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Abstract
In the past two decades, the traditional nosology of attention-deficit/hyperactivity disorder (ADHD) has been criticized 
for having insufficient discriminant validity. In line with current trends, in the present study, we combined a data-driven 
approach with the advantages of virtual reality aiming to identify novel behavioral profiles of ADHD based on ecological 
and performance-based measures of inattention, impulsivity, and hyperactivity. One hundred and ten  Spanish-speaking 
participants (6–16 years) with ADHD (medication-naïve, n = 57) and typically developing participants (n = 53) completed 
AULA, a continuous performance test embedded in virtual reality. We performed hybrid hierarchical k-means clustering 
methods over the whole sample on the normalized t-scores of AULA main indices. A five-cluster structure was the most 
optimal solution. We did not replicate ADHD subtypes. Instead, we identified two clusters sharing clinical scores on attention 
indices, susceptibility to distraction, and head motor activity, but with opposing scores on mean reaction time and commission 
errors; two clusters with good performance; and one cluster with average scores but increased response variability and slow 
RT. DSM-5 subtypes cut across cluster profiles. Our results suggest that latency of response and response inhibition could 
serve to distinguish among ADHD subpopulations and guide neuropsychological interventions. Motor activity, in contrast, 
seems to be a common feature among ADHD subgroups. This study highlights the poor feasibility of categorical systems to 
parse ADHD heterogeneity and the added value of data-driven approaches and VR-based assessments to obtain an accurate 
characterization of cognitive functioning in individuals with and without ADHD.
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Introduction

The diagnostic and statistical manual of mental disorders 
(DSM) has traditionally conceptualized the diagnosis of 
attention-deficit/hyperactivity disorder (ADHD) as consist-
ing of two symptom domains of inattention and hyperactiv-
ity/impulsivity. Based on six out of nine criteria cut-offs, 
DSM delimits three ADHD subgroups: predominantly inat-
tentive (ADHD-IA), predominantly hyperactive-impulsive 
(ADHD-HI), and combined (ADHD-C) presentations. None-
theless, in the past two decades, the diagnostic validity of 
this taxonomy has been strongly criticized for having insuffi-
cient discriminant validity [1, 2]. Several studies have found 
similar neuropsychological profiles between ADHD-C and 
ADHD-IA subtypes [3–7]. These subtypes seem also not to 
differ from the ADHD-HI subtype on the level of inattention 
or functional outcomes [8, 9]. Besides, using DSM criteria, 
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ADHD subtypes present substantial variability in symptom 
manifestation, clinical course, and treatment response [1, 2]. 
Such variability is attributable to the categorical nature of 
DSM diagnosis [10]. The use of nominal criteria for diagno-
sis means that restrictive and subthreshold symptom profiles 
can coexist within the same diagnostic label. Thus, behind 
a diagnosis of ADHD-IA, it is possible to find patients not 
only with a restrictive inattentive profile but also those with 
subthreshold symptoms of hyperactivity/impulsivity (≤ 5 
criteria).

Dimensional approaches to psychopathology, such as the 
Research Domain Criteria [11] and the Hierarchical Tax-
onomy of Psychopathology [12], emerged in recent years 
aiming to disentangle symptom heterogeneity and create a 
reliable and clinically useful nosology for mental health. 
These initiatives propose a data-driven alternative to DSM 
and conceptualize psychopathological problems as a spec-
trum rather than categories with strict boundaries to “non-
normality”. In this sense, the fifth edition of DSM [13] also 
tried to adopt a dimensional model, for example, by shifting 
to ADHD “presentations” from “subtypes” to recognize that 
symptomatology is not necessarily stable across develop-
ment, or by including grades of ADHD severity. However, 
these modifications have not been enough to address the 
existing limitations and the scientific and clinical com-
munities still appeal for a revised ADHD nosology [14]. 
On this matter, data-driven approaches are being increas-
ingly encouraged to clarify within-diagnosis heterogeneity 
in ADHD. Previous research has identified novel ADHD 
subgroups using parent reports of temperament traits or 
performance-based measures of executive functioning (for 
a detailed review see [15]). None of these studies have 
obtained ADHD profiles congruent with DSM nosology. 
However, it should be noted that they have not attempted to 
define ADHD profiles using performance-based measures 
of the core symptom domains on which the current ADHD 
nosology is based. The incorporation of quantitative meas-
ures of inattention, impulsivity and hyperactivity to this field 
might be useful for understanding the validity problems of 
ADHD subtypes, as the current organization of symptoms 
is grounded in parents and teacher reports [2, 16, 17]. This 
approach might help to guide ADHD nosology reframing, 
as well as to address other important research concerns, such 
as the debate on whether a purely (“restricted”) inattentive 
ADHD subtype exists and to what extent should it be con-
sidered a distinct attention disorder [18–20].

Continuous Performance Tests (CPTs) are among the 
most popular paradigms to assess attentional impairments 
and impulsivity during sustained attention tasks [21]. In 
these tasks, children have to detect infrequent target stimuli 
among a sequence of non-target stimuli for an extended 
course of time. Standard variables of CPT performance 
include omission errors, commission errors, mean reaction 

time (RT), and Standard Deviation of RT (SDRT). Although 
CPTs have proved to be useful to complement the clinical 
diagnosis of ADHD [22], and to monitor the effects of phar-
macological interventions [23–25], they have been criticized 
for having poor ecological validity and low sensitivity and 
specificity rates [26]. In recent years, these limitations have 
been overcome by the incorporation of virtual reality (VR) 
technology. According to Kessels (2019) [27], ecological 
validity refers, on the one hand, to the ability of a test to 
demand the same cognitive resources of everyday activi-
ties, in other words, to recreate the context in which impair-
ments appear spontaneously. On the other hand, it is also 
understood as the ability of a test to predict the examinee’s 
functional abilities in daily life activities, even if it does not 
resemble everyday situations. Although, indeed, a CPT is 
not a common task in an academic context, it demands the 
attentional resources necessary to resemble school tasks. 
Thus, one of the contributions of VR has been to embed 
the CPTs in virtual classrooms, as academic settings are 
the usual scenario in which concentration problems are 
referred to by teachers and parents [21, 28]. Besides, VR 
technology has enabled the incorporation and quantifica-
tion of two domains of interest for ADHD: motor activity 
and attentional distraction. Hyperactivity is a representative 
ADHD trait [13] but conventionally measured using subjec-
tive informant ratings given the lack of well-established and 
standardized objective methods. Using motion sensors incor-
porated in the glasses, Parsons et al. [29] reported increased 
head turnings during task performance in ADHD children, 
especially in the distractors condition. Real-world distracters 
(e.g., paper airplane flying, whispers, a car passing) dur-
ing task performance have been demonstrated to negatively 
impact CPT performance in ADHD children in comparison 
to unaffected peers, in terms of increased rates of omission 
errors, commission errors, slow RT, and increased SDRT 
[29–32]. Perhaps the most innovative contribution in this 
field has come through the virtual CPT AULA (“classroom” 
in English), the only validated virtual CPT for children from 
6 to 16 years [33]. AULA tracks head movements in rela-
tion to task stimuli so the test is not limited to reporting 
the level of motor activity, it informs about how much time 
children spent looking at environmental distractors (exter-
nal distractions) and the number of errors they commit 
when the attentional focus is well-directed to target stimuli 
(internal distractions). This is a relevant aspect for the study 
of attentional lapses in ADHD since the tendency to get 
distracted with self-generated thoughts [34, 35] has been 
uniquely addressed through rating scales or thought probes 
[35, 36]. Considering the highlighted advantages, substantial 
evidence shows CPTs embedded in virtual reality provide 
increased ecological validity, a more accurate characteriza-
tion of ADHD performance, and a greater ability to discrim-
inate between children with and without ADHD [21, 32, 37].
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Taken together, in the present study we unified current 
trends in data-driven driven approaches with the advantages 
of virtual CTPs. We aimed to identify novel behavioral pro-
files of ADHD based on ecological and performance-based 
measures of inattention, impulsivity, and hyperactivity, 
through the application of exploratory clustering analyses to 
the main outcome measures of the virtual CPT AULA. CPTs 
are commonly incorporated in neuropsychological assess-
ment protocols for ADHD so we expected to find profiles 
that could serve as a guide for diagnosis and intervention 
planning. Based on prior subtyping studies, we expected 
between three to six subgroups of individuals with distinct 
attentional control profiles in ADHD and healthy-matched 
participants [38–41].

Methods

Procedure

Data were drawn from a database property of our research 
team which includes, from 2016 onwards, diagnostic infor-
mation, questionnaires, IQ, and AULA performance on 
Spanish-speaking children and adolescents with neurode-
velopmental disorders, mostly ADHD, and TD participants. 
This database contains data from routine clinical assess-
ments at a neurorehabilitation center that includes the virtual 
CPT AULA in diagnostic assessment protocols. Families 
are invited to share the data for research purposes before the 
assessment. Children and adolescents referred to this clinic 
for possible ADHD undergo a neuropsychological assess-
ment by a 10 years experienced child neuropsychologist 
[RC]. A parents’ semi-structured interview to gather medi-
cal and clinical information, behavioral ratings [Strengths 
and Difficulties Questionnaire (SDQ) [42]], Escalas Magal-
lanes de Evaluación del Trastorno por Déficit de Atención 
con Hiperactividad (EMTDA-H) [43], Behaviour Rating 
Inventory of Executive Function (BRIEF) [44], and obser-
vations were used to determine DSM-5 criteria for ADHD. 
The database also includes data from a larger research pro-
ject examining executive functions in ADHD. We recruited 
ADHD and TD children through mailing lists from public 
health and education services. Families willing to partici-
pate completed a phone interview to assess study eligibil-
ity. ADHD and TD participants underwent the same clinical 
assessment by a trained doctorate-level health psychologist 
[PFM]. Parents completed a clinical interview (The Kid-
die Schedule for Affective Disorders and Schizophrenia 
(K-SADS-PL-5) [45] and a set of rating scales [SDQ [42], 
ADHD Rating Scale-5 (ADHD-RS-V) [46], Child Behavior 
Checklist (CBCL/6-18) [47], Conners 3 ADHD Index [48]] 
to determine DSM-5 criteria for ADHD. School interviews 

and reports were obtained whenever possible during both 
recruitment procedures.

All parents/legal guardians, and children over 12 years of 
age, provided verbal and written informed consent. Partici-
pants were assessed individually by an experienced psychol-
ogist [RC and PFM]. The virtual CPT was always adminis-
tered first to avoid fatigue effects on attentional performance. 
Families received a brief assessment report. Ethical approval 
was obtained from local Institutional Ethics Committees.

For the goal of this study, we selected children with avail-
able scores on the SDQ, as it is the only shared ADHD rating 
scale across recruitment procedures.

Participants

We selected children with a primary diagnosis of ADHD and 
TD controls. Two experienced psychologists rated ADHD 
diagnosis as ‘present’, ‘subthreshold’ or ‘absent’ follow-
ing the abovementioned diagnostic procedures. As child 
ADHD symptoms are best conceptualized as a continuum 
[49, 50], we included children with subthreshold profiles 
in the ADHD group because they experience incapacitat-
ing symptoms (presence of 3–5 criteria) although they do 
not reach cut-off criteria [51]. TD participants must have 
no psychiatric history. Uncertain diagnoses were confer-
enced to consensus and excluded in case of disagreement. 
We excluded children from both groups if they have neuro-
logical illness, traumatic brain injury or genetic disorders; a 
diagnosis of intellectual disability, autism spectrum disor-
der, or psychosis; sensory or motor impairments that prevent 
completion of the task; IQ < 70; or any current or previous 
pharmacological treatment for ADHD symptoms, as long as 
medication improves CPT parameters at both computerized 
and virtual reality settings [23–25]. All participants were 
medication naïve because children had not been prescribed 
medication at the time of testing or child/parents’ objection 
to medication.

The final sample included 110 participants: 57 children 
with ADHD and 53 TD controls matched by age and IQ 
(Table 1). We did not have children with the ADHD-HI sub-
type due to its low prevalence, it is an improbable diagnosis 
after preschool that usually evolves into a combined presen-
tation [2, 52]. The ADHD group scored significantly higher 
than the TD group on all the scales of the SDQ.

Measures

Advanced virtual‑reality test AULA

Using a head-mounted display (Samsung Gear VR), children 
are placed in a virtual classroom, sitting at a desk and look-
ing at the blackboard. Children first perform a usability task 
(find and pop balloons) to get used to the 3D environment. 
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They next complete two tasks (180 trials, 20% targets, 
each). First, they must press the button whenever they see 
on the blackboard or hear any stimulus other than the target 
(“apple”) (No-Go paradigm). Second, they are instructed to 
press the button whenever the target (“seven”) appears (Go 
paradigm). Target stimuli have a low probability of occur-
rence, so No-Go and Go tasks, respectively, generate con-
ditions of over and under-stimulation intended to produce 
high-fast and low-slow response rates. During task perfor-
mance, usual visual (e.g. student passing a note, raising the 
hand), auditory (e.g. whispers, car passing), and combined 
(e.g. pen drops, teacher’s walk) distracting stimuli from the 
school environment randomly appear (not interfering with 
items’ presentation) to increase ecological validity. Each 
paradigm is preceded by a practice run. Task specifications 
have been published elsewhere [21]. The complete admin-
istration lasts around 20 min.

AULA provides traditional measures of CPT paradigms 
such as: Omissions, missing responses to the target stimuli 
(as an index of inattention); Standard deviation of Reaction 

Time (SDRT) (a common index of response inconsistency 
[54]; Mean hit RT (often used as a measure of latency of 
response); and Commissions, responses to non-target stimuli 
(related to response inhibition). Besides, using the move-
ment sensors placed in the virtual glasses, AULA registers 
how much and when the child moves the head, and how 
far the head deviates from the attentional focus (the black-
board, where visual target stimuli appear). This information 
is expressed in three novel variables: Head motor activity, 
defined as the sum of the averages of the three rotations 
(angles) of the X, Y and Z axes of the head and consid-
ered a quantitative measure of total head movements during 
the entire task; Deviation of attentional focus, defined as 
the amount of time in milliseconds that the child shifts the 
attention focus to any stimuli in the classroom other than 
the blackboard and interpreted as an index of external dis-
tractions (environmental stimuli) [30]; and Quality of atten-
tional focus, defined as the total number of visual omission 
and commission errors that participants commit when the 
attentional focus is well-directed to the blackboard, and 
interpreted as attentional lapses due to internal distractors 
(thoughts).

AULA performance is quantified on normalized t-scores 
(ranging from 20 to 80) norm-referenced by age and sex 
groups [55]. T-scores ≤ 40 are interpreted as a very good 
performance; t-scores between 41 and 60, as average scores; 
t-scores between 61 and 70 (low performance), as a risk for 
attention problems; and t-scores between 70 and 80, as a 
high risk for attention problems (very low performance). 
AULA has reliability, specificity, and sensitivity rates above 
90% [21] and an excellent convergent validity with goal 
standards such as the Conners’ CPT [56], the D2 test [57], 
and the Faces-Differences Perceptions Test [58].

Strengths and difficulties questionnaire (SDQ)‑parents’ 
version

Parents completed the SDQ [42], an international and reli-
able scale to screen emotional and behavioral problems in 
children and adolescents aged 4–17 years. It contains 25 
items divided between five scales: emotional symptoms, 
conduct problems, inattention/hyperactivity, peer relation-
ship problems, and prosocial behavior.

Statistical analysis

All analyses were run in R software [59].

Clustering approach

We applied hybrid hierarchical k-means clustering analyses 
to identify specific subgroups of attentional control among 
ADHD and TD participants. This algorithm first computed 

Table 1   Sample characteristics

Group-level comparisons were assessed via t tests and Chi-Square 
tests
a Participants recruited from the clinic were administered full-scale IQ 
as part of a recent diagnostic assessment while all other participants 
completed a short form (Vocabulary and Block Design) which cor-
relates above 0.90 [53]
b Four participants had a subthreshold profile
‡ p < 0.001
† p < 0.01
*p < 0.05

Characteristic ADHD
(n = 57)

TD
(n = 53)

Demographics
 Age, mean (SD) 9.47 (2.93) 10.34 (2.92)
 Girls, n (%) 18 (31.58)† 32 (60.38)
 IQ, mean (SD)a 102.19 (13.53) 108.81 (17.76)
 European origin, n (%) 54 (94.74) 53 (100.00)
 ADHD-Combined, n (%) 31 (54.38)
 ADHD-Inattentive, n (%)b 26 (45.62)

Comorbid disorders, n (%)
 Specific learning disorder 10 (17.54)
 Language disorder 1 (1.75)
 Oppositional defiant disorder 1 (1.75)

SDQ subscales–parents, mean (SD)
 Emotional symptoms 3.77 (2.33)† 2.55 (2.59)
 Conduct problems 2.86 (2.18)‡ 1.42 (1.61)
 Inattention/hyperactivity 6.11 (2.19)‡ 2.98 (2.25)
 Peer problems 2.39 (2.31) 1.59 (1.61)
 Prosocial behavior 7.98 (1.94)* 8.70 (1.69)
 Total difficulties 15.07 (6.57)‡ 8.34 (5.79)
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hierarchical clustering to select a tentative number of cluster 
centroids. We used Ward’s method (Euclidean distance) for 
agglomeration to minimize within-cluster variance in each 
iterative step. Then, cluster membership was determined 
through k-means analysis, starting the iteration process in 
the previously defined cluster centroids instead of in random 
seeds. This combination of clustering methods overcomes 
the limitations of each [60] and has been previously used 
by our group to identify novel phenotypes of compulsive 
behavior [61] and decision-making [62]. The algorithm 
was performed over the whole sample on the normalized 
t-scores of AULA main indices (Omissions, SDRT, Devia-
tion of attentional focus, Mean RT, Commissions, and Head 
movements). We did not include the Quality of attentional 
focus because AULA provides this index for NoGo and Go 
paradigms separately instead of as a global index.

We examined several cluster solutions (k) ranging from 
3 to 6 subgroups according to previous subtyping studies 
[38–41]. We inspected each cluster solution and decided on 
an appropriate cut-off guided by the majority rule of thirty 
clustering validation indices [63].

Group‑level comparisons

Group-level differences were tested via robust models of 
ANOVA on 20% trimmed means and 2000 bootstrap sam-
ples for better control of Type I error [64, 65]. We performed 
one-way ANOVAs to compare performance in AULA’s main 
outcome measures according to DSM subtype and Cluster 
membership, as well as clusters’ demographics. Two-way 
mixed ANOVAs [66] were used to assess the effect of Group 
(DSM subtype/Cluster; between-subjects factor) and Task 
paradigm (No-Go vs Go task; within-subjects factor) on 
the variable Quality of attentional focus. All post-hoc tests 
applied Benjamini–Hochberg correction for multiple com-
parisons. Significance level was set at p < 0.05.

Results

DSM profiles of attentional control

ADHD-C and ADHD-IA subtypes showed a low-per-
forming profile in AULA main indices (Fig. 1). Robust 
one-way ANOVA revealed significant effects for all out-
come measures except for commission errors. Test statis-
tics and mean differences for each post-hoc comparison 
are detailed in Supplementary Material (Table S1). Post-
hoc tests adjusted for multiple comparisons showed that 
ADHD-C children obtained significantly worse scores than 
TD controls in all measures except for commission errors. 
Similarly, ADHD-IA children obtained significantly worse 
scores than TD controls in all measures except for com-
mission errors and deviation from the attentional focus. 
When comparing subtypes, post-hoc tests revealed that 
ADHD-C children spent significantly more time deviat-
ing the attentional focus and performed significantly more 
head movements than ADHD-IA children.

Concerning the variable Quality of attentional focus, a 
robust two-way mixed ANOVA revealed main effects of 
DSM subtype [TWJ(2, 35.45) = 4.23, p = 0.02] and task para-
digm [TWJ(1, 62.58) = 15.82, p < 0.001] but no interaction 
effect [TWJ(2, 40.83) = 0.53, p = 0.57]. Concerning between-
subjects effects, post-hoc tests corrected for multiple com-
parisons revealed that ADHD-C participants had a signifi-
cantly lower performance than TD participants regardless 
of task paradigm (p = 0.02). We did not find significant 
differences between ADHD-C and ADHD-IA subtypes. 
Concerning within-subjects effects, scores on the Quality 
of attentional focus were significantly higher during the 
Go paradigm (p < 0.001). Mean values of each cluster per 
task paradigm are detailed in Table 2.

Fig. 1   Attentional control profiles measured by the virtual CPT 
AULA of ADHD-Combined (ADHD-C), ADHD-Inattentive 
(ADHD-IA), and typically developing (TD) participants. 20% 
trimmed mean values of AULA main indices (t-scores): omission 
errors, standard deviation of reaction time (SDRT), time deviating the 

attentional focus from the blackboard, mean RT, commission errors, 
and total head movements. Error bars represent the 20% trimmed 
standard error of the mean. T-scores ≥ 61 represent a clinically low 
performance. Dashed lines indicate cut-offs for risk of attention prob-
lems (> 60 = at risk; > 70 = high risk)
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Data‑driven profiles of attentional control

Best cluster solution

We graphically inspected cluster solutions ranging from 
3 to 6 subgroups. For each k solution, we represented 
the performance profiles in AULA main indices and the 
percentage distribution of each cluster in ADHD and TD 
groups (Fig. S1). For k = 3, hybrid k-means analyses iden-
tified one low-performing subgroup constituted by 72.22% 
of ADHD participants; one subgroup with average scores 
(constituted by 80.65% TD participants); and one sub-
group with intact performance but elevated SDRT and 
slow RT (formed by 52% TD participants). For k = 4, clus-
ter analyses divided the low-performing cluster into two 
ADHD phenotypic subgroups, respectively, constituted 
by 89.92% and 48.19% ADHD participants. For k = 5, the 
cluster with average scores was split into average and high-
performance subgroups. Finally, for a solution of k = 6, 
cluster analyses revealed one subgroup with high levels 
of head activity, a high tendency to deviate the attentional 
focus, and elevated SDRT.

According to the majority rule among thirty clustering 
validation indices, the five-cluster structure was the best 
cluster solution (Fig. S2) for explaining CPT performance 
among ADHD and TD participants. This structure demon-
strated the highest internal consistency as stated by nine 

well-validated indices (Table S2). We also considered it a 
parsimonious solution to describe ADHD subpopulations.

Phenotypic characterization

Figure 2A depicts the scores of the five clusters obtained 
in AULA’s main indices. Clusters were labeled according 
to their performance, following the clinical cut-off points 
provided by the validation study. We observed two low-
performing subgroups with an opposite performance pro-
file in latency of response and response inhibition. These 
clusters were, respectively, labeled ADHD-Slow Process-
ing (ADHD-SP; n = 24; 87.5% ADHD participants) and 
ADHD-Impulsive (ADHD-IMP; n = 28; 57.14% ADHD 
participants). The clusters showing average scores were 
labeled Average (n = 17; 70.58% TD participants) and High 
performers (n = 17, 88.24% TD participants) as the latter 
group had better scores in omissions, commissions, and 
head activity. Finally, the fifth cluster was labeled Slug-
gish (n = 24; 54.16% ADHD participants) as it showed a 
relatively average performance in all variables but slightly 
clinically elevated scores in mean RT and SDRT. Figure 2B 
illustrates the percentage distribution of participants from 
each cluster in ADHD and TD groups. 64.91% of the ADHD 
sample belonged to ADHD-SP and ADHD-IMP clusters, 
while 28.81% belonged to the Sluggish cluster. 50.94% of 
TD participants were found in the Average and High per-
forming clusters. 20.76% of TD participants belonged to the 
Sluggish cluster.

Robust one-way ANOVA showed statistically significant 
differences in all AULA outcome measures among clusters, 
yielding large effect sizes. Test statistics and mean differ-
ences for each comparison are included in the Supplemen-
tary Material (Table S3). Significant post-hoc comparisons 
after adjusting for multiple comparisons are represented in 
Fig. 3. Briefly, ADHD-SP and ADHD-IMP clusters signifi-
cantly differed in omissions, mean RT, commission errors, 

Table 2   Mean values of Quality of attentional focus according to 
DSM subtype

20% trimmed mean values (normalized t-scores) and Standard Devia-
tion are presented. Low scores (≥ 61) are boldfaced

Task paradigm ADHD-C ADHD-IA TD

NoGo task 57.63 (10.30) 56.75 (9.48) 52.67 (11.53)
Go task 62.32 (8.64) 59.69 (10.82) 55.27 (9.36)

Fig. 2   Attentional control profiles measured by the virtual CPT 
AULA according to the five-cluster solution. A 20% trimmed mean 
values of AULA main indices (t-scores): omission errors, standard 
deviation of reaction time (SDRT), time deviating the attentional 
focus from the blackboard, mean RT, commission errors, and total 

head movements. Error bars represent the 20% trimmed standard 
error of the mean. T-scores ≥ 61 represent a clinically low perfor-
mance. Dashed lines indicate cut-offs for risk of attention problems 
(> 60 = at risk; > 70 = high risk). B Percentage distribution of each 
cluster in ADHD and TD groups
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and deviation from the attentional focus. Both clusters dif-
fered from average and high performers in most outcome 
measures. The Sluggish cluster presented an intermediate 
profile, as this cluster scored significantly worse than aver-
age and high performers but significantly better than ADHD-
SP and ADHD-IMP clusters.

In the Quality of attentional focus, the ADHD-SP clus-
ter obtained a clinically low score in both NoGo and Go 
paradigms, while the ADHD-IMP cluster only reached a 
clinically low performance in the Go task. Mean values 
for each cluster are detailed in Table 3. A robust two-
way mixed ANOVA revealed significant main effects of 
task paradigm [TWJ(1, 53.14) = 22.42, p < 0.001] and cluster 
profile [TWJ(4, 31.04) = 18.93, p < 0.001], as well as a signifi-
cant Task × Cluster interaction effect [TWJ(4, 30.73) = 30.73, 
p = 0.02]. Concerning task paradigm, post-hoc tests 

adjusted for multiple comparisons revealed no significant 
differences between ADHD-SP and ADHD-IMP clusters 
neither in the Go nor in the NoGo task. In the No-Go task, 
high performers showed a significantly better score than 
the other clusters. ADHD-SP participants obtained a sig-
nificantly worse performance than average performers. In 
the Go task, ADHD-SP and ADHD-IMP clusters obtained 
a significantly worse performance than average perform-
ers. The ADHD-SP also showed a significant worse score 
than Sluggish performers. In this task, high performers 
obtained a significantly better performance than ADHD-
SP, ADHD-IMP and Sluggish participants. Regarding 
within-subjects effects, post-hoc analyses showed that 
ADHD-IMP and High performers obtained a significantly 
worse score in the Go task in comparison with the NoGo 
task. No differences in task paradigm were revealed for 
ADHD-SP, Sluggish and Average performers.

Fig. 3   Post-hoc comparisons between the obtained clusters in the 
main indices of the virtual CPT AULA. 20% trimmed mean values of 
AULA main indices (t-scores) are presented. Error bars represent the 
20% trimmed standard error of the mean. T-scores ≥ 61 represent a 

clinically low performance. Dashed lines indicate cut-offs for risk of 
attention problems (> 60 = at risk; > 70 = high risk). *Significant dif-
ferences after adjustment for multiple comparisons using Benjamini–
Hochberg correction

Table 3   Mean values of quality 
of attentional focus according to 
cluster membership

20% trimmed mean values (normalized t-scores) and Standard Deviation are presented. Low scores (≥ 61) 
are boldfaced

Task paradigm ADHD-SP ADHD-IMP Sluggish Average High

NoGo task 61.44 (8.23) 56.67 (5.89) 54.56 (10.07) 53.36 (7.64) 40.36 (7.79)
Go task 63.50 (6.73) 64.00 (8.58) 55.06 (8.16) 55.09 (8.71) 49.64 (5.07)
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Clusters’ characteristics

Clusters did not differ in IQ but did in age (Ft = 6.69, 
p = 0.01) and sex distribution (p = 0.01) (Table 4). We found 
that DSM-5 subtypes for ADHD were similarly distributed 
across cluster profiles. ADHD-SP and ADHD-IMP clusters 
obtained significantly higher scores in the Inattention/Hyper-
activity subscale (Ft = 6.24, p = 0.003) and the Total difficul-
ties score (Ft = 3.72, p = 0.03) of the SDQ.

Discussion

In the present study, we used the virtual CPT AULA to 
obtain an objective and ecological assessment of attentional 
control, impulsivity, and hyperactivity in a sample of 57 
medication-naïve ADHD children and 57 TD controls. First, 
we compared the performance of ADHD-C and ADHD-IA 
subtypes to test the discriminant validity of DSM-5 criteria. 

We found that both subtypes showed t-scores above the 
clinical cut-off (> 60) in most AULA outcome measures, 
and significantly differed from TD controls. However, they 
showed an indistinguishable performance profile. We did not 
observe meaningful differences in variables that are theoreti-
cally supposed to discriminate between them, such as motor 
activity (as an index of hyperactivity) or commission errors 
(as an index of response disinhibition). This data might sup-
port the idea that DSM-5 criteria are useful for detecting 
ADHD individuals with functional impairments, but the 
taxonomy is not sensitive enough to discriminate among 
ADHD-C and ADHD-IA subtypes [2, 67]. Then, we pro-
ceeded to identify novel behavioral profiles of ADHD using 
clustering analyses on the main outcomes of the virtual 
CPT AULA. We found that ADHD and TD children were 
regrouped into five clusters that cut across DSM subtypes.

Most ADHD children belonged to two clusters with 
AULA scores above the clinical cut-off (t-score > 60). These 
clusters, ADHD-SP and ADHD-IMP, were characterized by 

Table 4   Clusters’ demographic characteristics

20% trimmed means are presented
a Four participants had a subthreshold profile
b Significant effects after adjustment for multiple comparisons using Benjamini–Hochberg correction
‡ p < 0.001
† p < 0.01
*p < 0.05

Characteristic ADHD-SP
(1)

ADHD-IMP
(2)

Sluggish
(3)

Average
(4)

High
(5)

Significant comparisonsb

Demographics
 n 24 28 24 17 17
 Age, mean (SD) 9.25 (2.61) 8.25 (1.88) 10.08 (3.09) 10.71 (2.69) 12.41 (3.08) 5 > 1†, 3*

2 < 3*, 4*, 5‡

 Girls, n (%) 9 (37.50) 8 (28.57) 9 (37.50) 12 (70.59) 12 (70.59) p = 0.01
 IQ, mean (SD) 98.96 (12.69) 105.04 (16.08) 105.58 (15.07) 108.94 (19.55) 111.18 (15.91)
 European origin, n (%) 23 (95.83) 26 (92.86) 21 (87.05) 17 (100.00) 17 (100.00)
 Typically developing, n (%) 3 (12.50) 12 (42.86) 11 (45.84) 12 (70.58) 15 (88.24)
 ADHD-combined, n (%) 14 (58.33) 12 (42.86) 2 (8.33) 2 (11.77) 1 (5.88)
 ADHD-inattentive, n (%)a 7 (29.17) 4 (14.28) 11 (45.83) 3 (17.65) 1 (5.88)

Comorbid disorders, n (%)
 Specific learning disorder 5 (20.83) 1 (3.57) 2 (8.33) 2 (11.77) 0 (0.00)
 Language disorder 0 (0.00) 1 (3.57) 0 (0.00) 0 (0.00) 0 (0.00)
 Oppositional defiant disorder 0 (0.00) 1 (3.57) 0 (0.00) 0 (0.00) 0 (0.00)

SDQ subscales-parents, mean (SD)
 Emotional symptoms 4.08 (2.36) 2.96 (2.33) 3.00 (2.45) 2.12 (2.29) 3.59 (3.10)
 Conduct problems 3.00 (2.45) 2.79 (2.22) 1.75 (1.51) 1.29 (1.57) 1.41 (1.58)
 Inattention/hyperactivity 6.33 (1.50) 5.00 (2.57) 4.50 (2.62) 2.94 (2.70) 3.29 (2.59) 1 > 3*, 4‡, 5‡

2 > 4*, 5*

 Peer problems 2.92 (2.28) 1.82 (1.88) 1.79 (2.04) 1.18 (1.81) 2.12 (1.83)
 Prosocial behavior 8.13 (1.68) 8.29 (1.65) 8.29 (1.68) 8.65 (2.03) 8.41 (2.53)
 Total difficulties 16.29 (6.36) 12.50 (6.27) 11.04 (6.56) 7.53 (7.08) 9.82 (6.77) 1 > 3†, 4‡, 5*

2 > 4*
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elevated scores in omission errors, increased SDRT, and a 
high tendency to spend time distracted by external stimuli 
(Deviation from the attentional focus). These results sup-
port extensive literature on intra-individual variability in 
RT as a common feature among ADHD subtypes [54, 68, 
69], as well as the negative impact of external distracting 
stimuli on attention performance [32, 70–72]. Moreover, 
ADHD-SP and ADHD-IMP clusters also showed clini-
cally high levels of head motor activity. This result could 
have notable implications for ADHD taxonomy as approxi-
mately half of our ADHD sample belonged to the inattentive 
subtype. It is remarkable that we found high rates of head 
motor activity, above the clinical cut-off, in both ADHD-
C and ADHD-IA subtypes, as well as in the two ADHD 
phenotypic clusters. We might suggest that children with 
ADHD-IA can display increased head motor activity dur-
ing challenging tasks although they do not reach the cut-off 
criteria for impulsivity/hyperactivity symptoms. This finding 
is in agreement with the conceptualization of hyperactivity 
as a non-ubiquitous behavior triggered by highly cognitively 
demanding activities, such as CPTs [73–76]. In addition, 
this would also be in line with the idea that a restrictive 
inattentive ADHD subtype might not exist [18–20]. These 
findings might explain why previous studies have reported 
no differences in quantifiable measures (e.g., actigraphs) of 
gross motor activity between categorical ADHD subtypes 
[75, 77–79]. Parents’ reports of hyperactivity symptoms may 
not be consistent with the quantitative information obtained 
by objective motion measurements [22] so our findings sup-
port the valuable and complementary information that objec-
tive movement might add to clinical diagnosis.

ADHD-SP and ADHD-IMP clusters were only distin-
guishable by the latency of response (mean hit RT) and 
response inhibition (commission errors). While the ADHD-
SP cluster was characterized by a clinically significant slow 
RT and an adequate rate of commission errors, the ADHD-
IMP cluster showed adequate mean RT but elevated commis-
sions. This opposing performance profile might suggest that 
latency of response and response inhibition might be useful 
domains to distinguish between ADHD subpopulations. It 
might be congruent with previous subtyping findings disso-
ciating processing speed and interference control in ADHD 
[38, 39, 80]. Concerning internal distractions (Quality of 
attentional focus), briefly, we observed that ADHD-SP par-
ticipants had significantly more attentional lapses (in terms 
of visual omissions and commission errors) having the 
attentional focus well-directed to target stimuli. This group 
obtained clinically low scores regardless of NoGo and Go 
paradigms. The ADHD IMP cluster, in contrast, just reach 
a clinically low performance in this domain in the Go task. 
We might hypothesize that children with an ADHD-SP 
profile, in which a slow latency of response is prominent, 
present aggravated attentional impairments during CPT 

performance, in terms of scores above the clinically high-
risk cut-off (t-score > 70), and are more susceptible to both 
external and internal distractors. We might suggest a greater 
implication of mind-wandering experiences or sluggish cog-
nitive tempo features in this subgroup [34, 81]. Those chil-
dren with an ADHD-IMP profile, however, seem to be prone 
to get distracted by internal stimuli only in monotonous and 
low-response rate (vigilance) tasks. Further studies should 
employ direct measures of internal distractibility to explore 
the contribution of internal stimuli to attentional impair-
ments in children with ADHD and its potential relationship 
with sluggish cognitive tempo or motivational processes.

The identification of two clusters with good performance, 
mainly constituted by TD children, allowed us to interpret 
the clinical significance of the above-mentioned ADHD 
profiles. ADHD-SP and ADHD-IMP children significantly 
differed from clusters with good performance. Besides, the 
performance profile of the ADHD-SP cluster closely resem-
bled that of Sluggish and high-performing subgroups, in the 
same manner that the ADHD-IMP cluster mirrored average 
performers. We observed this parallelism between clinical 
and non-clinical clusters in all outcome measures of the vir-
tual CPT AULA except for motor activity. As ADHD-SP and 
ADHD-IMP clusters are the only ones struggling with task 
performance, we might suggest that they experience a clini-
cally significant increase in head movements to meet task 
demands [74]. These results may reinforce the dimensional 
character of ADHD [49, 50, 82], and suggest that behavioral 
variability during CPT performance might be similarly dis-
tributed in individuals with and without ADHD.

Finally, using the SDQ to externally validate our five 
clusters, we found that ADHD-SP and ADHD-IMP par-
ticipants had higher impairment scores in the inatten-
tion/hyperactivity and total difficulties scales of the SDQ 
questionnaire. However, we did not observe significant 
differences in emotional, conduct, and peer problems. 
We should note that there are scales more adequate than 
the SDQ, such as the CBCL/6-18 [47], to perform a more 
exhaustive examination of internalizing and external-
izing behaviors. However, previous clustering studies 
have reported no differences between clusters in ADHD 
and depressive symptoms [83], or externalizing, social, 
and academic problems [38]. As such, AULA perfor-
mance does not entirely correlate to parents’ ratings in 
the ADHD Rating Scale-IV [84]. This could corroborate 
the assumption that performance-based measures and 
rating scales address different but complementary infor-
mation [85]. Neuropsychological measures of executive 
functions seem to be weakly associated with subjective 
ratings of inattention, impulsivity, and hyperactivity [86, 
87]. Questionnaires such as the SDQ might be useful to 
identify individuals with ADHD symptoms but are not 
specific enough to detect specific behavioral patterns. 
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These findings highlight the necessity to move towards 
multi-source assessment methods including direct meas-
ures to improve the accuracy of ADHD diagnosis [88].

Altogether, our study highlights the poor feasibility 
of traditional categorical systems to parse ADHD het-
erogeneity and the added value of data-driven approaches 
and VR-based neuropsychological assessment to obtain 
an objective and less biased characterization of cogni-
tive functioning in individuals with and without ADHD. 
Virtual CPTs, such as AULA, allow obtaining an integra-
tive and ecological perspective of attentional control and, 
thus, understanding the internalizing and/or externalizing 
mechanisms underlying attentional impairments, which is 
critical to broadening our understanding of ADHD behav-
ior. We identified two behavioral profiles of ADHD that 
could be mainly differentiated by the latency of response 
and response inhibition. Head motor activity, in contrast, 
seems to be a common feature among ADHD subgroups. 
These objective and ecological parameters could serve to 
refine diagnostic criteria for ADHD subtypes and help cli-
nicians in planning personalized interventions.

Our results replicate a previous clustering study focused 
on testing the external validity of AULA in the Spanish pop-
ulation [89]. Unpublished data from our research group have 
also replicated these cluster profiles in larger samples includ-
ing medicated and medication-naïve children with ADHD 
and TD in the Latin population. Nonetheless, some limita-
tions in this study should be noted. The sample is not fully 
representative as we could have neither children with the 
ADHD-HI presentation nor children with subthreshold diag-
noses of ADHD-C and ADHD-HI. Moreover, we included 
a small number of children with subthreshold ADHD-IA. 
Although we performed cluster analyses to a similar sample 
size to previous studies [38, 62, 83], our findings should be 
replicated in larger samples addressing these issues. Further 
studies should also examine other measures of internalizing 
and externalizing symptoms and collect functional outcomes 
to externally validate the clusters.
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