysis pose serious challenges
to several major criticisms of the literature linking VGV and
physical aggression, and they offer a simple explanation for the
inconsistent findings by researchers on opposing sides of the
debate. We hope these findings will assist the field in moving
past the question of whether violent video games increase aggressive behavior, and toward questions regarding why, when,
and for whom they have such effects.
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and 49). Obviously, although our account is consistent with a
variety of empirical findings, additional research is necessary
to establish empathy as a plausible mediator of the observed
moderating influence of ethnicity on aggression in the current
metaanalysis.

PSYCHOLOGICAL AND
COGNITIVE SCIENCES

cross-cultural differences in: (i) how violence is contextualized in
the media; (ii) the extent to which individuals attend to the situational context of action; (iii) the meaning, experience, and
processing of emotions; (iv) the public–private context in which
video games are typically played; and (v) the social networks of
gamers. To these reasons, we would add variation across cultures
in the meaning of being a perpetrator and a victim of aggression.
From this perspective, cultures that promote social responsibility
and empathy toward victims of violence may decrease the effects
of violent game play by leading individuals to psychologically
distance themselves from their virtual aggression and from its
implications for their personal values and real-world behavior.
Conversely, cultures that promote rugged individualism and a
warrior-like mentality may lead individuals to identify with the
role of aggressor and dampen sympathy toward their virtual
victims, with consequences for their values and behavior outside
the game.
With respect to such an account of the ethnicity-based moderation of the effect of VGV on aggression observed in the
current metaanalysis, Anderson et al. (6) found that culture
moderated the impact of violent video game play on desensitization to violence and empathy such that participants from
Western cultures showed greater desensitization and larger decreases in empathy than those from Eastern cultures. Findings by
Ramos et al. (46) suggest that, similar to those from Eastern
cultures, Hispanic participants appear to maintain empathy for
victims in the face of media depictions of violence. With respect
to desensitization and decreased empathy being a cause of the
impact of VGV on subsequent aggression, Bartholow et al. (47)
found that empathy mediated the impact of VGV on aggression
in an experimental design. At the same time, whereas empathy
for the victim of VGV may decrease subsequent aggression,
empathy for perpetrators may actually increase subsequent aggression by motivating justification of their actions (e.g., refs. 48
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From savannas to blue-phase LCD screens:
Prospects and perils for child development in the
Post-Modern Digital Information Age
David E. Meyera,1

The Modern Digital Information Age arguably dawned
with the construction of moveable-type printing
presses by Johannes Guttenberg and others in Western Europe around 1440 CE.* As a result, there was a
rapid replacement of hand-written script books by an
exponentially increasing number of widely available,
relatively inexpensive, mechanically produced volumes. Since then, this progression has been punctuated periodically with further noteworthy harbingers
and technical advances—some momentous in their
own breadth and depth—that have brought us to our
present time. For example, included prominently
among them are: (i) the 1832 unveiling of Charles
Babbage’s so-called “Difference Engine,” which anticipated his subsequent “Analytical Engine,” a mechanical computing machine with several of the same
basic features as modern electronic digital computers; (ii) the 1838 public demonstration of a nascent long-distance electrical telegraph designed
by Samuel Morse, Leonard Gale, and Alfred Vail;
(iii) Morse and Vail’s creation of American Morse
Code, whereby the portentous message “What hath
God wrought” was first transmitted as a sequence of
acoustic dots and dashes in May 1844; (iv) incorporation of the Western Union Company in 1851; (v)
David Hilbert’s challenge for participants at the
1900 International Congress of Mathematicians to
formulate a finite, complete, consistent set of axioms
for arithmetic of the natural numbers; (vi) Kurt Gödel’s
proof, published in 1931, that there can be no such set
of axioms; (vii) publication of Alan Turing’s visionary
*For a broad ranging, highly engaging, and provocative overview of the multiple revolutions in information technology that
predated Gutenberg’s efforts and that have stemmed subsequently from them, see ref. 1. A considerable amount of background information for this Introduction comes from that
wonderful book.

1936 article on computable numbers, announcing his
ideas for the “Universal Turing Machine,” which was
named subsequently in his honor; (viii) invention of
the electronic point-contact transistor at the AT&T Bell
Telephone Laboratories in 1947; (ix) publication of
Claude Shannon’s 1948 journal article on mathematical information theory; and (x) introduction of the
IBM 704 mainframe during 1954, heralding the first
mass-produced computer with floating-point arithmetic hardware, which by 1964 came to pervade scientific computing and essentially realized Turing’s vision.
Indeed, by the early 1960s, the Modern Digital
Information Age had reached seemingly full fruition.
The advances enabling it were so awesome that, in
toto, they led Marshall McLuhan—the iconic 20th
century mass-media guru—to proclaim: “We are today as far into the electric age as the Elizabethans
had advanced into the typographical and mechanical
age. And we are experiencing the same confusions
and indecisions which they had felt living simultaneously in two contrasted forms of society and experience” (1).†
Yet little did McLuhan suspect what next lay in
store for his Information Age society. Soon after his
proclamation was issued, equally—and in some cases
even more—mind-boggling innovations emerged:
monolithic integrated circuitry, the Intel Corporation, the Advanced Research Projects Agency Network (ARPANET), the Apple 1 personal computer,
Microsoft, cyberspace, email, the World Wide Web
(WWW), web sites, web browsers, search engines,
Google, Wikipedia, blogs, smart phones, smart tablets, social media, Facebook, YouTube, Twitter,
Instagram, and the list goes on... Thus, by now,

†

A cogent discussion of this and other remarks by McLuhan appears in ref. 1 (p. 413).
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some astute observers of these ever advancing innovations
have declared that, in essence, a new Post-Modern Digital Information Age has ensued. It is as if a critical mass of successive
innovative developments has coalesced over the past half-century
to trigger an immense new “thermonuclear” explosion of information and social interaction. As the popular science writer, James
Gleick, has opined, “Cyberspace, of course, changes everything. . .
The Internet represents not just a new fight over names but a
[grand] leap in scale causing a phase transition. . . this time it is
different. We are a half century further along now and can begin
to see how vast the scale and how strong the effects of connectedness are” (1).
From the perspective of the present author—a mathematical
psychologist, cognitive scientist, and psychological neuroscientist—
it similarly seems as if “this time is different.”‡ The workplace
and personal environments 50 y ago, when I first joined the
technical staff of the Human Information-Processing Research
Department at the AT&T Bell Telephone Laboratories, were much
simpler than they are today, even though “the Labs” was about
the most technologically sophisticated place on the planet back
then (3).§ Our word processors were called “secretaries,” our personal computers were called “Monroe calculators” or, at best,
“Hewlett Packard 35s.” Slide rules still lay on our desks. If we
needed access to some technical literature for writing an article,
we went to the Labs’library, or called a librarian to photocopy and
mail some required documents that arrived a day or two later in
our offices. We never googled Wikipedia or browsed on Safari to
find what we needed; the verb “to google” did not exist. Moreover, composition of this Introduction to the PNAS Special Feature on Digital Media and Developing Minds would have been
far more difficult, even nigh impossible.
In particular, an absolutely new informational milieu has
emerged over the past 50 y. Human beings who currently interact
with each other in the WWW are like vast numbers of individual
neurons in a gigantic “world brain.”{ Unlike in a biological brain,
however, their interactions typically occur through small mobile electronic digital devices (e.g., Apple watches, smart phones, smart tablets, and so forth) located in the palms of their hands, pockets,
purses, offices, and sleeping beds. These devices are, essentially,
quasi-universal Turing machines equipped with multimodal sensorymotor interfaces. They enable each “neural cell” in the Web to have
Turing computational power, virtually unlimited information storage,
and almost instantaneous access to the full expanse of accumulated human knowledge stored in diverse physical formats. Many
users of these devices have considerable skill at exploiting their
potentially unlimited information technology resources.
Furthermore, each of the Web’s individual human users is, at
most, about six degrees of personal separation from any other
user (5). In many cases, the separation between users is much less,
even if they belong to quite different professional, social, and

cultural groups. Thus, in essence, the WWW is by far the most
powerful information processing and social network on Earth,
combining the creative and computational powers in literally billions of human brains and quasi-universal Turing machines. By
contrast, no individual neuron of any actual biological brain has
Turing computational power, nor does any such neuron have direct access to all knowledge stored in the rest of a whole biological brain. The situation with the WWW and its constituent users is
much different and potentially richer than this.
At the same time, despite having vast computational power
and considerable internet-surfing skills at their fingertips,
present-day users of the WWW face enormous difficulties on
multiple fronts. Human beings (perhaps) evolved in compact
social groups on savannas and in other natural habitats. They
(maybe) were not adapted originally to sit alone in dimly lit
rooms while staring at glowing LCD computer screens connected
to the Web, communicating with diverse remote natural and
artificial agents through touch pads, key boards, and electromechanical mice.#
These days, though, many of us often do so for hours on
end, frequently before dawn and after dusk. And doing so
inherently confronts us with numerous problematic cognitive,
emotional, motivational, social, and cultural challenges. Like
all profoundly efficacious tools, the Web is fundamentally a
double-edged sword; it can cut toward both the beneficial
good and the harmful bad. On the one hand, there are
enormous prospects for exploiting its vast informational and
social resources. On the other hand, there are treacherous
pitfalls hidden in the Web’s vast complexity and chaos: fake
news, twittering trolls, disorienting distraction, and overwhelming information overload.
In fact, the challenges posed by entering Cyberspace and
participating actively in the WWW span a gamut from the
mundane physiological to the profound epistemological. Many
present-day digital-media devices are not 100% physically user
friendly. For example, their display screens have so-called
“blue-phase mode” LCD hardware. They emit a light spectrum
with a band of blue waves that can inhibit the pineal gland’s
release of melatonin in the brain, disrupt circadian rhythms,
and interfere with maintenance of proper sleep cycles, especially when people are chronically exposed to bright computer
screens during 2-h time periods immediately before their
nightly bedtimes (8).
The cognitive challenges of present-day digital-media devices are equal to or more extreme than the physiological ones.
Much of their operating-system software is designed so as to
explicitly signal users whenever new input messages arrive
through various channels of communication and call for interacting with diverse utility programs (e.g., Gmail, Facebook, Instagram, Twitter, and so forth, not to mention phone calls and skin

‡

#

The prognostication that “this time is different” has been offered elsewhere in
other contexts as well. For example, one prominent case involves the title of an
influential book about the 2008 global financial crisis (2).
§
Given the compelling narrative of Gertner (3), it is arguably an unfortunate state
of affairs that, during 1984, the US Federal Government required AT&T to
disband the Bell System, which had sustained much of the nation’s long-term
innovative scientific capacities over much of the 20th century. Since then, such
capacities have yet to be sufficiently reestablished. Technical companies like
Apple, Microsoft, Google, and Facebook do not—at least not thus far—produce Nobel Prize winners like Bell Labs had.
{
Indeed, an emergence akin to the present one was anticipated 80 y ago by the
legendary science-fiction author and prescient futurist, H. G. Wells (4).
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The qualifiers “perhaps” and “maybe” appear here to acknowledge that
we do not yet have entirely well-supported empirical and theoretical
accounts for where and why humans evolved to be the way they now
are. The so-called “Savanna Hypothesis” about the location of human
origins remains controversial; it has engendered skepticism from advocates of other alternative hypotheses (6). Furthermore, humans may have
undergone a “metaadaptation” that has given them a capacity to flourish
in many different environments other than the ones where they evolved
originally. If so, then contrary to some of their purported limitations,
perhaps people are actually well adapted for sitting alone in dimly lit
rooms while staring at glowing LCD screens connected to the World Wide
Web (7).

Meyer

tickling by Apple watches). Such signaling can be highly
distracting and disrupt on-going task performance (9). Human
attention is nowhere near perfect at ignoring irrelevant sources
of external physical stimulation and selectively focusing on just
the currently most relevant input (10). Attempts at so-called “media multitasking” are typically far less than entirely successful,
leading to dramatically increased task-completion times, elevated
response error rates, reduced learning, and poorer memory function (11, 12).
A need for new modes of attention has further deepened these
deficiencies. In the “good old days,” cognitive psychologists recognized that human attention can be oriented toward either of
two alternative spatial directions: allocentric (i.e., outward to the
external—for example, visual and acoustic—environment) and
egocentric (i.e., inward to the internal—for example, somatosensory and cogitative—environment). Now, in addition, there is a
third mode that plays a key role: “cyber-centric” attention, oriented “elseward” to the realms of remote natural and artificial
agents in Cyberspace. Dealing with the Web is not just about
attending to screens; it is about total immersion in a reality where
cell-phoning or texting while walking, bike riding, or driving leads
inevitably to distraction, potential destruction, and sometimes
even death (13).k
The emotional toll from using digital devices to interact with
other individuals through social media in Cyberspace can be
considerable too. Malevolent “trolls” lurk everywhere, waiting to
leave vitriolic comments about seemingly innocuous, but politically or culturally tinged, posts on Facebook and tweets on
Twitter, provoking anger, frustration, anxiety, depression, and
even suicide among prior posters and tweeters who are their
targets. Mass spam attacks by opponents can also happen
through Twitter. In addition, there are “sexting” (a term so
new that my word-processor does not recognize it yet), cyberbullying, and violent video gaming to which young users may be
especially vulnerable.**
Nevertheless, although interacting in the WWW sometimes
has high emotional costs, it may also be addictive (15–18). Occasional moments of elation, triggered by cognitive, social, and
economic rewards from digital-media stimulation, are prone to
activate the dopamine-reward system of the human brain, sensitizing it to future stimulus cues reminiscent of ones that have provided prior pleasures (19). In turn, such associations foster
systematic operant conditioning whereby digital-media users
tend to respond—like pigeons pressing bars in Skinner boxes—
more and more incessantly over time to a sporadic “bip, bip, bip”
of signals that might portend the next “information fix.”
Most insidious of all, however, is the epistemological challenge posed by the Web. The information available there does
not equate to knowledge, let alone true wisdom (1). On the contrary, a substantial portion of the Web’s content constitutes

k

For example, an iconic illustration of total immersion may be observed
currently every day on college campuses: a majority of students wandering hither and yon individually between classes with their eyes and noses
engrossed in hand-held smart phones as they converse or text at length
with various remote intelligent agents. Indeed, such behavior has become so pervasive and risky that, in some venues, it is now officially
prohibited; in other venues, additional attempts at diminishing the risk
have been made by covering street-light poles with heavy padding on city
sidewalks (14).
**Further information about topics such as internet addiction, violent video
gaming, cyber-bullying, and sexting is available on the website of the Institute
of Digital Media and Child Development: www.childrenandscreens.com.
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nothing more than alternative “facts,” misinformation, and nonsense; it is essentially “one great blooming, buzzing confusion,” a
phrase offered by William James for describing how the surrounding environment may seem to a newborn infant (20). For exploiting the Web assiduously, its digital-media users must exercise
subtle discernment, combining intelligent search, selection, exclusion, and cataloguing of information to ascertain “the truth.”
Achieving this ideal does not come easily, if ever (especially when
prominent public figures like Rudy Giuliani, one of US President
Donald Trump’s lawyers, frequently make widely publicized
statements, such as “Truth isn’t truth”). The phrase “PostModern Digital Information Age” thus embodies an ironic
double entendre: it might refer simply to the Era of Cyberspace that has emerged since the middle 1960s of Marshall
McCluhan; or, it might refer to the deep concern of postmodern philosophers that most, if not all, claims to “truth” are
relative, inherently subjective, and open to alternative interpretations (21). Either way, users of the Web face fundamental
problems in judging whom to trust, what to believe, and which
if any facts encountered there might enable true knowledge.
In essence, their digital-media devices and the “googleplex”
of stuff available on the Internet may leave them feeling virtually I-DEAD: that is, immersed, distracted, elated, addicted,
and disinformed. ††
So why should we care about these matters? For now, the
reason is simple. Concerned parents of infants, toddlers, young
and midage children, “tweeners,” and adolescents have grown
increasingly worried about their off springs’extensive exposure to
and interaction with various electronic devices of the Post-Modern
Digital Information Age. Their worries have been propagated during recent years in an echo chamber of television and radio segments, as well as newspaper and magazine articles (23–26),
confronting issues such as: At what age is it acceptable for young
children to start using digital media? How much screen time per
day is the “right” amount? Can there be too much? When should
digital media be turned off before bedtime? Is cognitive “brain
training” with video games beneficial? Do violent video games
significantly increase harmful aggressive social behavior? Has
sexting through social media become too prevalent among teenagers? Are video games, the Internet, and the Web addictive?
Where will the Information Age go from here? Who will provide
the answers for us?
It is not yet known whether, on balance, intense long-term
engagement with digital media will have net positive or negative,
major or minor, effects on the minds, brains, and bodies of the
world’s youth. Nor is it clear by exactly what psychological and
physical mechanisms such effects would occur. Prior revolutionary advances in communications technology and cultural evolution do not appear to have caused the demise of humanity.
Nonetheless, some worried pundits have begun prophesying that a kind of technological doomsday may be at hand
(27–29). At present, however, all that can be said definitively
is we are now talking about much more than just telephones,
movies, radio, television, and Rock ‘n Roll; perhaps this time
really is different!
Consequently, over the past 10 years, a variety of organizations have arisen to help clarify the aforementioned issues
††

By definition, “googolplex” refers to the number 10googol, where 1 googol =
10100 (22). It is an impressive testament to the ambitions of Larry Page and
Sergey Brin, founders of Google LLC, that their company was named as a spinoff (pun intended) from this utterly huge quantity.
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and to pursue them through systematic research and practical
policies (30–33). Among these initiatives, most noteworthy in
the current context are the Institute of Digital Media and Child
Development and the Sackler Colloquium “Digital Media and
Developing Minds,” which took place at the Beckman Institute on the campus of the University of California, Irvine, in
October 2015.
The Sackler Colloquium “Digital Media and Developing
Minds” was an interdisciplinary collaborative endeavor to promote joint interests of the National Academy of Sciences, the
Arthur M. Sackler Foundation, and the Institute of Digital Media and Child Development.‡‡ At the colloquium, a select
group of media-savvy experts in diverse disciplines assembled
to pursue several interrelated goals: (i) reporting results from
state-of-the art scientific research; (ii) establishing a dialogue
between medical researchers, social scientists, communications specialists, policy officials, and other interested parties
who study media effects; and (iii) setting a future research
agenda to maximize the benefits, curtail the costs, and minimize the risks for children and teens in the Post-Modern Digital
Information Age.
Topics covered during the colloquium extended across
several intersecting dimensions of interest. The stages of youth
development discussed there spanned those involving infants,
toddlers, early and middle childhood, ‘tweens, adolescents, and
young adults.§§ For each stage, various levels of analysis were
considered, ranging from the cellular to the sociological, as well
as across diverse psychological domains, such as cognition,
emotion, and motivation. Numerous professional approaches
were represented in the mix: for example, communications science, computer science, neurobiology, pediatrics, developmental psychology, education, public health, and business.
Perspectives of both basic research and practical applications
were represented too. Overall, the colloquium’s organization embodied a multidimensional matrix, many of whose cells were filled
with specific keynote lectures, panel discussions, and informal
commentaries.
This special section of PNAS is intended to convey an apt
sense of some prototypical issues addressed at the Sackler
Colloquium “Digital Media and Developing Minds.” It is also
intended to foster appreciation for the crucial challenges that
confront this nascent interdisciplinary research field, and for the
importance of surmounting them as best possible through future
‡‡

The Institute of Digital Media and Child Development is a 501C(3) nonprofit
organization founded by Pamela Hurst-Della Pietra in 2013. Its objectives are
to foster interdisciplinary intellectual dialogue, disseminate trustworthy information for parents in relevant public forums, and support scientific research
that bridges the medical, neuroscience, social science, education, and policy
communities.
§§
By current convention, the term ’tweens (also known as “preteens”) refers
to youth in late elementary and early middle school who are nearing puberty and experiencing a time of major life transition: that is, ranging approximately between 10 and 13 y of age (34). Furthermore, for now, the
term “young adult” refers to individuals between 18- and 21-y-old who
may have finished high school, gone to trade schools, enrolled in college,
or entered the work force on a full-time basis. In some contexts, these
individuals are treated as full-fledged mature adults; for example, they
may vote, enlist in military service and, in at least some states, consume
alcohol legally. At the same time, though, parts of their brains typically
have not reached full growth. Specifically, their prefrontal cortices are still
developing, and may continue doing so until around the age of 25 y; in
these respects, they are thus not yet full-fledged mature adults, and their
brains may still be highly susceptible to the effects of intensive electronic
digital-media exposure (35).
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collaborative scientific investigation. Toward these ends, the
present papers span an illustrative cross-section of human developmental stages and diverse relevant topic domains, such
as: infant and early childhood cognition; influences of exposure
to digital and other electronic visual media on brain development, language acquisition, and selective attention; mediamultitasking by adolescents and young adults; enhancement
of executive cognitive functions and general “fluid” intelligence through practice with video game training tasks; relationships between digital-media use and attention deficit/
hyperactivity disorder (ADHD) in children and adolescents;
and relationships between extensive play with violent video
games and harmful aggressive physical behavior. Both potential benefits and possible costs from exposure to and use of
currently available electronic digital media are considered. To
be specific:
Christakis et al. (36) report on “How early media exposure may
affect cognitive function: A review of results from observations in
humans and experiments in mice,” reviewing relevant results from
empirical studies of humans and animal models that concern how
intense environmental stimulation influences neural brain development and behavior.
Lytle et al. (37) report on “Two are better than one: Infant
language learning from video improves in the presence of peers,”
showing that social copresence with other same-aged peers facilitates 9-mo-old infants’ learning of spoken phonemes through
interactions with visual touch screens.
Kirkorian and Anderson (38) report on “Effect of sequential
video shot comprehensibility on attentional synchrony: A comparison of children and adults,” using temporally extended
eye-movement records to investigate how “top-down” cognitive comprehension processes for interpreting video narratives develop over an age-range from early childhood (4-y-old)
to adulthood.
Beyens et al. (39) report on “Screen media use and ADHDrelated behaviors: Four decades of research,” systematically
surveying representative scientific literature that suggests a
modest positive correlation—moderated by variables such
as gender and chronic aggressive tendencies—between
media use and ADHD-related behaviors, thereby helping
pave the way toward future detailed theoretical models of
these phenomena.
Prescott et al. (40) report on “Metaanalysis of the relationship between violent video game play and physical aggression over time,” applying sophisticated statistical techniques
to assess data from a large cross-cultural sample of studies
(n = 24; aggregated participant sample size > 17,000) about
associations between video game violence and prospective
future physical aggression, which has yielded evidence of
small but reliable direct relationships that are largest among
Whites, intermediate among Asians, and smallest (unreliable)
among Hispanics.
Uncapher and Wagner (41) report on “Minds and brains of
media multitaskers: Current findings and future directions,” evaluating whether intensive media multitasking (i.e., engaging simultaneously with multiple media streams; for example, texting
friends on smart phones while answering email messages on laptop computers and playing video games on other electronic devices) leads to relatively poor performance on various cognitive
tests under single-tasking conditions, which might happen because chronic media multitasking diminishes individuals’powers
of sustained goal-directed attention.
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Finally, Katz et al. (42) report on “How to play 20 questions
with nature and lose: Reflections on 100 years of brain-training
research,” analyzing how and why past research based on
various laboratory and real-world approaches to training basic mental processes (e.g., selective attention, working memory, and cognitive control)—including contemporary video
game playing (also known as “brain training”)—have yet to
yield consistently positive, practically significant, outcomes,
such as durable long-term enhancements of general fluid
intelligence.
When appraising the progress manifested by these papers
(36–42), and by the Sackler Colloquium “Digital Media and
Developing Minds” more generally, it will be important to remain cognizant of several crucial caveats. Such endeavors typify an extremely important but still nascent and emerging
field of scientific investigation. Thirty years ago, the Internet, WWW, general-purpose public web sites (e.g., Google,
Wikipedia, and YouTube), social-media platforms (e.g., Facebook, Twitter, and Instagram), and sophisticated portable electronic multimedia digital devices that have spawned the PostModern Digital Information Age did not exist. The rigorous
study of digital media and child development has had relatively
little time to progress. Much of the new methodology needed
for advancing this field still has to be fully conceived and implemented. Hence, extant empirical findings, conceptual hypotheses, and theoretical formalisms in this domain are relatively
rudimentary to date.
Consequently, some of them remain open to considerable
controversy at present. For example, how much screen time per
day may be too much is debatable (43, 44). No consensus currently exists among bona fide experts about the extent to which
intensive play with violent video games causes subsequent
undesirable, physically aggressive, behavior.{{ It is also not entirely clear yet whether a distinct real phenomenon of “internet
addiction” should be acknowledged (46, 47). Moreover, we do
not know for sure whether video game training on particular,
relatively circumscribed, types of cognitive task increases
general fluid intelligence in diverse populations of individuals
(48–50).
That these uncertainties now prevail is unsurprising. After
all, more than 30 y transpired from the inception of quantum
mechanics’most basic ideas until they reached a semblance
of maturity in the early 1930s (51). Such was so even though
the scientific understanding of this fundamental empirical
and theoretical realm already rested on the more than 300y-old foundations of classical Newtonian and Maxwellian
mathematical physics (52). So, given that the phenomena
under investigation regarding digital media and child development are much more complex, one should expect and
make allowances that research in this new interdisciplinary
field will take considerably more time henceforth to fully
mature.
{{

In 2015, the American Psychological Association (APA) issued a policy statement concluding that a link exists between violent video game playing and
increased aggression (45). By contrast, in 2013 an independent group of
approximately 230 media scholars, psychologists, and criminologists issued
a statement to the APA Task Force on Violent Media, opposing its position.
This opposition has since continued (available at https://www.scribd.com/
doc/223284732/Scholar-s-Open-Letter-to-the-APA-Task-Force-On-ViolentMedia-Opposing-APA-Policy-Statements-on-Violent-Media).
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Furthermore, we may expect that making progress in this
new field will not come easily. The way forward is challenging
because of several factors. First, the future environments and
populations of people under investigation will be constantly
changing, given that information technologies (both hardware
and software) are likely to continue evolving at an essentially
exponential increasing rate, as exemplified by Moore’s Law (53).##
Controlled experiments and randomized test trials, necessary for
reaching sound inferences about cause–effect relationships, will
be hard or impossible to implement on a broad basis; informative
interventions may be unethical, or lack adequate numbers of appropriate cooperative participants. Political, cultural, and economic
conflicts will surely complicate matters too. Continuing and arising
confounded variables may therefore make reaching trustworthy scientific conclusions a difficult business.
Nevertheless, there are also some reasons for being optimistic about the prospects of these future endeavors. Multiple relatively solid, stable foundations already exist in basic
bioscience, neuroscience, physiology, psychological science
(e.g., developmental, cognitive, and social psychology), sociology, clinical medicine, public health, educational practice,
and communications studies on which next steps in digital-media
and child-development research may take place. We already
know a considerable amount about the neural reward systems,
mental cognitive-control functions, and linguistic and socioemotional processes—as well as intragroup and intergroup cultural
networking phenomena—that underlie local and global interactions in the WWW and realms of social media. What we need for
going forward, in addition, will be systematically organized endeavors by a collaborative scientific community to merge these
extant foundational components in a new grander conceptual synthesis and unified theoretical framework, embodied, for example, in terms of agent-based computational modeling (54).
Meanwhile, as David Deutsch, the eminent quantumcomputer scientist, philosopher, and prescient futurist has duly
explicated, we now stand at “the beginning of Infinity,” with manifold, as yet untold, greater prospects potentially ahead of us (7).
Where humanity and the Post-Modern Digital Information Age go
from here will depend on our moving forward by wisely using the
current available resources at our disposal, while staying mindful of
pitfalls that also lie ahead, and meeting problematic new challenges—which will surely arise—with confidence that they too
can be surmounted.
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The results cited in this book are so extraordinary as to challenge attention both from psychologists and educators, for if it be possible, by
devoting ten or fifteen minutes daily to simple exercises, to accomplish
the results which are claimed, it would appear to be incumbent upon all
teachers to institute such exercises and to regard them as a very essential part of schoolroom training. If, on the other hand, Miss Aiken’s
results cannot be duplicated, it is equally important to establish this fact
and then, if possible, to find out the cause of the discrepancy.
Whipple, 1910 (1)

I

n the movie Groundhog Day, Bill Murray’s character, a television meteorologist, is forced to repeat the eponymous holiday over and over again until he learns from his many mistakes
and finally has a “perfect” day. Researchers who study cognitive
training seem to be having the same experience as Murray’s
character: A cursory study of news articles seems to reveal a new
“brain-training works” or “brain-training doesn’t work” headline
every single week. However, Murray’s character had an advantage
that psychologists seem to lack; he was fully aware of his previous
experiences and could synthesize all he had learned. Cognitivetraining researchers, however, seem to generate an endless cycle
of replications and meta-analyses without much progress toward
any real consensus—and with little awareness of the long history of
cognitive-training practice and research. They are likely unaware
that they are living out Santayana’s famous aphorism, “Those who
cannot remember the past are condemned to repeat it.”
The goal of this article is to help the reader gain a historical
understanding of “mind” or “brain” training in the hopes that the
field can begin to learn from the past. We speculate about why
cognitive training has been attempted for centuries and why
cognitive and educational scientists have spent over 100 y empirically testing its promise. A recent, excellent, review by Simons
et al. (2) addresses both the claims made by proponents of brain
training and also the methodological strengths and weaknesses
of cognitive-training research. That paper provides recommendations for improving the quality of research in this field. We
endorse these recommendations. At the same time, we point out
that even following stringent methodological protocols may not

www.pnas.org/cgi/doi/10.1073/pnas.1617102114

ultimately lead to an understanding of the potential efficacy of
different types of cognitive training for different populations.
Thus, we provide a historical perspective on cognitive training
research that suggests that asking the question, “Does cognitive
training work?”—even with a well-designed study—is not an
adequate means of better understanding the underlying mechanisms that may support these interventions.
What Is Cognitive Training?
Cognitive training (or “brain training,” or “mind training”) refers to
activities designed to make people “smarter” and thus better at
reasoning, problem solving, and learning. Many current cognitivetraining programs target basic cognitive skills such as attention (the
ability to selectively attend to relevant information), working
memory (the ability to actively keep in mind task-relevant thoughts),
or executive functions (the set of processes involved in controlling
and regulating thought and action). The focus on these processes
arises from the fact that there are very real limits on their capacity and that individuals differ in terms of these limits (3); that
they are necessary for complex, intelligent behavior (4); and that
they are highly correlated with individual differences in intelligence, academic achievement, and life outcomes (5, 6). In recent
years, many cognitive-training programs have used tasks that were
originally created to help us understand these processes (e.g., refs.
7, 8). Given their importance, it is not surprising that researchers
have long been interested in their potential for malleability (9).
Although questions of how these processes operate are not fully
resolved (see, e.g., refs. 10, 11), we know that the prefrontal
cortex is the primary brain region associated with them (12, 13).
Historically, similar, but noncomputerized, tasks were used in
attempts to enhance attention and memory (14). Other interventions embed these basic processes in other activities, such as
play (e.g., Tools of the Mind) (15). More complex activities that
are thought to transfer to skills like reasoning are sometimes
incorporated into cognitive training as well (e.g., problem solving). In addition to activities developed specifically to enhance
cognition, sometimes off-the-shelf activities (e.g., video games,
board games, dance, music) are used for the purpose of improving
reasoning and problem solving (16, 17).
We know that practice on any of the activities above leads to
improved performance on those same activities, but to what
extent do those improvements matter for other, untrained tasks?
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Despite dozens of empirical studies and a growing body of metaanalytic work, there is little consensus regarding the efficacy of
cognitive training. In this review, we examine why this substantial
corpus has failed to answer the often-asked question, “Does cognitive training work?” We first define cognitive training and discuss the general principles underlying training interventions. Next,
we review historical interventions and discuss how findings from
this early work remain highly relevant for current cognitivetraining research. We highlight a variety of issues preventing real
progress in understanding the underlying mechanisms of training,
including the lack of a coherent theoretical framework to guide
training research and methodological issues across studies and
meta-analyses. Finally, suggestions for correcting these issues
are offered in the hope that we might make greater progress in
the next 100 y of cognitive-training research.

For some things, we assume that practice does transfer to other
situations. A basketball player who lifts weights or practices
sprinting does so not to improve those basic skills but to become a
better basketball player (these athletic examples are also apt because of the too-frequent assumption that fade-out effects mean
that training programs have failed, whereas it may simply be that,
as with physical exercise, continued practice is necessary to reap
the benefits). The degree that practice-based improvements
transfer to other cognitive tasks is, however, a matter of controversy (and has been for some time; see refs. 18, 19). Cognitive
skill improvements are relevant for a wide range of populations,
from older adults whose cognitive capacities might be in decline
to fighter pilots who need to perform at peak capacity. Additionally, children who have attention deficit hyperactivity disorder
(ADHD), experiences of early stress due to poverty, nutrition
deficits, and so forth all might benefit from cognitive interventions.
In fact, cognitive training is potentially relevant for everyone, even
those whose abilities are within the normal range. Thus, it is not
surprising that so many people are interested in mind training. In
fact, public interest in activities designed to improve basic mental
skills is at least as old as the Buddhist tradition (20).
Lessons from the Past
The mind is very hard to check.
And swift it falls on what it wants;
The training of the mind is good,
A mind so tamed brings happiness.
Dhammapada, third century BCE (21)

Sources from antiquity, such as this passage from the
Dhammapada, suggest that humans have long recognized that
being able to attend to the world and inhibit distractions are
key in a successful mental life and that these capacities may be
improved through practice. Before the industrial revolution,
many documented mental training activities in the West, such as
the mnemonics of Simonides and Saint Thomas Aquinas, focused on long-term memory (22), although Plato was cognizant
of the idea that training in arithmetic could impact general mental
quickness (23).
By the 1880s in America and Europe, compulsory education
was generally accepted as a public good, and the disciplines of
psychology and neuroscience were formalized. However, it was
among the many spiritualist movements—dubiously grounded in
the world of animal magnetism and odd bromides—that mind
training would return to the forefront. Pamphlets for programs of
this time, such as the Ralston Brain Regime, “designed to develop
perfect health in the physical brain, strengthen the mind, and increase the power of thought” may have literally been sold alongside snake oil supplements (24). Another program, Pelmanism,
brought mind training to popular consciousness across the United
States and Great Britain. It combined self-help invectives with the
completion of repeated cognitive tasks; one activity it included was
the card game Concentration. Pelmanism was probably the first
example of widely available commercial brain training and at its
peak counted over 500,000 customers worldwide (25, 26). By
World War II, however, the scientific community firmly saw Pelmanism as lumped in with “autosuggestion . . . unfired food, dietetic and psychological magic” (27) and other offerings in which
“prestige and profits are acquired by dubious interventions in the
lives of others” (28).
Although the “Pelman Institute” was printing its first little gray
books in the late 1890s, Catherine Aiken, a Quaker schoolteacher
in Stamford, CT, developed a system of attention training for the
girls in her school at least a decade earlier. Like many cognitive
interventions of today, it required pupils to spend about 15 min a
day on short attention and memory activities. In 1894, Charles
9898 | www.pnas.org/cgi/doi/10.1073/pnas.1617102114

Dudley Warner described her system in Harper’s (29). In one activity, “a collection of figures was placed upon the reverse side of a
revolving blackboard, then quickly turned; the figures were instantly recognized in their order” (i.e., a working memory task). To
make the task more difficult, some exercises required students
not only to memorize numbers but also to apply various arithmetic operations to them. Her program also included subitizing
practice long before Kaufman coined the term; the Harper’s account describes it as follows: “Another exercise which developed
quick perception is that of ‘unconscious counting,’ or of immediately recognizing the number of a group of objects without
counting them” (29). Following the release of the Harper’s article,
Aiken published two books, Methods of Mind-Training: Concentrated Attention and Memory and Exercises in Mind-Training: In
Quickness of Perception Concentrated Attention and Memory (30,
31). These books describe her program in detail and provide
fascinating accounts of the “action research” Aiken carried out.
Aiken was interested in developing more than her students’
attention, however: “This power of concentration has been
sought for, not with the idea of making mere memorizers, but in
order that they may be able to recall promptly what they have
gathered from the great realm of facts and principles, so as to
hold it in the mind as a basis of reasoning, and ultimately, for
the purpose of possessing well disciplined and self-controlling
minds” (30). In other words, Aiken believed that her program
led to successful transfer. But even early accounts of Aiken’s work
were skeptical of this claim. L. H. Galbreath, of the University of
Buffalo, wrote of Aiken’s training program: “However, a great
danger for theoretical and practical pedagogy arises out of the assumption of the possibility of training a power to attend to things in
general from special formal exercises. Because one acquires special
power to attend to things of sight, it does not follow that he can
attend with equal skill and efficiency to sensations of sound” (32).
Aiken was eager to establish that her work was not associated
with “animal magnetism, hypnotism, and other isms” (30). What is
truly remarkable about Aiken’s program—and what sets it apart
from the “isms” of the time, such as Pelmanism—is the attention it
received from psychologists and educational researchers. Aiken’s
first book on mind training, for example, includes an encouraging
letter from G. Stanley Hall, the first President of the American
Psychological Association. In 1907, G. M. Whipple presented research conducted on Aiken’s program at a meeting of American
Association for the Advancement of Science. A brief account of
this presentation was published in Science the following year (33),
and a detailed account of the study 2 y later in The Journal of
Educational Psychology (1). To evaluate Aiken’s system under
“laboratory conditions,” Whipple, then at Cornell, conducted two
experiments. Experiment 1 tested six college students before and
after practice on the letter memorization component of Aiken’s
exercises for approximately an hour a day. Experiment 2 included
three adult participants and a broader range of Aiken’s exercises
for 3 h a week for 7 wk. Whipple used a tachistocope to prevent
“eye-moving or the roving of attention” rather than Aiken’s revolving chalkboard (1). Whipple found no evidence that training
on these exercises led to any general improvements. Instead, he
found “a very slight effect” of practice “which is easily explicable in
terms of habituation to the experimental conditions and of development of the ‘trick’ of grouping.” W. S. Foster, a student of
Whipple’s, supplemented the original study with what he believed
was a significant improvement: Each participant was a trained
psychologist. Foster arrived at similar results (34): “That training
in these experiments has made the observers noticeably better
observers or memorizers in general, or given them any habits of
observing closely or reporting correctly, or finished any ability to
meet better and situations generally met with, neither we nor
any of the observers themselves believe. It seems, therefore as
if the value of formal training of our kind had been greatly
overestimated.”
Katz et al.
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offered widely in Venezuela, saw minimal adoption in the United
States (42). Also, the children’s concentration program developed
by Kossow and Vehreschild in East Germany in the early 1980s
generally goes unmentioned, despite promising findings (43, 44).
Finally, although many children of the 1980s remember Logo as
their introduction to programming, many do not realize that an
original motivator behind the program was the development of
cognitive skills more generally (45). The studies testing these interventions included transfer tests of various kinds, including IQ
tests, academic achievement, and complex reasoning. Many of
these studies led to critical discourses that recalled the debates
regarding Aiken’s intervention; for example, see Stanley and
Schild’s 1971 response to Allen’s work (46) or Shayer and Beasley’s (47) discussion of Feuerstein’s Instrumental Enrichment.
What can we conclude from these early studies? First, cognitive
training has long been a subject of heated debate in psychology
and education. Second, the focus of the research has, from the
very start, been on whether it works rather than why it might work,
under what conditions, and for whom; this is despite the fact that
early researchers noted that these factors mattered. Third, even
though researchers noted limitations in their methods (sample
size, age, amount of training, experimental design, etc.), they
nonetheless felt comfortable drawing sweeping conclusions about
the effectiveness of cognitive training in general. When scientists
began to focus on specific questions about cognitive training for
specific populations (e.g., can Space Fortress help military personnel perform complex tasks), they received less attention, possibly because neither scientists nor the media were inappropriately
generalizing the findings.
For some readers this section may rightly bring to mind the old
debate over “formal discipline”—that is, the question of whether
training or experience in one area may transfer to another skill or
intelligence more generally (see ref. 48 for a more recent study and
ref. 18 for an early historical review). This was often used as justification for teaching Latin or math, even if these subjects did not
have obvious utility in everyday life. Whipple and Dallenbach were
well aware that their studies were some of the first direct experimental investigations of this theory and that the issue had not been
definitively settled by Thorndike and Woodworth in 1901 (19).
We note that there is evidence that Whipple remained intensely
interested in questions about the efficacy of mind training and the
mechanisms of transfer in the years following his initial study. In
his preface to C. P. Wang’s 1916 dissertation (49) on visual sense
training in children, he wrote that “contributions to the experimental study of the transfer of training (formal discipline) scarcely
need either apology or introduction in a period when, despite the
considerable amount of investigation, so very much remains undetermined with respect to the amount of such transfer and the
mechanism by means of which it takes place.” Perhaps it was still
on his mind in 1922, when he completed his educational psychology textbook Problems in Educational Psychology (50). One of
the problems in the book reads as follows: “Catherine Aiken describes a series of exercises (columns of figures, groups of dots to
be counted, important dates, sets of drawings, etc.) to be placed on
a revolving blackboard, which is then whirled about before the
pupils in such a way as to expose the material for a few seconds
only. These exercises are strongly urged as a means of developing
concentrated attention, quick and accurate observation, and of
accelerating the whole process of learning. Miss Aiken reports
very wonderful results from the use of such exercises for five or ten
minutes daily.” He then asks, “Is there psychological warrant for
the use of such exercises as a means of developing attention and
observation? Would you advocate the introduction of such exercises as a stock feature of school training?” A review of the recent
literature illustrates that the questions that Whipple fixated on
remain unanswered today.
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Foster and Whipple both noted that their experiments were
imperfect and that the level of participant experience or the
duration of practice and age of the participants may have impacted their results; Whipple himself adds a footnote expressing
regret at being unable to conduct his experiment with children.
However, he also adds, in reference to the issues above, “neither
of these objections seem to us of great moment; we feel that our
observers had reached their maximal efficiency, and we are unable to believe that children could be brought to exhibit a range
of apprehension so markedly superior to that of competent and
well-trained university students and instructors” (1).
Although Whipple and Foster did not conduct follow-up experiments with children, Karl Dallenbach (a student of Titchener)
did. Dallenbach conducted his study within the Ithaca, New York
public school district, with 29 students. Student’s trained for
10 min daily for 17 wk, with progressively more difficult material;
furthermore, pretests, posttests, and follow-up tests (41 wk after
training) were created with untrained material (35). Unlike
Whipple and Foster, Dallenbach found that his students did improve, particularly those initially classified as having “poor” performance. These improvements persisted at follow-up. Dallenbach
collected not only grades of his students (which rose following the
intervention) but also performance on an early Binet Test of Attention.
Furthermore, Dallenbach compared the trained students’ performance to a set of students who had not been trained (although this
test was only collected at posttest). Dallenbach noted that grades
were significantly higher following the intervention and that students who completed the training outperformed those who had not
done so on the Binet attention test. Like Whipple and Foster before him, Dallenbach was aware of many of his methodological
limitations, but he arrived at very different conclusions: “Our more
lengthy experiments with children, however, have not only showed
more decided practice-effects, but have also rendered it at least
quite possible, if not practically certain, that these practice effects
have brought about a permanent modification in the mental traits
exercised, and what is more, a modification that certainly seems to
have made itself felt in a number of ways outside the special tests
we made (as in an improvement in school work and increased efficiency long afterward in supplementary tests of observation and
report)” (36). In 1919, Dallenbach repeated his experiment with
children with cognitive deficits and arrived at a similar conclusion
(37), a somewhat remarkable effort given that even some modern
researchers improperly generalize training findings between different study populations.
Whipple, Foster, and Dallenbach eventually moved on from this
research, but interest in the improvement of basic cognitive skills
continued. There are far too many individual studies to list in a
single review, but we briefly detail some here. Some of these were
used quite widely, such as Feuerstein’s “Instrumental Enrichment”
program: Reuven Feuerstein, working from a Piagetian perspective in the 1960s and reflecting on his experiences with young
Holocaust survivors, created a variety of facilitator-administered
pen-and-paper tasks meant to improve memory and attention in
school (38). Others were designed for specific purposes, such as
the Space Fortress computer game, funded by the Defense Advanced Research Projects Agency (DARPA) with the ultimate
goal of improving prefrontal function in highly cognitively demanding jobs (e.g., fighter pilots) (39). In addition to attempts to
improve basic cognitive processes, educators and psychologists
tested the potential effectiveness of reasoning training, logic,
philosophy, and even Latin language learning to assess whether or
not these skills could impact academic achievement and thinking
more generally. For example, the “academic games” designed by
Layman Allen in the 1960s, including WFF N’ Proof and Equations, were the subject of at least two controlled studies (40, 41).
Programs developed or used outside of English-speaking countries
were often given less attention. For example, Project Intelligence,
a reasoning training program developed for classroom use and

Lessons from the Present
In 2008, Susanne Jaeggi and Martin Buschkuehl published their
graduate work in this journal (7); they found that practice on a
dual n-back task led to improvements in fluid intelligence. The
dual n-back task requires individuals to listen to a stream of
letters and judge whether a letter was the same as the one presented n trials previously, while simultaneously viewing a set of
boxes on a screen and judging whether the same box “lit up” n
trials previously. Fluid intelligence is defined as the ability to
solve abstract, novel problems that require little knowledge and
was measured before and after training by matrix reasoning tests
that require participants to judge which of several options best
fits into an array of figures. Tests of fluid intelligence are correlated with working memory and prefrontal function more
generally (5) because they require keeping track of and testing
numerous rules during the course of problem solving (4).
The dramatic improvements detailed by Jaeggi et al. (7) received a considerable amount of attention from the scientific
community and the popular press. Additionally, companies offering cognitive-training software often took advantage of their
findings for marketing purposes (e.g., Learning RX, Lumos
Labs, and CogMed). The media hype around Jaeggi’s paper
emphasized its putative novelty; for example, Madrigal (51)
wrote in Wired, “Fluid intelligence was previously thought to be
genetically hard-wired.” As the historical summary above suggests, such claims were inaccurate. Many studies explicitly tested
and found improvements in fluid intelligence, even if they did
not necessarily use the term fluid intelligence.* More generally,
there has always been a debate regarding the relative importance
of nature (i.e., genetics) and nurture (i.e., experiences) in the
development of intelligence. One would be hard-pressed to find
a scientist who argues that intelligence (including fluid intelligence) is entirely genetically determined and not at all affected by experience. The Jaeggi et al. (7) paper is a bit more
nuanced in discussing this issue than the media reports and acknowledges that there is a history of cognitive training research
but that successful transfer has been difficult to achieve.
The interpretation of the Jaeggi et al. (7) study in terms of a
paradigmatic shift within a false dichotomy of fixed versus malleable intelligence, with little attention to historical context, is
one reason for the swift critique the study received. There were
also numerous concerns regarding the research methods of the
study, most notably the lack of an active control group. Furthermore, scientists were concerned that the general public
might expend resources on unproven products, possibly to the
detriment of other beneficial activities. Adding to the controversy, Redick et al. tried to replicate the Jaeggi findings with a
somewhat better controlled trial but found no evidence of gains
in fluid intelligence (57). Many additional studies continued to
ask the question, “Does cognitive training improve intelligence?”
In the next sections, we discuss why we cannot, as yet, answer
that question. Indeed, we argue that it—like the question “Does
medicine cure disease?”—is inappropriate. That we continue to
ask it, over 100 y after the studies of Whipple and Dallenbach,
should give researchers reason to pause and take stock.
Why do some studies find a positive impact of cognitive
training whereas others do not? One reason is that “cognitive
training” refers to such a broad range of activities (e.g., commercial programs like Cogmed, laboratory tasks such as the n-back,
and off-the-shelf games). It is not possible to draw conclusions
regarding cognitive training as a whole with a single empirical
study. The extent to which one can reasonably generalize from one
intervention to others is not clear, and we are not yet well aware of
*Many early studies did use the term fluid intelligence (or “nonverbal intelligence”) and
used matrix reasoning tests or other nonverbal IQ tests as outcome measures (e.g., refs.
52–56).

9900 | www.pnas.org/cgi/doi/10.1073/pnas.1617102114

what intervention characteristics may be important for transfer.
Consider, for example, different working memory interventions. In
addition to the n-back task, one can train working memory by
having individuals remember sequences of items (i.e., span tasks;
see ref. 58). Training might be spaced across time or take place
within a shorter time frame (59). And studies may involve fixed
block of training (say, across one month) or add “booster” sessions
later on (60). Cognitive interventions may vary on numerous other
dimensions (which processes are practiced, type of instructions,
game-like features, amount of training, computerized or not, etc.).
Studies also differ in terms of the samples tested. Recall two
studies mentioned earlier: Jaeggi et al. (7) used students from the
University of Bern, Switzerland, and found successful transfer to
fluid intelligence. Redick et al. (57) used students from Michigan
State, Georgia Tech, and nonstudents from the Atlanta area and
did not find transfer. There are other methodological merits and
concerns regarding both studies, but the populations examined in
each study are different enough that it is possible that the divergent outcomes could be driven by demographics. For example,
two factors that may influence whether one benefits from training
are socioeconomic status and motivation (61, 62). The list goes
on—personality, age, baseline ability, and many others (63). But
many studies do not examine these characteristics, and too few
researchers take the step that Dallenbach did early on to replicate
his training study with different populations, such as children with
cognitive difficulties. Thus, we cannot know the extent to which
they influence performance.
It is also difficult to judge whether or not interventions are
effective above and beyond the influence of various confounding
factors. Consider, for example, a study that tests whether improvements on an intelligence test are due to a placebo effect by
asking participants about their beliefs. Unfortunately, this too is
problematic. Hundreds of participants may be required to adequately test whether or not a construct with a true moderate
effect size had an impact on an outcome variable above and
beyond a reasonably reliable confound (64). Attempting to statistically control for several factors may require impractically
large sample sizes.
A related problem is that many studies test participants on a
large number of laboratory tasks or surveys but lack the sample
size needed to conduct multiple comparison corrections. Our own
studies suffer from this concern, as do many others. One concern
associated with having a large number of transfer measures or a
large sample size has to do with the quality of testing implementation. Outcome measures, when given to participants in rapid
succession, shortened for time constraints, and administered over
several hours, may be less reliable than ideal. The Redick et al.
(57) study may have exactly this problem: Participants performed
17 demanding cognitive tests, several of which were shortened.
Although the reliability of their tasks is normally high in standard
administration, reliability under these conditions is not clear. In
general, one ironic aspect of cognitive training research is that a
large sample size is crucial, but studies with large sample size have
their own problems. Studies with large sample sizes often have
much less control over the training regimens or quality of data
collection. The Owen et al. (65) study, which included thousands
of participants, is one such example; the administration of tasks is
not at all standardized, and training dosage was highly variable.
Another concern is presentation of post hoc or selective
analyses (66). In a study based in one of our laboratories, for
example, we tested children on a battery of tests and compared
performance of a group that received a single n-back training with
a control group that learned science facts (62). Overall, there was
no impact of the cognitive training intervention on our measures
of fluid intelligence. However, upon noting vast individual differences in improvement on the n-back task, we tested whether or
not children who actually improved in the training also improved
on matrix reasoning. We did find improvements for this group.
Katz et al.
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which allow wide latitude for subjective idiosyncrasies to influence
its outcome.”
Despite the limitations outlined above, there is some agreement
that although “far” transfer may not be possible, “near” transfer is
easier to achieve (72, 73, 78). In the context of cognitive training,
near transfer would mean the improvement of the underlying
construct being trained (e.g., working memory) per se. However,
when some researchers refer to near transfer, they may also mean
“superficial transfer.” In this case, improvement on tasks similar to
trained tasks may be due to the acquisition of a superficial strategy.
Suppose a working-memory intervention is designed like the
popular 1970s game Simon (in which there are four lights arranged
in a circle and the task is to remember the order in which they lit
up). It is possible that with practice you learn to use the strategy of
remembering numerals on a clock (3, 6, 9, 12); you get better at
the game and also at remembering numbers, but it does not mean
you have a better working memory. Researchers try to avoid superficial transfer by selecting training and transfer tasks that do not
readily allow for the use of narrow task-specific strategies and
often include multiple training tasks to reduce the likelihood that
specific strategies are developed (see ref. 79). But it is impossible
to ensure that strategy development is not responsible for transfer.
In fact, we know that practice on prefrontal tasks typically involves
strategy development (80), and if these strategies do transfer to
other contexts, they may have practical value. Furthermore, one
recent study found that participants reported acquiring grouping
strategies during working-memory training and applied those
strategies to near transfer working-memory tests (81). Von Bastian
and Oberauer (82) offer a list of strategies that could explain
improvements on both near and far transfer tasks and suggest that
transfer tasks must be selected with these strategies in mind.
If we accept that there is some measure of “real” near transfer
from cognitive training and the skills trained serve as rate-limiting
factors to more complex cognitive task performance, then it is
somewhat puzzling that far transfer is not found. One explanation
may be that what we assume to be real near transfer is actually
superficial (83). Alternatively, the near transfer is real but not
adequate for far transfer without an additional skill. If a person’s
working memory improves as a function of training but they still
have low vocabulary skills, then performance on a reading comprehension measure may not show improvement. Likewise, getting
better at measures of fluid intelligence might require both a better
working memory and better reasoning strategies that engage this
new ability. Research that explicitly tests such possibilities has yet
to be systematically conducted.
Additionally, if far transfer but not near transfer is observed, the
theoretical underpinnings of far transfer improvements become
difficult to discern (76). A “transfer” finding could reflect positive
mood, motivation, or a placebo effect. A recent study of placebo
effects found that, at least in a single session of “training,” expectations about improvement may be driving gains (84). However,
many researchers, even those highly critical of studies finding far
transfer, have concluded that near transfer actually can be found
reliably and, presumably, that it is not merely superficial (70, 72).
Finally, we note that despite the difficulties in establishing the
consistent presence of real transfer effects following training
interventions and the cognitive mechanisms associated with this
transfer, we would be remiss to omit the considerable work that
has been conducted into the underlying neural mechanisms of
this transfer (see refs. 85–87 for reviews of this work). Although
the present piece does not focus on these studies, we note that
this research is useful in that it may illuminate the neural correlates of training and, perhaps most importantly, could help
provide complementary evidence to establish whether transfer
effects are in fact “superficial” or real. We welcome future work
incorporating neurophysiological techniques but also emphasize
that, ultimately, behavioral outcomes are most important and
most relevant for the end users of cognitive training.
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Also, children who viewed the training as “too difficult” did not
get better on the training task. We interpreted these findings to
mean that some students were easily discouraged and thus did not
benefit from the intervention. Our findings could also be explained
by assuming that people who can learn well improve from their
experiences during training and are also more likely to benefit
from taking the same test twice. This is a valid alternative explanation. Although we prefer our own interpretation, we must collect data in a new study in which we explicitly test it to be
confident in our conclusions.
One final limitation is that there is minimal testing for real-life
outcomes (e.g., How much better does a child do in school?).
Instead, most outcome measures are laboratory tasks, surveys, or
standardized tests. Many studies use performance on matrix reasoning tests as their main outcome measure. Although performance on such tests is correlated with real-life success (e.g., the
ability to learn new facts), scoring better on these tests does not
mean that one will actually be better in real-world tasks. Some
studies do include some real-life outcomes or ecologically valid
tasks (e.g., refs. 67,68), but these studies are few.
The above list is not exhaustive but is intended to provide the
reader with some idea for why most studies are far from conclusive. Although it may be easy to scoff at the tiny samples and
limited methods used by Whipple in his century-old cognitivetraining experiments, contemporary studies, including our own,
often share similar issues. Why would psychologists design studies
that are underpowered or that have clear methodological problems? In part, they do so because there is a tradeoff such that
avoiding one problem (e.g., sample size) leads to another problem
(e.g., poor control over intervention). Researchers include a variety of transfer measures all designed to answer different questions: to see if there is change in fluid intelligence measures,
academic achievement measures, or assessments of basic skills
that underlie more complex measures. It is practically impossible,
because of cost and time constraints, to recruit enough participants to make up for the large number of planned statistical tests.
One solution to address issues of small sample size and differences across individual studies is to use quantitative meta-analyses.
Unfortunately, the extant meta-analyses arrive at very different
conclusions and do little to settle the issue (69–74). Although Au
et al., Karr et al., and Karbach and Verhaeghen conclude that
training executive functions like working memory may be effective
in improving capacities such as fluid intelligence, Melby-Lervag
and Hulme suggest that transfer gains are nonsignificant or minor at best. These varied outcomes arise because of key differences in how they were conducted such as the populations
included and the type of intervention used. These decisions, along
with the choice of statistical procedures, have a substantial impact
on the outcomes of meta-analyses. A nice demonstration of this
point is a pair of analyses conducted by Van Elk et al. (75) about
the effect of religious priming on prosocial behavior. Responding
to a meta-analysis that found that religious priming has a positive
impact on prosocial behavior in religious participants (76), van Elk
conducted two publication bias correction analyses [precision-effect
testing–precision-effect estimate with standard error (PET-PEESE)
and Bayesian] using the same data as Shariff et al. Although each of
these methods is reasonable, they ultimately arrive at different
conclusions. Furthermore, to return to the medication analogy, it is
impossible to draw conclusions about a broad question (does
medication work?) by combining studies of different medications
and illnesses in a single analysis. The conundrum is that each individual study differs on so many dimensions that statistically accounting for these differences may be, in essence, the equivalent of
reducing the sample size back to the level of individual studies. And
as Stegenga (77) writes, “meta-analysis fails to provide objective
grounds for intersubjective assessments of hypotheses because numerous decisions must be made when performing a meta-analysis

Lessons for the Future
Most psychologists agree that meaningfully improving fluid intelligence, reasoning, and executive function is incredibly hard.
The example of the Abecedarian study (a randomized trial of
early childhood education for low-income children) is often
mentioned and with good reason—it demonstrates how many
hours of intervention may be necessary to have long-lasting effects (88). Psychologists largely split into two camps on this issue.
For many, improving cognitive skills through direct intervention
is so challenging that it may not be worth the work required.
Improving these capacities requires effort that should be better
spent elsewhere. For others, this difficulty is more of a challenge
than a barrier. We fully admit to belonging in the second camp.
If there is any hope for meaningfully improving the capacities
that underlie a child’s (or adult’s) ability to learn and think, this
research is worth pursuing.
There is a vast, unexplored space between lengthy interventions such as the Abecedarian project and brief interventions like
n-back training. How efficiently can we improve cognitive abilities? One possible approach is developing interventions that
combine exercises that tax prefrontal processes with reasoning
instruction and practice. Indeed, some research suggests that
playing reasoning games that include prefrontal demands (e.g.,
off-the-shelf games like Set), or learning and practicing reasoning
strategies, may be especially effective (17). There is also evidence
that some video games (such as Portal) may improve reasoning
and other prefrontal functions (89, 90). Furthermore, there are
entire fields of intervention research—such as work with
cognitive-behavioral therapy and ADHD, music training to improve auditory cognition, or useful field-of-view training to reduce accidents while driving—that suggest that interventions that
share some features with the cognitive training discussed here
may be effective in delivering real-world cognitive improvements
(91–93). Of course, these lines of work are not excepted from the
methodological issues outlined above, and it remains largely
unknown whether they ultimately may have a meaningful effect
on everyday cognition for the general population. We acknowledge that existing cognitive-training interventions have not yet
demonstrated clear real-life impact. The remainder of this piece
will focus on why that is—and what must be changed if we wish
to have a chance of success.
Earlier we detailed some of the issues inherent to using metaanalyses as a means of coming to a consensus regarding the efficacy
of cognitive training. For many psychologists, including van Elk
et al. (75), there is an obvious solution to the weaknesses of metaanalysis: registered replications. We agree with this sentiment in
principle. Furthermore, the movement to preregister studies in
general, so that both methodological and analytical decisions are
recorded a priori, should help to address some of the issues laid
out above. However, the implications of even a well-done, adequately powered, and preregistered study or replication must be
drawn with caution. Implicit assumptions about this research—that
is, that it has a high internal validity—are absolutely appropriate.
The problem is that the media and policymakers may fail to realize
that studies with high internal validity may nevertheless have poor
external validity. External validity refers to the extent to which an
empirical finding can be generalized to other contexts (94). In
cognitive training, this means that it may not be possible to generalize the results of one study to different types of interventions,
populations, or contexts. This point applies not only to studies with
positive outcomes but also those with negative outcomes. As
mentioned earlier, one common interpretation of intervention
studies is that because their benefits often fade out, they are not
worthwhile. However, that an intervention does not have long-term
impact does not mean that it is not useful but rather that some sort
of continued enrichment may be necessary (95).
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But again, we return to the question “Does cognitive training
work?” We have already discussed the folly of asking such a binary
question on such a complicated topic. Alan Newell, in his classic
piece that inspired our title (96), points out that psychological
science operates on two levels: one in which there are incremental, specific studies that elaborate on a phenomenon (e.g.,
Does cognitive training work better when practice is spaced or
massed?), and one that asks fairly large binary questions (e.g.,
nature vs. nurture). But what is missed is a more unified approach
that allows us to better understand “the behavior of man” (p. 6).
Newell offers one highly relevant strategy to achieve this: to center
experimental and theoretical work around “a single complex task”
and in the service of this develop a coherent theoretical model
supported by many smaller studies (e.g., ref. 97). If cognitivetraining researchers were to take up his recommendations, they
would need to develop computational process models of prefrontal
function and intelligent behavior. Hypotheses about how the
model improved on the training task and how that would generalize to a transfer task could then be tested via the model. Empirical studies would support model development via microstudies
that help generate parameters and also studies that test the model’s predictions. In particular, empirical studies should test possible
underlying mechanisms that support transfer. As the Buffalo
Springfield lyric goes, “there’s something happening here, but what
it is ain’t exactly clear.” In cognitive training, we have identified
what appears to be a compelling phenomenon, but without an
overarching theoretical framework to guide empirical research,
progress in understanding this phenomenon will likely be stalled.
As we discussed earlier, there are often practical limits on
conducting high-quality studies of cognitive training. At the same
time, there are other conflicts of interest and motivational factors that influence which studies are conducted and ultimately
published (98). In general, the studies that are most likely to
appear in the press or high-impact journals are those that have
novel, unexpected, and clearly impactful results. Studies with null
effects, or those that replicate and incrementally test the
boundary conditions of a finding, are perceived as much less
valuable. Additionally, scientists are not immune to the idea of
“motivated reasoning.” If they have strong beliefs or motivations
inconsistent with the results of the study, they are easily able to
find flaws (see the classic study by Lord, Ross, and Lepper) (99).
But when they wish to believe a finding, the flaws are less visible.
If there were no multimillion-dollar cognitive-training industry,
the field would be much less controversial. And yet, this is the
world in which we live. So what do we tell parents who want to
know whether these programs can help their children? We know
that proper nutrition (100), sleep (101), and physical exercise
(102) are beneficial for cognitive development, and such factors
need to be addressed whether or not children engage in cognitive
training. However, it is clear that there is little to be lost, and
possibly much to be gained, through engaging in cognitively
enriching activities (e.g., cognitive training but also music, dance,
meditation, board games, etc.). At the same time, we hope that
consumers will be on guard against strong promises offered by
purveyors of cognitive-training programs. Consider the continuing
allure of “brain-based” marketing techniques. Although recent
work has provided experimental evidence for these strategies as
tools of persuasion (103, 104), their dangerous efficacy has been
clear since the days of Pelmanism over a century ago. When
neuroscience is evoked, nonexperts are more likely to believe
explanations—even if those explanations are otherwise unsound.
If one thing is certain, it is that the public interest in improving
cognition will continue for the foreseeable future. But the outcome of any individual study, any individual intervention, and as
we have illustrated, any individual meta-analysis cannot be
construed as a conclusive answer to the question of how much
cognitive function might be improved through intervention. In
addition to the theoretical and modeling work discussed above,
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Conclusion
It may seem as if we have written two papers: one about contemporary issues, and one focused on history. However, we do
not believe that these discussions should be separate from each
other. Although we cannot address the entirety of the vast historical literature here (107), the work of Aiken, Whipple, and
Dallenbach and a cursory review of early training studies reveals
that many of the “lessons of the present” were actually raised
over 100 y ago (see especially ref. 108). These issues remain
despite the actual empirical work conducted, and possibly because of it as well, especially when researchers improperly generalize or ignore previous findings. And they were not solved
despite decades of theoretical and methodological discussions

that in many respects were not dissimilar from more recent reviews, such as Simons et al. (2). Thus, the issue of whether
cognitive training “works” was not settled in 1910, nor 1914, nor
in all of the years that followed. As Mead wrote in 1946, “a final
question is this: how long will it take for the facts known about
transfer to be used, and adjustments to be made accordingly?
One hundred years? Or never?” (109).
We assert that we still do not have definitive answers to
questions regarding training and transfer. Researchers may not
have the answers 100 y hence. But if we keep asking, simply,
“Does cognitive training work?” rather than investigating the
mechanisms of transfer within a coherent theoretical framework,
we will never have them at all. How many more studies of this
nature must be completed before we start asking the right
questions? Toward the end of the film Groundhog Day, Bill
Murray’s character, finally approaching something resembling
wisdom, declares “When Chekhov saw the long winter, he saw a
winter bleak and dark and bereft of hope. Yet we know that
winter is just another step in the cycle of life.” For his character,
this cycle is a long one, but it is not endless. And it is no mistake
that his journey recalls elements of Buddhism. The director,
Harold Ramis, reportedly carried his own pocket Buddhist mindtraining guide (110) that contained some of the same pointers
from the Dhammapada referenced earlier. In Ramis’ pocketguide version of the Seven Factors of Enlightenment, “investigation and research” are indeed important. But another
factor comes first in his list: mindfulness. We hope that, above
all, researchers (including us) will be mindful: of the lessons of
the present, yes, but also the lessons of the past. The future of
the field depends on it.

we note that significant attention should be given to the careful
communication of findings. Often the fault on this count lies not
in conducting studies that have methodological limitations and
potential alternative interpretations, as these studies might guide
us toward better future work and a richer understanding of the
phenomenon. Rather, the fault lies in interpreting the results of
these limited studies as “proof” that cognitive training does or
does not work. When studies are published in short-form journals or reported in press releases, claims tend to be exaggerated
and the limitations receive short shrift. One study in the British
Medical Journal recently analyzed 462 health science press releases and found that 40% of them overstate the implications of
the findings (105). Unfortunately, even when “hedging” language
is present in scientific articles, most readers gloss over the details
and focus on the main claim when reading about scientific
studies (106).
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Two are better than one: Infant language learning from
video improves in the presence of peers
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Studies show that young children learn new phonemes and words
from humans significantly better than from machines. However, it
is not clear why learning from video is ineffective or what might
be done to improve learning from a screen. The present study,
conducted with 9-month-old infants, utilized a manipulation—touch
screen video—which allowed infants to control presentations of
foreign-language video clips. We tested the hypothesis that infant
learning from a screen would be enhanced in the presence of a
peer, as opposed to learning alone. Brain measures of phonetic
learning and detailed analyses of interaction during learning confirm the hypothesis that social partners enhance learning, even
from screens.
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any studies have shown that young children’s learning of
language material from video is very low compared with
learning from human tutors, a pattern called the “video deficit.”
(1) For example, research has established infants’ ability to learn
foreign language phonemes (the consonants and vowels that make
up words) through social but not nonsocial contexts (2). In Kuhl
et al. (2), 9-mo-old infants were exposed to Mandarin Chinese in
12 25-min laboratory visits. Each infant experienced one of three
exposure styles: live social presentation, the same foreign speakers
and material presented on video, or an audio recording of the
same speakers and material. A control group of infants experienced live language social presentation but heard only English.
Phonemic learning, tested with behavioral and brain measures
after completion of the second language (L2) exposure sessions,
demonstrated that only infants exposed to live Mandarin speakers
discriminated the foreign phonemes as well as native Mandarinlearning infants; no learning occurred when exposure occurred
through video displays or audio recordings (2).
Other studies confirm that children’s language learning is
better from live humans than from screens (3–5). In one study,
video clips from Sesame Beginnings presented novel verbs to 2.5and 3-y-old children (5). Half of the children saw the novel verbs
presented entirely on video; the other half saw a 50–50 split of
presentations on video and delivered by a live social partner.
Children were tested on their ability to extend the novel verb to a
new actor performing the same action. Results showed that
toddlers who interacted with an adult in addition to watching a
video learned the novel verbs at a younger age than children who
passively viewed the video, and that learning from video was not
as robust as learning from live social interactions.
Recent evidence suggests that the screen itself does not impede children’s learning; rather, the problem is the lack of
interactivity in traditional media. One study used video chats to
ask if 24- to 30-mo-olds can learn language in a video context
that incorporates social interactions (6). Even though video chats
offer a 2D screen, this technology differs from traditional video
in several important ways. Video chats allow children and an
adult to participate in a two-way exchange, thereby approximating live social interactions. Adults are also able to be responsive to children and ask questions that are relevant to them.
www.pnas.org/cgi/doi/10.1073/pnas.1611621115

Although the speaker’s eye gaze is often distorted in video chats
because of the placement of the camera relative to the screen,
video chats preserve many of the qualities of social interactivity
that help children learn (7). In fact, when 24- to 30-mo-olds were
exposed to novel verbs via video chat, children learned the new
words just as well as from live social interactions. Toddlers showed
no evidence of learning from noninteractive video. Myers et al. (8)
recently demonstrated a similar phenomenon with 17- to 25-mo-olds.
These young toddlers experienced either a FaceTime conversation or a prerecorded video of the same speaker. A week after
exposure, children who interacted with an unknown adult via
FaceTime recognized the adult and demonstrated word and pattern
learning. Thus, research provides evidence that children’s ability to
learn language from screens can be improved by technology that
facilitates social interactions (e.g., video chats) (6, 8), by the content
of media (e.g., reciprocal social interactions) (9), or with the context
of screen media use (e.g., coviewing) (10). This allows the field to
move beyond the screen vs. live dichotomy and focus the discussion on the role of interactivity for children’s learning.
Historically, research on the effect of social interactivity in
children’s media has always paired adults with children. However, there is some evidence that infants may also treat peers as
social partners. For example, Hanna and Meltzoff (11) found
that 14- and 18-mo-olds imitate actions demonstrated by sameaged peer models and even recall these actions after a delay of
2 d. More recent evidence even suggests a peer advantage, such
that 14- and 18-mo-olds imitated complex action sequences
better from 3-y-old models than from adult models (12).
Additional research indicates that children’s learning is enhanced in the mere presence of others. That is, even when a peer
is not serving as a teacher or model, simply being in the presence
of a social other may facilitate learning. Studies show that infants
perform tasks differently—and better—when they are in the presence of another person (13), and research with school-aged children suggests that learning is improved by the mere presence of
another person, or even the illusion that another person is present
(14). These findings indicate that explorations of the effects of
having a social partner on children’s learning from media might
broaden our understanding of the roles played by social peers,
even if peers are not in the position of a teacher or model.
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The current study investigates the effect of the presence of
peers on infant foreign-language phonetic learning from video.
We utilized the same Mandarin-language videos used previously
in passive learning experiments (2), but made the procedure an
active learning environment by allowing infants to control the
presentation of videos using a touch screen. Each touch of the
screen initiated a 20-s clip of the Mandarin speaker talking about
toys and books. Given that previous research on children’s
learning from peers or in the presence of peers presents children
with a task (11–14), the touchscreen paradigm gives infants an
active learning task that nevertheless presents the same information as previous research (2). We manipulate the presence
of peers by randomly assigning infants to an individual-learning
condition or a paired-learning condition. Infants in the individual condition participated in all study sessions by themselves,
whereas infants in the paired condition always participated with
another infant (Fig. 1).
To measure infant’s foreign-language sound discrimination,
we employ a behavioral measure, “conditioned head turn,” as
well as a brain measure, event related potentials (ERPs). Kuhl
et al. (2) reported results based on a conditioned head turn
paradigm, but ERPs are also commonly used to assess infants’
ability to discriminate the sounds of language (15–17). Specifically, previous ERP investigations have shown that adults (18,
19) as well as infants (20–23) exhibit the characteristic mismatch
negativity (MMN), a negative-polarity waveform that occurs
about 250–350 ms after the presentation of the deviant sound,
indicating neural discrimination of the change from one phonetic
unit to the other. Importantly, the MMN is elicited in adults and
10- to 12-mo-old infants when listening to sounds of their native
language, and it is reduced or absent when they listen to speech
sounds that do not represent phonemic categories in their native
language (24–26). Thus, we employ both measures of speech
discrimination in the present study.
We hypothesize that the mere presence of peers in the present
investigation will support children’s ability to discriminate the
foreign-language sounds. During the exposure visits, the effect of
peers will be evident in children’s social behavior, and we expect
that social cues, like vocalizations and eye gaze, indicators of
early attention (27, 28) and communication skills (29–31), will
emerge as related to infant phonemic learning. With regard to
the measures of sound discrimination, behavioral evidence of
discrimination will be evidenced by performance greater than
chance in the conditioned head turn paradigm and through the
presence of the MMN in the ERP test. Infant research has shown
that attention plays a role in the generation of the MMN. Specifically, auditory change detection can occur with high or low
attentional demands that are mediated by language experience
(15–17, 25, 32–34), discriminability of the signals (35–37), and
maturational factors (38–42). The MMN associated with high
attentional demands in the perception of speech sounds exhibits
a positive polarity (positive-MMR or pMMR) and is considered
a less-mature MMN response. The MMN associated with low

Fig. 1. Examples of the individual- (A) and paired- (B) exposure sessions.
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attentional demands exhibits a negative polarity (i.e., MMN)
and, because it is shown by adults listening to native-language
sounds, is considered the more mature MMN. In the present
investigation, we postulate that infants in the single-infant condition will show pMMRs because high attentional demands are
required by a difficult speech discrimination task, such as nonnative speech discrimination (35, 36, 43). On the other hand, we
postulate that infants in the paired-infant condition will process
the Chinese phonetic distinction with less effort due to social
arousal, and hence we expect the brain response to have a negative polarity (i.e., MMN).
Results
Preliminary analyses were conducted to examine basic elements
of the exposure sessions. Because the procedure allowed for
flexibility in the length of sessions, and sessions were terminated
based on criteria that were not time-based, we first examined the
length of the individual- and paired-exposure sessions. Individual
and paired sessions were equally long (individual sessions
mean = 20.61 min, SD = 8.32; paired sessions mean = 17.26 min,
SD = 1.85), t(29) = 1.53, P > 0.05. Additionally, infants viewed
the same number of videos across conditions (individual sessions
mean = 26.69 videos, SD = 9.64; paired sessions mean =
23.37 videos, SD = 3.56), t(29) = 1.26, P > 0.05. Finally, the rate
at which infants watched videos in the individual-exposure sessions and in the paired-exposure session did not differ (individual sessions mean = 1.35 videos per minute, SD = 0.46; paired
sessions mean = 1.37 videos per minute, SD = 0.27), t(29) = 0.09,
P > 0.05.
We next examined the results from the two tests of phonemic
learning, the conditioned head-turn task and the ERP test of
discrimination. Whereas the head-turn task provided a behavioral test of discrimination, the ERP test provided a neural test
of discrimination. Infants in the present study did not show behavioral evidence of learning foreign language phonemes regardless of exposure condition (individual sessions mean =
50.66%, SD = 6.69; paired sessions mean = 50.61%, SD = 9.39).
These results for individual and paired sessions did not differ
from the chance (50%), t(12) = 0.36, P > 0.05 and t(13) = 0.24,
P > 0.05, respectively, nor did they differ from each other,
t(25) = 0.02, P > 0.05.
Next, the ERP data were submitted for analysis. Infants’ ERP
mean amplitudes to the standard and deviant sound were analyzed in two time windows (150–250 ms and 250–350 ms) (Fig.
2). For the 150- to 250-ms time window, infants in the paired
group showed no significant difference between standard and
deviant ERP responses at either electrode site: Fz, F(1, 14) =
−0.93, P = 0.364; Cz, F(1, 14) = −1.62, P = 0.127. In contrast,
infants in the individual group showed significant differences at
both electrode sites: Fz, F(1, 15) = −2.56, P = 0.022; Cz, F(1,
15) = −2.41, P = 0.029. For the 250- to 350-ms time window,
infants in the paired group showed no significant difference
between standard and deviant ERP responses for Fz, F(1, 14) =
1.88, P = 0.081, but a significant difference was found at Cz
electrode, F(1, 14) = 3.14, P = 0.007. Infants in the individual
group showed no significant differences at either electrode site
for the late time window: Fz, F(1, 15) = −1.56, P = 0.14; Cz, F(1,
15) = −1.14, P = 0.27.
Fig. 2 shows a waveform with negative polarity, an MMN, in
response to the deviant in the 250- to 350-time window for the
paired group, which peaked at 300 ms (see central electrode sites
Fz and Cz in Fig. 2). Infants in the individual group did not
exhibit this negativity, and instead exhibited a positive polarity
waveform, a pMMR, in response to the deviant in the earlier
150- to 250-ms time window (see central electrode sites Fz and
Cz in Fig. 2). Differences between individual and paired groups
were significant at both electrode sites: Fz, F(1, 29) = 6.059, P =
0.02; Cz, F(1, 29) = 10.754, P = 0.003. There was no correlation
Lytle et al.

between infants’ performance on the conditioned head-turn task
and their ERP data (rs < 0.2, Ps > 0.33).
To further explore the differences between exposure conditions, and to determine the causal mechanism of paired exposure
success, we examined several measures of infant behavior
during exposure sessions. First, we examined infant touches to
the touchscreen. Although the number of overall touches to the
screen, including those that triggered videos and those that
occurred while videos were playing, did not differ across condition [individual-exposure sessions mean = 224.83 touches per
session, SD = 108.42; paired-exposure sessions mean = 231.45
touches per session, SD = 56.84; t(29) = 0.21, P > 0.05], both
infants in the paired condition contributed to the touch count.
Therefore, infants in the individual exposure sessions touched
the screen more than did each infant in the paired-exposure
condition [individual-exposure sessions mean = 224.83 touches
per session, SD = 108.42; paired-exposure sessions mean =
113.69 touches per session, SD = 54.83; t(29) = 3.56, P = 0.001].
Of the total number of touches, the vast majority of touches
were intentional, not accidental, [individual-exposure sessions =
95.79% intentional touches, SD = 0.08; paired-exposure sessions = 97.37%, SD = 0.03; t(29) = 0.72, P > 0.05]. Finally,
infants in the two conditions did not differ in their motor skills
at the beginning, t(29) = 0.10, P > 0.05, the middle, t(29) =
0.35, P > 0.05, or at the end of the exposure visits, t(29) = 0.45,
P = 0.65. Infants touched the screen equally regardless of
motor ability (rs < 0.04, Ps > 0.82). Coders often noted that
caregivers of infants with less-developed motor skills would
position the infants close to the touchscreen, eliminating the
need for infants to have developed motor skills to touch
the touchscreen.
Next, we compared infant vocalizations between children in
each of the exposure conditions. Infants in the paired-exposure
condition made marginally more speech-like vocalizations than
infants in the individual-exposure condition, t(29) = 1.89, P =
0.068. Moreover, greater numbers of speech-like vocalizations
were correlated with a negative MMN response in the 250- to
350-ms time interval, r = −0.36, P < 0.05. While paired infants
produced greater numbers of speech-like vocalizations compared
with babies in the individual group, nonspeech vocalizations did
not differ between conditions, t(29) = 1.42, P > 0.05. Interestingly, infants who produced more speech-like vocalizations
also scored higher on the conditioned head-turn task, r = 0.43,
P < 0.05.
With regard to infant eye gaze during the exposure sessions,
infants in the individual-exposure sessions looked at their own
Lytle et al.

Discussion
The present study examined the presence of peers on infants’
early phonemic discrimination. We hypothesized that peers
would support infants’ ability to discriminate the foreign-language
sounds, as indicated by behavioral and neural tests of speech
discrimination, and that social cues, like vocalizations and eye
gaze, would be related to infant phonemic discrimination. The
results of the study revealed brain-based evidence of immature
phonemic learning in infants in the individual-exposure sessions,
while evidence of more mature learning emerged from infants in
the paired-exposure sessions. Infants in the individual-exposure
sessions exhibited a positive mismatch response, indicating increased cognitive demands during the auditory processing of the
Chinese contrast (15, 44, 45). The negative polarity in the MNN

Fig. 3. Among infants in the paired baby condition, those who were
partnered with more babies showed the strongest evidence of learning. In
paired sessions, infants with more partners had a greater ERP mismatch
negativity, rs = 0.68, P < 0.05, which is evidence of greater foreign language
phoneme learning.
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Fig. 2. Differences between individual and paired groups were significant
at both electrode sites: Fz, F(1, 29) = 6.059, P = 0.02, and Cz: F(1, 29) = 10.754,
P = 0.003. Note that the ERP is plotted with negative voltage upward.

caregiver longer than infants in the paired-exposure condition
(individual-exposure sessions mean = 58.20 s, SD = 21.82;
paired-exposure sessions mean = 42.46 s, SD = 17.14), t(29) =
2.22, P < 0.05. Infants in individual sessions also looked to the
screen longer than infants in the paired-exposure sessions
(individual-exposure sessions mean = 124.66 s, SD = 33.32;
paired-exposure sessions mean = 52.74 s, SD = 19.37), t(29) =
7.28, P < 0.001. Greater eye gaze toward the infant’s own
caregiver or the screen did not correlate with the MMN response in the 250- to 350-ms time interval, rs < 0.23, Ps > 0.23.
For children in the paired-exposure sessions, we also coded
looks to the other baby and to the other caregiver. Interestingly, children in the paired condition looked longest at the
other baby (mean = 70.42 s, SD = 24.79), marginally longer
than they looked toward the screen, t(15) = 2.04, P = 0.059. In
contrast, children’s looking time toward the other caregiver
was the shortest (mean = 19.92 s, SD = 8.74), and significantly
shorter than their looks toward their own caregiver, t(15) =
3.93, P = 0.001.
Finally, we examined learning as a function of the number of
different learning partners that infants in the paired-exposure
conditions experienced over the course of the L2 exposure sessions. Learning increased significantly as a function of the
number of unique partners experienced by paired infants, both in
relation to the MMN at electrode Cz (r = −0.53, P < 0.05) and in
terms of a composite measure of MMN across Fz and Cz electrode sites (r = −0.52, P < 0.05) (Fig. 3). We also find that infants
paired with more unique partners over the course of the exposure sessions produced more speech-like vocalizations, rs = 0.68,
P < 0.05.

response exhibited by infants in the paired-exposure sessions
suggests lower cognitive demands in the processing of the speech
contrast. Critically, these differences could not be attributed to
the amount of exposure time, the number of videos viewed,
touches to the touchscreen, or infants’ motor ability. Differences
between groups did emerge in that infants in the individualexposure sessions looked more at their own caregiver and to the
screen than infants in the paired-exposure sessions.
Infants in the paired-exposure sessions produced more
speech-like vocalizations than infants in the individual-exposure
sessions. Moreover, a greater number of speech-like vocalizations in paired group infants was correlated with more mature
(adult-like) MMN brain responses and also correlated with behavioral performance on the speech discrimination task. Finally,
with regard to infants in the paired-exposure sessions, infants
who were paired with more unique partners over the course of
the 12 exposure sessions vocalized more and demonstrated more
mature brain processing of speech, suggesting more sophisticated and robust learning (15, 34).
We hypothesized that infants in the paired condition would
demonstrate both behavioral and neural evidence of phonetic
discrimination, yet we only found neural evidence of discrimination. The pattern of neural response exhibited by infants in the
paired-exposure condition is indicative of more mature brain
processing of the sounds, and it is likely that these findings
represent the earliest stages of infants’ sound learning. Such a
pattern has precedent in the literature. As Tremblay et al. (46)
suggest, “speech-sound learning occurs at a preattentive level,
which can be measured neurophysiologically (in the absence of a
behavioral response) to assess the efficacy of training.” In contrast to previous research (2), in which infants demonstrated
phonemic discrimination via behavioral tests, infant discrimination here may have been too fragile to lead to a behavioral response. This pattern may provide additional evidence for the
video deficit, as behavioral evidence of phonemic discrimination
resulted from a live tutoring condition, whereas neural—but not
behavioral—evidence of discrimination in the present study was
from contingent screens. Importantly, however, a preattentive
response in a phonetic discrimination task has important implications for later language learning. Previous research has shown
a relationship between phonetic discrimination, measured neurally in infancy, and children’s language skills at 24 and 30 mo of
age (47).
The present results support previous findings highlighting the
importance of social interaction for children’s learning, especially for learning from screen media. Although the importance
of social interactions is clear, research exploring the underlying
mechanisms has been sparse. Theoretical accounts suggest that
social interactions may benefit children’s learning for two reasons (48). (i) Motivation differs in social and nonsocial settings
because social partners increase arousal; data suggest that even
minimal social connections to another person increase motivation (49). (ii) Information also varies in social and nonsocial
settings; eye gaze and other socially delivered cues, shown to
assist infants’ learning of the meanings of words (50), are less
available on video. The two theoretical accounts are not mutually exclusive; both can be operating in natural learning settings.
In the present study, infants in both groups had access to
some informational and some motivational cues. However, the
paired condition was designed to provide additional motivation in the form of a peer partner to infants. We interpret the
present results as support for the motivational mechanism of
social interactivity.
In terms of the information that infants were able to recruit,
infants in both exposure conditions had access to a variety of
social cues that could have provided useful information for
language learning. During all exposure visits, caregivers were in
the room with infants and infants may have attempted to recruit
9862 | www.pnas.org/cgi/doi/10.1073/pnas.1611621115

informational cues from their caregiver’s eye gaze. Although
infants looked to caregivers, particularly their own caregiver, this
category does not account for the majority of infant looks in
either condition. In the paired-exposure conditions, infants also
had access to informational cues from the other baby and the
other parent. Indeed, infants in the paired-exposure conditions
spent more time looking at the other baby than to any other
coded region. It may be that the infants learned how to activate
the touchscreen from their partner baby or benefitted from
seeing how their partner baby behaved in this situation. This
conclusion aligns with the imitation literature on learning from
peers, although in those cases, the children were older and the
peers were trained to model particular actions (11, 12). Even
though the peer babies in the present study were not trained, it
may be that they nevertheless provided their partner babies with
information that led to enhanced learning.
Another potential source of information in the current situation was the screen. Children in the individual exposure condition, in particular, attended to the screen. Although research
suggests that socially delivered cues like eye gaze are less available on screen (6), it is possible that infants recruited enough
information on the screen to show evidence of immature phonemic discrimination.
In support of the motivational mechanism, infants in both
exposure conditions were required to interact and engage with
the touchscreen. This differs from traditional screen media
viewing and from the video presentation used by Kuhl et al. (2)
in that children were active, not passive participants in the
learning process. Active engagement has been identified as one
of the pillars from the science of learning that also supports
children’s learning from screens (51). Active engagement in the
present study put infants in control of their video-viewing experience. Infants were quick to learn that they had to touch the
screen to activate a video. This agency infused active engagement in the learning environment.
In addition to engaging children, the touchscreen also provided temporal contingency between infants’ touches and video
activation. Infants are drawn to contingent responses early in life.
At 4 mo of age, for example, infants prefer adults who respond
contingently to adults who do not (52). Similarly, 8-mo-olds
produce more mature vocalizations in response to contingent
behavior from adults, but do not refine their vocalizations after
noncontingent responses (53). Including contingency in the
present design may have increased infants’ ability to discriminate
the phonemes. Although there is some evidence that toddlers
learn more from touchscreens when they are prompted to touch
a particular location on the screen that is relevant to the learning
objectives (54), other studies find that toddlers who press a
button to advance a computer demonstration are more likely to
learn than those who passively watch a video (55). The present
study simply required infants to touch any location on the screen
to advance the video, which is a developmentally appropriate
design for infants. That infants in both conditions showed some
evidence of phonetic discrimination suggests that the contingent
and engaging touchscreen may have increased children’s motivation to learn in the social environment.
The stronger argument in support of the motivational mechanism of social interactivity is the mature learning exhibited by
children in the paired-exposure condition. Here, multiple factors
indicate that motivation, or social arousal, may have driven infants’ phonemic discrimination. First, having access to a peer
might have triggered the mere presence effect on children’s
learning. The privileged role of peers has been documented with
older children (13, 14), but it’s possible that infants also perform
better and learn more in the presence of similarly aged peers.
Second, infants in the paired-exposure condition produced more
speech-like vocalizations. Infants are known to vocalize more
when they are aroused (56) and the present results link increased
Lytle et al.

Methods
Participants. Written informed consent was provided for the human subjects
protocol. The University of Washington approved the protocol. Thirty-one
9-mo-old infants (mean = 9.27 mo; SD = 0.17; range = 9.0–9.82 mo) completed the study. Infants were randomly assigned to individual (n = 16;
mean = 9.25; SD = 0.22; range = 9.0–9.82) or paired (n = 15; mean = 9.29; SD =
0.10; range = 9.10–9.39) conditions. The numbers of females did not differ
from chance in either condition [n = 6 in individual, n = 9 in paired groups;
χ(1) = 1.57, P = 0.21]. When possible, infants in the paired condition were
partnered with other probands in the paired condition, although scheduling
did not always allow for this arrangement. In cases when a partner infant
from the experimental group was unavailable, infants were paired with
substitute babies who were otherwise identical to the probands (n = 16). Data
were not collected from these substitute babies. An additional 11 participants
were excluded from the current dataset for an incomplete set of exposure
visits (4 participants) and incomplete ERP test data (7 participants). All infants
were full-term and were from monolingual English-speaking households.
Design. To investigate the mechanisms that drive language learning in social
situations, the present study modified the design introduced by Kuhl et al. (2)
that tested infants’ learning of foreign language phonemes after a series of
exposure visits. As before, infants visited the laboratory for a series of
12 exposure visits over 4 wk. During these sessions, infants were exposed via
interactive touch screen video to 20-s clips of a Mandarin speaker talking
about books and toys. Videos contained the target Mandarin phonemes,
/tɕhi/and (/ɕi/), a Mandarin Chinese consonant contrast that is not distinguished
in English. After exposure, infants were assessed on phonemic learning in
two ways. First, infants participated in a conditioned head turn task in which
they learned to turn their head toward a loudspeaker when they detected a
target phoneme interspersed among the background, or standard sounds
(58). Second, infants’ learning was also tested using ERPs (59). Together,
these tasks provided both behavioral and neural measures of learning.
Apparatus. Exposure visits took place in a small room that was designed to be
infant-friendly. A queen-sized memory foam mattress covered the floor and
pillows were arranged along the sides of the room. At the front of the room, a
24.25-inch touchscreen was encased in a wooden façade that extended the
Lytle et al.

Stimuli. The 20-s videos used during the exposure visits were extracted from
the videos used in the video-only condition of Kuhl et al. (2). Videos showed
native Mandarin speakers playing with toys, singing nursery rhymes, and
reading books. Clips of each of the four native Mandarin speakers were
arranged into sets such that in a given visit, children saw one of three sets of
clips from one particular speaker. Video clips were selected to contain a high
volume of the target contrasts, an alveolo-palatal affricate (/tɕhi /) and an
alveolo-palatal fricative (/ɕi/) Mandarin Chinese consonant contrast that is
not phonemic in English or Spanish. The syllables were 375 ms in duration;
had identical steady-state vowel formant frequencies of 293, 2,274, 3,186,
and 3,755 Hz, respectively; bandwidths of 80, 90, 150, and 350 Hz, respectively; and a fundamental frequency of 120 Hz (high-flat tone, tone 1 in
Mandarin). The syllables differed only in the point of maximum rise in amplitude during the initial 130-ms frication portion. The affricate consonant
had a fast amplitude rise, with maximum amplitude occurring at 30 ms; the
fricative consonant had a slower amplitude rise time, with maximum amplitude occurring at 100 ms. Tokens were equalized in RMS amplitude and
played to infants at a comfortable listening level of 67 dBA (2, 60).
In addition to the exposure clips, 5-s videos were extracted to serve as
wake-up clips. Critically, wake-up clips did not contain any instances of the
target contrast.
Procedure.
Exposure visits. All 12 exposure visits occurred within 4 wk of an infant enrolling in the study. Infants were randomly assigned to individual exposure
sessions or paired exposure sessions and infants only experienced one type of
exposure during the study.
Individual exposure sessions. When caregivers and infants arrived, the experimenter invited them into the test room and outfitted infants with a LENA
recorder and vest. Parents sat in the back of the experimental room and were
instructed to limit interactions with their child.
Upon leaving the room, the experimenter retreated to the control room.
The experimenter began recording the video from the four cameras in the
exposure room and started the computer program. When the program
began, the exposure screen changed from black to a still photo of a baby’s
face. At that point, any time the infant touched the screen, a 20-s video clip
played. Touches to the screen during videos were recorded by the touchscreen,
but they did not interrupt the video clip. Only when the clip ended would
subsequent touches trigger a new video. During the course of the study,
no infants had to be shown how to use the touchscreen; all infants figured it out.
Sessions were ended for one of three reasons, whichever came first: (i) the
infant watched all of the videos in a given set and the program stopped,
meaning that infants received at least 20 min of exposure through 20-s clips;
(ii) the infant became fussy beyond recovery, as determined either by the
experimenter or the parent; or (iii) two wake-up clips played in a row,
meaning that the infant had not touched the screen in 3 min.
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width of the room and positioned the screen three inches higher than the
floor. The wooden façade also had a small wooden shelf above the screen
that was designed to allow infants to pull themselves up to a standing position in front of the screen. For paired-infant exposure sessions, the entire
room was available to the infants. For individual-exposure visits, a cabinet
blocked off one-third of the room (Fig. 1). Four cameras, positioned discreetly around the room, captured everything that occurred in the room and
allowed for subsequent coding.
Video stimuli were presented to the infants using custom-designed software that activated one 20-s video when the screen was touched. Additional
touches to the screen while a video was playing had no effect. As soon as the
video clip ended, subsequent touches triggered a new video. The software
was designed to randomize video clips within a given set (i.e., within a given
speaker). If the screen was not touched for a period of 90 s, the program
automatically triggered a “wake-up clip,” a 5-s clip designed to recapture
children’s interest in the screen. Importantly, the wake-up clips did not
contain any of the target Mandarin sounds.
Finally, all infants wore LENA recorders during their exposure visits. LENA
devices are designed to capture the naturalistic language environment of
children. The LENA recorder can store up to 16 h of digitally recorded sound
and can be snapped into a pocket on the front of a child’s vest. This allows the
recorder to unobtrusively capture all language in the child’s environment.
The recordings can be subsequently downloaded and analyzed by LENA
software. The LENA software provides several automated measures of the
language content, but for the purposes of the present study, all language
measures were coded manually.
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vocalizations to higher scores on the behavioral measure of
phonemic discrimination and to a more mature (greater negative
polarity) neural response, the MMN, a measure of learning that
is shown in adults when responding to native-language contrasts
(18–23). Finally, we discovered a relationship between the number
of partners a given infant was paired with during his or her exposure sessions and their speech-like vocalizations, as well as a
relationship between the degree of learning infants in the paired
condition evidenced later at test. Previous research has demonstrated that novelty heightens arousal, whereas familiarity
dampens arousal (57). Thus, infants who experienced more
novelty with their peer partners were more likely to maintain a
higher level of arousal during the exposure sessions. Heightened
social arousal may be the underlying mechanism of the motivational hypothesis that increased infant learning from screens in
the present study.
In sum, the present investigation demonstrates enhanced infant discrimination of the phonemes of a foreign language from
touchscreen video when learning in the presence of a peer as
opposed to in isolation. Enhanced phonetic discrimination in
pairs was not a function of the number of videos viewed by the
infants, the amount of exposure to the foreign language, the
number of screen touches, or infants’ attention to the screen.
Infants paired with other infants while learning not only show
enhanced brain measures when reacting to the foreign-language
phonemes, but also show significantly higher numbers of speech
vocalizations, which itself suggests increased learning and
arousal. We interpret the data as indicating that infants are socially aroused in the presence of a peer, that their arousal increases when paired with a novel infant, and that this leads to
enhancement of early phonemic discrimination. The study
breaks ground by demonstrating that social arousal may play a
role in early language learning.

At the end of the appointment, caregivers completed a Caregiver Perception Rating form that asked caregivers to rate their perceptions of their
child’s interest and activity level during the session.
Paired-exposure sessions. Infants in the paired-exposure condition were always
partnered with one other child of roughly the same age. Only two babies
were in the session at a given time, although infants were not always
partnered with the same baby. Infants were intentionally paired with at least
three other infants over the course of the 12 exposure visits. The number of
partners a given infant was paired with varied based on schedule, family
availability, and so forth. At the beginning of paired-exposure sessions, the
experimenter waited in the lobby for both families to arrive before going to
the experimental space. Once there, the experimenter gave LENA recorders
and vests to both infants. Different colors of vests were chosen for partner
infants and the color of each child’s vest was noted for ease of video coding later. As in the individual-exposure sessions, both caregivers were asked
to sit toward the back of the room and to limit their interactions with
their baby.
Once in the control room, the experimenter began recording from the
exposure room cameras and started the computer program. As with individual sessions, clips played when infants touched the screen. The discontinuation criteria for the paired sessions were identical to that of the
individual sessions. Again, both caregivers completed Caregiver Perception
Rating forms.
Test visits. After completing all 12 exposure sessions, infants returned to the
laboratory for three test sessions: two sessions of a conditioned head turn task
and one session for an ERP test. Both of the conditioned head-turn sessions
always preceded the ERP test. All test sessions were completed within 2 wk of
the final exposure visit.
Conditioned head-turn task. Phonemic learning was assessed in a conditioned
head-turn procedure in which infants were trained and then tested on their
ability to turn their head toward a loudspeaker when they detect a target
phoneme interspersed among the background, or standard sounds (58). In
the present study, the alveolo-palatal fricative (/ɕi/) served as the background sound and the alveolo-palatal affricate (/tɕhi /) was the target sound.
During change trials, the background sound changed to the target sound for
a 6-s period. When infants turned their head during this period, their head
turn was reinforced with a 5-s presentation of a noise-making toy (a monkey
playing cymbals or a bear playing a drum) and was recorded as a “hit.”
Failure to turn toward the toy during a change trial was coded as a “miss.”
During control trials, the background sound played consistently. Head turns
during this period were not reinforced and were coded as “false alarms.”
Failure to turn during a control trial was recorded as a “correct rejection.”
The first of an infant’s two visits for the head-turn task was for conditioning. Infants were tested during the second visit. In the conditioning
phase, infants only heard change trials in which the target sound was
played. Initially, the target sound was played 4-dB louder than the background sound, but after infants correctly anticipated the toy presentation
twice in a row, the volume cue was removed. After three additional, consecutive head turns without the volume cue, infants advanced to the
test phase.
The second test visit for the head turn task presented infants with equal
numbers of control and change trials. Thirty trials were presented in random
order, with the caveat that no more than three of the same kind of trial could
be presented consecutively. Infant performance on the test trials was calculated as percent correct (% hit + % correct rejection/2).
An experimenter sitting in an adjacent room to the test room watched a
live-feed video of the infant to code the procedure in real time. During
conditioning, the real-time codes of the experimenter determine when the
infant progresses out of the initial training and when they complete the
training phase altogether.
Throughout the conditioned head-turn task, the caregiver and the experimenter who was in the room with the child wore headphones that played
music to prevent either adult from influencing the child. The experimenter
who controlled the task from a control room also wore headphones. These
headphones played the background sound but were programmed to go
silent during all trials, regardless of whether they were change trials or
control trials. This ensured that the experimenter who coded the task was
blind to trial type.
ERP test. Mandarin phonemic learning was also tested using the classic oddball
paradigm (24) in which a “standard” syllable is repeated on 85% (850 stimulus repetitions) of the trials, and a “deviant” sound is presented pseudorandomly during the remaining 15% of the trials (150 stimulus repetitions).
Specifically, the deviant sound did not occur consecutively, and at least three
standard sounds were presented between deviant sounds. The time between the offset of a stimulus and the onset of the next stimulus
9864 | www.pnas.org/cgi/doi/10.1073/pnas.1611621115

(interstimulus interval) was 705 ms. The number of trials accepted for the
standard sound in the individual exposure session was 311.4 (SD = 91.52) and
100.25 (SD = 26.48) trials for the deviant sound. The number of trials accepted for the standard sound in the paired exposure session was 284.53
(SD = 71.57) and 85.53 (SD = 23.04) trials for the deviant sound. No significant differences were found across exposure sessions for the standard
sound, t(29) = 0.907, P > 0.05, or deviant sound, t(29) = 1.64, P > 0.05.
Infants were awake and tested inside a sound treated room. The child sat
on the caregiver’s lap. In front of them, a research assistant entertained the
child with quiet toys while a muted movie played on a TV behind the assistant. The caregiver and the research assistant wore headphones with
masking music during the testing phase. The electroencephalogram (EEG)
was recorded using electro-caps (ECI, Inc.) incorporating 32 preinserted tin
inverting electrodes. The EEG was referenced to the left mastoid from Fp1,
Fpz, Fp2, F7, F3, Fz, F4, F8, FC5, FC1, FC2, FC6, T3, C3, Cz, C4, T4, CP5, CP1,
CP2, CP6, T5, P3, Pz, P4, T6, O1 Oz, O2, and RM in the International 10/20
System. Infant eye-blinks were monitored by recording the electrooculogram from one infraorbital electrode placed on the infant’s left cheek. The
EEG data were collected in DC mode and it was rereferenced off-line to the
right mastoid to obtain a more balanced reference distribution. The EEG was
recorded using NeuroScan SynAmps RT amplifiers (24-bit A/D converter)
using Scan4.5 software. A 1-ms trigger was time-locked to the presentation of each stimulus to accomplish the ERP averaging process (Stim 2
Neuroscan Compumedics).
The amplitudes for the deviant and standard responses were calculated by
averaging the voltage values from two ERP time windows: 150–250 ms and
250–350 ms. The mean-amplitude of the deviant ERP response was compared with the mean-amplitude of the standard ERP response. The deviant
vs. standard comparison in the 150- to 250-ms time-window range is referred
to in the text as pMMR, while the comparison in the 250- to 350-ms timewindow range is referred to as nMMR. We also calculated the difference
waveform between deviant and standard ERPs by subtracting the standard
ERP response from the deviant ERP response (deviant minus standard). Two
time windows of interest were evaluated; 150–250 ms after stimulus onset,
which is associated with the pMMR, and 250–350 ms after stimulus onset,
which is associated with the nMMR response.
The impedances of all electrodes were kept below 5 KΩ. EEG segments
with electrical activity ±150 mV at any electrode site were omitted from the
final average. EEG segments of 700 ms with a prestimulus baseline time of
100 ms were selected and averaged offline to obtain the ERPs. Baseline
correction was performed in relationship to the prestimulus time. The ERP
waveforms were band-pass–filtered off-line (1–40 Hz with 12-dB roll off)
using the zero-phase shift-mode function in NeuroScan Edit 4.5. The highand low-cutoff filters used are reported elsewhere and do not produce attenuation of the ERP waveforms (61). The ERP waveforms in Fig. 2 were
band-pass–filtered from 1 to 30 Hz (12-dB roll off) for illustration purposes.
Coding. We coded several characteristics of the exposure sessions, starting
with children’s motor abilities. Because the exposure sessions allowed children to move around the room, infants with more advanced motor abilities
were better able to navigate the room, pull themselves up on the ledge by
the touchscreen, and occasionally better able to access the touchscreen
itself. Accordingly, infants’ motor skills were assessed by an adapted version
of the Peabody Developmental Motor Scale, which awards points for different levels of locomotion, such as belly crawling, scooting, crawling, taking
steps, and so forth. To adequately capture infants’ development over time,
coders reviewed the videotapes of three sessions of each participant to code
children’s motor ability. Of the three sessions coded for each participant,
sessions were randomly selected from the beginning sessions (1–4), the
middle sessions (5–8), and the final session (9–12), such that one coded video
represented each interval. Coders reviewed the videos from the selected
sessions and awarded infants points based on the motor behaviors children
exhibited during the session. For example, a milestone motor behavior for
7-mo-olds is rolling from back to front. Infants were awarded one point if
they demonstrated that they could roll from their back or bottom to
stomach or hands/knees (one or both sides). If infants remained on their
back, they received a score of 0 on this item. Coders reviewed the videotapes
for all motor milestones from 7 mo to 13 mo.
Additional elements of the exposure sessions and infant behavior were
coded using ELAN coding software. This software allowed coders to code
multiple tiers of information in the same platform. For all elements coded in
ELAN, eight exposure sessions were randomly selected for coding. The coding
window was further refined to a 5-min window of time within the exposure
session. In most cases, coders reviewed minutes 5–10 of the exposure session.
This eliminated time at the beginning of the session during which infants
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In contrast, speech sounds encompassed all sounds produced without pause
that were not nonspeech sounds. Speech sounds could be coded as babble,
whine, coo, growl, or squeal (62–64). Utterances were separated by the
“breath-group criterion” or a gap in which one can hear an ingress of
breath, or a gap sufficiently long for a breath to occur but during which
there is no voiced sound (64).
Finally, infants’ eye gaze during the exposure sessions was coded in ELAN.
Coders used the four complementary video recordings of each session to
determine where infants were looking. For infants in individual-exposure
sessions, coders noted looks to the screen and to their own caregiver. For
infants in paired-exposure sessions, coders recorded these looking patterns,
but also recorded looks to the other baby and looks to the other caregiver.
When necessary, coders for all infants were also able to designate a time
period as “uncodeable” meaning that none of the four camera angles
captured an infant’s eye gaze.
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were acclimating to the environment. In cases where exposure sessions lasted less than 10 min, the coding window was moved up as needed to produce a 5-min window, such that coders would review minutes 4–9, 3–8, or
2–7. None of the coded sessions lasted fewer than 7 min. Thus, for each
infant, coders reviewed eight 5-min segments of exposure sessions. These
segments yielded data on touches to the touchscreen, infant vocalizations,
and eye gaze. Detailed descriptions of each of these measures are below.
The first of these elements were infant touches to the touchscreen during
exposure sessions. Although the experimental computer automatically recorded touches to the screen and whether the touch triggered a new video
clip or occurred during video playback, coders manually matched touches to
each infant in the paired-exposure condition. Furthermore, for all infants,
touches were defined as intentional (infant looked at the screen and
touched it) or unintentional (infant touched the screen with a part of their
body other than the arm/hand or touched the screen when they were not
attending to it).
Next, the LENA audio recordings, in combination with the video recordings, were used to code infant vocalizations. Infant utterances were coded as
either nonspeech or as speech sounds. Nonspeech sounds were defined as a
sound produced without a pause that is a laugh or cry (with at least one
diaphragm flutter), a click, cough, sneeze, raspberry, burp, or exertion grunt.
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Media and technology are ubiquitous elements of our daily lives,
and their use can offer many benefits and rewards. At the same
time, decisions about how individuals structure their use of media
can be informed by consideration of whether, and if so how, the
mind and brain are shaped by different use patterns. Here we
review the growing body of research that investigates the cognitive
and neural profiles of individuals who differ in the extent to which
they simultaneously engage with multiple media streams, or ‟media
multitasking.” While the literature is still sparse, and is marked by
both convergent and divergent findings, the balance of evidence
suggests that heavier media multitaskers exhibit poorer performance in a number of cognitive domains, relative to lighter media
multitaskers (although many studies find no performance differences between groups). When evidence points to a relationship
between media multitasking level and cognition, it is often on tasks
that require or are influenced by fluctuations in sustained goaldirected attention. Given the real-world significance of such findings, further research is needed to uncover the mechanistic underpinnings of observed differences, to determine the direction of
causality, to understand whether remediation efforts are needed
and effective, and to determine how measurement heterogeneity
relates to variable outcomes. Such efforts will ultimately inform
decisions about how to minimize the potential costs and maximize
the many benefits of our ever-evolving media landscape.
attention

| cognitive control | memory | interference | technology

I

n a world increasingly saturated with media and technology
there is growing interest in whether media and technology use
are impacting our brains and minds. American teenagers (13–
18 y old) report engaging with media and technology for almost
9 h every day, not including time spent with media at school or
for homework, and American “tweens” (8–12 y old) report close
to 6 h every day (1). If one considers the amount of time youth spend
juggling multiple media streams concurrently (“media multitasking”;
29% of total media time) (2), teens average over 11 h of daily media
consumption and tweens average over 7 h. This phenomenon is not
limited to American youth, as similar levels of media consumption
are reported in other countries (3). Notably, media multitasking
behavior is increasing in prevalence, almost doubling from 1999 to
2009 (from 16 to 29% of total media time) (2).
Given the extended temporal trajectory of human brain development, which spans into the 20s (4, 5), it is imperative to
determine whether consistent multitasking with media and
technology—a potential brain training of sorts—is exerting a
significant and lasting impact on neurocognitive development.
Even for fully developed brains it is possible that frequent engagement with simultaneous media streams affects cognition,
behavior, and neural architecture. Alternatively, it may be that
preexisting individual differences in underlying neurocognitive
profiles result in different patterns of media use.
These questions, among others, prompted Ophir et al. (6) to
conduct initial investigations of whether there are cognitive differences associated with varying levels of media multitasking
behavior. They operationalized media multitasking using a novel
media use questionnaire, which measured the concurrent use of

www.pnas.org/cgi/doi/10.1073/pnas.1611612115

12 media streams (print media, TV, video on a computer, music,
nonmusical audio, video or computer games, phone, IM/chat, text
messaging, email, reading on the computer, other computer applications). Media multitasking was defined as the simultaneous
use of two or more media streams, with a “media multitasking
index” (MMI) quantifying the mean number of media an individual multitasks with during a typical media consumption hour.
Note that the MMI does not index the number of hours multitasking with media, nor does it index media use while performing
other activities (such as homework or classwork; what others refer
to as “media-nonmedia multitasking”; e.g., ref. 7).
Since the initial study by Ophir et al. (6), interest in whether
cognitive and neural profiles vary with media multitasking behavior has continued to grow. To our knowledge, 20 subsequently published empirical papers examined the relationship
between task-based assays of cognition and media multitasking.
The vast majority of these studies examined cognitive performance in young adults, with a few examining adolescents. In
addition, two studies investigated media multitasking’s association with differences in neural structure and function. Here we
review what is currently known about whether and how cognitive
and neural profiles vary with media multitasking behavior (for
review of media-nonmedia multitasking findings and of the relationship between psychosocial variables and media multitasking see ref. 8). Our review reveals an emerging literature marked
by points of convergence but also of divergence, with extant
findings suggesting that, in some contexts, heavier media multitaskers are more likely to suffer lapses of attention (among other
attention-related differences) relative to lighter media multitaskers. Building from the literature, which provokes more
questions than it answers, we conclude by highlighting what we
believe are the most pressing open issues for future investigation.
Current Findings
This review focuses on investigations of the cognitive and neural
profiles of media multitasking populations, with the goal of understanding the neurocognitive mechanisms that vary with media
multitasking behavior. We do not include studies exploring
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relationships with psychosocial or real-world variables, such as
academic performance or sleep (reviewed in ref. 9). We restricted inclusion to studies that employed quantifiable indices of
media multitasking behavior and that related these indices to
task-based cognitive performance (i.e., we excluded studies that
leveraged only self-report/survey measures of cognition) and/or
to neural metrics (see Tables S1–S4 for included studies). We
identified candidate studies in two ways: (i) We searched the
databases of PubMed, Web of Science, and Google Scholar using
the search term “media multitasking,” and (ii) we performed a
reverse citation search in Web of Science for the original paper
that first introduced the MMI (6). We additionally followed up
with authors to request supplemental statistical reporting that
may not have been the focus of the published papers but were
germane to discussions below.
In each section below we first review extant data from studies of young adults and then, where available, from studies
of adolescents.
Cognitive Profiles Associated with Media Multitasking
Behavioral investigations have used a variety of tasks to assess
whether working memory (WM), cognitive control (including
interference management, sustained attention, task management, and inhibitory control), relational reasoning, and longterm memory (LTM) vary with media multitasking behavior.
Relevant experiments examined whether cognitive performance
differed as a function of everyday media multitasking (i.e., participants did not media multitask during the experimental tasks).
It is important to note the marked heterogeneity of the studied
populations, which included a wide mix of young adults from a
number of countries, typically ranging in age between 18 and
mid-30s, action video gamers and nongamers, and individuals
recruited on college campuses or online via Amazon’s Mechanical Turk; two studies selectively examined effects in adolescents. Many studies used an extreme-groups approach that
compared individuals in the upper portion of the MMI distribution [heavy media multitaskers (HMMs), often those greater
than 1 SD above the mean MMI score] to individuals in the
lower portion of the distribution [light media multitaskers
(LMMs), often less than 1 SD of the mean MMI]; most extremegroups comparisons were based on small sample sizes (≤22 participants per group). A similar number of studies treated media
multitasking as a continuous variable and tested for linear relationships with cognitive and neural outcome variables. The heterogeneity in demography, tasks, administration method (supervised
in-laboratory tests vs. unsupervised online tests), power, and analytic
approach, combined with the small number of studies contributing
to the literature in each cognitive domain, have led to a complex
and mixed pattern of significant effects and null results. While it
is beyond the scope of this review to discuss each source of
variance’s potential contribution to discrepant findings, we
consider sources of likely variance and how to remediate them in
Open Questions below.
Despite the methodological heterogeneity, the weight of current evidence shows that, in some contexts, heavier media multitaskers underperform relative to lighter media multitaskers in a
number of cognitive domains. While more investigation is
needed, we advance a working hypothesis that an attentional
lapse account may explain many (though not all) current findings. Specifically, relative to LMMs, HMMs may have greater
difficulty staying on task due to attentional lapses and returning
to task following a lapse from goal-relevant behavior; attentional
lapses may negatively impact performance in other cognitive
domains, such as memory. We posit that this greater probability
of attentional lapsing may be due to a predisposition and/or
conditioned bias toward exploratory behavior. Below, we evaluate this account in the context of the cognitive domains that have
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been investigated and the associated (albeit even more sparse)
neural data.
WM. To date, there have been at least 24 tests of whether WM
abilities in adults vary with media multitasking level (Tables S1–
S3); 13 tests used simple WM tasks and 11 used more complex
WM tasks. Approximately half demonstrated that HMMs
underperform LMMs on tests of WM, with the remainder
reporting null effects; no study found adult HMMs to outperform adult LMMs. In adolescents, two of three tests revealed
a significant negative relationship between media multitasking
and WM.
Simple WM. Relatively simple tests of WM require the encoding
and short-term maintenance of information, followed by reporting
of the contents of WM (either through recall or in response to a
retrieval probe). A frequently used simple visual WM paradigm
is the change detection task, which entails the presentation of a
number of visual targets to be encoded and maintained (target
load can vary across trials), with targets appearing with or
without distractors (distractor load also can vary across trials).
The ability to hold the task-relevant visual information in mind
over a brief delay is often indexed using the K metric (10) or d’
(11, 12).
When assessing adult HMMs’ and LMMs’ ability to hold information in mind when no distractors were present, three of
three tests revealed no significant main effect of group when
examining performance across target load sizes of two, four, six,
and eight items (ref. 6 and Exps. 1 and 2 in ref. 13). However,
when considering only the low target load condition (two targets)
all three tests revealed numerically lower performance in the
HMMs, and this pattern was also observed in two other studies
that included only two-target load trials (i.e., there were no high
target load trials; rectangles and objects tasks in ref. 11). Building
from this latter qualitative observation, separate tests assessed
WM performance using a low target load and varying levels of
distraction (from 0 to 10 distractors). Under these conditions,
HMMs performed significantly worse than LMMs in 5 of 10 tests
(rectangles and objects in ref. 11 and Exps. 1 and 2 in refs. 13 and
14), and there was a trend in an additional test (no-attentiontraining baseline condition in ref. 12, P = 0.085, personal communication). Each of these tests revealed a significant main effect of group, with overall lower performance in the HMMs;
again, these tests examined WM with a target load size of two, a
point to which we return below (for a summary of all reported
effects see Table S1).
Complex WM. WM tasks can move beyond simply asking participants to hold information in mind to also requiring some form of
manipulation and/or updating of the information being held in
mind. Tests of complex WM in adults revealed either that
heavier media multitasking is associated with lower performance
or null effects (Table S2). In two studies, complex WM was
probed using the AX variant of the Continuous Performance
Task (AX-CPT), which requires the detection of contextdependent probes (an “A” followed by an “X” and not other
letters). Cardoso-Leite et al. (14) reported worse performance in
HMMs on the AX-CPT task with no distractors, whereas Ophir
et al. (6) found no significant group difference. In complex span
tests, when individuals were asked to hold two to five letters in
mind while responding to interspersed math problems [the Operation Span Task (OSPAN)], participants who scored higher on
the MMI performed more poorly (15), whereas when participants
were required to judge the semantic accuracy of sentences and
then recall, in order, the letters presented after each sentence
(Automated Reading Span) no significant group difference was
found (16). On n-back tasks of WM (2- and 3-back), Ophir et al.
(6) observed a load (2- vs. 3-back) by group (HMM vs. LMM)
interaction, with HMMs performing worse on the 3-back. When
considering 2- and 3-back performance in nonvideogame players
Uncapher and Wagner

Managing Interference. Extant data indicate that individual differences in performance on the change detection WM task
partially stem from differences in distractor filtering (10) and in
sustained attention (22, 23). In this section, we consider whether
media multitasking-related differences in simple WM reflect,
in part, differences in the ability to filter task-irrelevant information, by reviewing studies of interference management. We
define “interference management tasks” as those that require
the filtering of distracting information, either from the external
environment (i.e., from perception) or the internal environment
(i.e., from memory). We refer to these as filtering tasks and
proactive interference tasks, respectively (Tables S4–S6).
Uncapher and Wagner
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Filtering: Interference from perception. Differences in filtering were
assayed by investigating performance in the change detection
task (discussed above) when varying levels of distraction were
present. In the Ophir et al. (6) study, HMMs and LMMs encountered a randomly interspersed mixture of low (two), medium (four), and high (six) target load trials, with varying
distractor loads (zero to eight distractors). When target load was
low, HMMs’ performance disproportionately declined as distractor load increased; by contrast, the effect of distractor load
on performance did not vary across groups at medium and high
target loads. In six subsequent experiments that used identical or
related variants of the change detection task (11, 12, 14), with
some reporting multiple tests, only one test revealed an interaction between group and distractor load (Exp. 1 in ref. 13).
That interaction took the form of LMMs performing better on
four-target load trials when zero and two distractors were present, but then falling down to HMMs’ performance level when
faced with four distractors; this pattern is more consistent with
reduced simple WM performance in HMMs at lower loads,
perhaps due to more prevalent attentional lapses, than with a
diminished filtering account. Together, the results reveal limited
evidence that HMMs show perceptual filtering deficits on this
visuospatial change detection task.
Other investigations used the distractor variant of the AXCPT task, wherein task-irrelevant distractor letters appeared
between the cue and probe (i.e., between the A and the X, and
between BX, AY, and BY). Across four AX-CPT studies there is
more consistent evidence of reduced performance in heavier
media multitaskers. Ophir et al. (6) observed that HMMs were
disproportionately slower to respond to probes when distractor
letters appeared between the cue and probe relative to when no
distractors appeared (i.e., a significant group by distraction interaction). HMMs’ greater sensitivity to the presence of distractors was particularly evident on AX and BX trials. On this
same task, Cardoso-Leite et al. (14) observed lower performance
in HMMs relative to LMMs, using an inverse efficiency score
(IES) that considered both response time (RT) and accuracy; the
group by distraction interaction was not significant. Finally,
across two experiments that only included the distractor-present
variant, Wiradhany and Nieuwenstein (13) observed that HMMs
were slower than LMMs on BX and BY trials in Exp. 1, and on
AX trials in Exp. 2.
In the absence of data from no-distractor trials in Wiradhany
and Nieuwenstein (13) it is unclear whether HMMs’ slower RTs
on distractor-present AX-CPT reflect (i) reduced attentional
control that results in greater sensitivity to perceptual distractors,
which would converge with the findings of Ophir et al., or (ii) a
more general group effect, which would suggest a broader attentional difference, such as diminished sustained attention, and
would converge with the findings of Cardoso-Leite et al. (14).
The reduced attentional control account is consistent with
findings from Moisala et al. (21), who examined filtering of
distracting sentences in one modality while performing a semantic
comprehension task on sentences in another modality. In that
study, performance accuracy was negatively related to absolute
time spent media multitasking (there also was a trend for a negative relationship with MMI scores), and there were trends for an
interaction between distractor level (distraction/no distraction)
and media multitasking (time spent scale, P = 0.07; MMI, P =
0.10; personal communication). In another study, reduced filtering
was argued to boost HMMs’ performance on a task where the tobe-ignored information was covertly diagnostic of target onset
(24). Here, HMMs’ reduced filtering of “distracting” auditory
tones that were associated with visual target onset was argued to
aid detection of the visual targets.
By contrast, a broader attentional difference account is consistent with findings from Gorman and Green (12), who examined flanker task performance (25) in HMMs and LMMs who
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(for comparison with the literature), Cardoso-Leite et al. (14) also
observed a main effect of group, with HMMs performing worse
(P = 0.03, personal communication) and no interaction with load
(P = 0.5, personal communication). Similarly, on both 2- and 3back tasks, Ralph and Smilek (17) observed a negative relationship between media multitasking and performance (reduced WM
sensitivity). By contrast, three other n-back tests revealed no effect
of group and no interaction with load (ref. 18 and Exps. 1 and 2 in
ref. 13). Finally, on a digit span task in which participants held a
series of numbers in mind and then recalled them in the backward
direction, there was no relationship between media multitasking
status and performance (12).
WM in adolescents. The relationship between media multitasking
behavior and cognitive performance in adolescents was examined in two studies (refs. 19 and 20 and Table S3; see also ref. 21
for data pooled across adolescents and young adults). In both
studies the mean media multitasking scores for adolescent
samples were markedly lower than the means for young adult
samples. For instance, in Baumgartner et al. (19), a modified
media multitasking measure (which could range from 1 to 4) was
combined with a full-sample regression analysis as well as an
extreme-groups approach; overall, the media multitasking scores
fell toward the lower end of the scale (sample mean = 1.71). The
relationship between scores on this modified measure and the
MMI is unclear. In Cain et al. (20) the mean MMI score was 3.00
(median = 2.69), which is lower than that in Ophir et al.’s (6)
Stanford undergraduate sample (4.38).
Cain et al. (20) used a “count span” task that required adolescent participants to count target shapes and hold the counts in
mind across multiple arrays. They also probed performance on
four n-back tasks of WM (0- through 3-back). On these complex
WM tests higher MMI scores were associated with a lower count
span and with worse performance on the n-back tasks (collapsed
across load, as well as separately significant in the 0-back, 2-back,
and 3-back tests). Baumgartner et al. (19) examined a digit span
task, pooled across forward and backward span conditions, and
observed a nonsignificant negative relationship between their
media multitasking measure and performance (using a regression
analysis) and a null effect of group (extreme-groups analysis).
WM summary. Extant data reveal either lower WM performance
with heavier media multitasking or null effects, but no studies
report significantly better WM with heavier media multitasking.
For both complex and simple WM tasks findings are approximately
evenly split among negative effects and null effects. Importantly, the
effects in simple WM tasks are particularly evident when participants
are to encode and maintain low target loads (i.e., when the task is
relatively easy). This pattern suggests that media multitasking-related
WM differences may emerge, in part, from differences in sustained
attention and/or attentional control during task performance. It
may be that heavier media multitaskers are more likely to suffer
attentional lapses or to less effectively engage attentional control,
and that this may be particularly the case when current task demands are low. We explore these possibilities further in the next
two sections by reviewing studies of interference management and
sustained attention.

had not undergone an attention training intervention. Here,
HMMs performed worse than LMMs in judging the direction of
a central arrow, regardless of whether it was flanked by congruently or incongruently pointed distractor arrows (P < 0.002;
personal communication). However, Murphy et al. (26) observed
no performance differences between HMMs and LMMs on low
and high perceptual load variants of a letter flanker task.
Collectively, whereas the bulk of the data on the visuospatial
change detection task indicate that media multitasking level is
not related to distractor filtering performance (for a metaanalysis, see also ref. 13), extant data from other perceptual
filtering paradigms provide some support for attentional differences between heavier vs. lighter media multitaskers, although
significant differences are not always observed. At present, the
literature does not adjudicate whether performance differences
arise from a reduced ability to control attention (prioritizing
task-relevant over task-irrelevant information), from a more
generic sustained attention difference, or both.
Proactive interference: Interference from memory. Three studies examined whether HMMs are less able to manage interference that
comes from memory; two of these studies (6, 27) showed significantly greater sensitivity to proactive interference in HMMs
vs. LMMs. In the first study (6), the aforementioned group by
complex WM load interaction (with HMMs showing disproportionately lower performance on the 3-back vs. 2-back task) was
argued to be due to HMMs’ increased proactive interference
from nontargets in the 3-back task (i.e., HMMs false-alarmed
more than LMMs to familiar nontargets). Critically, HMMs’
greater susceptibility to interference was evidenced by increased
false alarms as the task proceeded, presumably because the
memory strength of the nontargets progressively accrued due to
their repetition across the task. Note that in Ralph and Smilek
(17), the negative relationship between media multitasking and
n-back performance also was due to higher false alarms in
heavier multitaskers; however, this study did not report whether
false alarm rate increased over the course of the tasks. In the
second study, Cain and Mitroff (27) observed greater proactive
interference in heavier media multitaskers; here, a salient color
popout primed HMMs more than LMMs to attend to salient
popouts on the subsequent trial, changing performance. By
contrast, a third test of proactive interference—using a recent
probes task where participants were to reject foils that came
from recent memory (from the previous one or two trials)—
revealed no difference between HMMs and LMMs (16). Given
the limited literature, future studies are needed to better understand when distracting mnemonic information differentially
interferes with the performance of heavier media multitaskers
and whether such effects reflect differences in attentional lapses,
attentional control, or other mechanisms.
Interference management in adolescents. Data on the relationship
between media multitasking and interference management in
adolescents are even more limited. On a visuospatial WM task
with two targets Cain et al. (20) reported a null relationship
between MMI scores and the difference in performance when
distractors were present vs. absent. The researchers argued that
the null effect may have been due to ceiling effects. Baumgartner
et al. (19) conducted a flanker task on an adolescent sample in
The Netherlands; as noted above, a modified media multitasking
measure was used and the distribution of scores appeared to fall
toward the lower end of the scale. While this complicates comparisons to adult data, in this study the group (HMM vs. LMM) by
interference (incongruent vs. congruent) interaction approached
significance (P = 0.08), with HMMs being generally faster to respond to incongruent trials.
Interference management summary. Extant data reveal a mixed pattern of findings across investigations of perceptual and mnemonic filtering, with more negative effects than null effects, and
a trend for one positive effect. As noted, null effects dominated
9892 | www.pnas.org/cgi/doi/10.1073/pnas.1611612115

in change detection tasks, whereas most other tasks in young
adults revealed some evidence that HMMs underperform LMMs.
It remains open as to whether these differences reflect reduced
attentional control that results in greater interference and/or
whether they stem from broader attentional differences, such as
reduced sustained attention.
An interesting hint of the possible contributions of attentional
lapses to diminished AX-CPT performance can be seen in the
findings of Cardoso-Leite et al. (14), who observed worse performance in both LMMs and HMMs during no distractor vs.
distractor trials, with HMMs showing a greater difference. This
pattern raises the possibility that, without the challenge of and/or
arousal elicited by having to filter distractors (28), participants
were more likely to suffer lapses of attention (and thus performed worse than when distractors were absent), with HMMs
being more susceptible. This pattern also may complement the
above discussed findings on WM, wherein diminished WM
performance was observed in HMMs particularly at lower target
loads, and heavier media multitaskers showed higher rates of
omissions (17), again suggesting an increased prevalence of attentional lapses in heavier media multitaskers.
Attention. Is there direct evidence for altered sustained attention

in heavier media multitaskers (Table S7)? Ralph et al. (29)
conducted two studies using a metronome response task,
wherein participants were to estimate and respond to the predictable onset of auditory tones over the course of ∼20 min. On
this task, high vigilance or sustained attention is typically associated with less RT variability. In both studies, higher media
multitasking was associated with higher RT variability, indicating
a reduced ability to sustain attention throughout the course of
the test. Ralph et al. (29) also tested goal-directed attention
using the vigilance variant of the Sustained Attention to Response Task (SART). In this paradigm, participants were to
continuously monitor for relatively infrequent targets (0.2 probability) while ignoring frequent (0.8 probability) nontargets.
Higher media multitasking scores were associated with reduced
performance, although the correlation was attenuated to trend
level when controlling for age (29).
Two additional studies examined the relationship between
media multitasking and attention. Minear et al. (16) used the
Attention Network Test (ANT) to obtain individual measures of
alerting, orienting, and task management and revealed no media
multitasking-related differences. By contrast, a dual-location cuing
variant of the Posner cuing paradigm used by Yap and Lim (30)
revealed that higher multitaskers were numerically slower than
lower multitaskers and were further slowed when probes appeared
outside vs. inside the cued locations. The slower overall performance in the high MMI group potentially parallels the HMM vs.
LMM group differences seen in other cognitive paradigms.
In sum, most studies to date report negative effects of media
multitasking on measures of attention. While further investigations are needed to more fully understand whether and how
attention abilities vary with media multitasking level, the findings
of Ralph et al. (29), when considered in light of those discussed
above for other domains, suggest that HMMs demonstrate diminished performance, relative to LMMs, when sustained goaldirected attention is required. Lending further support for this
possibility, Gorman and Green (12) demonstrated that an attention training intervention that is thought to enhance focused
attention resulted in greater performance gains in HMMs relative to LMMs.

Managing Task Goals. To the extent that media multitasking in

everyday life serves as a form of cognitive training, one may
expect a benefit of heavy media multitasking in situations where
multiple tasks are to be managed. Viewed through this lens,
“near transfer” of training via media multitasking may be
Uncapher and Wagner
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Inhibitory Control. Inhibitory control is thought to be a distinct
form of cognitive control from attentional control/selection and
sustained attention (36). Six studies examined whether the ability
to withhold a prepotent or impulsive response differs across
media multitasking levels (Table S11). Three studies utilized the
impulsivity variant of the SART (also known as the Test of
Variables of Attention), wherein participants were to respond to
frequent (0.8 probability) targets and refrain from responding to
the remaining infrequent nontargets (12, 29). Ralph et al. (29)
conducted two studies, and while the first revealed that MMI and
performance were uncorrelated, when they doubled the sample
size in a replication study they observed a significant correlation
between MMI and no-go errors, such that the higher the MMI
score the more errors participants made. This latter relationship
was no longer significant, however, once age and speed–accuracy
tradeoffs were accounted for. In the third, Gorman and Green
(12) found that, before attention training, HMMs performed
more poorly than LMMs on an impulsivity variant of the SART,
as indexed by IES (P < 0.006, personal communication).
Other studies examined how media multitasking relates to
response inhibition or impulse regulation/delay of gratification.
Ophir et al. (6) assessed response inhibition using the “stop-signal” task, and observed that HMMs did not differ from LMMs in
their ability to withhold a prepared response. Similarly, Murphy
et al. (26) observed no difference in go/no-go performance (under
high and low cognitive loads) between HMMs and LMMs. By
contrast, Schutten et al. (37) observed that heavier media multitaskers demonstrate steeper delay discounting slopes, suggesting a
tendency toward more impulsive responding or difficulties delaying gratification. As is clear, the limited data available are mixed
on whether heavier media multitasking is related to diminished
inhibitory control and/or impulsive responding.
More consistency is observed on self-report batteries of impulsivity, where heavier media multitaskers consistently score as more
impulsive relative to lighter media multitaskers, both for adults
(refs. 11, 15, and 16, but see ref. 7) and for adolescents (19, 20).
Relational Reasoning. Three experiments assessed the relationship
between media multitasking and nonverbal relational reasoning
(Table S12), using the standard or advanced Raven’s progressive
matrices task (RPM) (Exps. 1 and 2 in refs. 16 and 32). In RPM,
participants are to reason through the relationships among a set of
items that form a pattern or rule and complete the pattern by filling
in a missing cell. In all three studies, which used independent
samples, heavier media multitaskers performed significantly worse
[one effect was attenuated to marginal significance (P = 0.056)
when accounting for self-reported motor impulsivity].
Long-Term Memory. Two studies investigated whether media multitasking is associated with differences in the ability to retrieve
information from LTM, either from explicit memory (11) or implicit memory (18) (Table S13). In the explicit memory paradigm
of ref. 11, common objects were encountered once in the changedetection task described above, constituting the encoding phase.
On a subsequent old/new recognition memory test, HMMs were
significantly worse at recognizing the objects that had appeared as
targets in the change-detection task and were also marginally
worse at recognizing distracting objects they had been instructed
to ignore during encoding. HMMs’ ability to remember either
target or distractor objects was worse across all levels of distraction
at encoding. Finally, the ability to hold targets in WM predicted
LTM performance, suggesting that the factors driving HMMs’
poorer WM performance are also exerting effects on LTM.
PNAS | October 2, 2018 | vol. 115 | no. 40 | 9893

COLLOQUIUM
PAPER

the ability to manage multiple tasks (for a meta-analysis see also
ref. 13), with the across-study divergence stemming from unstable estimates due to the use of small sample sizes.
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evidenced as improved performance on laboratory-based tests of
task switching or dual tasking.
Task switching. There have been 10 tests of the relationship between media multitasking and task-switching performance in
adults (Table S8). Most studies used an unpredictable switch
paradigm wherein participants could not determine in advance
of trial onset whether or not a task switch would be required; two
studies used a predictable switch paradigm. To date, the literature is marked by considerable divergence, with costs, benefits,
and null relationships observed across studies.
In contrast to the positive transfer prediction, three unpredictable task-switching tests revealed that HMMs show larger
“switch costs” relative to LMMs (ref. 6 and Exps. 1 and 2 in ref. 13).
When cued before each trial to classify a number–letter pair based
on the number (as odd or even) or letter (as vowel or consonant),
these studies revealed that HMMs were disproportionately slower
to make the classification if the prior trial required the alternate
classification (a “switch” trial) rather than the same classification (a
“stay” trial) (group difference in switch cost: P < 0.05 in ref. 6 and
Exp. 1 in ref. 13; P = 0.117 in Exp. 2 in ref. 13).
However, other studies revealed different outcomes: (i) Two
revealed findings consistent with the positive transfer prediction,
in that HMMs showed smaller switch costs on the unpredictable
switch letter/number paradigm (Exps. 1 and 2 in ref. 31), whereas
(ii) five revealed null effects, three using an unpredictable switch
paradigm (ref. 14 and Exp. 1 in refs. 16 and 32) and two using a
predictable switch paradigm (ref. 12 and Exp. 3 in ref. 16). While
Alzahabi et al. (32) did not reveal differential switch costs between HMMs and LMMs, the speed of task set reconfiguration
increased as a function of MMI. Finally, while Gorman and
Green (12) observed comparable switch costs in HMMs and
LMMs, when subjects did not undergo attention training, overall
performance on the task was worse in HMMs than in LMMs
(P = 0.014, personal communication).
Dual tasking. Three studies investigated whether heavier media
multitaskers are differentially able to perform two tasks simultaneously (i.e., within-trial task switching, rather than switching
between two tasks on a trial-by-trial basis); all reported null effects
of media multitasking on the ability to dual-task (Table S9). For
instance, when participants performed the letter/number tasks simultaneously, rather than one task on each trial, HMMs exhibited
similar dual-task costs to LMMs (31). Likewise, in the sentence
comprehension task of Moisala et al. (21), HMMs were as able as
LMMs to determine sentence congruency when simultaneously
listening to auditory sentences and reading visually presented
sentences. Finally, Ie et al. (33) assessed participants’ ability to
write an essay while also solving anagrams and found that when
age and MMI were combined they predicted the dual-tasking
score, but the effect was carried by the factor of age; MMI showed
a null relationship with dual-tasking performance.
Task switching in adolescents. One study examined the relationship
between media multitasking and task switching in adolescents
using a predictable switch paradigm; a null effect was observed
(19) (Table S10).
Task management summary. At present, it is challenging to discern a
clear pattern from studies of task switching and dual tasking, as a
few studies reveal positive “transfer” effects (i.e., a negative relationship between MMI and switch cost), a few reveal negative
transfer effects, and even more report null results (sometimes
with overall lower task performance in HMMs). This complex
pattern may partly reflect the fact that there are multiple contributors to switch costs (32), from task-set reconfiguration
processes to resolution of proactive interference at the task,
conceptual, and response levels (34, 35). It is likely that particular experimental paradigms differentially load on one or a
subset of the processes, and it is possible that these processes are
each expressed differently in HMMs vs. LMMs. Alternatively,
there may be no relationship between media multitasking and

Implicit memory performance was investigated using a contextual cueing task, wherein participants identified a target in a
complex visual array, with some arrays repeated across subsequent trials (18). While LMMs showed the predicted RT
benefit on as arrays were repeated over time, HMMs did not
show such a benefit.
LTM in adolescents. Implicit memory was assessed in adolescents in
a weather prediction task, in which participants attempted to
classify the probability of rain or sun given a set of one, two, or
three card combinations that were probabilistically associated
with each outcome (20) (Table S14). No relationship between
performance and MMI was observed on this task.
LTM summary. While available data are quite limited, heavier
media multitasking in adults was associated with poorer explicit
and implicit LTM, but null effects were observed in adolescents.
Summary of Cognitive Findings. Overall, the literature demonstrates areas of both convergence and divergence. Converging
findings reveal negative relationships between media multitasking and performance in some cognitive domains: WM and LTM,
sustained attention, relational reasoning, and, to a lesser extent,
interference management. In terms of divergence, it should be
noted that the number of studies contributing to assessments in
each domain is typically rather limited, and so it is difficult to
determine whether there is a mechanistic account for when significant vs. null effects will be obtained (as opposed to the
across-study variance’s being due to measurement error; see
Open Questions below). Notably, with the exception of task
switching—where positive, negative, and null effects have all
been reported—significant effects in all other domains have almost exclusively taken the form of underperformance with increasing media multitasking. While further investigation is
needed, our working hypothesis is that attentional lapses may
explain many of the current findings, with HMMs having more
difficulty staying on task and returning to task when attention has
lapsed from goal-relevant behavior (see Mechanisms below).

Neural Profiles Associated with Media Multitasking
Two studies investigated neural correlates of media multitasking,
offering initial evidence for structural and functional differences
(21, 38). Using structural and functional MRI, Loh and Kanai
(38) observed a negative correlation between participants’ MMI
score and (i) gray matter volume in the anterior cingulate cortex
(ACC) and (ii) resting-state “intrinsic connectivity” between the
ACC and precuneus. Given that ACC is broadly responsive to
cognitive control demands (39–41), these initial observations motivate further examination of whether there are individual differences in local and network-level neural architecture that covary with
media multitasking behavior, and whether such differences relate to
media multitasking differences in cognitive performance.
Using task-based fMRI, Moisala et al. (21) regressed the
amount of time participants spent media multitasking with brain
activity [blood-oxygen-level-dependent (BOLD) signal] while adolescents and young adults performed a sentence comprehension
task under full attention, divided attention, or distracted attention.
They found that, during sentence comprehension in the presence
of distraction, heavier media multitasking was associated with
greater activity in several prefrontal regions (lateral superior/
middle frontal gyri and medial portion of superior frontal gyrus).
Because activation in these prefrontal regions is known to vary
with attentional demands, among other factors, these researchers
interpreted this finding to mean that greater attentional effort was
required to perform the distraction-laden variant of the task if a
participant was a heavier media multitasker.
Open Questions and Future Directions
The foregoing findings comprise a rising tide of investigations
revealing how cognitive and neural profiles may differ—or not—
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as a function of media multitasking behavior. The nascent state
of the field raises many questions, pointing toward several key
areas that require experimental evaluation.
Measurement Heterogeneity? Future research should focus on the

methods of measurement in media multitasking studies, as
measurement noise may partly account for the across-study
variability currently evident in the literature. Here we discuss
five potential sources of heterogeneity that may be leading to
the mixed findings. First, the original media use questionnaire
was created close to a decade ago (6), when the landscape of
media was very different. An updated battery should reflect
current media types, including social media, but may also
consider querying newer media behaviors, such as content
creation (e.g., blogging, video generation, and editing) and
other generative behavior, such as coding. Second, the studies
from a decade ago likely assayed very different populations
from those enrolled in more recent studies, with today’s
HMMs likely having been exposed to ubiquitous media at an
earlier age and for longer periods, and thus may exhibit developmental differences that prior HMMs did not have. Future
batteries should assay the age of onset of multitasking with
each media stream. Third, while the MMI measures the extent
of media multitasking during a typical media consumption
hour, an open question is whether this metric best captures the
multitasking behavior that is most tightly related to individual
differences in cognition and brain. An alternative, or complementary, measure that warrants further examination is the
number of hours spent multitasking with media. Time spent
media multitasking is likely to be correlated with the MMI, and
recent data point to a relationship between this measure and
neurocognitive function (18). Fourth, people likely mediamultitask for very different reasons, leading to heterogeneous
HMM populations that are currently being treated as a single
population. Future batteries should query goals for engaging in
media multitasking, and include assays of active vs. passive
media consumption. Finally, the self-report method relies on
individuals’ accurately assessing and remembering their media
use. This is particularly important, given studies showing that
people both overestimate and underestimate their use of media (specifically, social media, with overestimation shown in
ref. 42 and underestimation in refs. 43 and 44). While initial
data suggest that test–retest reliability is high over short lags
for the MMI (1-wk reliability r = 0.93; ref. 13) and moderate
over very long lags for a modified MMI scale (1-y reliability r =
0.52, ref. 45), further data regarding the psychometric properties of these scales are needed (as are data establishing the
relationships between the various scales of media multitasking
that are emerging in the literature). In addition, validation of
existing retrospective self-report measures can come through
comparisons to real-time self-report measures (e.g., via experience sampling) and to objective measures (e.g., harnessing
digital tracking technology to obtain more precise measures of
real-world media use behavior).
Causality? Given how prevalent media multitasking behavior has

become, a critical issue concerns the direction of causality—
specifically, does heavier media multitasking cause cognitive
and neural differences, or do individuals with such preexisting
differences tend toward more media multitasking behavior? Is
there an interaction, such that preexisting differences are exacerbated by excessive media multitasking, and vice versa (28)?
Understanding the causal relationships will provide guidance
on whether interventions are appropriate, and, if so, which may
be most helpful.
If habitual heavy media multitasking is demonstrated to cause
cognitive and neural changes, this raises additional questions
regarding the timing, dosage, duration, and quality of media
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Remediation? Even before the direction of causality is determined, cognitive interventions may be helpful in remediating
the observed differences associated with heavier media multitasking. Early support for this idea is provided by Gorman and
Green (12), who demonstrated that HMMs benefited more
than LMMs from an attention training intervention, mitigating
HMMs’ underperformance on multiple tasks that load on attentional processing (cf. ref. 33 for a study showing null effects
of a mindfulness intervention). While suggestive, there are
many open questions regarding the potential impacts of interventions, such as the following. How long-lasting are the effects
of an intervention? Does the neurocognitive profile of the
media multitasker matter for an intervention to be effective?
Are there optimal training schedules? This suite of questions
can help us understand which interventions are most effective, when should they be applied, as well as to whom, and for
how long.
Mechanisms? Addressing causality and remediation will shed light

on the causes of the underperformance in heavier media multitaskers, but concerted efforts should also be devoted to testing
precise mechanistic hypotheses. The processing account proposed in Ophir et al. (6)—that HMMs’ underperformance was
due to deficits in filtering abilities—has garnered mixed support
in subsequent investigations, with some paradigms providing
further evidence for increased sensitivity to interference but
many others revealing limited evidence of filtering failures [for a
meta-analysis specifically focused on the cognitive domains explored in Ophir et al. (6) see ref. 13]. By contrast, the present
broader review reveals stronger evidence for media multitasking
effects on WM and LTM, sustained attention, relational reasoning, and, to a lesser extent, interference management. Additional studies of whether and, if so, when heavier media
multitaskers demonstrate diminished memory and reasoning,
along with reduced attentional control and/or increased attentional lapses are needed; ideally such studies would use highpowered designs, include independent sample replications, and
incorporate additional tasks that can shed new light on the
underlying processes.
Here we propose that the current task-based evidence points
to the possibility that heavier media multitaskers experience
more frequent or more disruptive lapses in attention (see also
ref. 28), a finding that is complemented by (i) the observation
that media multitasking was positively associated with omission
errors (nonresponses) during 2-back and 3-back WM tasks (17)
and (ii) positive relationships between media multitasking and
self-reported everyday attentional failures (28, 46, 47) and prevalence of mind wandering (46). The attentional lapse hypothesis
can be tested using behavioral and neural methods that specifically quantify attentional lapses [such as EEG-indexed oscillatory markers of attention (48) or multivariate classifications of
goal states using BOLD fMRI data (49)]. A critical open question is whether media multitasking-related differences in behavioral and neural indices of attentional lapses account for
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Concluding Remarks
Media and technology are ubiquitous elements of our daily lives,
and their use offers many benefits and rewards. Decisions about
how adults and developing youth might structure their media use
behavior can be informed by consideration of whether and, if so,
how the mind and brain are shaped by different use patterns. Here
we reviewed current findings on the cognitive and neural profiles
of individuals who fall at different points along the spectrum of
media multitasking behavior, finding that, in general, heavier
media multitaskers often exhibit poorer performance in a number
of cognitive domains. We stress, however, that such relationships
are not always evident, with many studies reporting no performance differences between groups. When evidence points to a
relationship between media multitasking level and cognition it is
often on tasks that require, or are influenced by fluctuations in,
sustained goal-directed attention. Given the real-world significance of such findings, we believe further research is needed to
determine how measurement heterogeneity relates to variable
outcomes, to uncover the mechanistic underpinnings of the observed differences, to determine the direction of causality, and to
understand whether remediation efforts are needed and effective.
Such efforts will ultimately inform decisions about how to minimize the potential costs and maximize the many benefits of our
ever-evolving media landscape.
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the lower accuracy or slower responses sometimes observed in
HMMs. Likewise, manipulations of sustained attention––via
neural methods that can alter attentional states (such as transcranial magnetic stimulation or electrical brain stimulation) and
behavioral methods that induce shifts in sustained attention
(such as task-based conflict adaptation or vigilance manipulations)––can inform whether reduced performance in heavier
media multitaskers, at least partially, reflects the disruptive
consequences of lapses in attention.
What mechanisms could give rise to a greater tendency toward
attentional lapses? One possibility is that heavier media multitaskers are more biased to “explore” alternative sources of information rather than “exploiting” the task-relevant or known
information channel, an interpretation related to the hypothesis of
diminished attentional control (see also ref. 28). Different balances between exploration and exploitation may result from particular neural profiles (50), and if the balance in HMMs is tipped
in favor of exploratory behavior this may result in greater sensitivity to task-irrelevant internal and external sources of evidence
that, while not facilitating current task performance, result in
other forms of reinforcement. This perspective predicts that
HMMs’ poorer performance may be due to wider sampling during
cognitive performance relative to LMMs, and preliminary support
comes from Yap and Lim (30), who suggested that HMMs express
a broader visuospatial attentional scope than LMMs. Going forward, this hypothesis may be directly tested using paradigms from
the reinforcement learning literature that provide quantitative
assays of exploratory and exploitative behavior.
An additional, and not mutually exclusive, mechanistic hypothesis is that the higher self-reported impulsivity in heavier
media multitaskers reveals a lower threshold for the amount of
evidence used in service of making decisions. Recent data
demonstrate that heavier media multitaskers are more prone to
reactive decision making and show steeper delay discounting
slopes (37). Methods that quantify and track the accumulation of
evidence during decision making may help reveal whether the
relationship between impulsivity and lower performance in
heavier media multitaskers reflects a critical underlying mechanism of action mediating cognitive performance.
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multitasking that induces changes, including the following. Are
there sensitive periods during development during which the
young brain is most vulnerable to the effects of media multitasking (for related data see ref. 28)? Does the type of media
matter? Do the specific combinations of simultaneous media use
matter? Are certain neurocognitive phenotypes more sensitive to
the effects of media multitasking? Finally, are there positive
impacts of media multitasking such that the individual is benefited
by cognitive and neural changes? Gaining traction on these and
related questions will require larger-scale samples that draw
from individuals of all ages, media use histories, demographics,
and neurocognitive profiles.
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