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Objective: Attention-deficit/hyperactivity disorder (ADHD) is a highly prevalent neurodevelopmental disorder. It is associated with deficits in ex-
ecutive functions, especially in visual attention. Deviant visual attention in ADHD is suspected to arise from imbalances between top-down and bottom-
up mechanisms. However, it is unclear which of these mechanisms propels the aberrant visual attention.

Method: In 815 medication-naïve children and adolescents (age range 5-21 years), differences in visual attention in participants with ADHD and
neurotypical controls were investigated using eye tracking in a naturalistic video viewing task. Two opposing saliency models were used. Finegrained, based
on low-level image features, was chosen to estimate bottom-up visually relevant areas. ViNet, a higher-level saliency model based on deep neural networks
and trained on the gaze of neurotypical controls, was selected to determine top-down visually relevant regions. Correspondence between gaze and both
saliency maps was calculated using normalized scanpath saliency, thus measuring the extent of coherence to bottom-up and top-down relevant contents.

Results: Participants with combined ADHD showed lower mean normalized scanpath saliency for the top-down saliency map, but not the bottom-up
one, compared with neurotypical controls. This contrast indicates poorer top-down control as a major contributor to impaired visual attention in
combined ADHD. There was no significant effect for the predominantly inattentive ADHD group.

Conclusion: This study demonstrated the use of eye tracking for differentiating between top-down and bottom-up visual attention. It shows that in
combined ADHD, a reduction of top-down visual attention is key to an impaired competition between bottom-up and top-down visual attention.

Plain language summary: This study used eye-tracking to investigate visual attention differences during naturalistic video viewing among
815 medication-naïve children and adolescents with attention-deficit/hyperactivity disorder (ADHD) and neurotypical controls. Computational
models were used to quantify bottom-up and top-down mechanisms of visual attention to video content. The study found that individuals with
ADHD had reduced control over top-down visual attention, suggesting an imbalance in visual attention mechanisms that may be targeted
during intervention.
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ttention-deficit/hyperactivity disorder (ADHD)
is a neurodevelopmental disorder that is sub-
divided based on symptoms into a predominantly
hyperactive-impulsive presentation, a predominantly inat-
tentive presentation (ADHD-IN), and a combined pre-
sentation (ADHD-C).1 With a prevalence estimate of
approximately 5% based on population surveys, ADHD is a
very common neurodevelopmental disorder.1 ADHD has
also been associated with lifelong psychological and social
consequences that severely impact quality of life and
achievement.1,2

To date, the exact pathophysiology of ADHD and
its presentations is poorly understood, and no biological
www.jaacapopen.org
marker or distinctive genetic factor has yet been iden-
tified to aid diagnosis.1,3 The lack of an objective
biomedical indicator for ADHD constrains early diag-
nosis and limits the potential of treatments and in-
terventions.1,3 Despite this lack, the symptoms of
ADHD have been argued to arise primarily because of
deficits in executive functions.4–6 These deficits manifest
in difficulties in focusing and maintaining attention,
particularly in the presence of distractors. Likewise,
children and adolescents with ADHD show worse abil-
ities in suppressing inappropriate behavioral responses.
Consequently, the domain of inhibitory control is also
of particular interest in ADHD.4
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TOP-DOWN VISUAL ATTENTION IN ADHD
Although research has tried to address these domains
with functional magnetic resonance imaging7 and electro-
encephalography,8 these methods come with drawbacks;
magnetic resonance imaging entails large financial costs, and
consequently its suitability is limited and it is not widely
available for clinical diagnosis.9 Electroencephalography
requires time-consuming preparation and thus is less likely
to be applicable in clinics on a daily basis.10

By contrast, eye movement tracking provides an un-
obtrusive and easily accessible means for studying higher-
order processes such as attentional and inhibitory con-
trol.11,12 Eye tracking is used to identify shifts in overt
attention through reallocation of gaze.13 Previous in-
vestigations of eye movements in ADHD mainly used tasks
specially designed for probing attention and inhibition.14

Under typical task instruction, inattention manifests in
the form of an inability to maintain fixation (ie, periods in
which the gaze remains relatively still) on given stimuli.15

Previous studies have confirmed poorer sustained atten-
tion in children and adolescents with ADHD failing to
maintain fixation during a fixation task.16–19 In comparison,
impairments in inhibitory control appear as reflexive sac-
cades (ie, fast ballistic eye movements to reallocate the fovea
on an area of interest) toward task-irrelevant stimuli.15

Several studies have identified decreased inhibitory perfor-
mance in children and adolescents with ADHD in an
antisaccade task.18,20–23 Poorer performance in ADHD has
also been shown across other eye-tracking tasks targeting
visual attention and inhibition.14,21,24 In summary, previ-
ous conventional task-based eye-tracking studies have
confirmed that children and adolescents with ADHD have
difficulties in sustained attention and inhibition evident
through higher occurrences of task-inappropriate eye
movements.

Although such task-based studies are key to guiding
future investigations of ADHD, performance under task in-
struction bears the risk of masking differences in eye move-
ments that are present in natural and spontaneous gaze
behavior.25 Task-free viewing studies have a higher practica-
bility and ecological validity and better resemble real-world
scenarios, in which symptoms of ADHD mostly occur
because they allow spontaneous unbiased eye move-
ments.12,25–27 Additionally, natural, dynamic video sequences
that are complex and rich in semantic and salient content are
most suitable in eliciting eye movements closer to gaze
behavior in a natural context and clinical symptoms.13,26–28

Theoretical models of visual attention allocation vary
depending on their emphasis on bottom-up or top-down
processing, which are considered 2 opposite ends of a
spectrum.13,29,30 Bottom-up attention is driven by visually
salient features, such as bright colors, high contrast, and
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sudden movements. Stimuli possessing these features are
processed more quickly and efficiently than stimuli lacking
them. Top-down attention, also known as endogenous
attention, is goal driven and recruits prior knowledge and
expectations like the individual’s goals, task demands,
motivation, and cognitive load to voluntarily guide atten-
tion.31,32 This type of attention relies on executive func-
tions, specifically inhibitory control and working memory,
which help to suppress distractions and maintain focus on
relevant information.4–6,31

Both bottom-up and top-down processes contribute to
the allocation of visual attention in a flexible and dynamic
manner, depending on the task demands and environmental
context. For example, when searching for a red bike in a
cluttered scene, bottom-up attention initially captures the
gaze to visually salient red objects, while top-down attention
guides the gaze to specific regions where a heavy object such
as a bike is likely to be found (ie, on the ground). Top-
down attention not only guides visual attention, but also
modulates the perception of visually salient stimuli
depending on whether they match the observer’s expecta-
tions.32,33 In ADHD, deficits in executive functions can
lead to difficulties with top-down attention and may
contribute to symptoms of inattention and distractibility.
Individuals with ADHD may encounter difficulties in
filtering out irrelevant stimuli, shifting attention between
tasks, and sustaining attention over time.4–6

Eye movements and visual attention recruit overlapping
networks of frontostriatal circuits, which are suggested to be
involved in the pathophysiology of ADHD.11,12,28,34–37

Several brain structures that are part of the frontostriatal
network (FSN) are also involved in the mechanisms of top-
down and bottom-up visual attention. Top-down signals,
generated in dorsolateral prefrontal regions, frontal eye
fields, and the lateral intraparietal area, reach the superior
colliculus (SC) through the basal ganglia and the thal-
amus.38,39 Likewise, bottom-up signals from primary visual
cortical areas are projected to the SC. Both signals are in-
tegrated in a winner-takes-all mechanism in the SC, which
triggers the respective eye movements.37,38

Saliency models are a powerful means to quantify the
visual relevance of each pixel within a frame of a video and
can be used to compare a person’s gaze pattern with relevant
regions within a frame.40 Low-level saliency models are a
suitable proxy for quantifying the bottom-up visual rele-
vance of video content by evaluating basic image features
such as color, contrast, and orientation.41 In task-free eye
movement studies, top-down instructions are not explicit.
However, semantically relevant regions can be recognized
with higher-level saliency models, which are implemented as
deep neural networks trained on the eye movement patterns
www.jaacapopen.org 193
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obtained from a large number of neurotypical viewers.42

Such saliency maps of various degrees of semantic content
were previously used to model visual attention13 and have
been applied to identify individuals with autism spectrum
disorder.12 Yet this method has rarely been applied to
ADHD. Tseng et al.28 were the first to investigate bottom-
up and top-down visual attention during task-free natural
scene viewing in ADHD. Their study design involved a
disorder classification based on discriminative features from
the gaze on low-level saliency maps and a map generated
from the gaze of neurotypical controls (NCs). They ob-
tained a classification accuracy of 83.3% for distinguishing
individuals with ADHD (n ¼ 21) from an age-matched
control group (n ¼ 18) by using saliency-based features.28

However, top-down–relevant areas were extracted from a
small control group, whose gaze pattern might not gener-
alize to the true top-down visual attractiveness of the image
content. Although the classification approach is promising
for future clinical screening applications, it does not identify
sufficiently whether increased bottom-up or decreased top-
down attention is the driving factor and how these relate to
deficits in attention or inhibitory control.

In this study, we investigated the influence of bottom-
up and top-down mechanisms in a very large sample (N ¼
815) including children and adolescents with ADHD and
NCs with eye tracking in a task-free naturalistic viewing
experiment. For all participants, we used the same video
trailer for a full-length movie that is suitable in content for
the wide age range. We quantified the bottom-up and top-
down content of attentional relevance in the video with a
low-semantic (Finegrained) and a high-semantic (ViNet)
saliency map (see “Method” and Montabone and Soto41

and Jain et al.42). Correspondence between a person’s gaze
pattern and the saliency maps was quantified with the
normalized scanpath saliency (NSS) measure31 to contrast
increased bottom-up visual attention with its decreased top-
down counterpart in ADHD.

First, we excluded differences in basic oculomotor
characteristics as the cause of any observed effects by
investigating the total number of fixations, mean fixation
duration, and skewness of fixation duration distribution.
Second, we used the NSS to test whether children and
adolescents with ADHD diverge from NCs in their
coherence to the saliency maps.

Using this study design, we were able to differentiate
between the increased bottom-up component and the
decreased top-down component to disentangle the role of
both in the visual attention mechanism that is impaired in
ADHD. With this approach we aimed at further quanti-
fying and characterizing observable behaviors of ADHD in
alignment with the National Institute of Mental Health
194 www.jaacapopen.org
Research Domain Criteria framework to enhance the un-
derstanding of this disorder.43,44
METHOD
Participants
Participants were included from the Healthy Brain Network
initiative by the Child Mind Institute45 from the first to the
sixth release and from the seventh release until and
including the spring acquisition season in 2019. All par-
ticipants were administered the Schedule for Affective
Disorders and Schizophrenia for School-Age Children (K-
SADS),46,47 and further psychological assessment was done
upon indication by licensed clinicians. The K-SADS is
considered the standard for diagnosing child and adolescent
psychiatric conditions within the age range of 6 to 18 years
old.46,47 The computerized version of K-SADS (K-SADS-
COMP) is a semistructured interview that follows the
DSM-5 guidelines and involves both the child and their
parent being interviewed by a clinician. The interview uses a
standardized 5-point rating scale to determine clinical di-
agnoses. The K-SADS-COMP has displayed a high level of
interrater reliability, with 8 raters scoring 94% of the items
identically. The K-SADS-COMP has also shown good
convergent validity against established clinical rating scales
and dimensional diagnostic-specific ratings.46

In addition, various supplementary tests were performed
for the purpose of establishing a comprehensive ADHD
assessment. These included the Conners 3–Self-Report,
Conners’ Adult ADHD Rating Scales (CAARS), and the
Strengths and Weaknesses of Attention-Deficit/Hyperactivity
Disorder Symptoms and Normal Behavior (SWAN) rating
scale.48–50 All diagnoses were derived on consensus by multi-
ple licensed psychologists and social workers, with psycho-
pharmacological consultation support provided by
psychiatrists, based on the review of the psychological assess-
ment and all materials collected during study participation. All
diagnoses were assigned based on DSM-5.1,45 Participants
with a clinical ADHD diagnosis in accordance with DSM-5
were included in the ADHD group. They were subsequently
grouped by their specific ADHD diagnosis, ADHD-IN and
ADHD-C, based on theDSM-5 classification. All participants
who did not meet criteria for any clinical diagnosis were
included in the NC group. Further exclusion criteria for both
groups are detailed in Supplement 1, available online.

Written informed consent was provided before partic-
ipation by legal guardians or participants of legal age. Study
approval was given by the Chesapeake Institutional Review
Board.

Eye tracking was performed in all participants while
they completed a naturalistic and task-free viewing
JAACAP Open
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TABLE 1 Demographic and Clinical Characteristics of Attention-Deficit/Hyperactivity Disorder (ADHD) Groups and
Neurotypical Control (NC) Group

Group

Statistical Tests

ADHD-C
(n ¼ 303)

ADHD-IN
(n ¼ 318) NC (n ¼ 194)

Mean (SD) Mean (SD) Mean (SD)
Age, ya 9.34 (2.77) 11.39 (3.25) 10.09 (3.53) ADHD-C: b [ L.75,

p [ .009**, 95%
CI [ [L1.323, L0.185]
ADHD-IN: b [ 1.30,

p < .001***, 95%
CI [ [0.733, 1.860]

IQa 99.80 (14.46) 98.07 (14.99) 105.94 (15.02) ADHD-C: b [ L6.15,
p < .001***, 95%

CI [ [L8.933, L3.360]
ADHD-IN: b [ L7.87,

p < .001***, 95%
CI [ [L10.610, L5.136]

n (%) n (%) n (%)
Sex, female 79 (26.07) 117 (36.79) 98 (50.52) c2 [ 30.76, p < .001***,

V [ 0.19
Handedness
Left-handed 30 (9.90) 17 (5.35) 14 (7.22) c2 [ 7.59, p[ .022*, V[ 0.10
Ambidextrous 37 (12.21) 35 (11.01) 31 (15.98) c2 [ 2.12, p [ .346, V [ 0.05
Right-handed 226 (74.59) 261 (82.08) 147 (75.77) c2 [ 4.70, p [ .095, V [ 0.08

Comorbidities
Specific learning disorder 62 (20.46) 67 (21.07) — c2 < 0.01, p [ .930, V < 0.01
Oppositional defiant
disorder

85 (28.05) 25 (7.86) — c2 [ 42.02, p < .001***,
V [ 0.26

Conduct disorder 93 (30.69) 29 (9.12) — c2 [ 44.39, p < .001***,
V [ 0.27

Anxiety disorder 85 (28.05) 107 (33.65) — c2 [ 2.02, p [ .155, V [ 0.06
Major depressive disorder 9 (2.97) 23 (7.23) — c2 [ 4.93, p[ .026*, V[ 0.10
Other mental disorder 114 (37.62) 149 (46.86) — c2 [ 5.04, p[ .025*, V[ 0.09

Race and ethnicity
Asian 7 (2.31) 5 (1.57) 12 (6.19) c2 [ 3.13, p [ .209, V [ 0.06
Black or African American 55 (18.15) 38 (11.95) 18 (9.28) c2 [ 9.15, p[ .010*, V[ 0.11
Hispanic 30 (9.90) 29 (9.12) 19 (9.79) c2 [ 0.12, p [ .940, V [ 0.01
Two or more races 41 (13.53) 55 (17.30) 29 (14.95) c2 [ 1.72, p [ .423, V [ 0.05
Unknown/some other race 22 (7.26) 23 (7.23) 25 (12.89) c2 [ 12.74, p [ .002**,

V [ 0.13
White 148 (48.84) 168 (52.83) 91 (46.91) c2 [ 1.92, p [ .383, V [ 0.05

Sampling rate, 60 Hz 206 (67.99) 205 (64.47) 158 (81.44) c2 [ 17.25, p < .001***,
V [ 0.15

Note: Clinical diagnoses were assigned based on DSM-5. c2 refers to Pearson c2 test with Yates continuity correction; V refers to Cramer’s V. ADHD ¼
attention-deficit/hyperactivity disorder; ADHD-C ¼ ADHD combined presentation; ADHD-IN ¼ ADHD predominantly inattentive presentation.
aStatistical test was performed with linear regression in reference to neurotypical controls.
*p < .05; **p < .01; ***p < .001.

TOP-DOWN VISUAL ATTENTION IN ADHD
paradigm watching a short video clip. Participants in whom
eye tracking was performed under incompatible acquisition
setups (n ¼ 551) and whose data did not pass quality
JAACAP Open
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control (n ¼ 180) were excluded. Full details of exclusions
are provided in Supplement 1, available online. A final
sample of 815 participants aged 5 to 21 years (294 female;
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mean [SD] age ¼ 10.32 [3.28]) was analyzed. De-
mographics and clinical characteristics are presented in
Table 1. For further details and variable grouping, see
Supplement 1, Table S1 and Figures S1 and S2, available
online.

Naturalistic Stimuli Paradigm
Participants were shown a 117-second video trailer of a
feature-length film titled Diary of a Wimpy Kid. This video
was shown as part of the naturalistic stimuli paradigm of a
larger test battery (for details on the test battery see Alex-
ander et al.45). Before and after the video, one or more other
paradigms from the test battery were performed, which are
not analyzed here. The order of the video within the battery
was randomized for each participant. The video resolution
was set to 800 � 600 pixels. Importantly, besides watching
the video, no task was given. The full clip of the trailer for
Diary of a Wimpy Kid is available at https://www.youtube.
com/watch?v¼7ZVEIgPeDCE.

Data Acquisition
Data were recorded at 2 sites using the same setups (Rutgers
University Brain Imaging Center and CitiGroup Cornell
Brain Imaging Center). Participants were seated in a sound-
shielded room at a distance of approximately 65 cm from
the screen. Gaze position was recorded using an infrared
video-based eye tracker (iView X RED-m; SensoMotoric In-
struments GmbH, Teltow, Germany) (spatial resolution 0.1�,
position accuracy 0.5�) at a sampling rate of 60 Hz (70% of
sample) or 120Hz (30% of sample). Before each video, a
calibration procedure on a 5-point grid was performed until a
spatial error of less than 2� for any point and an average spatial
error of less than 1� over all points was obtained.45

Fixations, saccades, and blinks were detected from the
raw gaze stream of the right eye using a dispersion-based
algorithm employing a dispersion-threshold identification
with a duration threshold of 75 ms and a visual angle
threshold of 1.6� to detect fixations.51 Specifically, samples
that did not surpass a spatial dispersion of more than 1.6� of
visual angle and that lasted for at least 75 ms were defined as
fixations. Samples between any 2 fixations were classified as
saccade. Samples with missing measurements were classified
as blinks or tracker loss. To ensure high-quality data from
eye tracking in a pediatric clinical sample, a quality control
procedure was performed before extracting subsequent oc-
ulomotor measures. For details on the quality control pro-
cedure, see Supplement 1, Figure S1, available online.

Saliency Maps
To quantify visual attention with eye-tracking data, we
analyzed the correspondence between the viewer’s gaze and
196 www.jaacapopen.org
the salience values of the stimulus video computed by the 2
different saliency models. These models estimate the visual
relevance of each region of an image and thus predict the
spatial distribution of the participants’ gaze when viewing
the respective image.40 We used 2 orthogonal saliency
models: Finegrained41 and ViNet.42 Finegrained
(Figure 1C) is an optimized version of the seminal model
proposed by Itti et al.,40 in which low-level features of the
image such as color, intensity, and orientation are extracted
and integrated. ViNet (Figure 1B) is a state-of-the-art
model based on deep neural networks trained for saliency
prediction in dynamic scenes. In contrast to Finegrained,
ViNet incorporates a notion of temporality by modeling
the dynamic effects that occur in a video. Moreover, it uses
a network pretrained on an action-recognition dataset;
subsequently, the network was trained on a video saliency
dataset. Consequently, ViNet captures high-level features
such as objects or faces and encodes action and movement
information. It is one of the top-performing models ac-
cording to a benchmark evaluation hosted at https://
mmcheng.net/videosal/.52 The evaluation was conducted
based on a saliency prediction for 300 videos that were not
used in model development and with a holdout training
dataset. The models’ ranks are set by 5 classical metrics
that were computed based on the accuracy of the model
predictions.42 ViNet has been shown to perform well in
predicting human eye fixations on images. The model has
been shown to outperform several state-of-the-art saliency
models on benchmark datasets, indicating its superior
performance.41,42,52

In this study, Finegrained was used as a bottom-up
representation, and ViNet was used as a top-down repre-
sentation of the video content. To calculate Finegrained, we
used the implementation provided by OpenCV 4.5.1 for
Python 3.7 (https://docs.opencv.org/4.5.1/d8/d65/group__
saliency.html), and to calculate ViNet, we used the original
implementation provided in Jain et al.42

Eye-Tracking Measures
Sensitivity Analysis. To exclude any chance that the main
analysis results are driven by oculomotor differences be-
tween the groups, we calculated the total number of fixa-
tions, mean fixation duration, and skewness of fixation
duration distribution. Full details of these measures and
statistical analyses are provided in Supplement 2, Figures S3
to S5 and Tables S2 to S4, available online.

Main Analysis. A number of metrics exist to compare a
person’s gaze to a saliency map.53–55 Here, we chose the
NSS because it makes the fewest assumptions about the
saliency map and has been recommended for saliency
JAACAP Open
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FIGURE 1 Fixation Distribution of Study Populations on an Example Frame

Note: Fixation distribution of ADHD-C and ADHD-IN groups compared with NC group on an example frame (frame 898) of the video trailer for Diary of a Wimpy Kid. (A)
Fixations over a sketch of the original image. (B) Fixations over the ViNet (top-down representing) saliency map. (C) Fixations over the Finegrained (bottom-up represent-
ing) saliency map. (D) Box plot contrasting fitted mean normalized scanpath saliency values from the linear mixed-effects model of the NC, ADHD-IN, and ADHD-C groups
for the Finegrained and ViNet saliency maps. In panels (B) and (C), bright areas denote highly salient regions according to the respective saliency map. Illustrated fixations
in panels (A), (B), and (C): NC, n ¼ 193; ADHD-C, n ¼ 193; ADHD-IN, n ¼ 193. For the purpose of comparison in panels (A), (B), and (C), illustrated fixations of the ADHD-C
and ADHD-IN groups were randomly drawn to match the number of fixations of the control group in this frame. A figure including all fixations of these groups is provided in
Supplement 2, Figure S7, available online. ADHD ¼ attention-deficit/hyperactivity disorder; ADHD-C ¼ ADHD combined presentation; ADHD-IN ¼ ADHD predominantly
inattentive presentation; NC ¼ neurotypical control.

TOP-DOWN VISUAL ATTENTION IN ADHD
evaluation.31,54 The NSS measures the correspondence
between a participant’s fixation location as measured by the
eye tracker and the saliency value of the fixated location of
the corresponding video frame. For a formal definition of
the NSS measure, see Supplement 3, available online. Mean
NSS values for each participant were calculated over the
entire video by averaging NSS scores for each fixation and
over each scene by averaging NSS scores for fixations
occurring within the scene. Scenes were identified by visual
inspection; corresponding start and end frames are provided
in Supplement 3, Table S5, available online.

Statistical Analysis. All statistical analyses were conducted in
R version 4.1.1. Formulas are expressed in Wilkinson nota-
tion. Effects from sensitivity analysis and mean NSS analysis
were evaluated at a significance level of .05. Effects from scene-
wise analysis were evaluated at a corrected level of 0.00071 to
account for multiple comparisons using the method proposed
by Nyholt.56 For a full description and calculation of the
corrected significance level, see Supplement 3, available online.

Main Analysis. To investigate correspondence with the low-
and high-level saliency map, we analyzed the effect of
ADHD on mean NSS and scene-wise NSS of both saliency
maps using a mixed-effects linear model. We used the NSS
(continuous) as the dependent variable; used age
JAACAP Open
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(continuous), sex (categorical: male [reference category], fe-
male), IQ (continuous), handedness (categorical: right-
handed [reference category], ambidextrous, left-handed),
race and ethnicity (categorical: Asian, Black or African
American, Hispanic, unknown/some other race [reference
category], two or more races, White), and sampling rate
(categorical: 60 Hz [reference category], 120Hz) as con-
founding covariates; used the saliency map (categorical:
Finegrained [reference category], ViNet) and ADHD pre-
sentation (categorical: NC [reference category], ADHD-IN,
ADHD-C) as fixed effects of interest; and added an inter-
action effect of saliency map and ADHD presentation. The
model was defined as follows:

NSSw Ageþ Sexþ IQ þHandedness

þ Race and Ethnicity þ Sampling Rate

þ Saliency Map� ADHD Presentationþ ð1jParticipantÞ
Because the random effect of participant—ie, (1|Partici-
pant)—is partially captured by the saliency map, supple-
mentary results of a parsimonious model definition without
a random effect of participant are provided in Supplement
3, Table S6, available online.

The results were validated using the median instead
of the mean, which is more robust to outliers in the
data. To inspect potential ADHD severity effects, we
www.jaacapopen.org 197
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performed an additional sensitivity analysis with the
same model specification of the mean NSS but with a
dimensional representation of ADHD that did not yield
significant results. The results on supplementary analyses
and an auxiliary analysis with the ADHD-C group as
reference category are provided in Supplement 3,
Tables S7 to S11, available online. For the scene-wise
analysis, separate models with the same model defini-
tions were calculated for each scene with the mean NSS
values for the corresponding scene.
RESULTS
Sensitivity Analysis
The sensitivity analysis yielded no significant effect for
either ADHD-IN or ADHD-C on total number of fixa-
tions, mean fixation duration, and skewness of fixation
duration distribution (all p > .05). For a detailed report on
these results and the calculation of the measures, see
Supplement 2, Tables S2 to S4, available online.

Main Analysis
The analysis on mean NSS yielded a main effect of age (b ¼
.0185, p ¼ .002, 95% CI ¼ [0.00702, 0.02994]), indi-
cating that older participants have higher NSS scores. We
observed a main effect of the saliency map on NSS (b ¼
2.7050, p < .001, 95% CI ¼ [2.57069, 2.83969]) showing
higher NSS values in the ViNet (top-down representing)
TABLE 2 Results of Mixed-Effects Linear Model for Mean Norma

Variable b SE
Age .0185 0.0059
Sex .0219 0.0375
IQ .0015 0.0013
Ambidextrous .0220 0.0558
Left-handed .0304 0.0681
Asian .1119 0.1179
Black or African American .1143 0.0791
Hispanic .1002 0.0850
Two or more races .1404 0.0765
White .2229 0.0664
Sampling rate L.0512 0.0389
ADHD-C .0059 0.0657
ADHD-IN L0.0093 0.0644
Saliency map 2.7050 0.0687
Saliency map 3 ADHD-C L0.2802 0.0877
Saliency map 3 ADHD-IN L0.1302 0.0859

Note: ADHD ¼ attention-deficit/hyperactivity disorder; ADHD-C ¼ ADHD c
presentation; SE ¼ standard error.
**p < .01; ***p < .001.

198 www.jaacapopen.org
saliency map. Most importantly, the analysis yielded a sig-
nificant interaction effect of saliency map � ADHD-C on
mean NSS (b ¼ �.2802, p ¼ .001, 95% CI ¼
[�0.45196, �0.10847]), indicating that individuals with
ADHD-C scored lower NSS corresponding to the ViNet
saliency map than NCs, but not corresponding to the
Finegrained (bottom-up representing) saliency map
(Figure 1D). Importantly, there was no significant main
effect of ADHD-C or ADHD-IN or any significant inter-
action effect of saliency map � ADHD-IN. Results are
summarized in Table 2, and an example of groupwise fix-
ation patterns in 1 frame is shown in Figure 1A-C.

Scene-Wise NSS Analysis
The scene-wise analysis yielded 39 out of 92 scenes in which
the interaction effect of saliency map � ADHD-C on scene-
wise mean NSS was significant. After correction for multiple
comparisons at a corrected significance level of .00071, the
interaction effect remained significant in 8 scenes (scene
numbers 14, 23, 25, 31, 43, 62, 84, and 89). Scene-wise fitted
NSS values by group for the ViNet saliency map including
highlighted scenes in which the interaction effect was signif-
icant are provided in Figure 2. Detailed results for each scene
are provided in Supplement 3, Table S12, available online.

Post Hoc Exploration of Scene Characteristics
To explore potential factors contributing to the interaction
effect in certain scenes, we sorted the scenes by magnitude
lized Scanpath Saliency Values

t p 95% CI
3.14 .002** [0.00702, 0.02994]
0.58 .560 [L0.05101, 0.09480]
1.23 .219 [L0.00090, 0.00398]
0.40 .693 [L0.08638, 0.13045]
0.45 .655 [L0.10187, 0.16273]
0.95 .343 [L0.11728, 0.34113]
1.45 .149 [L0.03944, 0.26803]
1.18 .238 [L0.06493, 0.26539]
1.84 .067 [L0.00831, 0.28920]
3.36 <.001*** [0.09386, 0.35192]

L1.32 .188 [L0.12669, 0.02438]
0.09 .929 [L0.12213, 0.13383]

L0.14 .886 [L0.13482, 0.11629]
39.39 <.001*** [2.57069, 2.83969]
L3.20 .001** [L0.45196, L0.10847]
L1.52 0.130 [L0.29834, 0.03798]

ombined presentation; ADHD-IN ¼ ADHD predominantly inattentive
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FIGURE 2 Scene-Wise Comparison of Fitted Normalized Scanpath Saliency Values

Note: Scene-wise fitted NSS values (mean per scene) for the top-down representing ViNet saliency map of neurotypical controls and ADHD-C group. Highlighted areas
indicate scenes in which the interaction effect of saliency map � ADHD-C was significant at an uncorrected level (orange) and at a level corrected for multiple comparisons
(red) including a description of the primary visual content of that scene. ADHD ¼ attention-deficit/hyperactivity disorder; ADHD-C ¼ ADHD combined presentation; NSS ¼
normalized scanpath saliency.
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of the interaction effect estimate from smallest (negative) to
largest and illustrated corresponding scene length; image
sharpness (combining clarity of focus and contrast), color-
fulness, and saturation; proportion of area covered by text,
faces, people, objects, and background; average number of
faces; and proportion of frames with a face over all frames,
termed the faces ratio. Details of the extraction of those
features are provided in other publications57,58 and in
Supplement 4, available online.
FIGURE 3 Comparison of Scene Characteristics With Magnitude

Note: (A) Value distribution of scene characteristic features (scaled between 0 and 1)
hyperactivity disorder combined presentation in each scene. (B) Correlation between sc
effect. Correlation coefficients are provided for each scene characteristic; asterisks den

JAACAP Open
Volume 3 / Number 2 / June 2025
Pairwise correlations of each scene characteristic with
the interaction effect magnitude were evaluated at a cor-
rected significance level of .0054 according to the correction
proposed by Nyholt56 (see Supplement 4, available online,
and Nyholt56). Figure 3 shows the value distribution (scaled
between 0 and 1) of each feature, ordered by the magnitude
of the interaction effect in the scene (Figure 3A) and pair-
wise correlation of scene characteristic with the magnitude
of the interaction effect (Figure 3B).
of Interaction Effect

ordered by magnitude of interaction effect of saliency map � attention-deficit/
ene characteristic features (scaled between 0 and 1) and magnitude of interaction
ote significant effects at a level corrected for multiple comparisons of 0.0054.

www.jaacapopen.org 199

http://www.jaacapopen.org


DZIEMIAN et al.
The post hoc analysis yielded significant negative cor-
relations with the image sharpness (r ¼ �0.390, p ¼ .0001)
and the area of text (r ¼ �0.295, p ¼ .0043). Significant
positive correlations were obtained for the area of faces (r ¼
0.308, p ¼ .0028) and faces ratio (r ¼ 0.320, p ¼ .0019).
DISCUSSION
Eye movement studies in ADHD have gained popularity14

due to the widespread overlap between brain areas involved
in visual attention and the frontostriatal circuits that are
thought to be anomalous in ADHD.11,12,28,34–37 Previous
studies using task-based paradigms such as antisaccade and
fixation tasks showed higher occurrences of task-
inappropriate eye movements in children and adolescents
with ADHD.14 Yet apart from one study,28 past research
has scarcely investigated eye movements in ADHD during
task-free viewing of complex, natural, and dynamic content.
Such content would simulate real-life visual stimuli more
closely and elicit gaze behavior similar to natural gaze in
daily life, thus offering greater ecological validity for
findings.12,13,25,26,28 Furthermore, past studies did not
differentiate objectively between top-down and bottom-up
mechanisms of visual attention to naturalistic dynamic
contents in ADHD. To this end, the main objective of this
study was to contrast top-down with bottom-up visual
attention in a very large sample of children and adolescents
with ADHD in a task-free, dynamic and naturalistic
viewing paradigm with objective quantifications for content
saliency.

The main aim of this study was to identify the cause of
differences in gaze allocation in ADHD. We used 2
opposing saliency maps to quantify top-down and bottom-
up visual attractiveness of all areas in a video and compared
participants’ gaze correspondence with both saliency maps
using the NSS measure.

The main analysis revealed a significant interaction ef-
fect of saliency map � ADHD-C on overall mean NSS.
Participants with ADHD-C scored lower NSS values on the
ViNet saliency map, which represents areas visually and
semantically relevant to a top-down attention mechanism.
However, participants with ADHD-C did not score higher
on the Finegrained saliency map, showing no increased
tendency to allocate their gaze to bright, high-contrast fea-
tures visually salient to a bottom-up attention mechanism.
Because we mainly observed a tendency to look away from
areas with high semantic value in the ADHD-C group
compared with the NC group, we suggest poorer top-down
visual attention, rather than increased bottom-up visual
attention, to be the driving factor in both competing
mechanisms in ADHD-C.13,28,29 Furthermore, our results
200 www.jaacapopen.org
provide no evidence that bottom-up–salient features would
have worked as distractors for ADHD-C because we did not
observe a compensatory effect of increased NSS on the
Finegrained saliency map in this group.

We did not observe a similar interaction effect for the
ADHD-IN group. The categorical distinction between the
ADHD-IN and the ADHD-C groups is that in addition to
inattention, individuals with ADHD-C also show symp-
toms of increased and inappropriate motor activity and
impulsive behaviors. A recent meta-analysis by Saad et al.59

identified distinct neurobiological signatures for both pre-
sentations. The authors concluded the frontostriatal-
thalamic regions that include motor networks to be aber-
rant in ADHD-C, while in ADHD-IN frontoparietal re-
gions are the main areas deviating from NCs.59 Hence,
observing an effect solely for the ADHD-C group might
provide further support for distinct neurocognitive patho-
physiology in the 2 presentations. Attributing the observed
effect to reduced top-down integration with consecutive
generation of inappropriate eye movement signals might be
analogous to the inappropriate motor activity observed in
ADHD-C, but not ADHD-IN.

Furthermore, the analysis did not yield a main effect of
either ADHD-C or ADHD-IN; consequently, a simplistic
contrast between ADHD and NCs regardless of the se-
mantic level does not adequately describe the impairments
of bottom-up and top-down visual attention mechanisms in
ADHD. In turn, differences in gaze patterns are specific to
the semantic level of information in the video. This finding
further supports the view that visual attention in ADHD-C
is a more complex mechanism related to aberrant control of
top-down visual attention.

In addition, we observed a significant main effect of age,
as NSS scores increased with age. This may lead to the
interpretation that with increasing age, gaze patterns appear
to exhibit improved integration of top-down and bottom-up
visual attention, leading to a pattern of mature visual atten-
tion. This finding raises the question whether children and
adolescents with ADHD-C show a mere delay in top-down
attentional control or whether such deficits constitute an
endophenotype of ADHD-C.60 To answer this question,
longitudinal designs would be needed to test multiple time
points across development from childhood through adoles-
cence and into adulthood, including simultaneous assess-
ment of symptom severity and remission in an individual.

In the scene-wise analysis, we observed a large proportion
of scenes in which the interaction effect of saliency map �
ADHD-C was significant and 6 scenes in which it survived
correction for multiple comparisons. A post hoc analysis
revealed significant positive correlations for the area covered
by faces and the proportion of frames with at least 1 face. Due
JAACAP Open
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to the plot of the trailer, which focuses on social interactions,
faces constitute a highly semantic feature. In line with our
argument about poorer top-down control, this finding could
indicate that children and adolescents with ADHD-C have
reduced ability to hold their gaze on such content in particular
in scenes with a high occurrence of faces.

We also observed a significant negative correlation with
image sharpness. Image sharpness depends on image focus
and contrast and increases with the appearance of sharp
edges. This finding might suggest that with lower image
sharpness, top-down visually relevant areas are much less
visually distinguishable from irrelevant content for in-
dividuals with ADHD-C.

Lastly, we observed a negative correlation for the area
covered by text. This finding is not surprising because it
shows that the interaction effect diminishes in the presence
of text. As the majority of participants in this study are of
school attendance age (5-21 years), it is expected that the
appearance of text triggers its reading, hence the similar gaze
between both groups.

In recent years, FSN dysfunction has emerged as a
promising causal theory for explaining symptoms in
ADHD.36,61–63 Several brain structures that are part of the
FSN are also involved in the mechanisms of top-down and
bottom-up visual attention. Top-down signals are predomi-
nantly generated in the dorsolateral prefrontal regions.38

Together with regions in the frontal eye fields, which play
a substantial role in target selection,39 and the lateral intra-
parietal area, which is involved in covert spatial attention,
projections of these areas to the basal ganglia and thalamus
provide the main input of visually relevant information to the
SC.38 Bottom-up signals emerge from primary visual cortical
areas with direct projections to the SC. The SC is responsible
for the integration of both bottom-up and top-down signals
through a winner-takes-all mechanism and sends corre-
sponding motor commands to the brainstem.37,38

Whereas the output of the SC determines the next gaze
allocation, several of the structures presented here can play a
role in the aberrant gaze patterns observed in ADHD-C.
The deviant fixation patterns we observed were with video
content relevant to top-down visual attention, and a large
body of literature stresses deviation in frontal regions in
ADHD.36,61–63 Consequently, areas generating bottom-up
signals are unlikely to play a role in explaining these aber-
rant gaze patterns.

The symptoms of ADHD-C include increased and
inappropriate motor activity1; thus, another line of inves-
tigation might focus on the role of the basal ganglia. The
basal ganglia control the release and inhibition of body and
eye movements via the direct and indirect pathways,
JAACAP Open
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respectively.64 An increased tendency to look away from
semantically relevant stimuli, as observed in the ADHD-C
group in our study, might indicate disturbances in these
pathways. A poor balance between the 2 pathways might
release eye movements that are not beneficial in following
the content of the video, which we observed through lower
NSS values on the higher-level saliency map. This effect was
exclusively observed in the ADHD-C subgroup in our
study; the ADHD-C presentation is characterized by
increased hyperactivity and impulsivity manifesting in
increased and inappropriate motor activity.1 In line with the
clinical definition of ADHD-C, we argue that eye move-
ments may constitute another facet of these symptoms
because similar structures are responsible for releasing both
body and eye movements. To validate this argument,
further studies are needed that link aberrant gaze allocation
to top-down–relevant information with deviations in
neuroanatomy and neurophysiology in the basal ganglia.

Although fixations reveal shifts in overt attention,13 it is
also known that covert attention precedes overt attention in
determining the next gaze position.29 Our findings can be
interpreted only within the scope of overt attention. To
investigate bottom-up and top-down attentional processes
of covert attention, our study would need to go beyond the
current analysis incorporating content in the periphery of
the visual field.

Furthermore, in this study, saliency models were used to
quantify top-down and bottom-up visual attractiveness.
However, these models have limitations in accurately repre-
senting top-down and bottom-up visual attractiveness due to
initial assumptions and the quality and quantity of training
data. We used the state-of-the-art ViNet saliency model, a
deep learning–based model trained on fixations from neuro-
typical individuals, which makes it generalizable to a wide
range of visual content.41,42 Although these training data from
neurotypical individuals boosts the prediction accuracy of the
model, it may not be sufficiently representative of neuro-
typical top-down attention, constituting a potential limitation
on its ability to contrast individuals with ADHD from NCs.
However, the high overall NSS values of the saliency map
(mean NSS ¼ 2.93 > benchmark for saliency maps),42 bol-
sters our confidence that this saliency map reflects top-down
visual attractiveness to the best extent currently available.
Moreover, evaluating attention through the coherence to 2
orthogonal saliency models of visual attention may not cap-
ture all aspects of attentional (dys)function. While the
competition between bottom-up and top-down attention is
crucial to consider, attentional control and sustained attention
may also be of interest. Nonetheless, our investigation of the
interaction between ADHD presentation and coherence to
www.jaacapopen.org 201
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bottom-up and top-down visual attractiveness models con-
tributes to understanding attentional dysfunction in ADHD.

The lack of an ADHD predominantly hyperactive-
impulsive presentation subgroup in this study, which was
excluded due to a small sample size, is a further limitation.
Contrasting the differences between the exclusively hyper-
active and impulsive presentation with other presentations of
ADHD might have provided more clearly observable effects.
However, the ADHD predominantly hyperactive-impulsive
presentation is very rare in the general population.65

Finally, although a chin rest was used to ensure stable
head position and participants were instructed to remain
still, minor head movements can occur, particularly in pe-
diatric and psychiatric populations.66 An increased tendency
for movement in ADHD might have posed a further issue
in the accuracy and precision of eye movement data ob-
tained.1,66,67 However, because we did not observe any
group effects in the sensitivity analysis and in the Fine-
grained NSS analysis, it is very unlikely that potential head
motion caused our observed results of reduced top-down
visual attention in ADHD-C.

In light of the unknown contribution of competing
mechanisms of bottom-up and top-down visual attention in
ADHD, we evaluated quantitative measures of gaze allo-
cation, which yielded support for the notion of decreased
top-down visual attention in ADHD-C. We did not observe
similar effects in the ADHD-IN group, suggesting distinct
pathophysiology in this presentation. The high overlap of
areas in the FSN and areas responsible for visual attention
renders FSN dysfunction highly plausible as the cause of
inappropriate eye movements in ADHD-C. Yet, additional
investigations are needed to link reduced top-down visual
attention to disturbance in the direct and indirect pathways
in the basal ganglia to further validate this theory as a po-
tential etiology of ADHD.

Future research would also need to deepen the analysis of
gaze coherence with attentional maps by manipulating
attentional demands and by comparison with other measures
of attention (eg, reaction times or accuracy on visual search
tasks). Further research may combine this approach with
other neuroimaging techniques such as electroencephalog-
raphy or functional magnetic resonance imaging to gather
insights into the neural mechanisms underlying attention
and contribute to the discovery of reliable biomarkers of
ADHD. Future research in this area could also benefit from
investigating how visual attention differs between individuals
with ADHD and individuals with other types of neurological
and psychiatric dysfunction, thereby further advancing our
202 www.jaacapopen.org
understanding of the underlying mechanisms of visual
attention in psychopathology. The knowledge gained from
such studies might have the potential to be translated into
clinical settings as ADHD screening and into educational
settings to improve learning and scholastic achievements.
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