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Objective: Temporal fluctuations of attention detected with strictly controlled neuropsychological tests is an important objective behavioral marker
for attention-deficit/hyperactivity disorder (ADHD). This study examined whether intraindividual variability in response latencies is also detectable in
more realistic open-ended virtual contexts where the participants can freely interact with the surroundings when performing instructed everyday tasks
from memory.

Method: Three ex-Gaussian parameters, m, s, and s, were derived from response latencies in 2 tasks obtained from 2 datasets comprising 9- to 13-
year-old children (72 with ADHD and 71 typically developing controls). In the Executive Performance in Everyday LIving (EPELI) task, participants
performed instructed household chores in a virtual apartment. In the other task, a continuous performance test (CPT), was used to examine whether
previous findings were replicated in this sample.

Results: Children with ADHD had shorter response latencies than controls in the EPELI task, while group differences in s reflecting occasional
sluggish responses depended on whether the trials were task-relevant (smaller s in children with ADHD) or task-irrelevant (larger s in children with
ADHD). CPT results replicated previous observations of longer response latencies and larger s in children with ADHD compared with control children.
Intraindividual variability in the naturalistic EPELI task, however, explained more of the symptom variability than the CPT.

Conclusion: This study demonstrates that task context and stimulus relevance considerably influence how intraindividual variability in attention is
manifested in children with ADHD. Virtual reality tasks provide a promising avenue for ecologically relevant quantification of this common cognitive
deficit in neuropsychiatric disorders.

Plain language summary: Temporal fluctuation of cognitive functioning is a behavioral marker for attention-deficit/hyperactivity disorder
(ADHD). This study examined data from 72 children with ADHD and 71 children without ADHD, to identify whether cognitive fluctuation can be
detected in both a classical experimental task and a novel naturalistic virtual reality task. Results showed that while cognitive fluctuations were observed
in both tasks, intra-individual variability was dependent on task context, with ADHD children responding faster in the naturalistic task than the
experimental task. Importantly, temporal fluctuation of cognitive function from the naturalistic task explained more symptom variability than those
from the experimental task. These results suggest that virtual reality tasks may help identify ecologically relevant markers for ADHD.
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arious problems in attention and executive
function are common in many neuropsychiatric
disorders, but their objective measurement has
been limited to strictly controlled, artificial tasks. Such tasks
are very different from complex real-life situations in which
symptoms critical to diagnosis occur. As objective markers
for real-life cognitive problems that could support di-
agnostics are lacking, a clinician has to rely mostly on in-
terviews and self-ratings that are imprecise and prone to
subjective bias.1 Here, we focused on a key symptom,
www.jaacapopen.org
abnormal fluctuation of cognitive processing, that is present
in a wide variety of disorders, such as attention-deficit/
hyperactivity disorder (ADHD),2,3 schizophrenia,4 mood
disorders,5 anxiety disorders,6 and neurodegenerative ill-
nesses.7 Using a virtual reality simulation, we examined
intraindividual variability in children with ADHD to obtain
an objective measure of temporal fluctuations in cognitive
processing in lifelike situations. In the everyday life of a
child with ADHD, fluctuations of cognitive processing take
place in complex, changing environments. For example, this
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ATTENTION FLUCTUATION IN SELF-PACED TASK
could mean mind wandering or getting distracted during a
school class or homework or digressing to irrelevant actions
while performing daily routines (eg, preparing to go to
school or completing morning activities).

Intraindividual variability in response latencies is typi-
cally observed as occasional unusually slow response times
reflecting temporary shifting of attentional focus away from
the main cognitive task. For instance, with the widely used
continuous performance test (CPT), participants’ atten-
tiveness is evaluated based on hundreds of button presses to
simple stimuli (eg, an isolated stream of letters) during a 14-
minute consecutive task presentation.2,8,9As the intervals
between the stimuli are fixed by the experimenter, the pace
of the task is strictly externally determined (ie, externally
paced task). Highly structured and simplified tasks such as
the CPT have been developed to establish reliable measures
that can be interpreted straightforwardly. However, the
context in which such symptoms appear is often funda-
mentally important to determine whether or not the
problems relate to a neuropsychiatric condition.10 For
example, ADHD symptoms in everyday life encompass
various closely related cognitive processes (eg, attention,
memory, planning, inhibition, reward processing, executive
function) operating together in open-ended naturalistic
contexts filled with meaningful information. Manifestation
of ADHD symptoms strongly depends on the features of
the naturalistic context, for instance, whether the required
actions are pleasurable or not11 and which kind of temporal
dynamics or cognitive demands the task in question in-
volves.12–14 However, ADHD-related deviations in
response latencies and fluctuations of cognitive processing
in such complex conditions remain largely unclear.

In the present study, we employed a recently developed
function-led virtual reality game that allows studying real-
world goal-directed behavior under naturalistic conditions,
tapping multiple cognitive processes that are considered to
underlie ADHD symptoms.15,16 In the game, Executive
Performance in Everyday LIving (EPELI), participants
perform everyday household chores from memory in a
virtual home. Each scenario has a time limit, but the
participant is free to navigate in the stimulus-rich sur-
roundings and decide which actions to take to perform the
set of tasks. In that sense, EPELI can be considered as a self-
paced task, as opposed to the CPT. In EPELI, the inter-
action with the environment and moving around take place
using a hand controller, making it possible to extract
response latencies in a situation in which the participants
pace the dynamics of their actions by themselves, not as
simple responses to restricted external stimuli. The virtual
apartment contains various attractive objects provoking
irrelevant impulsive behaviors, while task-relevant behavior
JAACAP Open
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requires keeping the instructions in memory and focusing at
executing the tasks.

Here, we examined response latencies in 2 datasets with
EPELI and CPT data collected in children with ADHD and
typically developing (TD) controls.15,16 We focused on the
late childhood (age range 9-12 years old) period, which is a
critical time for the development of executive functions sup-
porting independent goal-directed behavior and occurs at the
same time when environmental demands start to increase.17

Our first hypothesis was that because EPELI is a self-paced
task, participants with ADHD would show faster interacting
with the environment in this task due to their hyperactive-
impulsive behavioral characteristics. Our second hypothesis
was that in EPELI the response latencies of children with
ADHD would also be more variable compared with TD par-
ticipants due to occasional fluctuations of cognitive processing
even when the task is open-ended and naturalistic by nature.
We also aimed to test how strongly the intraindividual vari-
abilitymeasures in the two different tests that both successfully
capture ADHD relate to each other and to interindividual
variability in ADHD symptoms. In EPELI, we separately
examined the latencies for the relevant (button presses to target
objects) and irrelevant (button presses to nontarget objects)
responses. Relevant responses were expected to mostly reflect
attentiveness, and irrelevant responses were interpreted to
mostly relate to hyperactive-impulsive behaviors.16

For response latencies in both tasks, we separated un-
usually slow responses from the reaction time distribution
via ex-Gaussian modeling.18 In this approach, the mean (m)
and standard deviation (s) are derived from the normally
distributed component and decay parameter (s), which is
the tail of the distribution representing the slow response
latencies, from the exponential component. Larger s has
been mostly associated with inattention because occasional
lengthy response latencies could reflect focus of attention
going away from the task. Impulsive-hyperactive features, in
turn, were expected to be specifically associated with smaller
m and s. The ex-Gaussian approach allowed applying
similar modeling for response latency data in 2 different
conditions, CPT and EPELI, which are used for detecting
ADHD and predicting the related symptoms. Hence, the
rationale for choosing these tasks was related to their
common purpose of use and link to the complex clinical
construct of ADHD, rather than testing how the tasks
capture a specific cognitive construct.
METHOD
Participants
The participants in the 2 datasets (dataset 1 comes from a
study by Seesj€arvi et al.,16 and dataset 2 is from a study by
www.jaacapopen.org 189
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TABLE 1 Background Characteristics of Attention-Deficit/Hyperactivity Disorder (ADHD) and Typically Developing (TD) Groups

Variable ADHD (n ¼72) TD (n ¼ 71) 95% CI Cohen d p
Mean (SD) Mean (SD)

Age, y 10.37 (1.11) 10.71 (1.0) L0.68 to 0.02 0.32 n.s.
n n

Sex 0.95 to 5.48 2.23a n.s.
Boys 60 49
Girls 12 22

Mean (SD) Mean (SD)
Parental incomeb 3.75 (1.05) 4.27 (0.88) L0.85 to L0.20 0.53 .002**
Parental educationc 2.51 (0.59) 2.77 (0.42) L0.44 to L0.09 0.51 .0034**
Similarities test 22.39 (5.30) 24.71 (4.42) L3.94 to L0.70 0.50 .005**
Matrix reasoning test 19.63 (4.88) 21.72 (5.27) L3.76 to L0.41 0.39 .02*
ADHD-RS 31.69 (8.86) 7.21 (6.44) 21.90 to 27.05 3.10 < .001***
CPT accuracy 0.83 (0.11) 0.88 (0.11) L0.09 to L0.01 0.48 .007**
EPELId

Total score 46.43 (8.28) 51.80 (6.71) L7.09 to L2.83 0.71 < .001***
Task efficacy 0.20 (0.08) 0.32 (0.15) L5.72 to L0.08 1.00 < .001***
Total actions 874.37 (361.33) 581.17 (218.71) 192.92 to 393.48 0.97 < .001***

Note: ADHD-RS ¼ ADHD Rating Scale-IV, parent form; CPT ¼ continuous performance test; EPELI ¼ Executive Performance in Everyday LIving task;
n.s. ¼ nonsignificant.
aOdds ratio for Fisher exact test.
bBefore tax per adult; 1 ¼ < V1,500/mo (equivalent to <$1,642/mo); 2 ¼ V1,500-2,200/mo (equivalent to $1,642-2,408/mo); 3 ¼ V2,200–3,000/mo
(equivalent to $2,408-3,284/mo); 4 ¼ V3,000-4,000/mo (equivalent to $3,284-4,379/mo); 5 ¼ > V4,000/mo (equivalent to $4,379/mo).
c1 ¼ comprehensive school; 2 ¼ high school/vocational school; 4 ¼ university degree or equivalent.
dSee Seesj€arvi et al.16 for description of the performance measures.
*p < .05; **p < .01; ***p < .001.
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Merzon et al.15) were 143 native Finnish-speaking children
9 to 13 years old (mean [SD] age ¼ 10.5 [1.1] years; 109
boys, 34 girls). An ADHD diagnosis was present in 72
children, and 71 children were TD controls. The groups did
not significantly differ in age and sex; however, there was a
difference in socioeconomic factors (Table 1). The ADHD
group also demonstrated lower scores on the two subtests
(Similarities and Matrix Reasoning) of the WISC-IV19 than
the TD group (Table 1). As expected, the ADHD group
showed higher scores in ADHD Rating Scale-IV, parent
form (ADHD-RS) and lower performance in the CPT and
EPELI (Table 1). Children with comorbid disorders in
neurological (section G in ICD-10) or psychiatric (section
F) domain except for ICD-10 code F93 (Emotional disorder
with onset specific to childhood) or F98 (Unspecified
behavioral and emotional disorder) were excluded. The TD
group included children within the same age range, without
any neurological (section G) or psychiatric disorder (section
F), and not receiving special assistance at school. Detailed
criteria and characteristics of both samples can be found in
the previous publications.15,16 All children participated in
the experiment either by visiting the laboratory at Aalto
University (especially during COVID-19) or at their school
facilities. The study was reviewed and approved by the
190 www.jaacapopen.org
Ethics Committee of the Helsinki University Hospital. All
participants gave their informed consent according to the
Declaration of Helsinki and were compensated with 2
movie tickets.

Tasks and Questionnaires
EPELI mimics demanding open-ended real-world situations
in which participants perform everyday household chores
under high attentional-executive demands in a home envi-
ronment (see the original studies15,16 for details) (Figure 1).
The game is implemented by Peili Vision company (http://
www.peilivision.fi/). An Oculus Go (Meta Reality Labs,
Menlo Park, California) (2560 � 1440 resolution, 60/
72Hz refresh rate, and 101� field of view)16 or Pico Neo 2
Eye (Pico Immersive Pte. Ltd, Singapore)15 head-mounted
display and a hand controller were used for playing EPELI.
Navigating in the environment is implemented via tele-
porting, which can be done by pointing at a waypoint circle
on the floor with a hand controller and simultaneously
pressing a button. The same response button is used for
interacting with the objects. In the game, children perform
13 short everyday scenarios that are given orally by a
cartoon dragon character. Each task scenario includes 4 to 6
subtasks (eg, put your clothes on, eat breakfast, brush your
JAACAP Open
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FIGURE 1 Illustration of the Task Performance in Executive Performance in Everyday LIving (EPELI) Task

Note: (A) The participant approaches a target object (a plate with breakfast) by moving next to the table via teleporting. (B) The participant points the target object to
interact with it (eat the breakfast). (C) This subtask is now done. (D) The participant receives feedback (sees stars and hears a sound indicating that the performance
was successful) and proceeds to the next stage (to put the empty plate in the sink). (E, F) The participant teleports next to the washing machine by pointing the ray to
the closest waypoint and pressing the response button to perform a subtask requiring filling up the machine. (G) The participant opens the washing machine by pointing
at it with the controller and clicking the response button. (H) The participant points to the clothes to grasp them, presses the response button to take them up, and points
the ray to the washing machine and presses the response button again to move the clothes to the washing machine.

ATTENTION FLUCTUATION IN SELF-PACED TASK
teeth). In total, there are 70 tasks. Only a fraction of objects
in the virtual home is relevant to the instructed tasks, and
about half of the task scenarios are embedded with natu-
ralistic auditory or audiovisual distractors. Total score (ie,
correctly performed subtasks), task efficacy (ie, proportion
of relevant actions out of all actions), and number of
irrelevant actions were used to analyze speed-accuracy trade-
off (see original study16 for detailed description of the
measures).

In the CPT, participants were presented with a series of
either letters or images with fixed alternating intervals (1
second, 2 seconds, and 4 seconds) and instructed to press the
space bar button as fast as possible when they see any
stimulus except the predefined no-go stimulus. The CPT
version with letters (dataset 1)16 resembles the Conners
Continuous Performance Test Third Edition (Conners CPT
3). The participants were presented with one letter at a time
and instructed to press the space bar as fast as possible when
they saw any letter except the letter “X.” For the letter “X,”
which was presented for 10% of the trials, the participants
were instructed to withhold their response. The stimulus was
presented for 250 ms. In the other CPT version (dataset 2),15

images were used as stimuli instead of letters. The partici-
pants were instructed to press a button as fast as possible
when they saw any picture of a cartoon animal but withhold
a response when they saw a cartoon image of a person
(demonstrated to the participant during the instructions).
The picture stimuli were presented for 350 ms, and this
version had 20% trials targeting inhibition of the response.
In both CPT versions, there was a 30-trial practice session
JAACAP Open
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that was repeated twice if the participants achieved fewer
than 20 correct responses. The actual task included 180
trials, and the task duration was approximately 7 minutes.

The severity of participants’ ADHD symptoms was
assessed with ADHD-RS.20 Also, several other questionnaires
and a Mini-International Neuropsychiatric Interview for
Children and Adolescents (MINI-KID) diagnostic interview
were administered as reported in the original studies.

Ex-Gaussian Modeling
The ex-Gaussian model was fitted to each participant’s
response latency distribution with R package retimes v.
0.1.2.21 For EPELI, response latencies were defined as the
time between 2 consecutive button presses. EPELI data were
fitted with 3 models, one based on all response latencies,
another for task-relevant clicks (response latencies where the
second click was on an object relevant to the task), and the
third for task-irrelevant clicks (response latencies where the
second click was on an object irrelevant for completing the
task). For the CPT, response latency was defined as the time
between the stimulus onset and the button press. Only trials
with correct response were included. Response latency data
was square root transformed before the ex-Gaussian fitting.

Outlier Exclusion
The outliers were excluded in 2 steps. First, to achieve a
good fit of the ex-Gaussian model, abnormally long or short
response latencies were excluded for each participant sepa-
rately based on the 1.5 interquartile range. Second, to avoid
bias in statistical inference, participants with mean reaction
www.jaacapopen.org 191
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FIGURE 2 Response Latency Distributions in Executive
Performance in Everyday LIving (EPELI) Game

Note: ADHD ¼ attention-deficit/hyperactivity disorder; TD ¼ typically developing.
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time lying outside the 3 s interval were excluded. The
proportion of excluded EPELI data at the first step was
6.9% for dataset 1 and 7.3% for dataset 2. The second step
resulted in exclusion of 1 participant (ADHD group) from
dataset 1 and 1 participant (TD group) from dataset 2. For
the CPT, 4.9% of data points in dataset 1 and 3.5% of data
points in dataset 2 were excluded at the first step. At step 2,
CPT data from 2 participants in the ADHD group were
removed from dataset 1, while no participants were
removed from dataset 2. Finally, 2 participants were
excluded from dataset 1 (1 participant from the TD group
and 1 participant from the ADHD group) due to CPT
accuracy below 33%. In dataset 2, no participants were
excluded due to low CPT accuracy. In addition to task
performance exclusions, 3 participants were excluded from
the original samples to balance the mean age between the
groups (the youngest participant from the ADHD group
and the 2 oldest participants from the TD group).

Goodness of Ex-Gaussian Model Fit
Outliers with worst fit lying outside of 1.5 interquartile range
in log likelihood were excluded separately for each type of the
clicks for each dataset separately. In EPELI, thefit of themodel
measured by log likelihood did not differ between the groups
(all response latencies: 16.86, 95%CI�1.61 to 35.32, Cohen
d¼ 0.31, p¼ .07; task-relevant response latencies: 1.05, 95%
CI�2.33 to 4.22, d¼ 0.10, p¼ .57; task-irrelevant response
latencies: 9.2, 95%CI�31.64 to 12.74, d¼ 0.14, p¼ .41) or
between the 2 datasets (all response latencies: 4.21, 95%
CI�14.39 to 22.81, d¼ 0.08, p¼ .66; task-relevant response
latencies: 0.88, 95% CI �2.38 to 4.16, d ¼ 0.09, p ¼ .59;
task-irrelevant response latencies: 17.39, 95% CI �4.53 to
39.32, d¼ 0.26, p¼ .12). In the CPT, there was a significant
difference in the model fit between the data in the ADHD
group and TD group (44.55, 95% CI 30.24 to 58.85, d ¼
1.09, p< .001). To accommodate for that, the mixed models
used to compare the parameters between the ADHD and TD
groups included log likelihood as a random factor. Also, the
dataset was included as a random factor in the models.

Statistical Analysis
The statistical analysis was performed with R statistical
computing software v. 4.2.0, using additional packages
retimes,21 lme4,22 and car.23 Fisher exact test, t test, and
linear mixed effect models were used in the analysis. All the
statistical tests were two-sided with a significance level of
.05. False discovery rate correction was applied to correct p
values for multiple comparisons.

Four models were tested to see which one would
explain the most of variablity in ADHD symptoms’ severity
(see Supplement 1, available online). The models included
192 www.jaacapopen.org
ex-Gaussian parameters of response latency in EPELI and in
the CPT. Candidate parameters were selected based on
group differences. Highly intercorrelated parameters (r >
0.8) were excluded. Akaike information criterion was used
to compare the quality of the models.24

To test if the response latency variability can reliably
predict participant group, a support vector machine classi-
fier was trained with 10-fold cross-validation on ex-
Gaussian parameters obtained in both tasks. The training
and evaluation were implemented with the Python package
sklearn v.1.0.242. Statistical difference in classifiers’ per-
formance was assessed with two-sided t test on 30 iteration
bootstrap cross-validation using 10 folds.
RESULTS
EPELI Task
The 2 datasets did not differ significantly in mean and SD of
participants’ response latencies either across all participants or
within the groups (see Supplement 1, available online), and
they were hence combined for further analyses. Overall,
children with ADHD had faster response latencies (0.4
second, 95% CI 0.2 to 0.5, 4 ¼ 0.38, p < .001) with less
variability (0.21 second, 95% CI 0.08 to 0.27, 4 ¼ 0.30,
p < .001) compared with the TD group as indexed by SD
(Figure 2). A further analysis indicated that shorter mean
JAACAP Open
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TABLE 2 Results of Ex-Gaussian Modeling in Executive Performance in Everyday LIving (EPELI) and Continuous Performance
Test (CPT) Data

Response latency measure Parameter ADHD TD 95% CI 4 p
Mean Mean

EPELI: all clicks m 0.74 0.92 0.10 to 0.24 0.40 < .001***
s 0.19 0.25 0.03 to 0.10 0.29 .0015**
s 0.38 0.34 L0.09 to 0.001 0.17 .052

EPELI: relevant clicks m 0.96 0.97 L0.05 to 0.08 0.04 .64
s 0.25 0.22 L0.07 to L0.007 0.21 .02*
s 0.23 0.29 0.02 to 0.11 0.24 .0077**

EPELI: irrelevant clicks m 0.72 0.91 0.12 to 0.27 0.42 < .001***
s 0.17 0.26 0.05 to 0.13 0.37 < .001***
s 0.39 0.33 L0.11 to L0.02 0.22 .012*

CPT: correct responses m 0.34 0.35 L0.0005 to 0.03 0.17 .08
s 0.06 0.06 L0.006 to 0.007 0 .99
s 0.09 0.06 L0.035 to L0.014 0.41 < .001***

Note: ADHD ¼ attention-deficit/hyperactivity disorder; TD ¼ typically developing.
*p < .05; **p < .01; ***p < .001.

ATTENTION FLUCTUATION IN SELF-PACED TASK
response latency was associated with a higher number of
irrelevant actions (r ¼ �0.79, 95% CI�0.85 to�0.72, p <
.001) and lower task efficacy (r ¼ 0.72, 95% CI 0.63 to
0.79, p < .001), while there was no correlation between
participant’s total score and the mean response latency.

An ex-Gaussian model fitted to response latencies
resulted in lower m and s in the ADHD group vs TD group
(Table 2), indicating shorter intervals between controller
clicks and lower intraindividual variability in the ADHD
group. A further analysis examining task relevance revealed
that for task-relevant clicks, s was higher and s was smaller in
the ADHD group vs TD group, while for task-irrelevant
clicks the group difference was in the opposite direction
(Table 2). Task-irrelevant and task-relevant response latency
measures also showed differential correlational patterns with
the symptom scores. With respect to task-irrelevant re-
sponses, significant correlations with the symptoms were
observed for m and s, while for task-relevant responses the
only measure that correlated with the symptoms was s (see
Supplement 1, available online). An analysis testing the
predictive power of the ex-Gaussian parameters derived from
EPELI provided an area under the curve (AUC) of 0.76,
suggesting fair classification accuracy for these parameters.

Finally, to confirm that the obtained results are not
explained by secondary factors, we examined in-
tercorrelations between the potential extraneous variables
(age, sex, WISC-IV score, and socioeconomic factors) and
EPELI measures. Weak (r < 0.4) but significant correla-
tions were observed between EPELI measures and other
potential extraneous variables except parental income,
which was not correlated with EPELI response latency
JAACAP Open
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measures (see Supplement 1, available online). In the
multiple regression models where the demographic factors
correlated with EPELI response latency measures were
included as covariates, the results reported above remained
essentially similar (see Supplement 1, available online).

CPT Task
In the CPT data, the ADHD group had longer mean
response latency (0.02 second, 95% CI 0.003 to 0.039,
4 ¼ 0.20, p ¼ .022) and higher response latency variability
(0.02 second, 95% CI 0.016 to �0.039, 4 ¼ 0.42, p <
.001) as indexed by SD (Figure 3). Ex-Gaussian analysis of
CPT data showed that the only significant difference be-
tween the group was in the parameter s, indicating a higher
proportion of slow responses in the ADHD group
(Table 2). An analysis testing the predictive power of the ex-
Gaussian parameters derived from the CPT provided an
AUC of 0.75, which did not differ significantly from the
performance of the classifier with EPELI data.

The CPT variables were weakly correlated with age, sex,
and WISC-IV score (see Supplement 1, available online). In
the multiple regression analysis with the demographic factors
associated with the CPT as covariates, mean CPT response
latency no longer showed group differences, while in the SD
of the response latency and s parameter of the ex-Gaussian
analysis the group differences remained significant.

Explained Variability in Symptoms
The linear mixed effects model explaining ADHD symptom
variability with the ex-Gaussian parameters of response la-
tencies included ADHD-RS total score as a dependent
www.jaacapopen.org 193
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FIGURE 3 Response Latency Distributions in Continuous
Performance Test (CPT)

Note: ADHD ¼ attention-deficit/hyperactivity disorder; TD ¼ typically developing.

SALMI et al.
variable. The model based on EPELI included parameters m
and s of all response latencies as a fixed effect and the dataset as
a random effect, and both parameters were significant pre-
dictors of the symptom severity (m: �31.19, 95% CI �43.87
to�18.50, 4¼ 0.41, p< .001; s: �25.58, 95% CI�48.30
to�2.86, 4¼ 0.19, p¼ .028; the model’s R2¼ 0.15). In the
CPT model, only s was a significant predictor of symptom
severity in the similar model (165.98, 95% CI 82.70 to
249.26, 4 ¼ 0.34, p < .001; the model’s R2 ¼ 0.11). The
differences in Akaike information criterion of the models fit to
the same sample was 3.26, which indicates considerably
stronger support for the EPELI-based model than the CPT-
based model for explaining symptom variability.22 The ex-
Gaussian parameters of the 2 tasks used in the models were
not correlated (see Supplement 1, available online). EPELI
response latency measures were, however, correlated with other
CPT measures. This correlational pattern was similar to the
one for EPELI response latency measures and parent-rated
ADHD symptoms: m and s for task-irrelevant responses and
s for task-relevant responses showed correlations with CPT
accuracy as well as omission and commission errors in the CPT
(see Supplement 1, available online).

DISCUSSION
This study demonstrated how intraindividual variability in
response latencies in a naturalistic task tapping complex
194 www.jaacapopen.org
goal-directed behavior can be quantified and used for child
neuropsychiatric assessment. It also examined the related
intraindividual variability measures obtained with a gold
standard CPT that is widely used to complement ADHD
assessment. Thus, we tested whether the 2 different tasks—
a simple construct-based experimental task (CPT) and a
function-led virtual reality task (EPELI) where real-life symp-
toms critical for diagnosis are expected to manifest them-
selves—were associated with similar or different characteristics
of ADHD.25,26 As our hypothesis predicted, we observed that
response latencies in EPELI were shorter in children with
ADHD than in TD controls, whereas in the CPT, children
with ADHD were slower than TD children. Moreover,
shorter response latencies in EPELI were associated with task-
irrelevant behavior and ADHD symptom scores.

These findings provide supportive evidence for a novel
objective indicator of hyperactive-impulsive characteristics
of ADHD. Increased intraindividual variability of cognitive
processing in ADHD was observed in both tasks. However,
our novel findings indicate that besides response latencies as
such, related intraindividual variability measures also are
context-specific, as they were in opposite directions for re-
sponses to relevant vs irrelevant stimuli in EPELI, and the
correlations between intraindividual variability in EPELI
and the CPT were negligible. The lack of correlation be-
tween EPELI and the CPT could reflect either that fluc-
tuation of sustained attention in a situation where the
participant is a passive observer (eg, monitoring a school
class) is different from a situation where the participant is an
active agent (eg, executing any action sequences at own
pace) or that intraindividual variability in response latencies
reflects different cognitive processes in self-paced (eg, inhi-
bition of impulsive reactions, response strategy adaptation)
and strictly externally paced (eg, fluctuation of attention)
tasks.27 Nevertheless, we demonstrate that measuring intra-
individual variability can also be used to develop behavioral
markers for open-ended naturalistic tasks. Our findings
advocate for the use of naturalistic paradigms to interpret
how objective behavioral markers of psychiatric disorders
connect to different types of real-life situations in which the
symptoms occur. Such a cross-validation framework could
also be used for testing the ecological relevance of other
neuropsychological indicators developed to characterize
cognitive deficits in psychiatric and neurological disorders.

Sitting still with eyes fixed and waiting to press a response
button to isolated stimuli is an extremely simplified situation
that is neither characteristic of human goal-directed behavior
nor representative for cognitive deficits observed in many
common child and adolescent psychiatric disorders.1,28,29

While detection of problems with sustained attention with
such methods is important, it represents a relatively narrow
JAACAP Open
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aspect out of the diverse problems associated with ADHD.30–
32 Moreover, in real-world situations, there is often a
considerable freedom to choose different actions, for instance,
based on information searched by turning the head and eyes
and moving around. Much of everyday goal-directed
behavior manifests as self-paced interaction with rich con-
texts filled with meaningful stimuli.

EPELI was developed to emulate such everyday situa-
tions where sequences of multiple actions should be
executed in a given time (eg, preparing to go to school or
engage in a hobby, morning or evening routines). While
there is increasing evidence that in individuals with ADHD
the ability to concentrate is highly dependent on the context
(eg, viewing movies,11 playing games,13 doing physical ac-
tivity,14 listening to music33), function-led experimental
approaches that allow reliable objective measurements of
volitional real-world behavior have been lacking.1,34 The
present novel methodological framework allows study of
whether and how the proposed endophenotype of neuro-
psychiatric disorders, intraindividual variability in cognitive
performance, is exhibited in real-world situations.35 Our
results suggest that it does, but one should pay attention to
the contextual factors influencing intraindividual variability.
In EPELI, processing task-relevant stimuli was faster and
less fluctuating in children with ADHD, meaning that every
time that they knew what should be done, they reacted
more quickly and more consistently than TD children. This
was unexpected, as numerous CPT studies, including the
present one, have shown that occasional sluggish task-
relevant responses are more common in participants with
ADHD.3 In both tasks, s in relevant responses was corre-
lated with symptoms, but as there was no correlation be-
tween s in EPELI and s in the CPT, we presume that this
measure reflects different aspects of ADHD. These differ-
ences could possibly reflect whether the task is endoge-
nously or exogenously controlled or may relate to different
aspects in ADHD symptoms that task-specific s measures
capture (inattention symptoms for the CPT, hyperactive-
impulsive symptoms for EPELI). In EPELI, s of task-
relvenat response latencies was larger in children with
ADHD than in TD children, meaning that the clinical
group did manifest greater intraindividual variability, but it
was in a different latency range than typically observed in
CPT studies. Further research is needed to clarify the
cognitive functions related to response fluctuations at
different timescales in the context of the novel EPELI task.
It has been suggested that the flexibility to adjust the dy-
namics of a situation to sync with their natural pace (eg, a
video game) could help children with ADHD to perform
prolonged tasks.12 Also, here, children with ADHD were
able to perform the rather long and demanding EPELI task
JAACAP Open
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relatively well. However, the fast-paced children with
ADHD were still more likely to be involved in irrelevant
behaviors, and even though they responded more consis-
tently to relevant stimuli, their error levels in regard to
targets were higher in EPELI.

Occasional distractions to the irrelevant stimuli clearly
attracted the attention of children with ADHD in EPELI as
well as in the CPT, and this type of behavior was more
fluctuating when the stimulus was naturalistic and the sit-
uation was dynamic. Regarding what cognitive processes
specifically are behind this phenomenon, the present study
does not give a clear-cut answer. In function-led tasks such
as EPELI, the main advantage is interpretability in terms of
ecological relevance. At the same time, in such a complex
task the link between the measurement variable and the
underlying cognitive construct necessarily becomes more
vague.36 Interestingly, however, the response latency mea-
sures for the task-irrelevant responses showed a different
pattern than for the task-relevant responses. Interactions
with nonrelevant objects occurred more quickly (m) and less
variably (s) in children with ADHD compared with TD
children. This is consistent with the immediate reward–
seeking nature of impulsive behavior.37 Larger s for task-
irrelevant responses in children with ADHD, in turn,
could reflect several things. Their behavior may have been
temporally variable at longer latencies, for instance, because
they did not remember what to do and ended up testing
object interactions that turned out incorrect or because
mind wandering or attentional lapses may have been more
frequent during episodes when the target action was not
actively in mind. It is also noteworthy that difficulties with
inhibition control (impulsivity) and focusing attention
(inattention) could be closely related when it comes to
dynamic processes related to rapid responding. In this study
we observed speed accuracy trade-off, meaning that faster
responding resulted in more mistakes, and in our previous
study we showed that children with ADHD had difficulties
in efficiently focusing attention to the objects with which
they interacted in the game at the same time when they
performed more impulsive actions. To give a practical
example, in the school classroom, children with ADHD
could have difficulties in inhibiting task-relevant behavior,
for instance, waiting their turn when they know the answer
to the teacher’s question, and in a similar manner they may
fail to inhibit task-irrelevant behaviors.2,3

A potential challenge for naturalistic paradigms where
multiple features of attention control are needed simulta-
neously (eg, following the instructed task, regulating im-
pulses to the attractive objects, executing goal-directed
behaviors) relates to complex interactions that come to play.
For instance, whether the person remembers, understands,
www.jaacapopen.org 195
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or can hold attention to the goal could be associated with
both with the person’s state and the environmental char-
acteristics such as the reward value, physical saliency or
attractiveness of the available task-relevant and task-irrele-
vant objects. To be able to objectively capture the complex
ADHD symptoms and their underlying mechanisms, the
construct-based and function-led tasks are likely to com-
plement each other.38,39 In future studies, different types of
naturalistic but contextually controlled virtual reality tasks
could possibly be used to determine the contextual
boundaries for intraindividual variability in psychiatric dis-
orders and to apply this information also for transdiagnostic
and differential diagnostic purposes.40,41 We believe that
the novel approach in which the measured behaviors are
self-paced and more closely correspond to the real-life
symptoms is important in the development of objective
predictive measures of the common debilitating cognitive
dysfunctions in psychiatric conditions.

Sustained attention that the CPT taps is required in
real-world situations where the individual should continu-
ously focus on the incoming input in a relatively static
situation. The most popular ecologically valid variant of this
task that emulates everyday life is the virtual classroom task,
where task performance is correlated with the conventional
CPT version employed in this study.42 Intraindividual
variability in the CPT was also observed in the present
study.3,43 EPELI, in turn, was developed to detect various
aspects of everyday life executive functions in dynamic sit-
uations involving interaction with the surroundings.16 With
regard to real-life ADHD symptoms, the EPELI game
emulates several factors that go beyond the concept of
sustained attention (eg, “Often does not follow through on
instructions and fails to finish schoolwork, chores, or duties
in the workplace”; “Often has trouble organizing tasks and
activities”; “Is often forgetful in daily activities”), and we
have operationalized measures other than those related to
response latencies to capture these characteristics.15,16

Although EPELI explained variability in the ADHD
symptoms slightly better than the CPT, it is noteworthy
that intraindividual variability measures in both of the tasks
were unable to explain a considerable amount of parent-
evaluated symptom variability. Moreover, only moderate
classification accuracy with respect to the group status was
achieved with the measures derived from the 2 tasks. To
obtain high discriminative validity, there are other EPELI
measures, such as task efficacy (AUC ¼ 0.83) or eye
movement behavior (AUC ¼ 0.92), that give better re-
sults.15,16 Single-response latency measures are hence
probably not sufficient to capture the widespread spectrum
of symptoms. Perhaps a combination of naturalistic mea-
sures reflecting multiple carefully selected situations in
196 www.jaacapopen.org
which the symptoms are manifested (eg, home, school)
would provide the best outcome with respect to objective
measurements. The lack of correlation between EPELI and
the CPT highlights the fact that intraindividual variability
should not be considered as a unitary indicator, but rather a
measure that is strongly modulated by the task context and
stimulus contents.

The main limitations of the present study relate to
sampling and characteristics of the population as well as
inferences that can be made about the response latency ef-
fects in a complex task. Although it has been previously
reported that children with ADHD are more likely to come
from families with lower education and income,44 future
studies should pay more careful attention to balancing the
groups in this regard. We also had a limited age range.
Children younger than 9 years were not selected to make
sure that even the rather short VR exposure time did not
have negative effects considering participant safety.45–47

However, with younger children, it would be possible to
use the flat-screen version of EPELI that is less immersive
but taps largely the same constructs as the current head-
mounted display version.48 The 2 tasks selected for the
study, EPELI and CPT, are quite different from each
other, which limits the comparisons of the related results
to the clinical domain. In our opinion, the CPT as a gold
standard was a good choice as a comparison task even
though it likely taps different cognitive constructs than
EPELI: first, to demonstrate that the participants have
problems with sustained attention; to compare a self-
paced and externally paced task; and third, due to the
lack of more complex and comparable tasks that would be
able to capture cognitive fluctuations in ADHD. Finally,
parent ratings obtained for inattention and hyperactivity/
impulsivity domains in the present study were strongly
correlated, meaning that the ADHD-RS questionnaire
was not able to distinguish participants with respect to
ADHD subtypes. Such a distinction could help in
interpreting the clinical constructs that response latency
variables in EPELI measure.

Our findings support the results of previous studies
showing increased intraindividual variability that reflects a
subset of unusually slow response latencies in children with
ADHD compared with TD children. This was observed in
the widely used CPT and for task-irrelevant stimuli in a
naturalistic EPELI task. At the same time, in EPELI the
children with ADHD were generally clearly faster than TD
controls in their self-paced interaction with the environ-
ment, while in the CPT task children with ADHD were
slower than TD controls. Interestingly, response latencies
for task-relevant stimuli in the EPELI task were, in turn, less
variable in children with ADHD than in the TD children,
JAACAP Open
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and correlations between intraindividual variability metrics
in EPELI and the CPT were negligible. Hence, our results
suggest that task context and type considerably influence
how intraindividual variability manifests. Naturalistic vir-
tual reality conditions such as EPELI allow quantification of
attentional executive deficits in situations resembling real-
life situations in which the symptoms leading to ADHD
diagnosis occur. Although multiple different situations are
probably needed to cover the symptoms hampering
everyday life of individuals with ADHD, the present results
provide a strong recommendation for novel research that
pursues development of objective behavioral markers.
J
V

Accepted December 14, 2023.

Dr. Salmi and Ms. Merzon are with Aalto University, Espoo, Finland. Ms. Er€aste
and Prof. Laine are with �Abo Akademi University, Turku, Finland. Mr. Seesj€arvi,
Drs. Huhdanp€a€a and Mannerkoski, and Prof. Aronen are with the University of
Helsinki and Helsinki University Hospital, Helsinki, Finland. Mr. Seesj€arvi is also
with University of Helsinki, Helsinki, Finland. Dr. Huhdanp€a€a is also with Pedi-
atric Research Center, New Children’s Hospital, Helsinki, Finland. Dr. MacInnes
is with Swansea University, Swansea, United Kingdom.

This research was supported by the Academy of Finland (grants #325981,
#328954, and #353518 to J.S. and grant #323251 to M.L.), the Finnish Brain
Foundation (grant #20220072 to L.M.), the Jalmari and Rauha Ahokas Foun-
dation (grant to L.M.), the Finnish Cultural Foundation (grant #00230803 to
L.M.), and the Instrumentarium Science Foundation (grant #200005 to E.S.).

The research was performed with permission from the ethics committee of the
Helsinki University Hospital.
AACAP Open
olume 2 / Number 3 / September 2024
The authors have reported the use of artificial intelligence or artificial
intelligenceeassisted technologies. The picture of a child with virtual reality
goggles in the graphical abstract was made with the Stability AI Clipdrop tool
Stable Diffusion XL (SDXL 1.0: A Leap Forward in AI Image Generation).

This work has been previously posted on a preprint server: https://psyarxiv.
com/xtwy2.

Author Contributions
Conceptualization: Salmi, Merzon, Seesj€arvi, Aronen, MacInnes, Laine
Data curation: Salmi, Merzon, Huhdanp€a€a, Mannerkoski
Formal analysis: Merzon, Er€aste
Funding acquisition: Salmi, Merzon, Seesj€arvi, Laine
Investigation: Salmi, Merzon, Er€aste, Seesj€arvi, Aronen, Mannerkoski, MacIn-
nes, Laine
Methodology: Salmi, Merzon, Er€aste, MacInnes
Project administration: Salmi, Laine
Resources: Salmi, Huhdanp€a€a, Mannerkoski
Software: Salmi, Seesj€arvi
Supervision: Salmi, Aronen, Laine
Visualization: Salmi
Writing e original draft: Salmi, Merzon
Writing e review and editing: Er€aste, Seesj€arvi, Huhdanp€a€a, Aronen, Man-
nerkoski, MacInnes, Laine

Disclosure: Drs. Salmi and Huhdanp€a€a, Prof. Aronen, Drs. Mannerkoski and
MacInnes, Prof. Laine, Mss. Merzon and Er€aste, and Mr. Seesj€arvi have re-
ported no biomedical financial interests or potential conflicts of interest.

Correspondence to Juha Salmi, PhD, Department of Neuroscience and
Biomedical Engineering, Aalto University, PO Box 12200, Otakaari 3, 00076
Espoo, Finland; e-mail: juha.salmitaival@aalto.fi

2949-7329/ª 2023 The Author(s). Published by Elsevier Inc. on behalf of
American Academy of Child & Adolescent Psychiatry. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).

https://doi.org/10.1016/j.jaacop.2023.12.002
REFERENCES

1. Gualtieri T, Johnson LG. ADHD: is objective diagnosis possible? Psychiatry (Edgmont).

2005;2(11):44-53.
2. Tamm L, Narad ME, Antonini TN, O’Brien KM, Hawk LW, Epstein JN. Reaction time

variability in ADHD: a review. Neurotherapeutics. 2012;9(3):500-508. https://doi.org/
10.1007/s13311-012-0138-5

3. Kofler MJ, Rapport MD, Sarver DE, et al. Reaction time variability in ADHD: a meta-
analytic review of 319 studies. Clin Psychol Rev. 2013;33(6):795-811. https://doi.org/
10.1016/j.cpr.2013.06.001

4. Cole VT, Weinberger DR, Dickinson D. Intra-individual variability across neuropsycho-
logical tasks in schizophrenia: a comparison of patients, their siblings, and healthy controls.
Schizophr Res. 2011;129(1):91-93. https://doi.org/10.1016/j.schres.2011.03.007

5. Gallagher P, Nilsson J, Finkelmeyer A, et al. Neurocognitive intra-individual variability
in mood disorders: effects on attentional response time distributions. Psychol Med. 2015;
45:2985-2997. https://doi.org/10.1017/S0033291715000926

6. Yu Y, Xu H, Xu Y, Lu F, Li M. Increased intra-individual variability as a marker of
executive dysfunction in generalized anxiety disorder. Front Psychiatry. 2022;13:532778.
https://doi.org/10.3389/FPSYT.2022.532778

7. Kochan NA, Bunce D, Pont S, Crawford JD, Brodaty H, Sachdev PS. Is intraindividual
reaction time variability an independent cognitive predictor of mortality in old age?
Findings from the Sydney Memory and Ageing Study. PLoS One. 2017;12(8):
e0181719. https://doi.org/10.1371/journal.pone.0181719

8. Klein C, Wendling K, Huettner P, Ruder H, Peper M. Intra-subject variability in
attention-deficit hyperactivity disorder. Biol Psychiatry. 2006;60(10):1088-1097. https://
doi.org/10.1016/j.biopsych.2006.04.003

9. Russell VA, Oades RD, Tannock R, et al. Response variability in attention-deficit/
hyperactivity disorder: a neuronal and glial energetics hypothesis. Behav Brain Funct.
2006;2:30. https://doi.org/10.1186/1744-9081-2-30

10. Wakefield JC, First MB. Validity of the bereavement exclusion to major depression: does
the empirical evidence support the proposal to eliminate the exclusion in DSM-5? World
Psychiatry. 2012;11(1):3-10. https://doi.org/10.1016/j.wpsyc.2012.01.002

11. Orban SA, Rapport MD, Friedman LM, Eckrich SJ, Kofler MJ. Inattentive behavior in
boys with ADHD during classroom instruction: the mediating role of working memory
processes. J Abnorm Child Psychol. 2018;46:713-727. https://doi.org/10.1007/s10802-
017-0338-x

12. Bioulac S, Lallemand S, Fabrigoule C, Thoumy AL, Philip P, Bouvard MP. Video game
performances are preserved in ADHD children compared with controls. J Atten Disord.
2014;18(6):542-550. https://doi.org/10.1177/1087054712443702

13. Shaw R, Grayson A, Lewis V. Inhibition, ADHD, and computer games: the inhibitory
performance of children with ADHD on computerized tasks and games. J Atten Disord.
2005;8(4):160-168. https://doi.org/10.1177/1087054705278771

14. Silva AP, Prado SO, Scardovelli TA, Boschi SR, Campos LC, Fr�ere AF. Measurement of
the effect of physical exercise on the concentration of individuals with ADHD. PLoS
One. 2015;10(3):e0122119. https://doi.org/10.1371/journal.pone.0122119

15. Merzon L, Pettersson K, Aronen ET, 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

16. Seesj€arvi E, Puhakka J, Aronen ET, et al. Quantifying ADHD symptoms in open-ended
everyday life contexts with a new virtual reality task. J Atten Disord. 2022;26(11):1394-
1411. https://doi.org/10.1177/10870547211044214

17. Anderson P. Assessment and development of executive function (EF) during childhood.
Child Neuropsychol. 2002;8(2):71-82. https://doi.org/10.1076/chin.8.2.71.8724

18. Luce RD. Response Times: Their Role in Inferring Elementary Mental Organization.
New York: Oxford University Press; 1986.

19. Wechsler D. (WISC-IV). Fourth Edition, Wechsler Intelligence Scale for Children. .
APA PsycTests; 2003. https://doi.org/10.1037/t15174-000

20. DuPaul GJ, Power TJ, Anastopoulos AD, Reid R. ADHD Rating Scale-IV: Checklists,
Norms, and Clinical Interpretation. New York: Guilford Press; 1998. https://doi.org/10.
1177/0734282905285792

21. D. Massidda, retimes: Reaction Time Analysis, R Package Version 0.1-2, 2013, R Foundation
for Statistical Computing; Vienna, Austria https://github.com/cran/retimes/tree/master

22. Bates D, M€achler M, Bolker BM, Walker SC. Fitting linear mixed-effects models using
lme4. J Stat Softw. 2015;67(1):1-48. https://doi.org/10.18637/jss.v067.i01

23. Fox J, Weisberg S. An R Companion to Applied Regression. 3rd ed. Thousand Oaks,
CA: Sage Publications; 2019.
www.jaacapopen.org 197

https://psyarxiv.com/xtwy2
https://psyarxiv.com/xtwy2
mailto:juha.salmitaival@aalto.fi
https://doi.org/10.1016/j.jaacop.2023.12.002
https://doi.org/10.1007/s13311-012-0138-5
https://doi.org/10.1007/s13311-012-0138-5
https://doi.org/10.1016/j.cpr.2013.06.001
https://doi.org/10.1016/j.cpr.2013.06.001
https://doi.org/10.1016/j.schres.2011.03.007
https://doi.org/10.1017/S0033291715000926
https://doi.org/10.3389/FPSYT.2022.532778
https://doi.org/10.1371/journal.pone.0181719
https://doi.org/10.1016/j.biopsych.2006.04.003
https://doi.org/10.1016/j.biopsych.2006.04.003
https://doi.org/10.1186/1744-9081-2-30
https://doi.org/10.1016/j.wpsyc.2012.01.002
https://doi.org/10.1007/s10802-017-<?thyc=10?>0338-x<?thyc?>
https://doi.org/10.1007/s10802-017-<?thyc=10?>0338-x<?thyc?>
https://doi.org/10.1177/1087054712443702
https://doi.org/10.1177/1087054705278771
https://doi.org/10.1371/journal.pone.0122119
https://doi.org/10.1038/s41598-022-24552-4
https://doi.org/10.1038/s41598-022-24552-4
https://doi.org/10.1177/10870547211044214
https://doi.org/10.1076/chin.8.2.71.8724
https://doi.org/10.1037/t15174-000
https://doi.org/10.1177/0734282905285792
https://doi.org/10.1177/0734282905285792
https://github.com/cran/retimes/tree/master
https://doi.org/10.18637/jss.v067.i01
http://www.jaacapopen.org


SALMI et al.
24. Burnham KP, Anderson DR. Multimodel inference: understanding AIC and BIC in
model selection. Sociological Methods & Research. 2004;33(2):261-304. https://doi.org/
10.1177/0049124104268644

25. Dirks MA, De Los Reyes A, Briggs-Gowan M, Cella D, Wakschlag LS. Annual research
review: embracing not erasing contextual variability in children’s behavior—theory and
utility in the selection and use of methods and informants in developmental psychopa-
thology. J Child Psychol Psychiatry. 2012;53(5):558-574. https://doi.org/10.1111/J.
1469-7610.2012.02537.X

26. Barkley RA. Issues in the diagnosis of attention-deficit/hyperactivity disorder in children.
Brain Dev. 2003;25(2):77-83. https://doi.org/10.1016/s0387-7604(02)00152-3

27. Singer RN. Performance and human factors: considerations about cognition and atten-
tion for self-paced and externally-paced events. Ergonomics. 2010;43(10):1661-1680.
https://doi.org/10.1080/001401300750004078

28. Risko EF, Kingstone A. Attention in the wild: visual attention in complex, dynamic, and
social environmentsHoffman RR, Hancock PA, Scerbo MW, Parasuraman R, Szalma JL,
eds. The Cambridge Handbook of Applied Perception Research, 1. Cambridge, UK:
Cambridge University Press; 2015:466-487.

29. Chaytor N, Schmitter-Edgecombe M. The ecological validity of neuropsychological tests:
a review of the literature on everyday cognitive skills. Neuropsychol Rev. 2003;13(4):
181-197. https://doi.org/10.1023/B:NERV.0000009483.91468.FB

30. Sj€owall D, Roth L, Lindqvist S, Thorell LB. Multiple deficits in ADHD: executive
dysfunction, delay aversion, reaction time variability, and emotional deficits. J Child
Psychol Psychiatry. 2013;54(6):619-627. https://doi.org/10.1111/JCPP.12006

31. Sonuga-Barke EJS, Becker SP, B€olte S, et al. Annual research review: perspectives on
progress in ADHD science—from characterization to cause. J Child Psychol Psychiatry.
2023;64(4):506-532. https://doi.org/10.1111/JCPP.13696

32. Spencer TJ, Biederman J, Mick E. Attention-deficit/hyperactivity disorder: diagnosis,
lifespan, comorbidities, and neurobiology. J Pediatr Psychol. 2007;32(6):631-642.
https://doi.org/10.1093/jpepsy/jsm005

33. Wilde EM, Welch GF. Attention deficit hyperactivity disorder (ADHD) and musical
behaviour: the significance of context. Psychol Music. 2022;50(6):1942-1960. https://
doi.org/10.1177/03057356221081163

34. Mcgee RA, Clark SE, Symons DK. Does the Conners’ Continuous Performance Test aid
in ADHD diagnosis? J Abnorm Child Psychol. 2000;28(5):415-424. https://doi.org/10.
1023/A:1005127504982

35. Brietzke E, Hawken ER, Idzikowski M, Pong J, Kennedy SH, Soares CN. Integrating
digital phenotyping in clinical characterization of individuals with mood disorders.
Neurosci Biobehav Rev. 2019;104:223-230. https://doi.org/10.1016/j.neubiorev.2019.
07.009

36. Parsons TD, Carlew AR, Magtoto J, Stonecipher K. The potential of function-led virtual
environments for ecologically valid measures of executive function in experimental and
198 www.jaacapopen.org
clinical neuropsychology. Neuropsychol Rehabil. 2017;27(5):777-807. https://doi.org/
10.1080/09602011.2015.1109524

37. Levitt E, Sanchez-Roige S, Palmer AA, MacKillop J. Steep discounting of future rewards
as an impulsivity phenotype: a concise review. Curr Top Behav Neurosci. 2020;47:
113-138. https://doi.org/10.1007/7854_2020_128

38. Hasson U, Nastase SA, Goldstein A. Direct fit to nature: an evolutionary perspective on
biological and artificial neural networks. Neuron. 2020;105(3):416-434. https://doi.org/
10.1016/j.neuron.2019.12.002

39. Nastase SA, Goldstein A, Hasson U. Keep it real: rethinking the primacy of experimental
control in cognitive neuroscience. Neuroimage. 2020;222:117254. https://doi.org/10.
1016/j.neuroimage.2020.117254

40. Corrigan N, P�as�arelu CR, Voinescu A. Immersive virtual reality for improving cognitive
deficits in children with ADHD: a systematic review and meta-analysis. Virtual Real.
Published online February 18, 2023. https://doi.org/10.1007/S10055-023-00768-1

41. Borgnis F, Baglio F, Pedroli E, et al. Available virtual reality-based tools for executive
functions: a systematic review. Front Psychol. 2022;13:833136. https://doi.org/10.3389/
fpsyg.2022.833136

42. Parsons TD, Duffield T, Asbee J. A comparison of virtual reality classroom continuous
performance tests to traditional continuous performance tests in delineating ADHD: a
meta-Analysis. Neuropsychol Rev. 2019;29(3):338-356. https://doi.org/10.1007/
S11065-019-09407-6

43. Epstein JN, Erkanli A, Conners CK, Klaric J, Costello JE, Angold A. Relations between
continuous performance test performance measures and ADHD behaviors. J Abnorm
Child Psychol. 2003;31(5):543-554. https://doi.org/10.1023/A:1025405216339

44. Russell AE, Ford T, Williams R, Russell G. The association between socioeconomic
disadvantage and attention deficit/hyperactivity disorder (ADHD): a systematic review.
Child Psychiatry Hum Dev. 2016;47(3):440-458. https://doi.org/10.1007/S10578-015-
0578-3

45. Tychsen L, Foeller P. Effects of immersive virtual reality headset viewing on young
children: visuomotor function, postural stability, and motion sickness. Am J Oph-
thalmol. 2020;209:151-159. https://doi.org/10.1016/j.ajo.2019.07.020

46. Peli E. The visual effects of head-mounted display (HMD) are not distinguishable from
those of desk-top computer display. Vision Res. 1998;38(13):2053-2066. https://doi.
org/10.1016/S0042-6989(97)00397-0

47. Mukamal R. Are virtual reality headsets safe for eyes? American Academy of Ophthal-
mology. 2017. Accessed September 15, 2023. https://www.aao.org/eye-health/tips-
prevention/are-virtual-reality-headsets-safe-eyes

48. Seesj€arvi 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;4:1138240. https://doi.org/10.3389/frvir.2023.1138240
JAACAP Open
Volume 2 / Number 3 / September 2024

https://doi.org/10.1177/0049124104268644
https://doi.org/10.1177/0049124104268644
https://doi.org/10.1111/J.1469-7610.2012.02537.X
https://doi.org/10.1111/J.1469-7610.2012.02537.X
https://doi.org/10.1016/s0387-7604(02)00152-3
https://doi.org/10.1080/001401300750004078
https://doi.org/10.1023/B:NERV.0000009483.91468.FB
https://doi.org/10.1111/JCPP.12006
https://doi.org/10.1111/JCPP.13696
https://doi.org/10.1093/jpepsy/jsm005
https://doi.org/10.1177/03057356221081163
https://doi.org/10.1177/03057356221081163
https://doi.org/10.1023/A:1005127504982
https://doi.org/10.1023/A:1005127504982
https://doi.org/10.1016/j.neubiorev.2019.07.009
https://doi.org/10.1016/j.neubiorev.2019.07.009
https://doi.org/10.1080/09602011.2015.1109524
https://doi.org/10.1080/09602011.2015.1109524
https://doi.org/10.1007/7854_2020_128
https://doi.org/10.1016/j.neuron.2019.12.002
https://doi.org/10.1016/j.neuron.2019.12.002
https://doi.org/10.1016/j.neuroimage.2020.117254
https://doi.org/10.1016/j.neuroimage.2020.117254
https://doi.org/10.1007/S10055-023-00768-1
https://doi.org/10.3389/fpsyg.2022.833136
https://doi.org/10.3389/fpsyg.2022.833136
https://doi.org/10.1007/S11065-019-09407-6
https://doi.org/10.1007/S11065-019-09407-6
https://doi.org/10.1023/A:1025405216339
https://doi.org/10.1007/S10578-015-0578-3
https://doi.org/10.1007/S10578-015-0578-3
https://doi.org/10.1016/j.ajo.2019.07.020
https://doi.org/10.1016/S0042-6989(97)00397-0
https://doi.org/10.1016/S0042-6989(97)00397-0
https://www.aao.org/eye-health/tips-prevention/are-virtual-reality-headsets-safe-eyes
https://www.aao.org/eye-health/tips-prevention/are-virtual-reality-headsets-safe-eyes
https://doi.org/10.3389/frvir.2023.1138240
http://www.jaacapopen.org

	Fluctuations of Attention During Self-paced Naturalistic Goal-Directed Behavior in Attention-Deficit/Hyperactivity Disorder
	Method
	Participants
	Tasks and Questionnaires
	Ex-Gaussian Modeling
	Outlier Exclusion
	Goodness of Ex-Gaussian Model Fit
	Statistical Analysis

	Results
	EPELI Task
	CPT Task
	Explained Variability in Symptoms

	Discussion
	References
	Supplemental Material


