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Abstract

Functional connectomics is a popular approach to investigate the neural underpinnings
of developmental disorders of which attention deficit hyperactivity disorder (ADHD) is one
of the most prevalent. Nonetheless, neuronal mechanisms driving the aberrant functional
connectivity resulting in ADHD symptoms remain largely unclear. Whereas resting state
activity reflecting intrinsic tonic background activity is only vaguely connected to behavioral
effects, naturalistic neuroscience has provided means to measure phasic brain dynam-
ics associated with overt manifestation of the symptoms. Here we collected functional
magnetic resonance imaging (fMRI) data in three experimental conditions, an active
virtual reality (VR) task where the participants execute goal-directed behaviors, a pas-
sive naturalistic Video Viewing task, and a standard Resting State condition. Thirty-nine
children with ADHD and thirty-seven typically developing (TD) children participated in this
preregistered study. Functional connectivity was examined with network-based statistics
(NBS) and graph theoretical metrics. During the naturalistic VR task, the ADHD group
showed weaker task performance and stronger functional connectivity than the TD group.
Group differences in functional connectivity were observed in widespread brain networks:
particularly subcortical areas showed hyperconnectivity in ADHD. More restricted group
differences in functional connectivity were observed during the Video Viewing, and there
were no group differences in functional connectivity in the Resting State condition. These
observations were consistent across NBS and graph theoretical analyses, although NBS
revealed more pronounced group differences. Furthermore, during the VR task and Video
Viewing, functional connectivity in TD controls was associated with task performance
during the measurement, while Resting State activity in TD controls was correlated with
ADHD symptoms rated over six months. We conclude that overt expression of the symp-
toms is correlated with aberrant brain connectivity in ADHD. Furthermore, naturalistic
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paradigms where clinical markers can be coupled with simultaneously occurring brain
activity may further increase the interpretability of psychiatric neuroimaging findings.

Introduction

Attention deficit hyperactivity disorder (ADHD) is one of the most common developmental
disorders affecting about 3-7% of children [1-3]. ADHD is characterized by inattention (e.g.,
being forgetful in daily activities, having trouble in organizing activities, and difficulty in
following instructions), hyperactivity (e.g., restlessness and abnormally high ‘energy’ levels),
and impulsivity (e.g., acting before thinking through the consequences and making hasty
decisions) symptoms. Although ADHD symptom profiles are considered to be highly hetero-
geneous [4,5], three presentations, i.e., predominantly inattentive, primarily impusive/hyper-
active and combined subtype are identified [6,7]. Irrespective of the specific characteristics,
ADHD has a negative impact on many domains of everyday life, risking academic perfor-
mance and causing difficulties in social relationships as well as managing home activities [8,9].

Converging evidence from different fields of research (e.g., genetics, neurobiology, neu-
roimaging) suggests that ADHD has a complex etiology influencing synaptic organization
in the brain [10,11]. Support for this account has been found in various studies reporting
alterations in functional connectivity (FC) within and between cortico-cortical (e.g., fron-
toparietal, dorsal/ventral attention, sensory and default-mode networks), cortico-striatal
(e.g., caudate nucleus, putamen, nucleus accumbens), and cortico-limbic (e.g., cingulate
cortex, amygdala, thalamus) networks in ADHD individuals [11-14]. Structural alterations
are observed in largely overlapping brain areas [11,13,15], but also for instance in the brain-
stem [16,17]. While the early theories typically highlighted the role of a specific neuronal
system such as the fronto-striatal network, the modern views acknowledge that aberrant FC
in ADHD is observed in large-scale brain networks [4,18,19]. However, due to limitations of
the study paradigms, inconsistencies between the experimental procedures, and heteroge-
neity of the ADHD populations the observed findings have been highly inconsistent across
different studies [12,20]. For example, in their recent meta-analysis, Liu and colleagues [21]
identified that hyper- hypoconnectivity profiles as well as specific topological configurations
of the ADHD-related FC alterations were strongly age-dependent, younger children showing
cortico-cortical hyperconnectivity and cortico-subcortical (i.e., putamen, pallidus, amygdala)
hypoconnectivity while older children and adults showed exclusively cortico-cortical hyper-
connectivity. Also within the age group the results may vary depending on the characteristics
of the sample, as inattention and hyperactivity/impulsivity could be associated with partially
different FC patterns [22,23].

With functional magnetic resonance imaging (fMRI), FC can be examined during different
tasks or when the participants are at rest. Tonic brain activity often associated with resting
state refers to the ongoing, baseline level of neural activity that is relatively stable over time. In
contrast, phasic brain activity is characterized by transient, rapid bursts of neural activity that
occur in response to specific stimuli or events [24,25]. Previous studies have identified various
brain networks reflecting intrinsic connectivity or ’tonic background activity’ that explains the
vast majority of the overall fMRI signal changes [24,25]. Some studies have reported correla-
tions between intrinsic FC and severity of the ADHD symptoms. For instance, Mostert and
colleagues found that the symptom severity was associated with stronger FC in the executive
control network (specifically, in the anterior cingulate gyrus) and the cerebellar network [26];
Choi and colleagues reported that decreased FC between saliency network and sensorim-
otor network was associated with inattention and hyperactivity symptoms [27]; abnormal
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connectivity in the amygdala was shown to be associated with emotional liability symptoms in
children with ADHD [28]. However, some studies do not observe such correlations

[e.g., 29], and the link between FC and ADHD symptoms has remained elusive as the behav-
ioral data reflecting the symptoms is acquired by subjectively screening everyday problems
typically over the past six months and brain activity is measured when the person is relaxed

in the scanner in a situation where no signs of the symptoms are present. In other words,
intrinsic FC detected by the resting state fMRI (rs-fMRI) is not directly connected with symp-
toms expression and the studies also lack simultaneously collected behavioral markers for
explaining the ongoing brain dynamics [30,31,32]. In the end, ADHD symptoms are triggered
in interaction with the environment and manifest as complex goal-directed behaviors. An
experimental task that efficiently provokes the complex symptoms to manifest in a particular
way could further constrain the inter-individual variability in the recorded neural processes
that is a key challenge in neuroimaging of developmental disorders [11,12].

Naturalistic neuroscience is an experimental approach that has recently challenged the
‘gold standard’ rs-fMRI in clinical cognitive neuroscience [11,30,33]. The aim of natural-
istic neuroscience is to probe brain activity in lifelike conditions targeting the phasic brain
dynamics triggered by the complex human-environment interaction [34,35]. An engaging
naturalistic stimulus effectively synchronizes the underlying brain activity across participants
[36], increasing the reliability [37] as well as strength [20,32] of the brain responses. Indeed,
naturalistic paradigms have advantage compared to rs-fMRI in predicting cognitive and emo-
tional characteristics of the participants [33,38,39] and the information gain can be attributed
to an active task eliciting stronger connectivity [31]. Task-driven reorganization of functional
connectome in ADHD mostly encompasses the fronto-parietal networks [40,41], but also
altered FC in subcortical structures have been reported [42]. Altogether, task-dependent and
task-independent alterations in FC may reflect different aspects in aberrant brain activity
associated with ADHD [43].

Naturalistic neuroscience studies employing video viewing approach have shown prom-
ising results in detecting aberrant brain functioning in affective disorders [44,45], psychosis
[46,47], autism [48-51], and ADHD [52-54]. In individuals with ADHD inter-individual
synchronization of regional activity and inter-subject functional correlation are reduced
compared to neurotypical controls during viewing a naturalistic stimulus in several brain
areas, including the anterior cingulate cortex, supratemporal, occipital, and posterior parietal
regions [52,53]. Stronger inter-individual synchronization of brain activity in the ADHD vs.
control group, in turn, has been observed in the occipital and temporal lobes, as well as in the
amygdala and insular cortex [52]. Recent studies [55,56] have further examined FC in chil-
dren with ADHD and controls in naturalistic tasks. Fisher and colleagues [55], for instance,
observed that cognitive and perceptual load differently affect brain network efficiency in a
naturalistic task. Pho and colleagues [56], in turn, reported developmental trajectories of FC
patterns during video viewing in children from age 6 to 16, demonstrating that age and cog-
nitive abilities differentially reflect to FC in children with ADHD and in controls. Although
video viewing limits spontaneous expression of symptoms and provides rather restricted
behavioral data [57], these studies were able to explain inter-individual variability in the brain
activity associated with subjectively evaluated ADHD symptoms collected with a screener.

Virtual reality fMRI (VR-fMRI) potentially circumvents many of the limitations of the
video viewing studies [30,58]. While the dynamic and rich video stimuli reach featural com-
plexity and dynamics of naturalistic situations, this paradigm lacks a fundamental aspect of
everyday experience — the possibility to interact with the environment [59]. Unlike passive
observation of videos, VR paradigms enable execution of volitional behaviors that can be
operationalized to carry information reflecting, for instance, attention, memory, decision
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making, reacting to rewards, getting distracted, and expressing hyperactivity. Successful
implementation of goal-directed behavior in everyday life involves orchestrating various cog-
nitive processes simultaneously. This complexity is not well represented in traditional task-
based neuroscience paradigms that typically focus on targeting an isolated cognitive construct.
VR allows to emulate complex scenarios offering researchers opportunities to investigate
human cognition and behavior in a controlled yet naturalistic interactive setting. However,
VR-fMRI has not been utilized in studying neural underpinnings of ADHD so far.

Here we propose a novel naturalistic task for VR-fMRI that allows precise quantification of
rich goal-directed behaviors during execution of open-ended tasks [60,61,62]. In this Exec-
utive Performance in Everyday Living (EPELI) game, participants perform everyday chores
in a virtual apartment, in life-like situations corresponding to those where ADHD symptoms
typically manifest [63,64,65]. Indeed, the game provides an excellent accuracy for detecting
individuals with ADHD based on game-related behavior (88%) [63] or eye movements (92%)
[64]. ADHD symptoms can be observed in EPELI, for example, as forgetfulness to do the
instructed tasks, committing more irrelevant actions per successfully conducted tasks, poorly
organized navigation in the environment, and conducting higher number of impulsive actions
[63,64].

We studied FC in children with ADHD and typically developing (TD) controls during
EPELI VR game playing and two widely used fMRI paradigms (video viewing, and
rs-fMRI). To control for the contextual differences between active task execution in the
EPELI game and passive video viewing, we selected screen recordings of EPELI game play
for the video viewing condition. In the data analysis, we first employed network-based
statistics (NBS) that is designed to detect subnetworks (several links forming a coherent
‘connected component’) differentiating between the groups or conditions in a data-driven
manner [66]. We also tested group differences in FC on link-by-link basis in case not a sin-
gle connected component was detected by NBS [66]. The advantage in these two approaches
is that they require minimal a priori assumptions on size or spatial distribution of the
FC networks [66], which is crucial in brain imaging of ADHD as there is no established
topological architecture for the related reorganization in FC [11,12,20]. In previous studies,
these two methods have revealed decreased FC in ADHD during resting state, in particular,
in the fronto-occipital [67] and fronto-parieto-cerebellar networks [68], as well as during
executive task performance in the parieto-temporo-occipital network [69]. However, there
is also evidence of hyper-connectivity in ADHD in specific networks (e.g., amygdalar, pre-
frontal and temporo-occipital networks) [70,71].

In addition to NBS and link-wise analysis, we ran graph theoretical analysis focusing on
integration and segregation of FC networks [72]. Previous studies employing graph metrics
have revealed altered global and local FC network topology in individuals with ADHD
[73-78]. In the present study, four graph metrics were selected to examine network integra-
tion and segregation properties. (1) Global efficiency, reflecting how efficiently information
can be transferred across the entire network, appears to be reduced in ADHD population
[73-75]. (2) Betweenness centrality, showing how important a specific node is in the trans-
mission of information across the network, in turn, is one of the graph metrics with relatively
high predictive power for classification of ADHD cases [76]. (3) Participation coefficient,
capturing degree of integration across subnetworks, is increased in ADHD [77]. Finally, (4)
node degree indicating the contribution of different regions into network integration (i.e.,

a higher nodal degree means that the node has more connections with other nodes in the
network) has been reported to be lower in ADHD on average [78], while in specific networks
it can be either decreased (e.g., visual, dorsal attention and default-mode networks [79-81]) or
increased (e.g., limbic and saliency networks) [79-81].
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Our preregistered (https://tinyurl.com/4eujtt42) hypotheses were: (1) We will observe
both paradigm-general as well as paradigm-specific FC patterns separating ADHD partici-
pants from TD controls [43]. Paradigm-general effects were expected as intrinsic FC should
be reflected to each experimental condition in a largely similar manner [82-84]. Paradigm-
specific effects, in turn, were expected to be observed in brain networks associated with

atypical goal-directed behavior (e.g., fronto-parietal, fronto-temporal, and fronto-striatal
networks) during EPELI gameplay that provokes symptoms expression, while during video
viewing aberrant FC would be restricted to the dorsal attention and sensory networks [52,53].
Such findings delineating group differences in FC patterns associated with intrinsic processes
and two types of naturalistic conditions, passive viewing of a naturalistic stimulus and active
exploration in virtual environment, would provide novel evidence for the role of overt expres-
sion of symptoms and human-environment interaction in driving aberrant FC in ADHD. (2)
Inter-individual FC variability explaining the symptoms was hypothesized to be higher during
EPELI performance than during resting state or passive video viewing. In other words, mea-
suring the ongoing symptoms with precise quantitative means and simultaneously recording
phasic brain dynamics was expected to allow more precise FC-to-symptom mapping than
conventional rs-fMRI analysis, where tonic states in the intrinsic brain connectivity are linked
to subjective reports reflecting manifestation of symptoms over periods of several months, or
more restricted naturalistic paradigm.

Materials and methods
Participants

Thirty-nine ADHD and 37 TD children took part in the study between the 15 of December
2021 and the 2" of April 2023 (see Participants section in S1 Appendix in S1 File). The Hel-
sinki University Central Hospital Regional Committee on Medical Research Ethics approved
the research protocol. All participants and their guardians gave their written informed consent
according to the Declaration of Helsinki.

Inclusion and exclusion criteria followed the previous studies [63,64]. All the participants
in both groups were Finnish native speakers. The participants were accepted to the TD group
if they did not have any diagnosis related to psychiatric (diagnosis F00-F00 in ICD-10) or neu-
rological (G00-G99 in ICD-10) conditions and were not entitled to special support at school.
Participants were potentially eligible for the clinical group if they had ADHD diagnosis (F90)
made by a licensed medical doctor, which was verified via the National Medical Database (see
S1 Appendix in S1 File). For screening the ADHD symptoms and other psychiatric symptoms
we used ADHD Rating Scale IV (ADHD-RS) [85] and Child Behavior Check List (CBCL)

[86]. In both scales, higher scores refer to more prominent symptoms. Participants with
ADHD were asked to take 24 hours break from their stimulant medication before coming to
the study, except one participant who was taking guanfacine that has a long-lasting effect.

Data of some participants was excluded from the analysis due to lack of data, comorbid
diagnosis (see S1 Appendix in S1 File) or excessive movements during the measurement (see
Data preprocessing). The final sample included 31 ADHD and 34 TD participants. The groups
did not differ significantly in age, gender, handedness, or general abilities (see Table 1). As
expected, the ADHD group had more psychiatric symptoms than the TD group, indicated by
the ADHD-RS and CBCL scores (Table 1). Moreover, none of the TD participants scored on
ADHD-RS above 85th percentile on ADHD-RS, indicating that the probability of any of the
participants in the control group had an undiagnosed ADHD was low. In addition to that,
none of the controls scored in the clinical range on CBCL total score [87], indicating low
probability of other undiagnosed mental health conditions in the TD group.
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Table 1. Background characteristics of the sample.

ADHD TD Statistical test
Gender 20 boys, 11 girls 19 boys, 15 girls X?=0.367,p = 0.61
Age 11.47 (1.28) 11.82 (1.07) t(54.77) = 1.15, p = 0.26
Left-handed n=2 n=1 -
WISC-IV 10.02 (2.59) 1133 (2.12) t(44.21) = -1.99, p = 0.053
ADHD-RS (Total score) 31.33 (11.67) 6.06 (4.02) t(35.06) = 11.28, p < 0.001
ADHD-RS (Inattention subscale) 17.37 (5.88) 3.88 (2.80) t(40.37) = 11.46, p < 0.001
ADHD-RS (Hyperactivity-impulsivity subscale) 13.97 (6.74) 2.17 (2.07) t(33.80) = 9.20, p < 0.001
CBCL 46.2 (21.89) 14. 39 (10.10) t(39.95) = 7.28, p < 0.001

WISC-IV = Wechsler’s Intelligence Scale for Children [88], averaged scores from two subtests (Vocabulary and Similarities); ADHD-RS = ADHD Rating Scale-1V,
parent form [85]; CBCL = Child Behavior Checklist [86].

https://doi.org/10.1371/journal.pone.0319746.t1001

Experimental conditions

EPELI [63] is a VR game designed to quantify execution of goal-directed behavior [60-65]
and has been validated as a tool for detecting ADHD in children [60,63,64]. The MRI
version of EPELI running on a desktop computer [60] and projected via mirror to a screen
in the scanner includes ten task scenarios, plus a practice scenario at the beginning of the
gameplay when the scanning had started. At the beginning of each task scenario, partic-
ipants were presented with audio instructions for the current scenario, after which they
performed the given tasks. Navigation and interaction with game objects were carried out
with an MRI-compatible trackball. The sound was delivered with Sensimetrics S14 insert
earphones. The total duration of the 10 EPELI scenarios was on average 23 + 1.4 minutes.
The Unity game engine running EPELI game stores a detailed log file of the game play.
Purpose-built scripts were used to extract the previously validated performance measures
from this data containing timing and content of any game interaction and movement of
the participant (see [63,64] for more details). The main EPELI behavioral outcome mea-
sures were: Total Score (percentage of correctly performed subtasks), Task Efficacy (per-
centage of relevant actions out of all actions), Navigation Efficacy (Total Score divided by
distance covered), and Total Actions (number of track ball controller clicks). These mea-
sures reflect problems typical for children with ADHD [63,64]. Lower Total Score reflects
poorer ability to memorize and execute multistage tasks in the naturalistic setting, lower
Task Efficacy suggests weaker selective attentional and executive control, lower Navigation
Efficacy indicates problems with planning and navigation, and higher number of Total
Actions is presumed to be associated with impulsive behavior [see 63 and S1 Appendix in
S1 File for more detail]. Out of these measures, especially Task Efficacy is shown to be sen-
sitive in discriminating between participants with ADHD from TD controls, with ADHD
participants showing lower Task Efficacy.

In the Video Viewing task, participants were presented with four video fragments of EPELI
gameplay [64]. Two video fragments were from gameplay of participants with ADHD, and
two from the TD group gameplay recordings (see https://youtu.be/oo2LMhShKJM for a
video). Each fragment had about two-minute duration and was followed by questions related
to the video (see S1 Appendix in S1 File for more detail).

During the resting state recording the participant was instructed to stay still and look at
any corner of the square presented at the center of the screen. The participants were instructed
to shift their gaze to a different corner when they feel like it to keep themselves focused and

relax their eyes. The duration of the resting state scan was eight minutes.
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Procedure

The MRI measurements were conducted in the following order: EPELI; Video Viewing; struc-
tural MRI; Resting State. The order of the tasks was defined based on pilot measurements: the
most engaging condition, the VR game, was administrated first to minimize stress and discom-
fort of the participants during the scan and ensure data quality and participant cooperation.
After scanning the screening instruments, questionnaires, and tasks were administrated (see S1
Appendix in S1 File).

MRI data acquisition

Participants were scanned using a 3 Tesla MAGNETOM Skyra whole-body scanner (Siemens
Healthcare, Erlangen, Germany), using a 30-channel head coil at Advanced Magnetic Imaging
Centre (Aalto University).

A T1-weighted Magnetization-Prepared Rapid Acquisition with Gradient Echo
(MPRAGE) 3-D image was collected for each participant. For the registration, T1 images of
the participants were resampled to 3 mm.

Blood Oxygenation Level Dependent (BOLD)-weighted functional imaging data were
collected with Simultaneous Multi-Slice sequence using T2 *-weighted echo-planar imaging
(TR = 594 ms, TE = 16 ms, flip angle = 50°, field-of-view read = 192 mm, field-of-view phase
= 100%, 44 slices covering the whole brain, phase encoding direction anterior to posterior,
isotropic 3 mm voxels). More details on the brain imaging in S1 Appendix in S1 File.

Data preprocessing

Preprocessing was done with fMRIPrep toolbox (https://fmriprep.org) [89,90]. Free-
Surfer (https://surfer.nmr.mgh.harvard.edu/) [91] was called to reconstruct surfaces from
T1-weighted structural images, and all fMRI data was registered to a pediatric template
(MNIPediatricAsym:cohort-5) [92,93].

Denoising included detrending of the signal and confounds (4 head motion parameters
and 8 cerebrospinal fluid and white matter parameters) and regressing out the confounds.
After that the signal temporally filtered and demeaned. The high-pass filter (cut-off 0.01 Hz)
was selected for task-based analyses instead of band-pass filtering as the low-pass filter could
discard meaningful signals and rapid MRI sequence used in the data acquisition was shown
to be less affected by physiological noise [94]. For Resting State data, we chose the common
band-pass filter (0.01-0.1 Hz) settings.

To minimize the possible effects of motion artifacts, volumes contaminated by large move-
ments (frame-wise displacement, FD > 0.5 mm) were removed prior to computing FC. If any
of the three scans had more than 30% of the total volumes removed with these criteria it was
excluded from the analysis (see S1 Appendix in S1 File). That resulted in 26 ADHD and 33 TD
participants with EPELIL, 30 ADHD, and 33 TD participants with Video Viewing task, and 28
ADHD, 32 TD participants with Resting State scan. After the removal of the affected volumes,
the groups did not differ in the mean FD of the kept volumes in any of the three paradigms
(see Data Preprocessing section in S1 Appendix in S1 File for more detail).

Data analysis

Two hundred ten cortical and thirty-six subcortical subregions were extracted based on Brain-
netome Atlas (http://atlas.brainnetome.org/index.html) [95] with Nilearn python package v
0.10.0. Average data of each subregion was also used to calculate the connectivity matrices
with the same package. Percentage of removed volumes and mean FD of the kept volumes
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were regressed from the connectivity matrices to ensure that the group differences are not
inflated by higher movement rate in the ADHD group.

NBS comparing the groups and the paradigms was conducted with a related MATLAB
toolbox (https://www.nitrc.org/projects/nbs/) [66]. The statistical testing in NBS that applies
topological clustering algorithm and family-wise error correction was run with 5000 permu-

tations with primary thresholds t = 3.5 (group comparisons) and t = 4.0 (linear regression
analyses, for the results with alternative thresholds see S1 and S2 Figs in S1 File). In addition,
we assessed a general effect of task performance on the group differences by regressing Task
Efficacy from the EPELI FC data. To test associations between FC and task performance as
reflected in Task Efficacy measure, NBS analysis employing linear regression was run sepa-
rately for each group, by including age and gender as covariates. The covariates were added
to the linear regression analysis as Task Efficacy as well as symptom profiles are associated
with age and gender [62]. Similar linear regression analysis was conducted to test the associ-
ation between FC and behavioral problems assessed via screening questionnaires (ADHD-RS
and CBCL). In the models testing for group differences, covariates were not used because the
groups were balanced in terms of age and gender.

Finally, similar group comparisons and linear regression analyses than described above were
also conducted with link-based testing controlled by the false discovery rate (FDR) [66,96], in
case significant effects in NBS were not observed. This procedure was applied to test if there is any
difference in FC at the level of isolated links, which is not detected by NBS method [66]. The FDR
statistics were computed with the NBS toolbox with 50 000 permutations.

To examine task-general FC effects, NBS was run on normalized connectivity matrices
averaged across the three paradigms for each participant. A supplementary analysis for
the main effect of Condition was conducted with NBS ANOVA to confirm that the lack of
task-general effect is not due to averaged FC matrices [97]. This analysis was applied to
the participants who had data in all the three conditions (23 ADHD and 31 TD).

Graph theoretical analysis was implemented with Brain Connectivity Toolbox for MATLAB
[98]. Prior to the analysis, all negative connections were zeroed out, and the connectivity matrices
were thresholded individually for each participant to keep 10% of connections. In the graph theo-
retical analysis with multiple layers (EPELI, Video Viewing, Resting State), participant’s FC in each
paradigm was modelled with Pymnet Python package [99]. In this analysis, a node represented a
single brain parcel, intra-layer links represented FC between the regions in a specific experimental
condition. Assessed measures were similarity between the layers calculated as nodal degree overlap
and local clustering coefficient [100] calculated at each node and then averaged. For calculation of
these metrics, the connectivity matrices were thresholded to keep 10% of connections for each par-
ticipant. Nodal degree overlap was calculated as how many times each edge appears in exactly that
subset for every non-empty subset of layers. As an additional measure of similarity between layers,
we calculated correlation between two corresponding links in each layer.

Statistical significance in the graph theoretical analysis was assessed by permutation test
following by FDR multiple comparisons correction [96]. The same correction was applied in
the analysis of behavioral data. To examine the correlation between ADHD-RS and the EPELI
measures we used Kendall’s rank correlation as ADHD-RS distribution was skewed due to low
symptoms score in the TD group.

Results
Behavioral results

The ADHD group demonstrated worse performance in EPELI compared to the TD group,
with lower Total Score (t(54) = 3.53, p < 0.001) and lower Task Efficacy (t(57) = 2.64,p =
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ADHD >TD

0.011). Navigation Efficacy (t = 1.51, df = 53.72, p = 0.14) and Total Actions (t(56) = 1.33,p =
0.19) did not differ between the groups.

ADHD-RS scores across all participants were correlated with Total Score (t = -0.30, p <
0.001), Task Efficacy (v = -0.26, p = 0.0038) and Total Actions (t = 0.21, p = 0.021), but not
with the Navigation Efficacy (p = 0.052).

Based on the follow-up questions, participants with ADHD experienced the videos as more
difficult to follow than TD participants (t(62) = 4.21, p < 0.001). Like EPELI measures, the
ratings of the difficulty to follow the videos were correlated with ADHD-RS scores across all
participants (1 = 0.24, p = 0.0077). There were no group differences in the ratings on how
interesting the video was (t(57) = 0.80, p = 0.43), nor how well the participant could focus on
it (t(63) = 1.58, p = 0.12), and these ratings were not correlated with the ADHD-RS scores
either (t = -0.090 p = 0.31, and t = 0.15, p = 0.087).

FC during EPELI

NBS. NBS revealed a large connected component with 77 nodes and 90 edges differentiating
FC in the ADHD and TD group during the EPELI gameplay (Fig 1, Table 2). As illustrated in an
alluvial diagram, increased FC in the ADHD compared to the TD groups was most prominent
in the subcortical nuclei, but observed also in the frontal and occipital areas (Fig 1, panel B).

FC during EPELI in the two groups separately can be found in supporting information (S3

ADHD >TD
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Fig 1. A network revealed by NBS showing stronger FC in the ADHD group than in the TD group during EPELI gameplay. No differences were
observed in the opposite direction. The primary statistic threshold in these analyses was t = 3.5. (A) anatomical representation, (B) alluvial diagram. L = left;
R = right; a number indicates the count of significant links related to the area. Both columns represent the same contrast (ADHD>TD) and were assigned to

the areas for visualization purposes.

https://doi.org/10.1371/journal.pone.0319746.9g001
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Table 2. NBS analysis of EPELI FC contrasting ADHD and TD groups. The table shows the nodes with the
highest number of significant connections in the network detected by the NBS analysis of EPELI FC contrasting

ADHD and TD groups.

Node Degree Area’ Region' Network?

12 Lateral Amygdala, L Subcortical Nuclei Subcortical

12 Caudal Lingual Gyrus, R Occipital Lobe Undefined

11 Rostral Cuneus Gyrus, L Occipital Lobe Visual

6 Caudal Posterior Superior Temporal Sulcus, L Temporal Lobe Ventral Attention
6 Caudal Area 7, L Parietal Lobe Dorsal Attention
6 Posterior Parietal Thalamus, L Thalamus Subcortical

For the full list of significant nodes see S2 Table in S1 File.
L = left; R = Right.
1 - Based on Brainnetome Atlas [95].

2 - The network is assigned as defined by Power and colleagues [101] by closest centroid

https://doi.org/10.1371/journal.pone.0319746.t002
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Fig 2. The network revealed by NBS that was positively associated with Task Efficacy in EPELI game in the TD group. Age and gender were included

as covariates. The primary statistic threshold in these analyses was t = 4. (A) anatomical representation, (B) alluvial diagram. L = left; R = right; a number
indicates the count of significant links related to the brain area. Both columns represent the same contrast and were assigned to the areas for visualization

purposes.

https://doi.org/10.1371/journal.pone.0319746.9002

Fig in S1 File). The analysis that regressed general task performance effect out from EPELI FC
data revealed one component with group differences in 108 nodes and 152 edges, indicating
hyperconnectivity in the ADHD group. Majority of the nodes in this component were located in
the frontal and subcortical areas (see S4 Fig, and S3 Table in S1 File).
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Fig 3. The results of the link-based analysis for FC differences between the groups during Video Viewing task.
https://doi.org/10.1371/journal.pone.0319746.9003

FC during EPELI gameplay was positively associated with Task Efficacy in the TD, but
not in the ADHD group. The network showing correlation between FC and Task Efficacy
in TD group consisted of 50 nodes and 55 edges (Fig 2, S4 Table in S1 File). Although 21 of
these nodes were overlapping with the network detected in the group comparison (see S5 Fig
in S1 File), this network clearly reflected functional synchronization between different brain
structures, as the networks shared only one common edge (between Inferior Frontal Gyrus
and Amygdala). No associations between FC during EPELI gameplay and other main EPELI
performance measures were found, nor with FC during EPELI gameplay and ADHD-RS or
CBCL scores.

Graph theory

There was a group difference in the node degree in one node located in the left inferior tem-
poral gyrus for FC obtained during EPELI task, with the ADHD group having a higher node
degree than the TD group (see S6 Fig in S1 File). There were no group differences in other
graph metrics for FC during the EPELI gameplay.

FC during Video Viewing task

NBS. For Video Viewing task, NBS analysis did not indicate any significant differences
between the groups (see S7 Fig in S1 File for FC patterns during video viewing). However,
there was a positive association between FC during Video Viewing task and Task Efficacy
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Fig 4. The FC network in Video Viewing detected by NBS that was positively associated with Task Efficacy in EPELI in the TD group. The NBS results
were obtained with the primary statistics threshold of t=4. Age and gender were included as covariates.

https://doi.org/10.1371/journal.pone.0319746.9004

score in EPELI in the TD group (Fig 4), which was not observed in the ADHD group.
Similarly, there was a negative association between CBCL and Video Viewing FC observed
only in the TD group (Fig 5). No association between FC during the Video Viewing task and
ADHD-RS scores was found.

Link-wise analysis with FDR controlled statistics revealed two connections that were
stronger in the ADHD group compared to TD group in the Video Viewing task. As shown in
Fig 3, these connections were in temporo-thalamic (between the left superior temporal gyrus
and left thalamus) and intra-temporal (the right superior temporal gyrus and right posterior
superior temporal sulcus) networks.

Graph theory

During Video Viewing there were no differences between the groups in any of the graph
metrics.

FC during the resting state

NBS. In Resting State condition, no group differences in FC were observed either with NBS
or with link-wise analysis (FC patterns during Resting State can be found in S8 Fig in S1 File).
However, there was a negative correlation between Resting State FC and questionnaire data both
for ADHD-RS and CBCL scores in the TD group (Fig 6 and 7). No association between EPELI
performance measures was found in the data collected in Resting State condition.
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Fig 5. The FC network in Video Viewing detected by NBS that was negatively associated with CBCL score in the TD group. Age and gender were
included as covariates. The primary statistic threshold in this analysis was t = 4. (A) anatomical representation, (B) alluvial diagram. L = left; R = right; a
number indicates the count of significant links related to the brain area.
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Fig 6. The network revealed by NBS method that was negatively associated with ADHD-RS in the TD group. Age and gender were included as covari-
ates. The primary statistic threshold was t = 4. (A) anatomical representation, (B) alluvial diagram. L = left; R = right; a number indicates the count of
significant links related to the brain area.
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Graph theory

There were no differences between the groups in any of the graph theoretical metrics in
Resting State condition.

Similarities between the three fMRI conditions

NBS. According to NBS analysis, there were no group differences in the connectivity
matrices averaged across the three scans. The link-wise analysis, however, detected one
connection that showed group differences regardless of the condition. This link connects the
right inferior frontal gyrus and the left superior temporal gyrus. NBS ANOVA analysis did not
indicate significant effect of Condition.

Graph theory. There were no group differences in FC patterns shared across the three
conditions based on the three-layer multiplex network analysis.

Discussion

The goal of the present study was to examine how aberrant FC in individuals with ADHD
manifests in a situation where overt symptoms are present and in two other conditions,

one lacking execution of goal-directed behavior but matching with the VR task in stimulus
contents, and the other specifically capturing intrinsic activity. Moreover, with correlations
between objective and subjective symptom measures and brain activity, we investigated how
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the measured FC patterns in these three experimental conditions are coupled with behavioral
measures. As our first preregistered hypothesis predicted, there was a significant difference in
EC patterns between the ADHD and TD groups during the VR task. Subtraction of task per-
formance effect resulted in largely overlapping pattern showing group differences in the same
networks containing various cortical and subcortical areas (especially pronounced in frontal,
occipital, parietal and striatal areas with highest nodal degree in the medioventral occipital
cortex, thalamus, inferior frontal gyrus, and superior/inferior parietal cortex), suggesting

that these areas are involved in ADHD even when the cognitive performance is considered.
Although group differences in FC at link-level were detectable also in the passive viewing
condition, they involved a much more restricted brain network compared with those high-
lighted during active execution of goal-directed behavior. These findings are consistent with
those of Fisher and colleagues [55], which showed that FC effects of ADHD are dependent on
the cognitive load. Also, the paradigm-general group differences in FC assumed to raise from
intrinsic activity were rather limited. One factor that could explain the lack of group differ-
ences in resting state data and limited paradigm-general effects, is that different symptom
domains show correlation with specific brain activity patterns [22,23,102], which could not be
separately examined in this sample.

We found partial support to the second preregistered hypothesis predicting that measur-
ing active goal-directed behavior in VR may allow more precise FC-to-symptom mapping
compared with conventional rs-fMRI analysis where intrinsic brain connectivity is being
associated with subjective symptom reports, however, the effect was observed only in the TD
group. In TD participants, FC during both active VR-gameplay as well as gameplay viewing
were correlated with behavior, but only with the performance in the naturalistic EPELI task
collected in the scanner. In both fMRI conditions Task Efficacy scores correlated with FC in
a large-scale brain network encompassing mainly frontal, temporal, limbic and striatal areas.
At the same time, Resting State FC in the TD participants was associated with parent rated
ADHD symptoms, but not with objective behavioral measures. Different topography in cou-
pling of phasic activity (VR-gameplay, gameplay viewing) and objective behavioral measures
on one side and tonic activity (Resting state) and parent ratings of the symptoms on the other
side emphasize different brain correlates underlying the observed phenomena. Altogether, the
observed results highlight the opportunities of active naturalistic tasks in studying aberrant
brain functioning in developmental disorders such as ADHD, but also provide evidence of
the possible complementary benefits for studying attention between different experimental
approaches. For understanding the similarities and differences between the tonic activations
induced by the VR-gameplay and gameplay viewing, more research is still needed.

Interestingly, the network revealed by the group comparison showed hyperconnectivity
associated with ADHD while the correlational analysis in TD participants revealed a network
where higher FC was associated with higher efficacy. Similarly, Kucyi and colleagues [103]
observed that the relationship between inattention and individual differences in FC was
reversed in the ADHD and TD groups. It is important to note that the networks revealed by
the group comparison and the correlational analysis in our study had largely different spatial
configurations, and they may hence serve different brain mechanisms. Consistent with our
findings, there are also other studies showing brain network alterations associated with atten-
tion among the typical developing population [43,104,105]. It is possible that ADHD involves
regulatory mechanisms that differ from those seen in typically developing individuals [106],
and that the relationship between FC and symptoms may not follow a simple linear pattern.

It is also noteworthy that previous studies commonly report both hyperconnectivity and
hypoconnectivity in ADHD, in distinct brain networks [18,29,107]. As FC in the TD group
was negatively associated with CBCL or ADHD-RS scores and positively associated with Task
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Efficacy, it might be considered as hypoconnectivity in relation to ADHD symptoms, in line
with previous studies [107-110]. Such FC pattern was not observed in the ADHD group,
which could be due to heterogeneity of the ADHD group that is widely considered chal-
lenge in neuroimaging of ADHD [4,5,11]. This interpretation is supported by findings that
attention-related brain network alterations similar to observed in ADHD also exist among
the TD population [43,104,105], which aligns with dimensional perspective on ADHD [106].
However, further research is needed to determine which of the two suggested interpretations
is most accurate.

Whereas numerous rs-fMRI and task-based fMRI studies with restricted tasks have exam-
ined the neural basis of ADHD [12,111], studies employing naturalistic paradigms where the
individuals actively take part into situations where their problems occur have been lacking.
The findings related to the comparison of rs-fMRI and the two ecologically relevant para-
digms in the present study clearly reveals the complementary benefits of naturalistic designs:
the clinical group displayed no differences from typically developed peers in tonic background
activity during resting state but showed clear alterations in phasic brain connectivity triggered
by the execution of goal-directed behaviors in cortico-subcortical (e.g., cortico-striatal and
cortico-limbic) and cortico-cortical (e.g., fronto-temporal) networks.

Although there were no robust differences among the three conditions, S3, S7, and S8 Figs
in S1 File illustrate clear changes in the FC patterns related to the experimental manipulation.
While we expected group differences also in the intrinsic connectivity, the limited findings
on this domain cannot be considered totally unexpected as even the most robust group
differences, such as alterations in the DMN and executive control network, are not replicable
across the datasets [112]. The striking influence of an active naturalistic task on aberrant FC

in ADHD is a novel finding. It is noteworthy, however, that several previous studies have
demonstrated in TD participants that performance of an active task, even a simple attention
test, considerably changes the FC patterns in the brain compared with resting state condition
[40-42] and such effects are also reported in ADHD [43]. Together with important findings
obtained with video viewing [57], these advancements in ecologically relevant experimental
approaches advocate for a major paradigm shift in clinical cognitive neuroscience.

The observed group differences in FC during the VR task were widely distributed across
cortico-striatal, cortico-limbic, and cortico-cortical networks, both in the direct group
comparison and in the analysis adjusted for task performance effect. While large-scale group
differences between participants with ADHD and TD controls have been observed also in
previous studies with NBS both in children [68,74] and in adults [70,113], the somewhat
unexpected finding that the network covered additional areas besides those typically activated
in tasks targeting executive control [19,114] may have important implications. Such global
changes in FC are in agreement with modern accounts describing the neural underpinnings
of ADHD ([4,13] and also logically follow from studies demonstrating the widespread nature
of attention-related modulations in the human brain. For instance, Gonzales-Castillo and col-
leagues [115] demonstrated that even a simple attention task activates over 95% of the cerebral
cortex. In this light, the current cognitive neuroscience literature highlighting the role of par-
ticular brain regions in specific attention-related processes or specific disorders of attention
may give an oversimplified picture [116]. The present findings imply that the focus should be
transferred from identifying the static functional interpretations for individual brain areas to
mapping the complex symptom patterns to phasic brain states that are dynamically influenced
by human-environment interaction [30]. We presume that the observed group differences are
related to active execution of the tasks in interaction with the environment in the VR con-
dition, and are not driven by the complexity or properties of visual input itself, as the visual
input in the VR task and Video Viewing conditions utilized in the study can be considered
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comparable (the videos were presented with the same equipment, and they illustrated sce-
narios where participants had played the same game). It is, however, important for future
research to investigate which specific characteristics of a VR paradigm are the most relevant
for provoking the differences in FC characterizing different clinical groups.

The network differentiating the ADHD and TD group involves considerable proportion
of altered connections in subcortical structures. These subcortical areas, for example, in the
striatum and limbic system play a key role in neuromodulation and have been implicated in
ADHD in various studies [4,19,117-119]. More specifically, hyperconnectivity of the subcor-
tical areas is a mechanism noted in multiple theories of ADHD, starting from “energetic” the-
ories [120] to fronto-striatal models [19], and beyond [19]. For instance, the striatal structures
such as the caudate nucleus and putamen are involved in manifestation of ADHD symptoms,
contributing to difficulty in maintaining attention, controlling impulses and reduced execu-
tive control. Amygdala and thalamus affected by norepinephrine and dopamine levels mediate
level of alertness, impulse control, and processing of emotional stimuli including reward
[4,19,121,122]. Lower dopamine level in hippocampus has been associated with ADHD symp-
toms in animal models, and linked to learning and memory difficulties [123]. In the context
of EPELI individuals with ADHD are demonstrated to perform worse in spatial navigation
[63,64], which could be linked to hippocampal function [124,125]. Overall, dysfunction of
subcortical structures has been previously associated with deficits in affective and cognitive
components of executive control that are widely recognized as clinically relevant problems in
ADHD [4,11]. The complex interplay between subcortical nuclei (e.g., amygdala, thalamus,
striatum) and various cortical regions (frontal, temporal, parietal, and occipital areas) associ-
ated with reward processing pathways, executive control processes and the alertness network
[4,19] underscores the complexity of neurobiological basis of ADHD, highlighting the need
for a comprehensive understanding of interaction of large-scale brain networks.

The group differences in FC during the video viewing were restricted to the temporal lobe
networks along with a temporo-thalamic link. These temporal regions are overlapping with
those observed in the previous video viewing study in participants with ADHD [53]. These
higher-level temporal areas are considered as convergence zones supporting, for instance,
parsing higher-level semantic representations [126] and integrating information from differ-
ent modalities [127]. It is noteworthy, however, that the videos used in the present study were
not built specifically for detecting ADHD symptoms [57], but rather selected based on stim-
ulus information that is comparable to the VR task. Hence, we do not expect that the present
findings bring out the best in various opportunities of using dynamic audiovisual stimuli with
rich contents in ADHD research [53]. Nevertheless, our findings support that clearly the task
requiring active execution of goal-directed behaviors elicits more widespread FC differences
than a comparable passive task.

The group differences in EPELI performance and the associations between inter-
individual task performance and parent-rated symptom severity were largely consistent
with previous behavioral studies [63,64], corroborating the applicability of this task for
objective quantification of the symptoms in parallel with acquisition of functional imaging
data. Task Efficacy, reflecting executive control and calculated as proportion of relevant
actions out of all actions performed by the participant, was associated with connectivity
strength in large scale networks where frontal, temporal, and subcortical areas were high-
lighted. In FC extracted when participants played EPELI, association with the measure
reflecting the amount of irrelevant actions per successfully performed task was observed
mostly in the connections between temporal and subcortical regions (amygdala and
thalamus), as well as frontal regions, which might be indicative of active cognitive control
and efficient integration of sensory and emotional information necessary for high task
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performance. At the same time, during Video Viewing bigger connected component with
highest links in frontal areas was associated with the same EPELI measure (Task Efficacy),
this could reflect low-effort engagement with the content of the videos for the participants
with higher performance in the EPELI task. These differences in FC-to-symptom correla-
tions between EPELI and Video Viewing could either reflect distinct task demands or just
different associations with the performance. In both cases, those participants that were less
effective in focusing on the relevant actions in the gameplay showed stronger FC. Because
this association was not observed in tonic background activity, as higher FC was associated
with lower symptoms, we assume that task-related hypoconnectivity during EPELI and
Video Viewing could be related to inefficient brain network functioning, with insufficient
allocation of the resources or insufficient synchronization of the brain areas. CBCL, in turn,
was negatively associated with FC in Video Viewing and Resting State in TD group, but not
in EPELI, which could indicate that EPELI is specifically evoking brain activity characteriz-
ing attention regulation, but not sensitive to more general indicators of mental health risks.
Specific brain-behavior links is the potential added value of the novel precision phenotyping
task as compared to conventional parent-ratings. Subjective symptom screeners are known
to have various limitations (e.g., limited test-retest reliability, moderate consistency between
several responders, and high subjective bias [128]) risking the reliability of the observations.
While the correlational analysis was more sensitive in capturing the neural mechanisms

of typical attention functioning, among the paradigms tested, EPELI showed the greatest
potential to evoke FC patterns that distinguish ADHD from TD. Together, these findings
highlight EPELT’s potential for objective phenotyping, that could help in improving the reli-
ability of the diagnostics [128] and in research support the initiatives for bridging the gap
between phenotypes and biotypes in psychiatry [129-131].

Limitations

Although the main results were largely consistent with our preregistered hypotheses, repro-
duction of the results in a bigger sample would be needed. The modest sample size might not
provide enough statistical power to detect smaller effects that potentially could be present,
for instance, in Resting State condition. Limited sample size might particularly affect com-
parisons between the conditions and analysis of task-general effects, where the participants
are required to have intact data in all three conditions to be included in the analysis. That is,
for this analysis, motion level needs to pass the criteria in all three conditions, which further
reduced the number of participants that could be included. Even though our participant
motion was at conventional and generally accepted level, the role of data quality and potential
movement artefacts possibly contributing to the findings should be further examined in a
larger study, as spurious motion artefacts could risk especially studies in children with hyper-
active behaviors [132]. Together with limited sample size, high heterogeneity across ADHD
participants, reflected in variability of the symptoms across the two core domains (inattention
and impulsivity/hyperactivity), possible cultural and linguistic effects, previous medication
use, and variability in the developmental trajectories could obscure association between FC
and behavior in the ADHD group.

In the present study, we focused on NBS-framework and graph theory measures to keep
the analyses coherent. However, a more elaborated analysis examining the paradigm-general
effects is needed for exploring the possible effects that may not be captured by the present
analyses. For example, the methods proposed by Cole and colleagues [84] allow to examine
multitask FC and investigate specific architectural differences between intrinsic connectivity
and task-specific connectivity. Implementing such or similar analysis would allow for a more
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comprehensive understanding of the FC patterns shared across different conditions. The
selected brain parcellation, here the Brainnetome template [95], may also affect the result and
therefore future studies could compare different brain parcellations to investigate the robust-
ness of the findings. In addition, besides brain areas examined here there are other areas pro-
posed to contribute to ADHD such as the brainstem [16,17], which should be acknowledged
more carefully in future studies.

In administering the resting-state sequence last, there is a potential risk of carryover effects
from task-related brain activity impacting the resting state connectivity measures. Although
differences between pre- and post-task resting state FC have been demonstrated before in
some specific conditions [133], the connectivity patterns of the pre- and post-task resting state
scans are shown to be widely similar as both rely on intrinsic processes explaining majority
of the signal changes [134]. Nonetheless, the fixed order of acquisition selected in the study
may confound interpretations of resting-state FC, a considerably larger study with counter-
balanced scan order would certainly be warranted.

Finally, further research is needed to explore how task demands affect FC patterns. Con-
sideration of other VR tasks besides EPELI to cross-validate the relationship between ADHD
symptoms and different naturalistic and non-naturalistic task types would be beneficial.

Conclusions

This study demonstrates the opportunities of a novel VR-fMRI approach employing precision
phenotyping and functional connectomics in studying brain functioning in developmental
disorders. Using VR to emulate situations where the problems are manifested and simultane-
ously recording the ongoing brain activity, we revealed a widely distributed hyperconnectivity
pattern involving especially subcortical areas that characterized children with ADHD. More-
over, we established an association between FC and objectively quantified clinical marker

of ADHD in same participants that did not show brain-behavior associations between FC

and conventional symptom screeners. Overall, our findings indicate importance of a deeper
understanding of the coupling between dynamic brain states and behavioral states in ADHD
and paying attention to ecological validity in future research. Such insight could help in build-
ing biologically-relevant psychiatric conceptualizations [129-131] and facilitate the develop-
ment of precision tools for diagnostics.

Supporting information

S1 File. S1 Appendix. Supplementary materials and methods.S1 Table. NBS EPELI
FC group differences, edges. The full list of edges included in the connected compo-
nent which differed between the groups in EPELI task as indicated by NBS (Zalesky

et al,, 2010). The areas and lobes were defined based on Brainnetome Atlas (Jiang et

al., 2013).S2 Table. NBS EPELI FC group differences, nodes. All nodes in the con-
nected component, which was significantly different between the ADHD and TD group
during EPELL The nodes’ coordinates are given based on Brainnetome Atlas (Jiang et
al., 2013).S3 Table. NBS EPELI FC adjusted for task performance. The nodes with the
highest number of significant connections in the network detected by the NBS analysis of
EPELI FC adjusted for task performance, in the group comparison ADHD> TD group.
Nodes with nodal degree > 5 are shown in the table.S4 Table. Task Efficacy measure
and EPELI FC in the TD group. Nodal degree and location of the nodes in the network
detected by the NBS analysis of correlation between EPELI Task Efficacy measure and
EPELI FC in the TD group. All nodes are included in the table.S5 Table. Task Efficacy
measure and Video Viewing FC in the TD group. Nodal degree and location of the

PLOS ONE | https://doi.org/10.1371/journal.pone.0319746 March 18, 2025 19/27



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0319746.s001

PLOS ONE

Real-world goal-directed behavior reveals aberrant functional brain connectivity in children with ADHD

nodes in the network detected by the NBS analysis of correlation between EPELI Task
Efficacy measure and Video Viewing FC in the TD group. All nodes are included in the
table.S1 Fig. The EPELI FC network associated with Task Efficacy in EPELI game in
the TD. The NBS results were obtained with the primary statistic threshold of 3.5. Age
and gender were included as covariates. The same analysis conducted with the threshold
4.0 is reported in the main text. There were no significant correlations observed with

the threshold 4.5.S2 Fig. The Video Viewing FC network associated with Task Efficacy
in the EPELI game in the TD group. The NBS results were obtained with the primary
statistic threshold of 3.5. Age and gender were included as covariates. For the results
with threshold 4.0 see S6 Fig in S1 File. There were no significant correlations observed
with the threshold 4.5.83 Fig. Strongest FCs observed during the EPELI task. First,

the average FC matrix for each group and their difference were calculated. The resulted
matrices were thresholded to represent 0.1%, 0.3% and 0.6% strongest connections
respectively.S4 Fig. The network showing stronger FC in the ADHD group than in the
TD group during EPELI gameplay after correcting for general task performance effect.
No differences were observed in the opposite direction. The primary statistic threshold

t = 3.5. (same as in other group comparison analyses reported in the paper). (A) ana-
tomical representation, (B) alluvial diagram. L = left; R = right; a number indicates the
count of significant links related to the area.S5 Fig. The common nodes between the
network indicated in NBS group comparison and the network indicated in correla-
tional analysis of EPELI FC and Task Efficacy in the TD group.S6 Fig. The difference
between FC in the ADHD and TD group in nodal degree during EPELI.S7 Fig. Stron-
gest FCs observed during Video Viewing. First, the average FC matrix for each group
and their difference were calculated. The resulted matrices were thresholded to represent
0.1%, 0.3% and 0.6% strongest connections respectively.S8 Fig. Strongest FCs observed
during Resting State. First, the average FC matrix for each group and their difference
were calculated. The resulted matrices were thresholded to represent 0.1%, 0.3% and 0.6%
strongest connections respectively.

(Z1P)

Acknowledgements

We want to thank all participants and their families, research assistants helping to collect data,
and Aalto Science-IT for providing computational resources, and technical support.

Author contributions

Data curation: Liya Merzon, Sofia Tauriainen, Mikhail Kantonistov.

Formal analysis: Liya Merzon, Sofia Tauriainen, Mikhail Kantonistov.

Funding acquisition: Liya Merzon, Sofia Tauriainen, Juha Salmi.

Investigation: Liya Merzon, Sofia Tauriainen.

Methodology: Liya Merzon, Ana Triana, Tarmo Nurmi, Emiliano Macaluso.
Resources: Hanna Huhdanpad, Minna Mannerkoski, Eeva T. Aronen, Juha Salmi.
Software: Liya Merzon, Ana Triana, Tarmo Nurmi.

Supervision: Linda Henriksson, Juha Salmi.

Validation: Liya Merzon, Ana Triana, Tarmo Nurmi, Hanna Huhdanpié, Minna
Mannerkoski, Eeva T. Aronen, Linda Henriksson, Emiliano Macaluso, Juha Salmi.

Visualization: Liya Merzon.

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0319746 March 18, 2025 20/27




PLOS ONE

Real-world goal-directed behavior reveals aberrant functional brain connectivity in children with ADHD

Writing - original draft: Liya Merzon.

Writing - review & editing: Liya Merzon, Ana Triana, Hanna Huhdanpai, Minna

Mannerkoski, Eeva T. Aronen, Linda Henriksson, Emiliano Macaluso, Juha Salmi.

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

Willcutt EG. The prevalence of DSM-IV attention-deficit/hyperactivity disorder: a meta-analytic review.
Neurotherapeutics. 2012;9(3):490-9. https://doi.org/10.1007/s13311-012-0135-8 PMID: 22976615

Polanczyk GV, Willcutt EG, Salum GA, Kieling C, Rohde LA. ADHD prevalence estimates across
three decades: an updated systematic review and meta-regression analysis. Int J Epidemiol.
2014;43(2):434—-42. hitps://doi.org/10.1093/ije/dyt261 PMID: 24464188

Sayal K, Prasad V, Daley D, Ford T, Coghill D. ADHD in children and young people: prevalence,
care pathways, and service provision. Lancet Psychiatry. 2018;5(2):175-86. https://doi.org/10.1016/
S22150366(17)30167-0

Faraone SV, Asherson P, Banaschewski T, Biederman J, Buitelaar JK, Ramos-Quiroga JA, et al.
Attention-deficit/hyperactivity disorder. Nat Rev Dis Primers. 2015;1:15020. https://doi.org/10.1038/
nrdp.2015.20 PMID: 27189265

Wolfers T, Beckmann CF, Hoogman M, Buitelaar JK, Franke B, Marquand AF. Individual differences
v. the average patient: mapping the heterogeneity in ADHD using normative models. Psychol Med.
2020;50(2):314-28. https://doi.org/10.1017/S0033291719000084 PMID: 30782224

American Psychiatric Association. Diagnostic and statistical manual of mental disorders (5th ed., text
rev.). 2022. Available from: https://doi.org/10.1176/appi.books.9780890425787

World Health Organization. ICD-11: International classification of diseases (11th revision). 2022.

Tarver J, Daley D, Sayal K. Attention-deficit hyperactivity disorder (ADHD): an updated review of the essen-
tial facts. Child Care Health Dev. 2014;40(6):762—74. https://doi.org/10.1111/cch.12139 PMID: 24725022

Faraone SV, Banaschewski T, Coghill D, Zheng Y, Biederman J, Bellgrove MA, et al. The World
Federation of ADHD International Consensus Statement: 208 Evidence-based conclusions about the
disorder. Neurosci Biobehav Rev. 2021;128:789-818. hitps://doi.org/10.1016/j.neubiorev.2021.01.022
PMID: 33549739

Konrad K, Eickhoff SB. Is the ADHD brain wired differently? A review on structural and functional
connectivity in attention deficit hyperactivity disorder. Hum Brain Mapp. 2010;31(6):904—16. https://doi.
0rg/10.1002/hbm.21058 PMID: 20496381

Sonuga-Barke EJS, Becker SP, Bélte S, Castellanos FX, Franke B, Newcorn JH, et al. Annual
Research Review: Perspectives on progress in ADHD science - from characterization to cause. J
Child Psychol Psychiatry. 2023;64(4):506—32. https://doi.org/10.1111/jcpp.13696 PMID: 36220605

Cortese S, Aoki YY, Itahashi T, Castellanos FX, Eickhoff SB. Systematic Review and Meta-analysis:
Resting-State Functional Magnetic Resonance Imaging Studies of Attention-Deficit/Hyperactiv-

ity Disorder. J Am Acad Child Adolesc Psychiatry. 2021;60(1):61-75. https://doi.org/10.1016/j.
jaac.2020.08.014 PMID: 32946973

Pereira-Sanchez V, Castellanos FX. Neuroimaging in attention-deficit/hyperactivity disorder. Curr Opin
Psychiatry. 2021;34(2):105—11. https://doi.org/10.1097/YC0O.0000000000000669 PMID: 33278156

Botvinik-Nezer R, Holzmeister F, Camerer CF, Dreber A, Huber J, Johannesson M, et al. Variability in
the analysis of a single neuroimaging dataset by many teams. Nature. 2020;582(7810):84—8. https://
doi.org/10.1038/s41586-020-2314-9 PMID: 32483374

Albajara Saenz A, Villemonteix T, Massat |. Structural and functional neuroimaging in attention-deficit/
hyperactivity disorder. Dev Med Child Neurol. 2019;61(4):399-405. https://doi.org/10.1111/dmcn.14050
PMID: 30276811

Johnston BA, Mwangi B, Matthews K, Coghill D, Konrad K, Steele JD. Brainstem abnormalities in
attention deficit hyperactivity disorder support high accuracy individual diagnostic classification. Hum
Brain Mapp. 2014;35(10):5179-89. https://doi.org/10.1002/hbm.22542 PMID: 24819333

Aydin AG, Adigtizel E. Morphological features of the ventral tegmental area: a brainstem structure
related to attention deficit hyperactivity disorder. Anatomy. 2019;13(1):66-70.

Gao 'Y, Shuai D, Bu X, Hu X, Tang S, Zhang L, et al. Impairments of large-scale functional networks in
attention-deficit/hyperactivity disorder: a meta-analysis of resting-state functional connectivity. Psychol
Med. 2019;49(15):2475-85. https://doi.org/10.1017/S003329171900237X PMID: 31500674

PLOS ONE | https://doi.org/10.1371/journal.pone.0319746 March 18, 2025 21/27



https://doi.org/10.1007/s13311-012-0135-8
http://www.ncbi.nlm.nih.gov/pubmed/22976615
https://doi.org/10.1093/ije/dyt261
http://www.ncbi.nlm.nih.gov/pubmed/24464188
https://doi.org/10.1016/S22150366(17)30167-0
https://doi.org/10.1016/S22150366(17)30167-0
https://doi.org/10.1038/nrdp.2015.20
https://doi.org/10.1038/nrdp.2015.20
http://www.ncbi.nlm.nih.gov/pubmed/27189265
https://doi.org/10.1017/S0033291719000084
http://www.ncbi.nlm.nih.gov/pubmed/30782224
https://doi.org/10.1176/appi.books.9780890425787
https://doi.org/10.1111/cch.12139
http://www.ncbi.nlm.nih.gov/pubmed/24725022
https://doi.org/10.1016/j.neubiorev.2021.01.022
http://www.ncbi.nlm.nih.gov/pubmed/33549739
https://doi.org/10.1002/hbm.21058
https://doi.org/10.1002/hbm.21058
http://www.ncbi.nlm.nih.gov/pubmed/20496381
https://doi.org/10.1111/jcpp.13696
http://www.ncbi.nlm.nih.gov/pubmed/36220605
https://doi.org/10.1016/j.jaac.2020.08.014
https://doi.org/10.1016/j.jaac.2020.08.014
http://www.ncbi.nlm.nih.gov/pubmed/32946973
https://doi.org/10.1097/YCO.0000000000000669
http://www.ncbi.nlm.nih.gov/pubmed/33278156
https://doi.org/10.1038/s41586-020-2314-9
https://doi.org/10.1038/s41586-020-2314-9
http://www.ncbi.nlm.nih.gov/pubmed/32483374
https://doi.org/10.1111/dmcn.14050
http://www.ncbi.nlm.nih.gov/pubmed/30276811
https://doi.org/10.1002/hbm.22542
http://www.ncbi.nlm.nih.gov/pubmed/24819333
https://doi.org/10.1017/S003329171900237X
http://www.ncbi.nlm.nih.gov/pubmed/31500674

PLOS ONE

Real-world goal-directed behavior reveals aberrant functional brain connectivity in children with ADHD

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37

Castellanos FX, Proal E. Large-scale brain systems in ADHD: beyond the prefrontal-striatal model.
Trends Cogn Sci. 2012;16(1):17—26. hitps://doi.org/10.1016/j.tics.2011.11.007 PMID: 22169776

Samea F, Soluki S, Nejati V, Zarei M, Cortese S, Eickhoff S, et al. Brain alterations in children/
adolescents with ADHD revisited: A neuroimaging meta-analysis of 96 structural and functional
studies. Neuroscience and biobehavioral reviews. 2019;100(1):1-20. https://doi.org/10.1016/j.
neubiorev.2019.03.001

Liu N, Liu Q, Yang Z, Xu J, Fu G, Zhou Y, et al. Different functional alteration in attention-deficit/hyper-
activity disorder across developmental age groups: A meta-analysis and an independent validation
of resting-state functional connectivity studies. CNS Neurosci Ther. 2023;29(1):60-9. https://doi.
org/10.1111/cns.14032 PMID: 36468409

Diamond A. Attention-deficit disorder (attention-deficit/ hyperactivity disorder without hyperactivity): a
neurobiologically and behaviorally distinct disorder from attention-deficit/hyperactivity disorder (with
hyperactivity). Dev Psychopathol. 2005;17(3):807-25. https://doi.org/10.1017/S0954579405050388
PMID: 16262993

Saad JF, Griffiths KR, Korgaonkar MS. A Systematic Review of Imaging Studies in the Combined and
Inattentive Subtypes of Attention Deficit Hyperactivity Disorder. Front Integr Neurosci. 2020;14:31.
https://doi.org/10.3389/fnint.2020.00031 PMID: 32670028

Raichle ME. Two views of brain function. Trends Cogn Sci. 2010;14(4):180-90. https://doi.
org/10.1016/j.tics.2010.01.008 PMID: 20206576

Tavor |, Parker Jones O, Mars RB, Smith SM, Behrens TE, Jbabdi S. Task-free MRI predicts individual
differences in brain activity during task performance. Science. 2016;352(6282):216—20. https://doi.
org/10.1126/science.aad8127 PMID: 27124457

Mostert JC, Shumskaya E, Mennes M, Onnink AMH, Hoogman M, Kan CC, et al. Characterising
resting-state functional connectivity in a large sample of adults with ADHD. Prog Neuropsychophar-
macol Biol Psychiatry. 2016;67:82—91. https://doi.org/10.1016/j.pnpbp.2016.01.011 PMID: 26825495

Choi J, Jeong B, Lee SW, Go H-J. Aberrant development of functional connectivity among resting
state-related functional networks in medication-naive ADHD children. PLoS One. 2013;8(12):e83516.
https://doi.org/10.1371/journal.pone.0083516 PMID: 24386219

Hulvershorn LA, Mennes M, Castellanos FX, Di Martino A, Milham MP, Hummer TA, et al. Abnor-
mal amygdala functional connectivity associated with emotional lability in children with attention-
deficit/hyperactivity disorder. J Am Acad Child Adolesc Psychiatry. 2014;53(3):351-61.e1. https://doi.
org/10.1016/j.jaac.2013.11.012 PMID: 24565362

Bos DJ, Oranje B, Achterberg M, Vlaskamp C, Ambrosino S, de Reus MA, et al. Structural and func-
tional connectivity in children and adolescents with and without attention deficit/hyperactivity disorder.
J Child Psychol Psychiatry. 2017;58(7):810-8. https://doi.org/10.1111/jcpp.12712 PMID: 28295280

Finn ES. Is it time to put rest to rest?. Trends Cogn Sci. 2021;25(12):1021-32. https://doi.org/10.1016/.
tics.2021.09.005 PMID: 34625348

Tuominen J, Specht K, Vaisvilaite L, Zeidman P. An information-theoretic analysis of resting-state
versus task fMRI. Network Neuroscience. 2023;Volume Number(lssue Number):1-39. https://doi.org/
DOlorotheridentifier

Vanderwal T, Eilbott J, Castellanos FX. Movies in the magnet: Naturalistic paradigms in develop-
mental functional neuroimaging. Dev Cogn Neurosci. 2019;36:100600. https://doi.org/10.1016/].
dcn.2018.10.004 PMID: 30551970

Finn ES, Bandettini PA. Movie-watching outperforms rest for functional connectivity-based prediction
of behavior. Neuroimage. 2021;235:117963. https://doi.org/10.1016/j.neuroimage.2021.117963 PMID:
33813007

Hasson U, Nastase SA, Goldstein A. Direct Fit to Nature: An Evolutionary Perspective on Biolog-
ical and Artificial Neural Networks. Neuron. 2020;105(3):416—34. https://doi.org/10.1016/j.neu-
ron.2019.12.002 PMID: 32027833

Nastase SA, Goldstein A, Hasson U. Keep it real: rethinking the primacy of experimental con-

trol in cognitive neuroscience. Neuroimage. 2020;222:117254. https://doi.org/10.1016/j.neuroim-
age.2020.117254 PMID: 32800992

Hasson U, Malach R, Heeger DJ. Reliability of cortical activity during natural stimulation. Trends Cogn
Sci. 2010;14(1):40-8. https://doi.org/10.1016/j.tics.2009.10.011 PMID: 20004608

Sonkusare S, Breakspear M, Guo C. Naturalistic Stimuli in Neuroscience: Critically Acclaimed. Trends
Cogn Sci. 2019;23(8):699-714. https://doi.org/10.1016/}.tics.2019.05.004 PMID: 31257145

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0319746 March 18, 2025 22/27



https://doi.org/10.1016/j.tics.2011.11.007
http://www.ncbi.nlm.nih.gov/pubmed/22169776
https://doi.org/10.1016/j.neubiorev.2019.03.001
https://doi.org/10.1016/j.neubiorev.2019.03.001
https://doi.org/10.1111/cns.14032
https://doi.org/10.1111/cns.14032
http://www.ncbi.nlm.nih.gov/pubmed/36468409
https://doi.org/10.1017/S0954579405050388
http://www.ncbi.nlm.nih.gov/pubmed/16262993
https://doi.org/10.3389/fnint.2020.00031
http://www.ncbi.nlm.nih.gov/pubmed/32670028
https://doi.org/10.1016/j.tics.2010.01.008
https://doi.org/10.1016/j.tics.2010.01.008
http://www.ncbi.nlm.nih.gov/pubmed/20206576
https://doi.org/10.1126/science.aad8127
https://doi.org/10.1126/science.aad8127
http://www.ncbi.nlm.nih.gov/pubmed/27124457
https://doi.org/10.1016/j.pnpbp.2016.01.011
http://www.ncbi.nlm.nih.gov/pubmed/26825495
https://doi.org/10.1371/journal.pone.0083516
http://www.ncbi.nlm.nih.gov/pubmed/24386219
https://doi.org/10.1016/j.jaac.2013.11.012
https://doi.org/10.1016/j.jaac.2013.11.012
http://www.ncbi.nlm.nih.gov/pubmed/24565362
https://doi.org/10.1111/jcpp.12712
http://www.ncbi.nlm.nih.gov/pubmed/28295280
https://doi.org/10.1016/j.tics.2021.09.005
https://doi.org/10.1016/j.tics.2021.09.005
http://www.ncbi.nlm.nih.gov/pubmed/34625348
https://doi.org/DOIorotheridentifier
https://doi.org/DOIorotheridentifier
https://doi.org/10.1016/j.dcn.2018.10.004
https://doi.org/10.1016/j.dcn.2018.10.004
http://www.ncbi.nlm.nih.gov/pubmed/30551970
https://doi.org/10.1016/j.neuroimage.2021.117963
http://www.ncbi.nlm.nih.gov/pubmed/33813007
https://doi.org/10.1016/j.neuron.2019.12.002
https://doi.org/10.1016/j.neuron.2019.12.002
http://www.ncbi.nlm.nih.gov/pubmed/32027833
https://doi.org/10.1016/j.neuroimage.2020.117254
https://doi.org/10.1016/j.neuroimage.2020.117254
http://www.ncbi.nlm.nih.gov/pubmed/32800992
https://doi.org/10.1016/j.tics.2009.10.011
http://www.ncbi.nlm.nih.gov/pubmed/20004608
https://doi.org/10.1016/j.tics.2019.05.004
http://www.ncbi.nlm.nih.gov/pubmed/31257145

PLOS ONE

Real-world goal-directed behavior reveals aberrant functional brain connectivity in children with ADHD

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Kringelbach ML, Perl YS, Tagliazucchi E, Deco G. Toward naturalistic neuroscience: Mechanisms
underlying the flattening of brain hierarchy in movie-watching compared to rest and task. Sci Adv.
2023;9(2):eade6049. https://doi.org/10.1126/sciadv.ade6049 PMID: 36638163

Kroéll J-P, Friedrich P, Li X, Patil KR, Mochalski L, Waite L, et al. Naturalistic viewing increases
individual identifiability based on connectivity within functional brain networks. Neuroimage.
2023;273:120083. https://doi.org/10.1016/j.neuroimage.2023.120083 PMID: 37015270

Mennes M, Kelly C, Colcombe S, Castellanos FX, Milham MP. The extrinsic and intrinsic functional
architectures of the human brain are not equivalent. Cereb Cortex. 2013;23(1):223-9. https://doi.
org/10.1093/cercor/bhs010 PMID: 22298730

Spadone S, Della Penna S, Sestieri C, Betti V, Tosoni A, Perrucci MG, et al. Dynamic reorgani-
zation of human resting-state networks during visuospatial attention. Proc Natl Acad Sci U S A.
2015;112(26):8112-7. https://doi.org/10.1073/pnas. 1415439112 PMID: 26080395

Meehan TP, Bressler SL, Tang W, Astafiev SV, Sylvester CM, Shulman GL, et al. Top-down cortical
interactions in visuospatial attention. Brain Struct Funct. 2017;222(7):3127-45. https://doi.org/10.1007/
s00429-017-1390-6 PMID: 28321551

Chauvin RJ, Buitelaar JK, Sprooten E, Oldehinkel M, Franke B, Hartman C, et al. Task-generic and
task-specific connectivity modulations in the ADHD brain: an integrated analysis across multiple
tasks. Transl Psychiatry. 2021;11(1):159. https://doi.org/10.1038/s41398-021-01284-z PMID: 33750765

Guo CC, Nguyen VT, Hyett MP, Parker GB, Breakspear MJ. Out-of-sync: disrupted neural activity in
emotional circuitry during film viewing in melancholic depression. Sci Rep. 2015;5:11605. https://doi.
org/10.1038/srep11605 PMID: 26112251

Hyett MP, Parker GB, Guo CC, Zalesky A, Nguyen VT, Yuen T, et al. Scene unseen: Disrupted neuro-
nal adaptation in melancholia during emotional film viewing. Neuroimage Clin. 2015;9:660-7. https://
doi.org/10.1016/j.nicl.2015.10.011 PMID: 26740919

Rikandi E, Pamilo S, Mantyla T, Suvisaari J, Kieseppa T, Hari R, et al. Precuneus functioning differ-
entiates first-episode psychosis patients during the fantasy movie Alice in Wonderland. Psychol Med.
2017;47(3):495-506. hitps://doi.org/10.1017/S0033291716002609 PMID: 27776563

Mantyla T, Nummenmaa L, Rikandi E, Lindgren M, Kieseppa T, Hari R, et al. Aberrant Cortical
Integration in First-Episode Psychosis During Natural Audiovisual Processing. Biol Psychiatry.
2018;84(9):655—-64. https://doi.org/10.1016/j.biopsych.2018.04.014 PMID: 29885763

Salmi J, Roine U, Glerean E, Lahnakoski J, Nieminen-von Wendt T, Tani P. et al. The brains of high
functioning autistic individuals do not synchronize with those of others. Neurolmage: Clinical. 2013; 3:
489-497.

Byrge L, Dubois J, Tyszka JM, Adolphs R, Kennedy DP. Idiosyncratic brain activation patterns are
associated with poor social comprehension in autism. J Neurosci. 2015;35(14):5837-50. https://doi.
org/10.1523/JNEUROSCI.5182-14.2015 PMID: 25855192

Glerean E, Pan RK, Salmi J, Kujala R, Lahnakoski JM, Roine U, et al. Reorganization of functionally
connected brain subnetworks in high-functioning autism. Hum Brain Mapp. 2016;37(3):1066—79.
https://doi.org/10.1002/hbm.23084 PMID: 26686668

Bolton TAW, Jochaut D, Giraud A-L, Van De Ville D. Brain dynamics in ASD during movie-watching
show idiosyncratic functional integration and segregation. Hum Brain Mapp. 2018;39(6):2391-404.
https://doi.org/10.1002/hbm.24009 PMID: 29504186

Tang C, Huang Z, Zhou S, Wang Q, Yi F, Nie J. Movie-watching fMRI reveals inter-subject synchrony
alteration in functional brain activity in ADHD. In Graph Learning in Medical Imaging: First Interna-
tional Workshop, Proceedings 1. Springer International Publishing; 2019. p. 104-111.

Salmi J, Metwaly M, Tohka J, Alho K, Leppamaéki S, Tani P, et al. ADHD desynchronizes brain activity
during watching a distracted multi-talker conversation. Neuroimage. 2020;216:116352. https://doi.
org/10.1016/j.neuroimage.2019.116352 PMID: 31730921

Tansey R, Graff K, Rohr CS, Dimond D, Ip A, Dewey D, et al. Inattentive and hyperactive traits dif-
ferentially associate with interindividual functional synchrony during video viewing in young children
without ADHD. Cereb Cortex Commun. 2022;3(1):tgac011. https://doi.org/10.1093/texcom/tgac011
PMID: 35291396

Fisher JT, Hopp FR, Weber R. Cognitive and perceptual load have opposing effects on brain net-
work efficiency and behavioral variability in ADHD. Netw Neurosci. 2023;7(4):1483-96. https://doi.
org/10.1162/netn_a_00336 PMID: 38144687

Pho B, Stevenson RA, Saljoughi S, Mohsenzadeh Y, Stojanoski B. Identifying developmental changes
in functional brain connectivity associated with cognitive functioning in children and adolescents

PLOS ONE | https://doi.org/10.1371/journal.pone.0319746 March 18, 2025 23/27



https://doi.org/10.1126/sciadv.ade6049
http://www.ncbi.nlm.nih.gov/pubmed/36638163
https://doi.org/10.1016/j.neuroimage.2023.120083
http://www.ncbi.nlm.nih.gov/pubmed/37015270
https://doi.org/10.1093/cercor/bhs010
https://doi.org/10.1093/cercor/bhs010
http://www.ncbi.nlm.nih.gov/pubmed/22298730
https://doi.org/10.1073/pnas.1415439112
http://www.ncbi.nlm.nih.gov/pubmed/26080395
https://doi.org/10.1007/s00429-017-1390-6
https://doi.org/10.1007/s00429-017-1390-6
http://www.ncbi.nlm.nih.gov/pubmed/28321551
https://doi.org/10.1038/s41398-021-01284-z
http://www.ncbi.nlm.nih.gov/pubmed/33750765
https://doi.org/10.1038/srep11605
https://doi.org/10.1038/srep11605
http://www.ncbi.nlm.nih.gov/pubmed/26112251
https://doi.org/10.1016/j.nicl.2015.10.011
https://doi.org/10.1016/j.nicl.2015.10.011
http://www.ncbi.nlm.nih.gov/pubmed/26740919
https://doi.org/10.1017/S0033291716002609
http://www.ncbi.nlm.nih.gov/pubmed/27776563
https://doi.org/10.1016/j.biopsych.2018.04.014
http://www.ncbi.nlm.nih.gov/pubmed/29885763
https://doi.org/10.1523/JNEUROSCI.5182-14.2015
https://doi.org/10.1523/JNEUROSCI.5182-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25855192
https://doi.org/10.1002/hbm.23084
http://www.ncbi.nlm.nih.gov/pubmed/26686668
https://doi.org/10.1002/hbm.24009
http://www.ncbi.nlm.nih.gov/pubmed/29504186
https://doi.org/10.1016/j.neuroimage.2019.116352
https://doi.org/10.1016/j.neuroimage.2019.116352
http://www.ncbi.nlm.nih.gov/pubmed/31730921
https://doi.org/10.1093/texcom/tgac011
http://www.ncbi.nlm.nih.gov/pubmed/35291396
https://doi.org/10.1162/netn_a_00336
https://doi.org/10.1162/netn_a_00336
http://www.ncbi.nlm.nih.gov/pubmed/38144687

PLOS ONE

Real-world goal-directed behavior reveals aberrant functional brain connectivity in children with ADHD

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

with ADHD. Dev Cogn Neurosci. 2024;69:101439. https://doi.org/10.1016/j.dcn.2024.101439 PMID:
39182418

Eickhoff SB, Milham M, Vanderwal T. Towards clinical applications of movie fMRI. Neuroimage.
2020;217:116860. https://doi.org/10.1016/j.neuroimage.2020.116860 PMID: 32376301

Elliott ML, Knodt AR, Hariri AR. Striving toward translation: strategies for reliable fMRI measurement.
Trends Cogn Sci. 2021;25(9):776-87. hitps://doi.org/10.1016/j.tics.2021.05.008 PMID: 34134933

Macaluso E. Functional imaging of visuospatial attention in complex and naturalistic conditions. Pro-
cesses of visuospatial attention and working memory. 2019279-302.

Seesjarvi E, Laine M, Kasteenpohja K, Salmi J. Assessing goal-directed behavior in virtual reality with
the neuropsychological task EPELI: children prefer head-mounted display but flat screen provides a
viable performance measure for remote testing. Front Virtual Real. 2023;4. https://doi.org/10.3389/
frvir.2023.1138240

Jylkka J, Ritakallio L, Merzon L, Kangas S, Kliegel M, Zuber S, et al. Assessment of goal-directed
behavior with the 3D videogame EPELI: Psychometric features in a web-based adult sample. PLoS
One. 2023;18(3):e0280717. https://doi.org/10.1371/journal.pone.0280717 PMID: 36943848

Seesjarvi E, Puhakka J, Aronen ET, Hering A, Zuber S, Merzon L, et al. EPELI: a novel virtual reality
task for the assessment of goal-directed behavior in real-life contexts. Psychol Res. 2023;87(6):1899—
916. https://doi.org/10.1007/s00426-022-01770-z PMID: 36418557

Seesjarvi E, Puhakka J, Aronen ET, Lipsanen J, Mannerkoski M, Hering A, et al. Quantifying ADHD
Symptoms in Open-Ended Everyday Life Contexts With a New Virtual Reality Task. J Atten Disord.
2022;26(11):1394—411. hitps://doi.org/10.1177/10870547211044214 PMID: 34865551

Merzon L, Pettersson K, Aronen ET, Huhdanpaa H, Seesjarvi E, Henriksson L, et al. Eye movement
behavior in a real-world virtual reality task reveals ADHD in children. Sci Rep. 2022;12(1):20308.
https://doi.org/10.1038/s41598-022-24552-4 PMID: 36434040

Jylkka J, Ritakallio L, Merzon L, Kangas S, Kliegel M, Zuber S, et al. Assessment of goal-directed
behavior and prospective memory in adult ADHD with an online 3D videogame simulating everyday
tasks. Sci Rep. 2023;13(1):9299. https://doi.org/10.1038/s41598-023-36351-6 PMID: 37291157

Zalesky A, Fornito A, Bullmore ET. Network-based statistic: identifying differences in brain networks.
Neuroimage. 2010;53(4):1197-207. https://doi.org/10.1016/j.neuroimage.2010.06.041 PMID: 20600983

Zhan C, LiuY, Wu K, GaoY, Li X. Structural and Functional Abnormalities in Children with
Attention-Deficit/Hyperactivity Disorder: A Focus on Subgenual Anterior Cingulate Cortex. Brain Con-
nect. 2017;7(2):106—14. https://doi.org/10.1089/brain.2016.0444 PMID: 28173729

Tao J, Jiang X, Wang X, Liu H, Qian A, Yang C, et al. Disrupted Control-Related Functional Brain
Networks in Drug-Naive Children with Attention-Deficit/Hyperactivity Disorder. Front Psychiatry.
2017;8:246. https://doi.org/10.3389/fpsyt.2017.00246 PMID: 29209238

Xia S, Foxe JJ, Sroubek AE, Branch C, Li X. Topological organization of the “small-world” visual
attention network in children with attention deficit/hyperactivity disorder (ADHD). Front Hum Neurosci.
2014;8:162. https://doi.org/10.3389/fnhum.2014.00162 PMID: 24688465

Cocchi L, Bramati IE, Zalesky A, Furukawa E, Fontenelle LF, Moll J, et al. Altered functional brain
connectivity in a non-clinical sample of young adults with attention-deficit/hyperactivity disorder. J
Neurosci. 2012;32(49):17753-61. https://doi.org/10.1523/JNEUROSCI.3272-12.2012 PMID: 23223295

Soman SM, Vijayakumar N, Ball G, Hyde C, Silk TJ. Longitudinal Changes of Resting-State Networks
in Children With Attention-Deficit/Hyperactivity Disorder and Typically Developing Children. Biol
Psychiatry Cogn Neurosci Neuroimaging. 2023;8(5):514-21. https://doi.org/10.1016/].bpsc.2022.01.001
PMID: 35033687

Bullmore E, Sporns O. Complex brain networks: graph theoretical analysis of structural and functional
systems. Nat Rev Neurosci. 2009;10(3):186-98. https://doi.org/10.1038/nrn2575 PMID: 19190637

Cao M, Shu N, Cao Q, Wang Y, He Y, et al. Imaging functional and structural brain connectomics in
attention-deficit/hyperactivity disorder. Mol Neurobiol. 2014;50(3):1111-23. https://doi.org/10.1007/
$12035-014-8685-x PMID: 24705817

Cao Q, Shu N, An L, Wang P, Sun L, Xia M-R, et al. Probabilistic diffusion tractography and graph
theory analysis reveal abnormal white matter structural connectivity networks in drug-naive boys
with attention deficit/hyperactivity disorder. J Neurosci. 2013;33(26):10676—87. https://doi.org/10.1523/
JNEUROSCI.4793-12.2013 PMID: 23804091

Beare R, Adamson C, Bellgrove MA, Vilgis V, Vance A, Seal ML, et al. Altered structural connectivity
in ADHD: a network based analysis. Brain Imaging Behav. 2017;11(3):846-58. https://doi.org/10.1007/
$11682-016-9559-9 PMID: 27289356

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0319746 March 18, 2025 24127



https://doi.org/10.1016/j.dcn.2024.101439
http://www.ncbi.nlm.nih.gov/pubmed/39182418
https://doi.org/10.1016/j.neuroimage.2020.116860
http://www.ncbi.nlm.nih.gov/pubmed/32376301
https://doi.org/10.1016/j.tics.2021.05.008
http://www.ncbi.nlm.nih.gov/pubmed/34134933
https://doi.org/10.3389/frvir.2023.1138240
https://doi.org/10.3389/frvir.2023.1138240
https://doi.org/10.1371/journal.pone.0280717
http://www.ncbi.nlm.nih.gov/pubmed/36943848
https://doi.org/10.1007/s00426-022-01770-z
http://www.ncbi.nlm.nih.gov/pubmed/36418557
https://doi.org/10.1177/10870547211044214
http://www.ncbi.nlm.nih.gov/pubmed/34865551
https://doi.org/10.1038/s41598-022-24552-4
http://www.ncbi.nlm.nih.gov/pubmed/36434040
https://doi.org/10.1038/s41598-023-36351-6
http://www.ncbi.nlm.nih.gov/pubmed/37291157
https://doi.org/10.1016/j.neuroimage.2010.06.041
http://www.ncbi.nlm.nih.gov/pubmed/20600983
https://doi.org/10.1089/brain.2016.0444
http://www.ncbi.nlm.nih.gov/pubmed/28173729
https://doi.org/10.3389/fpsyt.2017.00246
http://www.ncbi.nlm.nih.gov/pubmed/29209238
https://doi.org/10.3389/fnhum.2014.00162
http://www.ncbi.nlm.nih.gov/pubmed/24688465
https://doi.org/10.1523/JNEUROSCI.3272-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/23223295
https://doi.org/10.1016/j.bpsc.2022.01.001
http://www.ncbi.nlm.nih.gov/pubmed/35033687
https://doi.org/10.1038/nrn2575
http://www.ncbi.nlm.nih.gov/pubmed/19190637
https://doi.org/10.1007/s12035-014-8685-x
https://doi.org/10.1007/s12035-014-8685-x
http://www.ncbi.nlm.nih.gov/pubmed/24705817
https://doi.org/10.1523/JNEUROSCI.4793-12.2013
https://doi.org/10.1523/JNEUROSCI.4793-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23804091
https://doi.org/10.1007/s11682-016-9559-9
https://doi.org/10.1007/s11682-016-9559-9
http://www.ncbi.nlm.nih.gov/pubmed/27289356

PLOS ONE

Real-world goal-directed behavior reveals aberrant functional brain connectivity in children with ADHD

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

dos Santos Siqueira A, Biazoli Junior CE, Comfort WE, Rohde LA, Sato JR. Abnormal functional
resting-state networks in ADHD: graph theory and pattern recognition analysis of fMRI data. Biomed
Res Int. 2014;2014:380531. https://doi.org/10.1155/2014/380531 PMID: 25309910

Duffy KA, Rosch KS, Nebel MB, Seymour KE, Lindquist MA, Pekar JJ, et al. Increased integration
between default mode and task-relevant networks in children with ADHD is associated with impaired
response control. Dev Cogn Neurosci. 2021;50:100980. https://doi.org/10.1016/j.dcn.2021.100980
PMID: 34252881

Tang Y, Zheng S, Tian Y. Resting-State fMRI Whole Brain Network Function Plasticity Analy-
sis in Attention Deficit Hyperactivity Disorder. Neural Plast. 2022;2022:4714763. https://doi.
0rg/10.1155/2022/4714763 PMID: 36199291

Soman S, Vijayakumar N, Thomson P, Ball G, Hyde C, Silk T. Functional and structural brain network
development in children with attention deficit hyperactivity disorder. Human Brain Mapping. 2023;79.

Di Martino A, Zuo X-N, Kelly C, Grzadzinski R, Mennes M, Schvarcz A, et al. Shared and distinct
intrinsic functional network centrality in autism and attention-deficit/hyperactivity disorder. Biol Psychi-
atry. 2013;74(8):623-32. https://doi.org/10.1016/j.biopsych.2013.02.011 PMID: 23541632

Tomasi D, Volkow ND. Abnormal functional connectivity in children with attention-deficit/hyperactivity
disorder. Biol Psychiatry. 2012;71(5):443-50. https://doi.org/10.1016/j.biopsych.2011.11.003 PMID:
22153589

Buckner RL, Krienen FM, Yeo BTT. Opportunities and limitations of intrinsic functional connectivity
MRI. Nat Neurosci. 2013;16(7):832—7. hitps://doi.org/10.1038/nn.3423 PMID: 23799476

Van Dijk KRA, Hedden T, Venkataraman A, Evans KC, Lazar SW, Buckner RL. Intrinsic functional
connectivity as a tool for human connectomics: theory, properties, and optimization. J Neurophysiol.
2010;103(1):297-321. https://doi.org/10.1152/jn.00783.2009 PMID: 19889849

Cole MW, Bassett DS, Power JD, Braver TS, Petersen SE. Intrinsic and task-evoked network archi-
tectures of the human brain. Neuron. 2014;83(1):238-51. hitps://doi.org/10.1016/j.neuron.2014.05.014
PMID: 24991964

DuPaul GJ, editor. ADHD rating scale-IV: Checklists, norms, and clinical interpretation. Guilford Press;
1998.

Achenbach TM. Manual for the child behavior checklist/4-18 and 1991 profile. University of Vermont,
Department of Psychiatry; 1991.

Achenbach T, Rescorla L. Multicultural supplement to the manual for the ASEBA School-age Forms &
Profiles. Burlington, VT: University of Vermont, Research Center for Children, Youth, & Families; 2007.

Wechsler D. Wechsler intelligence scale for childrenFourth Edition (WISC-IV). The Psychological
Corporation; 2003.

Esteban O, Markiewicz CJ, Blair RW, Moodie CA, Isik Al, Erramuzpe A, et al. fMRIPrep: a robust
preprocessing pipeline for functional MRI. Nat Methods. 2019;16(1):111-6. hitps://doi.org/10.1038/
s41592-018-0235-4 PMID: 30532080

Esteban O, Ciric R, Finc K, Blair RW, Markiewicz CJ, Moodie CA, et al. Analysis of task-based
functional MRI data preprocessed with fMRIPrep. Nat Protoc. 2020;15(7):2186—-202. https://doi.
0rg/10.1038/s41596-020-0327-3 PMID: 32514178

Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, et al. Whole brain segmentation:
automated labeling of neuroanatomical structures in the human brain. Neuron. 2002;33(3):341-55.
https://doi.org/10.1016/s0896-6273(02)00569-x PMID: 11832223

Fonov V, Evans AC, Botteron K, Almli CR, McKinstry RC, Collins DL, et al. Unbiased average age-
appropriate atlases for pediatric studies. Neuroimage. 2011;54(1):313-27. https://doi.org/10.1016/].
neuroimage.2010.07.033 PMID: 20656036

Fonov V, Evans A, McKinstry R, Almli C, Collins D. Unbiased nonlinear average age-appropriate
brain templates from birth to adulthood. Neurolmage. 2009;47:S102. https://doi.org/10.1016/
s1053-8119(09)70884-5

Chen JE, Polimeni JR, Bollmann S, Glover GH. On the analysis of rapidly sampled fMRI data. Neuro-
image. 2019;188:807-20. https://doi.org/10.1016/j.neuroimage.2019.02.008 PMID: 30735828

Jiang T. Brainnetome: a new -ome to understand the brain and its disorders. Neuroimage.
2013;80:263-72. https://doi.org/10.1016/j.neuroimage.2013.04.002 PMID: 23571422

Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and Powerful Approach

to Multiple Testing. Journal of the Royal Statistical Society Series B: Statistical Methodology.
1995;57(1):289-300. https://doi.org/10.1111/].2517-6161.1995.tb02031.x

PLOS ONE | https://doi.org/10.1371/journal.pone.0319746 March 18, 2025 25/27



https://doi.org/10.1155/2014/380531
http://www.ncbi.nlm.nih.gov/pubmed/25309910
https://doi.org/10.1016/j.dcn.2021.100980
http://www.ncbi.nlm.nih.gov/pubmed/34252881
https://doi.org/10.1155/2022/4714763
https://doi.org/10.1155/2022/4714763
http://www.ncbi.nlm.nih.gov/pubmed/36199291
https://doi.org/10.1016/j.biopsych.2013.02.011
http://www.ncbi.nlm.nih.gov/pubmed/23541632
https://doi.org/10.1016/j.biopsych.2011.11.003
http://www.ncbi.nlm.nih.gov/pubmed/22153589
https://doi.org/10.1038/nn.3423
http://www.ncbi.nlm.nih.gov/pubmed/23799476
https://doi.org/10.1152/jn.00783.2009
http://www.ncbi.nlm.nih.gov/pubmed/19889849
https://doi.org/10.1016/j.neuron.2014.05.014
http://www.ncbi.nlm.nih.gov/pubmed/24991964
https://doi.org/10.1038/s41592-018-0235-4
https://doi.org/10.1038/s41592-018-0235-4
http://www.ncbi.nlm.nih.gov/pubmed/30532080
https://doi.org/10.1038/s41596-020-0327-3
https://doi.org/10.1038/s41596-020-0327-3
http://www.ncbi.nlm.nih.gov/pubmed/32514178
https://doi.org/10.1016/s0896-6273(02)00569-x
http://www.ncbi.nlm.nih.gov/pubmed/11832223
https://doi.org/10.1016/j.neuroimage.2010.07.033
https://doi.org/10.1016/j.neuroimage.2010.07.033
http://www.ncbi.nlm.nih.gov/pubmed/20656036
https://doi.org/10.1016/s1053-8119(09)70884-5
https://doi.org/10.1016/s1053-8119(09)70884-5
https://doi.org/10.1016/j.neuroimage.2019.02.008
http://www.ncbi.nlm.nih.gov/pubmed/30735828
https://doi.org/10.1016/j.neuroimage.2013.04.002
http://www.ncbi.nlm.nih.gov/pubmed/23571422
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x

PLOS ONE

Real-world goal-directed behavior reveals aberrant functional brain connectivity in children with ADHD

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

11,

112.

113.

114.

115.

NITRC: Network-Based Statistics (NBS). 2-by-3 Repeated Measures ANOVA. Available from: https://
www.nitrc.org/forum/message.php?msg_id=34798

Rubinov M, Sporns O. Complex network measures of brain connectivity: uses and interpreta-
tions. Neuroimage. 2010;52(3):1059-69. https://doi.org/10.1016/j.neuroimage.2009.10.003 PMID:
19819337

Kivela M, Arenas A, Barthelemy M, Gleeson JP, Moreno Y, Porter MA. Multilayer networks. Journal
of Complex Networks. 2014;2(3):203-71. https://doi.org/10.1093/comnet/cnu016

Cozzo E, Kivelda M, Domenico MD, Solé-Ribalta A, Arenas A, Gémez S, et al. Struc-
ture of triadic relations in multiplex networks. New J Phys. 2015;17(7):073029. https://doi.
org/10.1088/1367-2630/17/7/073029

Power J, Cohen A, Nelson S, Wig G, Barnes K, Church J. Functional network organization of the
human brain. Neuron. n.d.;72(4):665-78.

Norman LJ, Sudre G, Bouyssi-Kobar M, Sharp W, Shaw P. An examination of the relationships
between attention/deficit hyperactivity disorder symptoms and functional connectivity over time.
Neuropsychopharmacology. 2022;47(3):704—10. https://doi.org/10.1038/s41386-021-00958-y PMID:
33558680

Kucyi A, Hove MJ, Biederman J, Van Dijk KRA, Valera EM. Disrupted functional connectivity
of cerebellar default network areas in attention-deficit/hyperactivity disorder. Hum Brain Mapp.
2015;36(9):3373-86. https://doi.org/10.1002/hbm.22850 PMID: 26109476

Soéros P, Hoxhaj E, Borel P, Sadohara C, Feige B, Matthies S, et al. Hyperactivity/restlessness is
associated with increased functional connectivity in adults with ADHD: a dimensional analysis of
resting state fMRI. BMC Psychiatry. 2019;19(1):43. hitps://doi.org/10.1186/s12888-019-2031-9 PMID:
30683074

Zhang D, Zhang R, Zhou L, Zhou K, Chang C. The brain network underlying attentional blink pre-
dicts symptoms of attention deficit hyperactivity disorder in children. Cereb Cortex. 2023;33(6):2761—
73. https://doi.org/10.1093/cercor/bhac240 PMID: 35699600

Coghill D, Sonuga-Barke EJS. Annual research review: categories versus dimensions in the clas-
sification and conceptualisation of child and adolescent mental disorders--implications of recent
empirical study. J Child Psychol Psychiatry. 2012;53(5):469-89. https://doi.org/10.1111/].1469-
7610.2011.02511.x PMID: 22288576

Sidlauskaite J, Sonuga-Barke E, Roeyers H, Wiersema JR. Altered intrinsic organisation of brain
networks implicated in attentional processes in adult attention-deficit/hyperactivity disorder: a
resting-state study of attention, default mode and salience network connectivity. Eur Arch Psychiatry
Clin Neurosci. 2016;266(4):349-57. https://doi.org/10.1007/s00406-015-0630-0 PMID: 26260900

Lin H-Y, Tseng W-Y1, Lai M-C, Matsuo K, Gau SS-F. Altered resting-state frontoparietal control net-
work in children with attention-deficit/hyperactivity disorder. J Int Neuropsychol Soc. 2015;21(4):271—
84. https://doi.org/10.1017/S135561771500020X PMID: 25928822

McCarthy H, Skokauskas N, Mulligan A, Donohoe G, Mullins D, Kelly J, et al. Attention network
hypoconnectivity with default and affective network hyperconnectivity in adults diagnosed with
attention-deficit/hyperactivity disorder in childhood. JAMA Psychiatry. 2013;70(12):1329-37. https://
doi.org/10.1001/jamapsychiatry.2013.2174 PMID: 24132732

Sutcubasi B, Metin B, Kurban MK, Metin ZE, Beser B, Sonuga-Barke E. Resting-state network
dysconnectivity in ADHD: A system-neuroscience-based meta-analysis. World J Biol Psychiatry.
2020;21(9):662—72. hitps://doi.org/10.1080/15622975.2020.1775889 PMID: 32468880

Cortese S, Kelly C, Chabernaud C, Proal E, Di Martino A, Milham MP, et al. Toward systems neu-
roscience of ADHD: a meta-analysis of 55 fMRI studies. Am J Psychiatry. 2012;169(10):1038-55.
https://doi.org/10.1176/appi.ajp.2012.11101521 PMID: 22983386

Zhou Z-W, Fang Y-T, Lan X-Q, Sun L, Cao Q-J, Wang Y-F, et al. Inconsistency in Abnormal Func-
tional Connectivity Across Datasets of ADHD-200 in Children With Attention Deficit Hyperactivity
Disorder. Front Psychiatry. 2019;10:692. https://doi.org/10.3389/fpsyt.2019.00692 PMID: 31611824

Lin H-Y, Cocchi L, Zalesky A, Lv J, Perry A, Tseng W-YI, et al. Brain-behavior patterns define a
dimensional biotype in medication-naive adults with attention-deficit hyperactivity disorder. Psychol
Med. 2018;48(14):2399-408. https://doi.org/10.1017/S0033291718000028 PMID: 29409566

Uddin LQ, Yeo BTT, Spreng RN. Towards a Universal Taxonomy of Macro-scale Functional Human
Brain Networks. Brain Topogr. 2019;32(6):926—42. https://doi.org/10.1007/s10548-019-00744-6
PMID: 31707621

Gonzalez-Castillo J, Saad ZS, Handwerker DA, Inati SJ, Brenowitz N, Bandettini PA. Whole-brain,
time-locked activation with simple tasks revealed using massive averaging and model-free analysis.

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0319746 March 18, 2025 26/27



https://www.nitrc.org/forum/message.php?msg_id=34798
https://www.nitrc.org/forum/message.php?msg_id=34798
https://doi.org/10.1016/j.neuroimage.2009.10.003
http://www.ncbi.nlm.nih.gov/pubmed/19819337
https://doi.org/10.1093/comnet/cnu016
https://doi.org/10.1088/1367-2630/17/7/073029
https://doi.org/10.1088/1367-2630/17/7/073029
https://doi.org/10.1038/s41386-021-00958-y
http://www.ncbi.nlm.nih.gov/pubmed/33558680
https://doi.org/10.1002/hbm.22850
http://www.ncbi.nlm.nih.gov/pubmed/26109476
https://doi.org/10.1186/s12888-019-2031-9
http://www.ncbi.nlm.nih.gov/pubmed/30683074
https://doi.org/10.1093/cercor/bhac240
http://www.ncbi.nlm.nih.gov/pubmed/35699600
https://doi.org/10.1111/j.1469-7610.2011.02511.x
https://doi.org/10.1111/j.1469-7610.2011.02511.x
http://www.ncbi.nlm.nih.gov/pubmed/22288576
https://doi.org/10.1007/s00406-015-0630-0
http://www.ncbi.nlm.nih.gov/pubmed/26260900
https://doi.org/10.1017/S135561771500020X
http://www.ncbi.nlm.nih.gov/pubmed/25928822
https://doi.org/10.1001/jamapsychiatry.2013.2174
https://doi.org/10.1001/jamapsychiatry.2013.2174
http://www.ncbi.nlm.nih.gov/pubmed/24132732
https://doi.org/10.1080/15622975.2020.1775889
http://www.ncbi.nlm.nih.gov/pubmed/32468880
https://doi.org/10.1176/appi.ajp.2012.11101521
http://www.ncbi.nlm.nih.gov/pubmed/22983386
https://doi.org/10.3389/fpsyt.2019.00692
http://www.ncbi.nlm.nih.gov/pubmed/31611824
https://doi.org/10.1017/S0033291718000028
http://www.ncbi.nlm.nih.gov/pubmed/29409566
https://doi.org/10.1007/s10548-019-00744-6
http://www.ncbi.nlm.nih.gov/pubmed/31707621

PLOS ONE

Real-world goal-directed behavior reveals aberrant functional brain connectivity in children with ADHD

116.

117

118.

119.

120.

121.

122,

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Proc Natl Acad Sci U S A. 2012;109(14):5487-92. https://doi.org/10.1073/pnas.1121049109 PMID:
22431587

Alho K, Salmela V, Wikman P, Salmi J. Ch 2. Auditory, Visual, and Audiovisual Attention. In: Boyle GJ,
Northoff G, Barbey AK, Fregni F, Jahanshahi M, Pascual-Leone A, Sahakian BJ, editors. The Sage
Handbook of Cognitive and Systems Neuroscience: Cognitive Systems, Development and Applica-
tions. SAGE Publications Limited; 2023.

Cubillo A, Halari R, Smith A, Taylor E, Rubia K. A review of fronto-striatal and fronto-cortical
brain abnormalities in children and adults with Attention Deficit Hyperactivity Disorder (ADHD)
and new evidence for dysfunction in adults with ADHD during motivation and attention. Cortex.
2012;48(2):194-215. https://doi.org/10.1016/j.cortex.2011.04.007 PMID: 21575934

Plichta MM, Scheres A. Ventral-striatal responsiveness during reward anticipation in ADHD and its
relation to trait impulsivity in the healthy population: a meta-analytic review of the fMRI literature.
Neurosci Biobehav Rev. 2014;38:125-34. hitps://doi.org/10.1016/j.neubiorev.2013.07.012 PMID:
23928090

ChenY, Wang L, Li Z, Tang Y, Huan Z. Unveiling critical ADHD biomarkers in limbic system and cer-
ebellum using a binary hypothesis testing approach. Math Biosci Eng. 2024;21(4):5803-25. https://
doi.org/10.3934/mbe.2024256 PMID: 38872559

Killeen P, Russell V, Sergeant J. A behavioral neuroenergetics theory of ADHD. Neuroscience &
Biobehavioral Reviews. 2013;37(4):625-57.

Hoogman M, Bralten J, Hibar D, Mennes M, Zwiers M, Schweren L, et al. Subcortical brain volume
differences of participants with ADHD across the lifespan: an ENIGMA collaboration. Lancet Psychi-
atry. 2017;4(4):310.

WangY, Zuo C, Xu Q, Hao L, Zhang Y. Attention-deficit/hyperactivity disorder is characterized by

a delay in subcortical maturation. Prog Neuropsychopharmacol Biol Psychiatry. 2021;104:110044.
https://doi.org/10.1016/j.pnpbp.2020.110044 PMID: 32693001

Medin T, Rinholm JE, Owe SG, Sagvolden T, Gjedde A, Storm-Mathisen J, et al. Low dopamine
D5 receptor density in hippocampus in an animal model of attention-deficit/hyperactivity disorder
(ADHD). Neuroscience. 2013;242:11-20. https://doi.org/10.1016/j.neuroscience.2013.03.036 PMID:
23541742

Epstein RA, Patai EZ, Julian JB, Spiers HJ. The cognitive map in humans: spatial navigation and
beyond. Nat Neurosci. 2017;20(11):1504—13. hitps://doi.org/10.1038/nn.4656 PMID: 29073650

Crivelli-Decker J, Clarke A, Park SA, Huffman DJ, Boorman ED, Ranganath C. Goal-oriented
representations in the human hippocampus during planning and navigation. Nat Commun.
2023;14(1):2946. https://doi.org/10.1038/s41467-023-35967-6 PMID: 37221176

Binder JR, Desai RH. The neurobiology of semantic memory. Trends Cognitive Sciences.
2011;15(11):527-536.

Willems RM, Ozyirek A, Hagoort P. Differential roles for left inferior frontal and superior temporal
cortex in multimodal integration of action and language. Neuroimage. 2009;47(4):1992—-2004. https:/
doi.org/10.1016/j.neuroimage.2009.05.066 PMID: 19497376

Gualtieri CT, Johnson LG. ADHD: Is Objective Diagnosis Possible?. Psychiatry (Edgmont).
2005;2(11):44-53. PMID: 21120096

Rutherford S, Kia SM, Wolfers T, Fraza C, Zabihi M, Dinga R, et al. The normative modeling frame-
work for computational psychiatry. Nature Protocols. 2022;17(7):1711-34.

Insel T, Cuthbert B, Garvey M, Heinssen R, Pine DS, Quinn K, et al. Research domain criteria
(RDoC): toward a new classification framework for research on mental disorders. Am J Psychiatry.
2010;167(7):748-51. https://doi.org/10.1176/appi.ajp.2010.09091379 PMID: 20595427

Michelini G, Palumbo IM, DeYoung CG, Latzman RD, Kotov R. Linking RDoC and HiTOP: A new
interface for advancing psychiatric nosology and neuroscience. Clin Psychol Rev. 2021;86:102025.
https://doi.org/10.1016/j.cpr.2021.102025 PMID: 33798996

Engelhardt LE, Roe MA, Juranek J, DeMaster D, Harden KP, Tucker-Drob EM, et al. Children’s head
motion during fMRI tasks is heritable and stable over time. Dev Cogn Neurosci. 2017;25:58—68.
https://doi.org/10.1016/j.dcn.2017.01.011 PMID: 28223034

Grigg O, Grady CL. Task-related effects on the temporal and spatial dynamics of resting-state
functional connectivity in the default network. PLoS One. 2010;5(10):e13311. https://doi.org/10.1371/
journal.pone.0013311 PMID: 20967203

Lor CS, Zhang M, Karner A, Steyrl D, Sladky R, Scharnowski F, et al. Pre- and post-task
resting-state differs in clinical populations. Neuroimage Clin. 2023;37:103345. https://doi.
org/10.1016/j.nicl.2023.103345 PMID: 36780835

PLOS ONE | https://doi.org/10.1371/journal.pone.0319746 March 18, 2025 27127



https://doi.org/10.1073/pnas.1121049109
http://www.ncbi.nlm.nih.gov/pubmed/22431587
https://doi.org/10.1016/j.cortex.2011.04.007
http://www.ncbi.nlm.nih.gov/pubmed/21575934
https://doi.org/10.1016/j.neubiorev.2013.07.012
http://www.ncbi.nlm.nih.gov/pubmed/23928090
https://doi.org/10.3934/mbe.2024256
https://doi.org/10.3934/mbe.2024256
http://www.ncbi.nlm.nih.gov/pubmed/38872559
https://doi.org/10.1016/j.pnpbp.2020.110044
http://www.ncbi.nlm.nih.gov/pubmed/32693001
https://doi.org/10.1016/j.neuroscience.2013.03.036
http://www.ncbi.nlm.nih.gov/pubmed/23541742
https://doi.org/10.1038/nn.4656
http://www.ncbi.nlm.nih.gov/pubmed/29073650
https://doi.org/10.1038/s41467-023-35967-6
http://www.ncbi.nlm.nih.gov/pubmed/37221176
https://doi.org/10.1016/j.neuroimage.2009.05.066
https://doi.org/10.1016/j.neuroimage.2009.05.066
http://www.ncbi.nlm.nih.gov/pubmed/19497376
http://www.ncbi.nlm.nih.gov/pubmed/21120096
https://doi.org/10.1176/appi.ajp.2010.09091379
http://www.ncbi.nlm.nih.gov/pubmed/20595427
https://doi.org/10.1016/j.cpr.2021.102025
http://www.ncbi.nlm.nih.gov/pubmed/33798996
https://doi.org/10.1016/j.dcn.2017.01.011
http://www.ncbi.nlm.nih.gov/pubmed/28223034
https://doi.org/10.1371/journal.pone.0013311
https://doi.org/10.1371/journal.pone.0013311
http://www.ncbi.nlm.nih.gov/pubmed/20967203
https://doi.org/10.1016/j.nicl.2023.103345
https://doi.org/10.1016/j.nicl.2023.103345
http://www.ncbi.nlm.nih.gov/pubmed/36780835

