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Abstract: Clinical decision-making may be enhanced when combining psychophysiological sensors
with computerized neuropsychological tests. The current study explored the utility of integrating
an eye tracker with a commercially available continuous performance test (CPT), the MOXO-dCPT.
As part of the study, the performance of adult attention-deficit/hyperactivity disorder (ADHD)
patients and healthy controls (1 = 43, n = 42, respectively) was compared in the integrated system.
More specifically, the MOXO-dCPT has four stages, which differ in their combinations of ecological
visual and auditory dynamic distractors. By exploring the participants’ performance in each of
the stages, we were able to show that: (a) ADHD patients spend significantly more time gazing at
irrelevant areas of interest (AOIs) compared to healthy controls; (b) visual distractors are particularly
effective in impacting ADHD patients’ eye movements, suggesting their enhanced utility in diagnostic
procedures; (c) combining gaze direction data and conventional CPT indices enhances group
prediction, compared to the sole use of conventional indices. Overall, the findings indicate the utility
of eye tracker-integrated CPTs and their enhanced diagnostic precision. They also suggest that the
use of attention-grabbing visual distractors may be a promising path for the evolution of existing
CPTs by shortening their duration and enhancing diagnostic precision.

Keywords: attention-deficit/hyperactivity disorder (ADHD); continuous performance tests (CPT);
MOXO-dCPT; eye movements

1. Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a neurodevelopmental disorder that is
characterized by a “persistent pattern of inattention and/or hyperactivity-impulsivity that interferes
with functioning or development” [1]. Though its prevalence decreases with age [2], adult ADHD is
still a concern, as about 2.5% of adults are estimated to have this disorder [3]. This concern is fueled by
the impact of ADHD on the emotional and cognitive functioning of patients [4,5] and, consequently,
on their daily lives [6,7].

The current diagnostic procedure regarding ADHD is based on a clinical evaluation by a qualified
clinician. As it is a multifaceted disorder, this usually entails collecting data from different sources,
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including clinical psychiatric interviews with both the individual and informant/s that may provide
additional non-overlapping information (see review of 13 different national guidelines; [8]). Screening
for comorbidity and a physical examination are also usually included, as well as rating scales,
questionnaires, and cognitive testing. The latter is of value, as ADHD patients exhibit impairments
in a variety of cognitive domains including, although not restricted to, attentional and executive
functions [5]. Moreover, cognitive impairment is a major source of disability [9]. Establishing the
cognitive profile of adult ADHD patients is therefore of clear importance and may aid both in
diagnosing those suspected to have the disorder and in promoting individualized treatment of those
that may benefit from it (e.g., neurocognitive remediation; [10]). Continuous performance tests (CPTs)
are widely used cognitive tests that provide valuable information regarding key cognitive functions
such as focused attention, impulsivity, and other relevant executive functions [11,12]. They include a
rapid presentation of visual and/or auditory stimuli over a relatively prolonged time, during which
examinees are requested to respond to certain stimuli while ignoring others (i.e., targets and non-targets).
Thereby, CPTs simulate relevant environments that ADHD patients struggle with, such as academic
studies [6]. These necessitate prolonged and passive reception of information with the occasional
need to respond to external stimuli. They also mandate the participant to ignore both internal and
environmental distractors.

Findings are mixed regarding the ability of CPTs to support clinical decision-making
(see reviews; [11,13]). CPTs have good sensitivity but poor specificity for diagnosing ADHD [13],
as exemplified by a recent study in which the Conners CPT3™ classified only 51.7% of adult ADHD
patients as likely to have a disorder characterized by attention impairment [14]. However, there are
studies which support the usefulness of CPTs to clarify the cognitive profile of examinees (e.g., [15]).
Importantly, some have even found that CPTs enhanced diagnostic precision when combined with
data derived from other sources. The integration of psychophysiological data with conventional
CPT indices seems to be especially promising. For example, the quantified behavior test plus
(QBT+), which assesses hyperactivity by tracking examinees” head movement during the test, has
shown initial promise [13]. This promise has been echoed in recent studies using measures such as
functional magnetic resonance imaging, electroencephalography, and event-related potentials (fMRI,
EEG, and ERPs, respectively; [16,17]). These efforts are part of a larger endeavor to establish biomarkers
of psychiatric disorders, evident in an increase in research efforts and the establishment of criteria for
using them in clinical practice [18,19].

Eye movement research has flourished since links between cognitive processes and eye movements
were first described [20]. Eye movement analyses are currently used in studying various cognitive
processes, as they provide unique information regarding these processes, and the equipment required
is increasingly more affordable and convenient to use [21]. This is exemplified by studies of ADHD
in the development of the anti-saccade task, a task in which a voluntary eye movement is made in
the direction opposite to the side where a stimulus is presented. The difficulty that ADHD patients
show in this task [22] parallels indications that deficits in inhibitory control (i.e., disinhibition) are a
major element of the cognitive profile of ADHD [5,23]. This is particularly important when assessing
adult patients, since they may have developed top-down control which masks their impairment
while performing cognitive tests (e.g., avoiding responses to non-targets in CPTs). Eye movements
are under lessened top-down control and may therefore be uniquely suited to unravel cognitive
impairments that may otherwise escape detection. In other words, eye tracking is a particularly
attractive biomarker which may provide unique information regarding ADHD-associated cognitive
impairment [24]. Correspondingly, the potential of eye tracking has been increasingly investigated
using experimentally built CPTs and the methodologically similar Go/No-go tasks (e.g., [25,26]).
However, very few studies have integrated an eye tracker with a commercially available CPT. This
may be related to the technological difficulty of integrating an eye tracker with an existing system,
the need to approach commercial entities which may be hesitant about changes in their established
CPT, financial considerations, or a combination of such factors. At any rate, this is regrettable as such
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studies could hasten the accumulation of knowledge and shorten the time for the adoption of this
novel technology in daily clinical practice. This potential is exemplified in two studies. Fried, et al. [27]
found that adult ADHD patients made more microsaccades (i.e., small, jerk-like eye movements during
fixation) than controls in the test of variables of attention (TOVA), a widely used CPT. More recently,
ADHD patients were found to spend significantly more time gazing at irrelevant field of view (FOV)
regions compared to healthy controls in another CPT, the MOXO-dCPT [28]. This latter study utilized
gaze location measures, indicating the allocation of visual attention to areas of interest (AOIs). As these
measures can be collected with relative ease using the currently available eye trackers, they offer to
clarify the cognitive profile of ADHD patients while hopefully enhancing diagnostic precision and
illuminating a path for the evolution of existing CPTs.

The MOXO-dCPT has garnered significant research attention, mainly because it is based on
an online platform and does not require the acquisition of special equipment (for recent studies,
see [29-37]). Importantly, this CPT uses dynamic auditory and visual distractors, such as the barking
of a dog, which imitates stimuli encountered in real life. These distractors aim to magnify the cognitive
impairment of ADHD patients and therefore make their detection easier [38,39]. Eye movement
analysis perfectly complements the MOXO-dCPT’s design, as it allows a straightforward determination
of examinees’ distractibility. More specifically, gazing outside the location of CPT’s target/non-target
stimuli (i.e., the task area at the center of the screen) indicates a less than optimal performance by
the examinee. Therefore, highly relevant information can be obtained by capitalizing on the fact that
participants’ gaze direction is an intuitive and easily obtainable eye movement measure.

As part of the current study, we assessed the utility of eye movement measures to differentiate
ADHD patients and healthy controls and their potential to enhance the discrimination capacity of
conventional MOXO-dCPT indices. Importantly, the differential utility of the CPT’s stages was assessed
as part of the current study. These differ in the presence and type of distractors (i.e., no distractors,
visual distractors, auditory distractors, and a combination of visual and auditory distractors). Thereby,
they offer unique opportunities to enhance our theoretical understanding of ADHD and, consequently,
to enhance the utility of CPTs. For example, while inattention seems to be partially independent
of modality (i.e., evident in both visual- and auditory-based CPTs), response inhibition seems to be
modality-specific [40]. Interestingly, initial evidence suggests that the MOXO-dCPT distractors differ in
their ability to differentiate ADHD patients and healthy controls, with visual distractors and combined
distractors (visual and auditory) increasing omission errors in the CPT [38,39]. However, studies are
currently numbered, and we do not have data regarding the efficacy of the distractor type—as well
the effect of combining visual and auditory distractors—on participants’ eye movements. This is
unfortunate, since it may enable the construction of CPTs with enhanced diagnostic precision.

The current study explored these possibilities using a two-pronged approach. First, we divided
the visual environment of the MOXO-dCPT into two regions (i.e., task AOI and distractibility AOI).
We then assessed the allocation of attention by ADHD patients and healthy controls while they
performed the MOXO-dCPT. We hypothesized that compared to healthy controls, ADHD patients
would gaze for longer durations outside the screen area (i.e., distractibility AOI), which is irrelevant
for success in the task. We also hypothesized that combining an eye movement measure with the
conventional MOXO-dCPT indices would enhance the CPT’s diagnostic precision (i.e., diagnosis
based on conventional indices). Second, we investigated the impact of distractor types (i.e., visual,
auditory, or a combination of the two types of distractors) on ADHD patients’” performance in the
CPT. This was done with a practical purpose in mind. More specifically, if similar or better utility will
be found in the first stages of the CPT, later stages can be discarded without decreasing the CPT’s
discrimination capacity (i.e., shortening the duration of the MOXO-dCPT and consequently enhancing
its utility in clinical settings). Finally, we aimed to establish cutoffs for diagnosing ADHD based on the
findings. These were meant to serve future validation studies that may, with time, pave the way for
the integration of the MOXO-dCPT in daily clinical practice.
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2. Materials and Methods

2.1. Participants

Adult ADHD patients and healthy controls participated in the study. They were undergraduate
students who participated in the study for academic credit. An ADHD diagnosis (314.0x) based on
the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition criteria (DSM-5; [41]) was
mandated for all ADHD patients (clinical group). The participation of participants with ADHD in the
study depended on submitting a documented diagnosis provided by a licensed clinician up to five
years prior to study entry. The documented diagnoses were reaffirmed by a trained clinician upon
study entry, using the Structured Clinical Interview for DSM-5 (SCID-5-RV; [42]). All participants
had normal or corrected-to-normal vision. Participants in the ADHD group with past or present
learning disabilities and/or neuropsychiatric disorders apart from ADHD were excluded from the
study. Healthy controls were also excluded if reporting attentional impairment, operationalized as total
score > 37 in the adult ADHD self-report scale (ASRS). Abnormal eye movement values (i.e., duration
of blinks) were noted in the data of three participants. Their data were therefore discarded. Overall,
data of 43 ADHD patients and 42 healthy controls were included in the final analyses (N = 85),
partially overlapping with those included in Berger, et al. [43] and Lev, Braw, Elbaum, Wagner and
Rassovsky [28]. Ethical clearance for the study was obtained from the institutional ethics committee,
and written consent was obtained from all participants.

2.2. Materials

2.2.1. MOXO-dCPT

The task consisted of eight blocks, each comprising 59 trials (total duration = 18.7 min). In each trial,
a stimulus card (target/non-target) was presented in the screen center, followed by a blank screen (see
Figure 1). Participants were requested to press the spacebar when a target appeared (a card with three
red hearts) while refraining from responding when a non-target appeared. This was done while trying
to ignore a series of visual and/or auditory distractors. The eight blocks of the MOXO-dCPT were
divided into four stages, based on the presence and type of distractors: (a) No distractors: Blocks 1 and 8
were free of distractors. (b) Visual distractors: Blocks 2 and 3 included visual distractors (e.g., animation
of a barking dog) that appeared above, below, or to the stimulus card’s sides. (c) Auditory distractors:
Blocks 4 and 5 included auditory distractors related to the visual distractors described earlier (e.g., the
sound of a barking dog). (d) Combined (visual and auditory) distractors: Blocks 6 and 7 had visual
and auditory distractors that appeared simultaneously (e.g., animation of a barking dog paired with
the sound of a bark).

2.2.2. Eye Tracking Apparatus

An EyeLink 1000 eye tracker (SR Research Ltd., Mississauga, Ontario Canada) was selected for its
high spatial and temporal accuracy [44] and due to its extensive use in scientific research [45]. Binocular
eye movements were recorded at a 250-Hz sampling rate and an accuracy of approximately 0.5°,
considered high compared to other eye trackers. See Table 3 in Gibaldi, Vanegas, Bex and Maiello [44]
for a comparison of the Eyelink system to other commercially available eye trackers. Participants
were calibrated using an EyeLink 13-point calibration procedure, and a chin rest stabilized their
heads. The eye tracking apparatus also included a host PC and display PC. The first tracked and
computed the participants” gaze position, while the latter displayed the stimuli (i.e., MOXO-dCPT).
The stimuli were presented on an Alienware OptX 23” display screen with 1920 x 1080 resolution.
The eye-to-screen viewing distance was approximately 60 cm, and black curtains were placed behind
the computer screen to minimize external distractions. We used Data Viewer-Eyelink Software (SR
Research Ltd., Mississauga, ON, Canada) with its commonly used eye movement parsing algorithm.
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For further details, see a comparison of the data viewer’s parsing with R’s “Gazepath” package in van
Renswoude, et al. [46].

2.3. Procedure

The participants underwent the SCID-5-RV and then filled out a demographic/health questionnaire,
the adult ADHD self-report scale (ASRS), and the Wender Utah rating scale (WURS) short form.
The ASRS [47,48] includes 18 items that cover adult ADHD symptoms, while the 25 items of the WURS
retrospectively evaluate the presence and severity of childhood ADHD symptoms [49]. Participants
were then moved to a sound-isolated room, were calibrated to the eye tracker, and performed the
MOXO-dCPT while their eyes were being monitored.

2.4. Data Analysis

2.4.1. Preliminary Procedures and Analysis

Four types of responses were recorded while the participants performed the MOXO-dCPT:
(a) Attention: Correct responses during stimulus presentation or the inter-stimulus interval (ISI)
following it. (b) Timeliness: Correct responses only during the time in which the target stimulus
was present on the screen. (c) Impulsivity: Commission errors during the time in which a non-target
stimulus was presented. (d) Hyperactivity: Commission errors that were not coded as impulsive.
These included multiple keystrokes in response to a target stimulus, for example. Four indices were
then created, expressing the participant’s percentage of responses in each of the response categories
out of the maximum possible during the task.

The participants’ field of view (FOV) was divided into two areas (see Figure 1): (a) Task AOI: The
AOI containing the stimulus card (i.e., target/non-target stimuli). (b) Distractibility AOI: All other FOV
areas irrelevant to the task. The distractibility AOI included the visual distractors, white screen area,
and area outside the screen (see the gridded area in Figure 1). The eye movement distractibility scale
was calculated as the proportion of time spent gazing at the distractibility AO], relative to all areas
total gaze durations [50]. This eye movement distractibility scale operationalized the extent to which
visual attention was directed toward areas irrelevant for success in the CPT.

] /\ Task %p
> ,

( ) |Area

&

Distractibility Area

e

Figure 1. Participant field of view (FOV) while performing the MOXO-dCPT, divided into distractibility
(gridded) and target areas of interest (AOIs).

The groups were compared in demographic and clinical variables (see Table 1) using
independent-samples t-tests and chi-square analyses (for parametric and non-parametric variables,
respectively). Welch’s unequal variance f-test was used when the assumption of group’s homogeneity
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of variance was not met [51]. All analyses were based on two-tailed hypotheses with p < 0.05 marking
statistical significance. The study’s dataset is available from the authors upon request.

Table 1. Demographic and clinical data of attention-deficit/hyperactivity disorder (ADHD) patients
(n = 43) and healthy controls (n = 42).

Measures ADHD Patients Healthy Controls Statistical Analyses Effect Size

Mean + SD Mean + SD Parametric Cohen’s d
Age (years) 23.84 +2.28 23.88 +£2.58 £(83) = 0.08, p = 0.93 0.02
Education level (years) 13.09 + 1.15 12.83 +2.38 £(83) = 0.64,p = 0.52 0.14
WURS 25-items (no.) 30.51 +13.83 17.90 + 10.10 £(83) =4.79,p < 0.01 1.04
ASRS (no.) 31.95+11.13 21.36 + 6.47 £(83) = 5.35,p < 0.01 1.16
Frequencies Frequencies Non-parametric OR
Gender (male/female) 17/26 11/31 x%(1) =1.71,p = 0.19 1.84
Dominance (right/left) 39/4 35/6 x%(1) = 0.57, p = 0.45 1.67
Glasses (yes/no) 8/35 5/37 x2(1) = 0.74, p=0.39 1.69

Note: ASRS: Adult ADHD self-report scale; WURS: Wender Utah rating scale; OR: Odds ratio.

2.4.2. Primary Analysis (Complete MOXO/AII Stages)

ADHD patients and controls were compared in the eye movement distractibility scale using an
independent-samples t-test and the conventional MOXO-dCPT indices using a multivariate analysis
of variance (MANOVA) with a between-subjects factor of group (see Table 2). We calculated effect
sizes according to the generally acceptable indices for each statistical analysis: Cohen’s 4 for the t-tests
and partial eta-squared (n2p) for the ANOVAs (i.e., MANOVA and repeated-measures ANOVA) [52].
To enable the interpretation of effect sizes, despite being on different scales, we used Cohen’s effect
size categorizations for group comparisons [53,54]. Cohen’s d: small effect = 0.2-0.5; moderate
effect = 0.5-0.8; large effect > 0.8. Partial eta-squared (nzp): Small effect = 0.01; moderate effect = 0.06;
large effect = 0.14.

The classification accuracies of the eye movement distractibility scale and conventional
MOXO-dCPT measures were assessed using a receiver operating characteristic (ROC) curve
(see Figure 2). An ROC curve is a plot of true positive rates (sensitivity) against false positive
rates (i.e., 1—specificity). The area under the curve (AUC) of these analyses was used to measure
group discrimination capacity. Its range was 0.5-1.0, with larger values indicating better discrimination
capacity. The AUC’s discrimination capacity was qualitatively interpreted following Hosmer, et al. [55]
and indices of classification accuracy (i.e., sensitivity and specificity) for the eye movement distractibility
scale were calculated for various cutoffs.

Table 2. Analyses of group differences in the eye movement distractibility scale and conventional
MOXO-dCPT indices, presented for the all MOXO-dCPT stages and the visual distractors stage.

ADHD Controls

Measures (Mean + SD)  (Mean + SD) Statistical Analyses Effect Size

Eyes movements scale (%)  19.28 + 11.03 11.06 + 6.89 £(83) =4.11,p < 0.01 d=0.89
Attention (%) 95.52 +5.71 97.33 +4.16 F(1,83)=2.78,p=0.10 T]p2 =0.03
All stages Timelines (%) 73.56 + 1457  80.48 + 10.62 F(1,83)=6.23,p =0.01 npz =0.08
Hyperactivity (%) 3.76 +4.16 2.14 £ 4.05 F(1,83) =4.96,p=0.29 npz =0.06
Impulsivity (%) 5.28 + 3.38 314+22 F(1,83) =12.5,p < 0.01 np2 =0.13

Eyes movements scale (%)  26.94 + 13.63 14.11 £ 9.06 £(83) =5.10, p < 0.01 d=1.11
Visual Attention (%) 94.94 + 8.26 96.43 + 5.40 F(1,83)=0.96, p = 0.33 npz =0.01
distractors Timelines (%) 67.85+16.11  74.61 +12.11 F(1,83)=4.77,p =0.03 npz =0.05
stage Hyperactivity (%) 441 +5.35 2.63 + 3.64 F(1,83)=3.22,p =0.08 np? =0.04

Impulsivity (%) 4.82 +3.49 3.61 £3.33 F(1,83)=2.7,p=0.10 np2 =0.03




Sensors 2020, 20, 6386 7 of 19

1.0 1.0 P
y i
1
08 0.8 H
Vat P,
7(-’-‘---"":-"
-u? ool | T ‘? 0.6 I,}i%-;"—
= = i ¥ All Stages
17 7 stage i7) v
= (g t = Ty e £ Eye movements
Q o4 — LY€ movements Q o4 =77 distractibility scale
distractibility scale el A L
—- Lo vy —- Attention index
Attention index iy — Timeli ind
02 —-Timeliness index - _VE,.J ____Hlme 1n§'ss' 1n' eé(
- Hyperactivity index | . ypefa.c _“”FY (11n S
== Impulsivity index IF _Impu S““tylm e
— Reference Line . Reference line
%00 0.2 0.4 0.6 08 1.0 0.0 0.2 0.4 0.6 08 1.0
1 - Specificity 1 - Specificity
(a) (b)

Figure 2. Receiver operating characteristic (ROC) curves for the eye movement distractibility scale
and the MOXO-dCPT indices: (a) All stages; (b) visual distractors stage (eye movement distractibility
scale: AUC = 0.78, attention: AUC = 0.51, timeliness index: AUC = 0.63, hyperactivity: AUC = 0.59,
impulsivity: AUC = 0.60). Additional information regarding the visual distractors stage is presented
later (see “Section 2.4.3. Exploratory Analysis”).

Next, a two-stage hierarchal logistic regression was performed, aiming to determine whether
the eye movement distractibility scale could enhance the predictive power of the conventional
MOXO-dCPT indices (see Table 3). The first regression model included the MOXO-dCPT indices,
while the second model included both the indices and the eye movement distractibility scale. A default
probability cutoff of 0.5 was used to classify participants based on the regression model’s predicted
values. Multicollinearity was assessed before performing the regression analysis using a two-pronged
approach. First, Pearson product-moment correlations between the MOXO-dCPT indices and the eye
movement distractibility scale were performed. The correlation matrix was inspected with an r > 0.08
criterion used as a multicollinearity indicator. Second, multicollinearity was further assessed using the
variance inflation factor criterion (i.e., VIF < 4; [56]). Note that the analyses of the visual distractors
stage are presented in the exploratory analysis subsection.

Lastly, a repeated-measures two-way ANOVA was performed to test which stage (i.e., distractor
type) in the MOXO-dCPT the eye movement distractibility scale best differentiated the groups
(see Table 4). The analysis included group (ADHD/controls) as a between-subjects factor and type
of distractor (non/visual/auditory/combined visual-auditory) as a within-subjects factor. Note in
this regard that a repeated-measures two-way ANOVA was chosen because each participant
performed the four stages of the MOXO-dCPT which differ in the type of distractor they employ
(i.e., non/visual/auditory/combined visual-auditory). A line chart was produced (see Figure 3) to
represent the results of the repeated-measures ANOVA. Error bars were added to the figure as the
ANOVA'’s standard errors (SE).
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Table 3. Two-stage hierarchical logistic regressions (N = 85), for all MOXO-dCPT stages and the visual distractors stage. The first model includes the four conventional
indices and the second model adds the eye movement distractibility scale.

Model Statistics Coefficients Statistics

X“{ig‘fiflp 2“;2?;‘};5;“) B ES OR ORCI Wald
Logistic Regression I: A1l MOXO-dCPT Stages
Stage 1 18.73(4), p < 0.01 -
1. Attention 0.075 0.08 1.08 0.93-1.23 0.93,p=0.34
2. Timeliness —-0.068 0.03 0.93 0.88-0.99 5.49,p=0.02
3. Hyperactivity -0.028 0.07 0.97 0.84-1.12 0.15,p=0.70
4. Impulsivity —-0.338 0.12 1.40 1.12-1.76 8.47,p=0.03
+ Constant -3.252 6.33 0.04 _ 0.26,p =0.61
Stage 2 24.50(5), p < 0.01 5.77(1),p = 0.02
1. Attention 0.060 0.08 1.06 0.91-1.25 0.56,p = 0.45
2. Timeliness —-0.046 0.03 0.96 0.90-1.01 2.27,p=0.13
3. Hyperactivity -0.072 0.08 0.93 0.80-1.09 0.80, p = 0.37
4. Impulsivity 0.295 0.12 1.34 1.07-1.69 6.42,p=0.01
5. Eye movements scale 0.075 0.03 1.08 1.01-1.15 4.82,p=0.03
+ Constant —-4.359 6.61 0.01 - 0.43,p=0.51
Logistic Regression II: Visual Distractors Stage
Stage 1 8.96(4), p = 0.06 —
1. Attention 0.040 0.04 1.04 0.95-1.14 0.82,p=0.34
2. Timeliness —0.043 0.02 0.96 0.92-1.00 4.00,p =0.05
3. Hyperactivity -0.061 0.06 1.06 0.95-1.19 1.06, p =0.30
4. Impulsivity —-0.085 0.08 1.09 0.94-1.26 1.24,p=0.27
+ Constant -1.325 3.57 0.27 _ 0.13,p=0.71
Stage 2 23.98(5), p < 0.01 15.02(1), p < 001
1. Attention 0.051 0.05 1.05 0.96-1.16 1.08,p =0.30
2. Timeliness -0.011 0.02 0.99 0.94-1.04 0.20,p = 0.66
3. Hyperactivity -0.014 0.06 0.99 0.87-1.12 0.05,p=10.83
4. Impulsivity 0.049 0.08 1.05 0.89-1.24 0.35,p=0.55
5. Eye movements scale 0.098 0.03 1.10 1.04-1.17 11.82, p < 0.01
+ Constant —6.252 431 0.00 _ 2.10,p = 0.15

Note. CI: Confidence interval (95%); OR: Odds ratio; SE: Standard error.
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Table 4. Repeated-measures ANOVA for the eye movement distractibility scale: (a) Primary
analysis; (b) post hoc analysis of the interaction effect using multiple pairwise comparisons with a
Bonferroni correction.

(a) Repeated-Measures ANOVA

Pairwise Comparisons
2

Factors df (83) F p Np (Bonferroni)
Group 1 16.67 p<0.01 0.17 Controls < ADHD

Non < visual; Non = auditory;
Non < combined;
Distractors stage 3 107.55 p<0.01 0.56 Auditory < visual;
Auditory < combined;
Visual < combined

Group x Distractors stages 3 13.14 p<0.01 0.14 Comparisons are detailed below

(b) Pairwise Comparisons (Bonferroni) for the Group X Distractors Stage Interaction

. ADHD (n = 43) Controls (n = 42) ,

Distractors stage Mean sD Mean sD p Cohen’s d

Non 8.81 6.82 6.63 5.8 p=0.12 0.34

Visual 26.94 13.63 14.11 9.06 p<0.01 1.11

Auditory 11.00 12.38 6.56 9.72 p=0.07 0.40

Combined 30.68 16.11 17.26 12.24 p<0.01 0.94

Note. ANOVA: Analysis of variance; df: Degrees of freedom; SD: Standard deviation; Combined: Auditory + visual
distractors. Section 2.4.3. Exploratory Analysis (Visual Distractors Stage Only).

— ADHD === Controls

30

20

10

Eye movements distractibility scale (%)

None Visual Auditory Combined
MOXO-dCPT stages

Figure 3. Eye movement distractibility line plot, of the four distractor-type stages. Error bars represent
standard error (SE) of the repeated-measures ANOVA analysis (see Table 4).

2.4.3. Exploratory Analysis (Visual Distractors Stage Only)

Since the previous repeated-measures ANOVA analysis indicated that the visual distractors
stage best differentiated the groups (see Table 4), we repeated all the performed analyses from the
Section 2.4.2. Primary Analysis section, solely for the visual distractors stage. The visual distractors
stage reanalysis included a t-test and a MANOVA (see Table 2), an ROC curve (see Figure 2), and a
two-stage hierarchal logistic regression (see Table 3).

Density heat maps (see Figure 4), based on the groups’ aggregated fixations” durations (also
termed attention maps) were constructed, using SR-research Data-Viewer software (SR Research Ltd.).
The red-yellow-green color scale represents visual attention (red indicates more attention), calculated
as the proportion of summed durations of fixations towards the distractibility AQ]I, relative to the
total fixations” durations. As an initial reference point, we used the heat maps’ parameter setting by
Ginsberg, et al. [57], which appeared to be compatible with our goals. For additional information, see
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Holmqvist and Andersson [58] and SR_Research [59]. Finally, to gain a better temporal resolution of the
group difference in the eye movement distractibility scale, a timeline plot was produced (see Figure 5)
by dividing the timeline into one second’s bins. For each bin (second), we calculated the percentage of
all samples that fell outside the card area (i.e., distractibility AOI) across the total number of samples.
This calculation was practically equivalent to the eye movement distractibility scale.

Visual distractors stage Auditory distractors stage

ADHD

Controls

Figure 4. Heat maps of the eye distractibility scale, divided according to group (ADHD/controls) and
MOXO-dCPT stages (visual/auditory).

[WADHD M Controls

No distractors Visual distractor Auditory distractors Combined distractors No distractors
stage 1st half stage stage stage stage 2nd half
60% 1 2 3 4 5 6 7 8

50%

40%

30%

20%

10%

Eye movement distractibility scale (%)

0%

=] = = = = =3 = = = = = = = = = =3 = = =3
o N «® <+ =3 0 N = <+ = o N @ <+ = 0 N =
- - ~N (] (7] <+ <+ i) =l o ~ ~ «® o =] 2 e

Time (sec)

Figure 5. Timeline plot comparing eye movement distractibility scale of ADHD patients and controls.
Four distractors stages (non, visual, auditory, and combined) are presented at the top section of the
chart, subdivided into blocks one to eight. Each stage includes two consecutive blocks, except for the
no distractors stage (blocks 1 and 8).
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3. Results

The analyses were divided into two main sections. The first, under “Primary Analysis (Complete
MOXO/All Stages)” (Section 3.2), presents the planned analyses for all four distractors stages as one
entity (i.e., the complete MOXO-dCPT). The second section of analyses can be found under “Exploratory
Analysis (Visual Distractors Stage Only)” (Section 2.4.3) and pertains to the results derived from the
repeated-measures ANOVA (see Table 4), which suggested that analyzing only the visual distractors
stage may lead to a better outcome. Thus, the “Exploratory Analysis” used the same analysis as in the
“Primary Analysis”; however, there the analysis was applied only to the visual distractors stage.

3.1. Preliminary Analysis

As expected, ADHD patients had significantly higher total scores in the WURS 25-items, and
ASRS (i.e., reported a more significant impairment) compared to healthy controls (p < 0.01), while no
significant group differences were found in demographic variables. See Table 1.

3.2. Primary Analysis (Complete MOXO/AII Stages)

There was a significant group difference with a large effect size in the eye movement distractibility
scale; ADHD patients spent more time gazing at the distractibility AOI than controls (p < 0.01).
There were also significant group differences in conventional MOXO-dCPT indices, L = 0.70,
F(4,80) = 4.81, p = 0.02. Post hoc analyses indicated that ADHD patients performed significantly worse
than controls in the timeliness and impulsivity indices (p = 0.01 and p < 0.01; respectively). See Table 2.

ROC curve analyses indicated acceptable discriminative capacity of the eye movement
distractibility scale (AUC = 0.73, p < 0.001), while that of the attention, timeliness, hyperactivity,
and impulsivity indices were poor (AUC = 0.63, p = 0.04; AUC = 0.65, p = 0.01; AUC = 0.63, p = 0.03;
AUC = 0.67, p = 0.003; respectively). See Figure 2 and Table 3.

All correlations between the predictors in the logistic regression were <0.08 and had VIF values
<4, suggesting that multicollinearity likely did not impact the logistic regression’s findings. The first
regression model significantly predicted group membership (p < 0.01), correctly classifying 69.8%
ADHD patients and 71.4% controls. The stage 2 model, which added the eye movement distractibility
scale to the predictors, significantly predicted group membership, p < 0.01. The model correctly
classified 64.3% ADHD patients and 67.4% controls. Out of the predictors, only the eye movement
distractibility scale and the impulsivity index significantly contributed to group prediction (p = 0.03,
p = 0.01; respectively). Notably, the addition of the scale significantly contributed to group membership
prediction beyond that of the conventional indices (i.e., first regression model), p = 0.02. See Table 3.

The repeated-measures ANOVA yielded significant group (ADHD/controls) and type of distractor
(non/visual/auditory/combined) main effects, as well as a significant group X type of distractor interaction
(ps < 0.01). Bonferroni multiple-comparison post hoc analyses yielded significant group differences
during the visual and combined visual-auditory distractors stages (ps < 0.01; Cohen’s d = 1.11, Cohen’s
d = 0.94; respectively), while the group differences in the no distractors and auditory distractors
stages were not significant (p = 0.116 and p = 0.07; respectively). Notably, the effect size in the visual
distractors stage (Cohen’s d = 1.11) was larger than that of the combined distractors stage (Cohen’s
d = 0.94). See Table 4 and Figure 3.

The independent-samples t-test reanalysis for solely the visual distractors stage yielded similar
results as found for the analysis of the full CPT, namely a significant group difference with an
even higher effect size (Cohen’s d = 1.11). The MANOVA'’s reanalysis showed no significant group
differences in the MOXO-dCPT indices F(4,80) = 2.234, p = 0.07. The ROC reanalysis for the visual
distractors stage indicated acceptable discriminative capacity of the eye movement distractibility scale
(AUC =0.78, p < 0.01). Regarding the indices, only the timeliness index showed significant, though
poor, discriminative capacity (AUC = 0.63, p < 0.01). All other indices showed poor discriminative
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capacities (attention: AUC = 0.51, p = 0.83; hyperactivity: AUC = 0.59, p = 0.14; impulsivity: AUC =0.60,
p = 0.14). See Table 2.

Multicollinearity was not indicated by the preliminary analysis for the logistic regression that
focused on the visual distractors stage. The first regression model (conventional indices as predictors)
did not significantly predict group membership (p = 0.06), while correctly classifying 55.8% ADHD
patients and 61.9% controls. The second regression model, which also included the eye movement
distractibility scale, significantly predicted group membership, p < 0.01. The second model correctly
classified 69.8% ADHD patients and 69.1% controls. Notably, the eye movement distractibility scale
significantly contributed to group prediction over the first model, p < 0.01. Out of five predictors,
only the eye movement distractibility scale’s coefficient contributed significantly to group prediction,
p < 0.01. See Table 3. The interested reader can find cutoffs for the eye movement distractibility scale
and conventional indices in the Supplementary Materials. See Table S1.

Aggregated density duration heat maps were generated for the visual distractors stage and
auditory distractors stage using a Gaussian filter with a standard deviation of 0.6, a low activity cutoff
of 3.4%, and a duration density maximum value of 30% (full red represents duration density of 30%
and above). As evident in Figure 4, the red-yellow area at the center is smaller and with weaker
colors, while the green area outside the card is larger, in the ADHD patient group compared to controls.
Notably, these group differences appear solely in the visual distractors stage.

Figure 5 presents the group differences in visual attention using better temporal resolution. Taken
together, Figures 4 and 5 visually represent the group differences described earlier, indicating that
ADHD patients tend to shift their attention away from the task area and towards the distractibility
AOI compared to controls. See Figure 5.

4. Discussion

The current study assessed the utility of integrating an eye tracker with the MOXO-dCPT,
a commercially available CPT. As only the center of the screen displayed the stimuli relevant for
success in the task (i.e., target and non-target), gazing outside this AOI was counterproductive
and could only impair performance. Therefore, the gaze direction measures were optimally suited
to assess the distractibility and response inhibition deficits that are key characteristics of ADHD,
in an intuitive and face-valid manner [60]. This clinical utility was evident in the current study.
More specifically, the study’s primary eye movement measure, termed the eye movement distractibility
scale, measured the proportion of time spent gazing outside the center of the screen. This measure
of the allocation of attention to irrelevant stimuli (i.e., distractibility) significantly differentiated the
groups. Its discriminative capacity was stronger than each of the MOXO-dCPT conventional indices
(i.e., AUC in ROC curve analyses of 0.730 compared to 0.673 of the strongest of the conventional indices,
impulsivity). Furthermore, the scale significantly enhanced the MOXO-dCPT’s discriminative capacity,
compared to the sole use of conventional indices, corresponding to the findings of Fried, Tsitsiashvili,
Bonneh, Sterkin, Wygnanski-Jaffe, Epstein and Polat [27] which utilized the TOVA CPT. From a
cognitive standpoint, the findings can indicate both increased distractibility and response disinhibition
among ADHD patients. Regarding the latter, novel studies indicate the utility of eye movement
analyses to detect even subtle impairment in response inhibition. For example, gaze direction measures
efficiently differentiated ADHD patients from controls in the Stroop test, a response inhibition task [61].
Similarly, ADHD patients had more difficulty than healthy controls in suppressing saccades toward
the stimulus in the anti-saccade task [22,24], a task in which participants were instructed to make a
saccade, a rapid eye movement to a specific location, away from a suddenly appearing stimulus [62].
Overall, the findings correspond to the well-established failure of ADHD patients to ignore distractors
in daily life [63,64], strengthening the ecological validity of the MOXO-dCPT.

This sensitivity of the eye movement measures to detect subtle response inhibition deficits was
further capitalized upon in the current study by assessing the differential utility of the MOXO-dCPT’s
distractors. The MOXO-dCPT is unique in utilizing different types of “real-world” dynamic distractors
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to magnify cognitive impairment that may otherwise evade detection. The analyses of the MOXO-dCPT
stages indicated that visual distractors (i.e., blocks 2 and 3) had the strongest discriminative capacity.
During this stage, the groups significantly differed in the eye movement distractibility scale and it
had stronger discriminative capacity than each of the conventional indices (AUC = 0.775). This was
mirrored in the scale’s cutoffs, which could be set to enhance either sensitivity or specificity. The former
was useful when screening for ADHD, while the latter had utility when false positives should be
minimized (e.g., more thorough evaluations). For example, 88.4% of the ADHD patients spent 10.8%
or more of their time gazing at the distractibility AOI, making the cutoff useful for screening purposes.
On the other extreme, spending 39.4% or more gazing at the distractibility AOI was associated with
perfect specificity (i.e., no false positives), though sensitivity was poor (23.3%). The interested reader
can find cutoffs that either prioritize specificity (i.e., reduce false positives) or sensitivity (i.e., useful
in screening for ADHD) for the eye movement distractibility scale in the Supplementary Materials.
See Table S1. Importantly, the eye measures enhanced group prediction compared to the sole use
of the conventional MOXO-dCPT indices. While integrating the conventional indices during the
visual distractors stage correctly classified 55.8% ADHD patients and 61.9% controls, integration of
the indices with the eye movement distractibility scale classified an additional 14% of the ADHD
patients (i.e., sensitivity = 69.8%), while also raising the number of correctly diagnosed healthy controls
(i-e., specificity = 69.1%).

The discrimination capacity of the visual distractors stage was closely followed by that of
the combined distractors stage, suggesting that visual distractors drive these group differences.
This mirrors earlier findings regarding the differential utility of distractors in the MOXO-dCPT [38,39].
For example, Berger and Cassuto [38] concluded that “ADHD adolescents were more distracted by
pure visual distractors and by the combination of distractors than by pure auditory ones” (see abstract).
On a more general level, the current study’s findings have practical and theoretical implications.
Regarding the former, we believe that the MOXO-dCPT eye tracker integrated system, and similar
systems, may prove useful in both clarifying the cognitive profile of the examinees and in aiding
diagnostic decisions. As noted earlier, integration of the conventional MOXO-dCPT indices with the
eye movement distractibility scale enhanced the MOXO-dCPT discrimination capacity compared to
the sole use of conventional indices, placing it at the moderate-high range (see Table 1 in [13]) and
suggesting its clinical utility. At the same time, it should be noted that the scale did not reach the 80%
sensitivity/specificity biomarker criterion suggested by the World Federation of Societies of Biological
Psychiatry, WESBP [19]. In addition, the scale’s strength compared to other potential biomarkers of
ADHD has not been established (e.g., EEG theta/beta ratio [EEG-TBR]; [65]), including those based
on eye movement analysis. For example, analysis of eye vergence responses while adult participants
performed an attentional task appeared to provide a somewhat stronger discriminative capacity than
that found in the current study (sensitivity = 79% and specificity = 75%; [66]). This emphasizes the need
for more research, both to validate the current findings and to compare the utility of eye movement
measures, either alone or when combined with conventional CPT measures, to other biomarkers of
ADHD. While planning future research avenues, it should be kept in mind that the use of a commercially
available task, as used in the current study, offers to ease any future integration of such measures in
daily clinical practice. It also enhances the ability to compare the findings of such studies, in contrast to
those which use tasks constructed specifically for each study. These factors may offset minor advantages
in discriminative capacity that are suggested by other, sometimes invasive, biomarkers. An additional
practical implication of the findings stems from the fact that the visual distractors stage included the
second and third blocks of the MOXO-dCPT. This tentatively implies that the task may be shortened
with relative ease and a minimal decrease in efficacy. More specifically, we may reduce 62.5% of the
MOXO-dCPT’s length (i.e., shortening it from 18.7 min to approximately 7 min) by removing the last
five blocks. This would leave only the first block, which included no distractors, and blocks 2 and 3 (i.e.,
the visual distractors stage). This would allow participants to be acquainted with the CPT and practice
it during the first block before performing the main part of the task (i.e., the visual distractors stage). As
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is evident from the current study’s findings, this would lower somewhat the efficacy of conventional
indices. However, this would be compensated by the enhanced discriminative capacity of the eye
movement distractibility scale, as well as that stemming from its integration with the MOXO-dCPT’s
conventional indices. These promise adequate discriminative capacity, although additional research
is needed to validate these findings. If supportive, such research may pave the way to shortening
the MOXO-dCPT with practical benefits which include streamlining clinical practice by reducing
time expenditure and costs (e.g., technicians’ costs for administering the CPT). From a theoretical
perspective, studies have begun to assess factors influencing CPT performance. More specifically,
there are initial indications that the use of visual stimuli in CPTs leads to faster response times and
more false positives than when auditory stimuli are used [67,68]. Response inhibition may therefore
be modality-specific [40], possibly underlying the developmental delay evident in ADHD and the
asynchronous maturation of hearing and vision [69]. As the growing literature suggests, behavioral
and neural processes involved in response inhibition depend on the modality of the stimuli used in the
CPTs. The current study indicates that the distinction between auditory and visual stimuli may also
impact the effects of distractors in CPTs, and not only the target/non-target stimuli used in the CPT.
It therefore addresses the growing literature that aims to deconstruct the factors that affect response
disinhibition of ADHD patients and the factors that enhance the discriminative capacity of the CPTs.
These may lead to a theoretically driven construction of future CPTs.

The current study’s strengths include the use of a face-valid gaze direction measure which is
particularly appropriate for exploring the inattention and response inhibition deficits of ADHD patients.
The MOXO-dCPT'’s ecological distractors in this regard are particularly attractive for such an eye
tracker-CPT integration. Limitations of the current study include: (a) The MOXO-dCPT does not
randomize the stages, possibly confounding the distractor type and order of stages. This, for example,
may have led to the enhanced utility of the visual distractors stage as compared to the combined
distractors stage (i.e., blocks 2-3 vs. blocks 6-7). Future studies may consider collaborating with the
MOXO-dCPT publishers to create a version of the CPT in which the stages are randomized. Thus,
this version will differ from that used in clinical practice, which should be acknowledged. (b) The
sample size of the current study did not allow a comparison between ADHD subtypes (inattentive,
hyperactive/impulsive, and combined). This is unfortunate, as these subtypes may differ in their
cognitive profile [60]. Comparing ADHD subtypes in future research would be of interest, especially
considering that adults with ADHD have prominent inattentive symptoms [70]. (c) Generalizing
the findings to other ADHD subpopulations should be done cautiously, as the ADHD patients were
undergraduate students and therefore represent highly functioning patients [71]. Furthermore, as
ADHD participants were required to have a prior diagnosis, students with ADHD who were not
previously diagnosed were not represented in the study. Participants with substantial comorbid
psychopathology were excluded from the study, an additional constraint on the generalizability of the
findings, considering the high prevalence of comorbidity among ADHD patients [72]. This limitation
can be addressed in future studies by assessing examinees undergoing assessments in clinical settings, as
well as assessing non-academic ADHD patients and those with comorbid psychopathology. Additional
lines of research can easily be developed in future research. For example, it would be of interest to
assess the association between eye movement measures in CPT and attentional networks which have
been previously suggested (e.g., alerting, orienting and executive control; [73]), as well as in vivo brain
activity. Especially relevant for further research is the distinction between endogenous and exogenous
spatial attentional systems, and it would be of interest to explore whether, for example, the profile
of ADHD patients reflects increased susceptibility of external events to attract spatial attention via
bottom-up or exogenous mechanisms [74]. Finally, comparing ADHD patients with patients with other
neuropsychiatric disorders is in order.
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5. Conclusions

The current study assessed the utility of an eye tracker-integrated CPT, while analyzing each
stage of the MOXO-dCPT (i.e., types of distractors). ADHD patients were found to spend more
time gazing outside the task area compared to healthy controls, and this was particularly notable
when visual distractors were utilized. The MOXO-dCPT’s ecological distractors therefore impact the
performance of ADHD patients in the task and they have difficulty in suppressing spontaneous eye
movements towards such distractors. These findings have both practical and theoretical implications.
They suggest that the discriminative capacity of the MOXO-dCPT, and perhaps other CPTs, may be
enhanced and clinical decision-making improved by integrating data derived from conventional
indices and eye movement measures. They also indicate that the MOXO-dCPT may be shortened
with implications regarding the cost and time of evaluating those with ADHD or suspected to have
the disorder. From a theoretical perspective, the enhanced utility of the visual distractors adds to
the accumulating literature on distinctions between visual and auditory stimuli in CPTs, possibly
enhancing our ability to theoretically drive the development of CPTs. The overall findings nicely align
with the rapidly expanding research of biomarkers in psychiatry and the growing efforts to enhance
diagnostic precision in the field [18,75]. CPTs, neuropsychological tasks which are widely used in
clinical settings, are ideal in this sense as a laboratory for the development of the validation of these
novel endeavors. The declining costs, increased ease of usability, and reduced bulkiness of eye tracking
equipment in recent years constitute a further impetus for their integration with future CPT research.
This may pave the way for their incorporation in daily clinical practice with time.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/20/21/6386/s1,
Table S1. Visual distractors stage: Classification accuracy of outcome measures.

Author Contributions: Conceptualization, Y.B. and T.E.; methodology, A.L. and T.E.; formal analysis, T.E.;
investigation, A.L.; resources, Y.B. and T.E.; data curation, T.E.; writing—original draft preparation, Y.B. and T.E,;
writing—review and editing, Y.B. and Y.R,; visualization, T.E.; supervision, Y.B.; project administration, Y.B. and
A.L,; funding acquisition, Y.B. All authors have read and agreed to the published version of the manuscript.

Funding: The authors were provided with free use of the MOXO-dCPT by Neurotech Solutions Ltd. (publishers
of the CPT).

Acknowledgments: The research reported in this paper was completed as part of the undergraduate program
requirements of Adi Narov, Adi Zafrir, Amit Yarkoni, Eden Katzav, Ela Drookman, Sean Shachar, and Tzoor
Cohen. We thank them for their invaluable contribution to the study. We also thank Corrine Berger for performing
preliminary studies in which the MOXO-dCPT was integrated with an eye tracker and Estie Arram for proofreading
and editing the final version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Ethical Statements: The study was conducted in accordance with the Declaration of Helsinki, and the protocol
was approved by the ethics committee of Ariel University, with written informed consent from all participants.

References

1. American_Psychological_Association. Specialty guidelines for forensic psychology. Am. Psychol. 2013,
68, 7-19. [CrossRef] [PubMed]

2. Faraone, S.V,; Biederman, J.; Mick, E. The age-dependent decline of attention deficit hyperactivity disorder:
A meta-analysis of follow-up studies. Psychol. Med. 2006, 36, 159-165. [CrossRef] [PubMed]

3. Roberts, W.; Milich, R.; Barkley, R.A. Primary Symptoms, Diagnostic Criteria, Subtyping, and Prevalence of
ADHD (Ch. 2). In Attention-Deficit Hyperactivity Disorder: A Handbook for Diagnosis and Treatment; Barkley, R.A.,
Ed.; Guilford: New York, NY, USA, 2015; pp. 51-80.

4.  Faraone, S.V,; Rostain, A.L.; Blader, J.; Busch, B.; Childress, A.C.; Connor, D.F.; Newcorn, ].H. Practitioner
Review: Emotional dysregulation in attention-deficit/hyperactivity disorder—Implications for clinical
recognition and intervention. J. Child Psychol. Psychiatry Allied Discip. 2019, 60, 133-150. [CrossRef]

5. Pievsky, M.A.; McGrath, R.E. The Neurocognitive Profile of Attention-Deficit/Hyperactivity Disorder:
A Review of Meta-Analyses. Arch. Clin. Neuropsychol. 2018, 33, 143-157. [CrossRef] [PubMed]


http://www.mdpi.com/1424-8220/20/21/6386/s1
http://dx.doi.org/10.1037/a0029889
http://www.ncbi.nlm.nih.gov/pubmed/23025747
http://dx.doi.org/10.1017/S003329170500471X
http://www.ncbi.nlm.nih.gov/pubmed/16420712
http://dx.doi.org/10.1111/jcpp.12899
http://dx.doi.org/10.1093/arclin/acx055
http://www.ncbi.nlm.nih.gov/pubmed/29106438

Sensors 2020, 20, 6386 16 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.
24.

25.

Arnold, L.E.; Hodgkins, P; Kahle, J.; Madhoo, M.; Kewley, G. Long-Term Outcomes of ADHD: Academic
Achievement and Performance. J. Atten. Disord. 2020, 24, 73-85. [CrossRef] [PubMed]

Uchida, M.; Spencer, T.J.; Faraone, S.V.; Biederman, J. Adult Outcome of ADHD: An Overview of Results
from the MGH Longitudinal Family Studies of Pediatrically and Psychiatrically Referred Youth with and
Without ADHD of Both Sexes. J. Atten. Disord. 2018, 22, 523-534. [CrossRef]

Seixas, M.; Weiss, M.; Muller, U. Systematic review of national and international guidelines on attention-deficit
hyperactivity disorder. . Psychopharmacol. 2012, 26, 753-765. [CrossRef] [PubMed]

Joseph, A.; Kosmas, C.E.; Patel, C.; Doll, H.; Asherson, P. Health-Related Quality of Life and Work Productivity
of Adults With ADHD: A U.K. Web-Based Cross-Sectional Survey. . Atten. Disord. 2019, 23, 1610-1623.
[CrossRef]

Nimmo-Smith, V.; Merwood, A.; Hank, D.; Brandling, J.; Greenwood, R.; Skinner, L.; Law, S.; Patel, V.; Rai, D.
Non-pharmacological interventions for adult ADHD: A systematic review. Psychol. Med. 2020, 50, 529-541.
[CrossRef]

Hall, C.L.; Valentine, A.Z.; Groom, M.].; Walker, G.M.; Sayal, K.; Daley, D.; Hollis, C. The clinical utility of the
continuous performance test and objective measures of activity for diagnosing and monitoring ADHD in
children: A systematic review. Eur. Child Adolesc. Psychiatry 2016, 25, 677-699. [CrossRef]

Albrecht, B.; Uebel-von Sandersleben, H.; Wiedmann, K.; Rothenberger, A. ADHD history of the concept:
The case of the continuous performance test. Curr. Dev. Disord. Rep. 2015, 2, 10-22. [CrossRef]

Marshall, P; Hoelzle, J.; Nikolas, M. Diagnosing Attention-Deficit/Hyperactivity Disorder (ADHD) in young
adults: A qualitative review of the utility of assessment measures and recommendations for improving the
diagnostic process. Clin. Neuropsychol. 2019, 1-34. [CrossRef]

Baggio, S.; Hasler, R.; Giacomini, V.; El-Masri, H.; Weibel, S.; Perroud, N.; Deiber, M.P. Does the Continuous
Performance Test Predict ADHD Symptoms Severity and ADHD Presentation in Adults? ]. Atten. Disord.
2020, 24, 840-848. [CrossRef] [PubMed]

Shaked, D.; Faulkner, L.M.D.; Tolle, K.; Wendell, C.R.; Waldstein, S.R.; Spencer, R.J. Reliability and validity of
the Conners’ Continuous Performance Test. Appl. Neuropsychol. Adult 2019, 1-10. [CrossRef]

De Silva, S.; Dayarathna, S.; Ariyarathne, G.; Meedeniya, D.; Jayarathna, S. A survey of attention deficit
hyperactivity disorder identification using psychophysiological data. Int. J. Online Biomed. Eng. (IJOE) 2019,
15, 61-76. [CrossRef]

Karamacoska, D.; Barry, R.J.; De Blasio, EM.; Steiner, G.Z. EEG-ERP dynamics in a visual Continuous
Performance Test. Int. ]. Psychophysiol. 2019, 146, 249-260. [CrossRef] [PubMed]

Lozupone, M.; La Montagna, M.; D’Urso, E,; Daniele, A.; Greco, A.; Seripa, D.; Logroscino, G.; Bellomo, A.;
Panza, F. The role of biomarkers in psychiatry (ch. 7). In Reviews on Biomarker Studies in Psychiatric and
Neurodegenerative Disorders; Guest, P.C., Ed.; Springer: Berlin/Heidelberg, Germany, 2019; pp. 135-162.
Thome, J.; Ehlis, A.C.; Fallgatter, A.J.; Krauel, K.; Lange, K.W.; Riederer, P.; Romanos, M.; Taurines, R.;
Tucha, O.; Uzbekov, M.; et al. Biomarkers for attention-deficit/hyperactivity disorder (ADHD). A consensus
report of the WFSBP task force on biological markers and the World Federation of ADHD. World ]. Biol.
Psychiatry 2012, 13, 379-400. [CrossRef]

Yarbus, A.L. Eye Movements and Vision; Plenum Press: New York, NY, USA, 1967.

Duchowski, A.T. Eye Tracking Methodology: Theory and Practice, 3rd ed.; Springer: Berlin/Heidelberg, Germany,
2017.

Siqueiros Sanchez, M.; Falck-Ytter, T.; Kennedy, D.P; Bolte, S.; Lichtenstein, P.; D’Onofrio, B.M.; Pettersson, E.
Volitional eye movement control and ADHD traits: A twin study. J. Child Psychol. Psychiatry Allied Discip.
2020. [CrossRef]

Nigg, J.T. Is ADHD a disinhibitory disorder? Psychol. Bull. 2001, 127, 571-598. [CrossRef]

Levantini, V.; Muratori, P.; Inguaggiato, E.; Masi, G.; Milone, A.; Valente, E.; Tonacci, A ; Billeci, L. EYES Are
the Window to the Mind: Eye-Tracking Technology as a Novel Approach to Study Clinical Characteristics of
ADHD. Psychiatry Res. 2020, 290, 113135. [CrossRef]

Manoli, A.; Liversedge, S.P.; Sonuga-Barke, E.J.S.; Hadwin, J.A. The Differential Effect of Anxiety and ADHD
Symptoms on Inhibitory Control and Sustained Attention for Threat Stimuli: A Go/No-Go Eye-Movement
Study. J. Atten. Disord. 2020. [CrossRef]


http://dx.doi.org/10.1177/1087054714566076
http://www.ncbi.nlm.nih.gov/pubmed/25583985
http://dx.doi.org/10.1177/1087054715604360
http://dx.doi.org/10.1177/0269881111412095
http://www.ncbi.nlm.nih.gov/pubmed/21948938
http://dx.doi.org/10.1177/1087054718799367
http://dx.doi.org/10.1017/S0033291720000069
http://dx.doi.org/10.1007/s00787-015-0798-x
http://dx.doi.org/10.1007/s40474-014-0035-1
http://dx.doi.org/10.1080/13854046.2019.1696409
http://dx.doi.org/10.1177/1087054718822060
http://www.ncbi.nlm.nih.gov/pubmed/30654686
http://dx.doi.org/10.1080/23279095.2019.1570199
http://dx.doi.org/10.3991/ijoe.v15i13.10744
http://dx.doi.org/10.1016/j.ijpsycho.2019.08.013
http://www.ncbi.nlm.nih.gov/pubmed/31648022
http://dx.doi.org/10.3109/15622975.2012.690535
http://dx.doi.org/10.1111/jcpp.13210
http://dx.doi.org/10.1037/0033-2909.127.5.571
http://dx.doi.org/10.1016/j.psychres.2020.113135
http://dx.doi.org/10.1177/1087054720930809

Sensors 2020, 20, 6386 17 of 19

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Mubhlberger, A.; Jekel, K.; Probst, T.; Schecklmann, M.; Conzelmann, A.; Andreatta, M.; Rizzo, A.A; Pauli, P;
Romanos, M. The Influence of Methylphenidate on Hyperactivity and Attention Deficits in Children With
ADHD: A Virtual Classroom Test. J. Atten. Disord. 2020, 24, 277-289. [CrossRef]

Fried, M,; Tsitsiashvili, E.; Bonneh, Y.S.; Sterkin, A.; Wygnanski-Jaffe, T.; Epstein, T.; Polat, U. ADHD subjects
fail to suppress eye blinks and microsaccades while anticipating visual stimuli but recover with medication.
Vis. Res. 2014, 101, 62-72. [CrossRef] [PubMed]

Lev, A; Braw, Y.; Elbaum, T.; Wagner, M.; Rassovsky, Y. Eye Tracking During a Continuous Performance
Test (CPT): Utility for Assessing Attention-Deficit/Hyperactivity Disorder (ADHD) Patients. J. Atten. Disord.
2020. accepted for publication.

Dobrakowski, P.; Lebecka, G. Individualized Neurofeedback Training May Help Achieve Long-Term
Improvement of Working Memory in Children With ADHD. Clin. EEG Neurosci. 2020, 51, 94-101. [CrossRef]
Ben-Sheetrit, ].; Tasker, H.; Avnat, L.; Golubchik, P.; Weizman, A.; Manor, L. Possible Age-Related Progression
of Attentional Impairment in ADHD and Its Attenuation by Past Diagnosis and Treatment. ]. Atten. Disord.
2017, 1-8. [CrossRef]

Jacoby, N.; Lavidor, M. Null tDCS Effects in a Sustained Attention Task: The Modulating Role of Learning.
Front. Psychol. 2018, 9, 476. [CrossRef]

Shahaf, G.; Nitzan, U.; Erez, G.; Mendelovic, S.; Bloch, Y. Monitoring Attention in ADHD with an Easy-to-Use
Electrophysiological Index. Front. Hum. Neurosci. 2018, 12, 32. [CrossRef]

Slobodin, O.; Blankers, M.; Kapitany-Foveny, M.; Kaye, S.; Berger, I.; Johnson, B.; Demetrovics, Z.; van
den Brink, W.; van de Glind, G. Differential Diagnosis in Patients with Substance Use Disorder and/or
Attention-Deficit/Hyperactivity Disorder Using Continuous Performance Test. Eur. Addict. Res. 2020,
26,151-162. [CrossRef] [PubMed]

Slobodin, O.; Davidovitch, M. Gender Differences in Objective and Subjective Measures of ADHD among
Clinic-Referred Children. Front. Hum. Neurosci. 2019, 13, 441. [CrossRef]

Cohen, R.; Halevy, A.; Aharon, S.; Shuper, A. Attention Deficit Hyperactivity Disorder in Neurofibromatosis
Type 1: Evaluation with a Continuous Performance Test. J. Clin. Neurol. 2018, 14, 153-157. [CrossRef]
Cohen-Cymberknoh, M.; Tanny, T.; Breuer, O.; Blau, H.; Mussaffi, H.; Kadosh, D.; Gartner, S.; Salinas, A.;
Bentur, L.; Nir, V.; et al. Attention deficit hyperactivity disorder symptoms in patients with cystic fibrosis.
J. Cyst. Fibros. 2018, 17, 281-285. [CrossRef]

Peled, J.; Cassuto, H.; Berger, I. Processing speed as a marker to stimulant effect in clinical sample of children
with high functioning autism spectrum disorder. Nord. . Psychiatry 2020, 74, 163-167. [CrossRef]

Berger, I.; Cassuto, H. The effect of environmental distractors incorporation into a CPT on sustained attention
and ADHD diagnosis among adolescents. ]. Neurosci. Methods 2014, 222, 62-68. [CrossRef]

Cassuto, H.; Ben-Simon, A.; Berger, I. Using environmental distractors in the diagnosis of ADHD. Front.
Hum. Neurosci. 2013, 7, 1-11. [CrossRef]

Schmidt, S.L.; Simoes, E.D.; Carvalho, A.L.N. Association between Auditory and Visual Continuous
Performance Tests in Students with ADHD. J. Atten. Disord. 2019, 23, 635-640. [CrossRef]
American_Psychiatric_Association. Diagnostic and Statistical Manual of Mental Disorders, 5th ed.; American
Psychiatric Association: Arlington, VA, USA, 2013.

First, M.B.; Williams, J.B.W.; Karg, R.S.; Spitzer, R.L. Structured Clinical Interview for DSM-5-Research Version
(SCID-5 for DSM-5, Research Version; SCID-5-RV); American Psychiatric Association: Arlington, VA, USA, 2015.
Berger, C.; Lev, A.; Braw, Y.; Elbaum, T.; Wagner, M.; Rassovsky, Y. Detection of Feigned ADHD Using the
MOXO-d-CPT. J. Atten. Disord. 2019, 1-16. [CrossRef] [PubMed]

Gibaldi, A.; Vanegas, M.; Bex, PJ.; Maiello, G. Evaluation of the Tobii EyeX Eye tracking controller and
Matlab toolkit for research. Behav. Res. Methods 2017, 49, 923-946. [CrossRef]

Dalmaijer, S.E. Is the Low-Cost EyeTribe Eye Tracker Any Good for Research? Available online: https:
//doi.org/10.7287/peerj.preprints.585v1 (accessed on 10 July 2020).

Van Renswoude, D.R.; Raijmakers, M.E.].; Koornneef, A.; Johnson, S.P.; Hunnius, S.; Visser, I. Gazepath:
An eye-tracking analysis tool that accounts for individual differences and data quality. Behav. Res. Methods
2018, 50, 834-852. [CrossRef]

Kessler, R.C.; Adler, L.; Ames, M.; Demler, O.; Faraone, S.; Hiripi, E.; Howes, M.]; Jin, R.; Secnik, K.;
Spencer, T.; et al. The World Health Organization Adult ADHD Self-Report Scale (ASRS): A short screening
scale for use in the general population. Psychol. Med. 2005, 35, 245-256. [CrossRef] [PubMed]


http://dx.doi.org/10.1177/1087054716647480
http://dx.doi.org/10.1016/j.visres.2014.05.004
http://www.ncbi.nlm.nih.gov/pubmed/24863585
http://dx.doi.org/10.1177/1550059419879020
http://dx.doi.org/10.1177/1087054717743328
http://dx.doi.org/10.3389/fpsyg.2018.00476
http://dx.doi.org/10.3389/fnhum.2018.00032
http://dx.doi.org/10.1159/000506334
http://www.ncbi.nlm.nih.gov/pubmed/32074617
http://dx.doi.org/10.3389/fnhum.2019.00441
http://dx.doi.org/10.3988/jcn.2018.14.2.153
http://dx.doi.org/10.1016/j.jcf.2017.11.020
http://dx.doi.org/10.1080/08039488.2019.1686063
http://dx.doi.org/10.1016/j.jneumeth.2013.10.012
http://dx.doi.org/10.3389/fnhum.2013.00805
http://dx.doi.org/10.1177/1087054716679263
http://dx.doi.org/10.1177/1087054719864656
http://www.ncbi.nlm.nih.gov/pubmed/31364437
http://dx.doi.org/10.3758/s13428-016-0762-9
https://doi.org/10.7287/peerj.preprints.585v1
https://doi.org/10.7287/peerj.preprints.585v1
http://dx.doi.org/10.3758/s13428-017-0909-3
http://dx.doi.org/10.1017/S0033291704002892
http://www.ncbi.nlm.nih.gov/pubmed/15841682

Sensors 2020, 20, 6386 18 of 19

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Zohar, A.H.; Konfortes, H. Diagnosing ADHD in Israeli adults: The psychometric properties of the adult
ADHD Self Report Scale (ASRS) in Hebrew. Isr. J. Psychiatry Relat. Sci. 2010, 47, 308-315.

Ward, M.E,; Wender, P.H.; Reimherr, EW. The Wender Utah Rating-Scale—An Aid in the Retrospective
Diagnosis of Childhood Attention-Deficit Hyperactivity Disorder. Am. ]. Psychiatry 1993, 150, 885-890.
Holmgvist, K.; Nystrom, M.; Andersson, R.; Dewhurst, R.; Jarodzka, H.; Van de Weijer, J. Eye Tracking:
A Comprehensive Guide to Methods and Measures; Oxford University Press: Oxford, UK, 2011.

Ruxton, G.D. The unequal variance t-test is an underused alternative to Student’s t-test and the Mann-Whitney
U test. Behav. Ecol. 2006, 17, 688—-690. [CrossRef]

Lakens, D. Calculating and reporting effect sizes to facilitate cumulative science: A practical primer for t-tests
and ANOVAs. Front. Psychol. 2013, 4, 863. [CrossRef]

Cohen, ]. Statistical Power Analyses for the Behavioral Sciences, 2nd ed.; Erlbaum: Hillsdale, NJ, USA, 1988.
Cohen, ]. A power primer. Psychol. Bull. 1992, 112, 155-159. [CrossRef]

Hosmer, D.W.; Lemeshow, S.; Sturdivant, R.X. Applied Logisitic Regression, 3rd ed.; John Wiley & Sons:
Hoboken, NJ, USA, 2013.

O’Brien, RM. A caution regarding rules of thumb for variance inflation factors. Qual. Quant. 2007,
41, 673-690. [CrossRef]

Ginsberg, E.S.; Rinehart, N.; Fielding, J. Exploration of gaze-arrow stimuli in a cued paradigm of overt
attention. Psychol. Neurosci. 2018, 11, 266. [CrossRef]

Holmgqvist, K.; Andersson, R. Eye Tracking: A Comprehensive Guide to Methods, Paradigms and Measures, 2nd ed.;
Lund Eye-Tracking Research Institute: Lund, Sweden, 2017.

SR_Research. EyeLink Data Viewer User’s Manual 4.1.1; SR Research Ltd.: Mississauga, ON, Canada, 2019.
LeRoy, A.; Jacova, C.; Young, C. Neuropsychological Performance Patterns of Adult ADHD Subtypes. J. Atten.
Disord. 2019, 23, 1136-1147. [CrossRef]

Vakil, E.; Mass, M.; Schiff, R. Eye Movement Performance on the Stroop Test in Adults with ADHD.
J. Atten. Disord. 2019, 23, 1160-1169. [CrossRef]

Hodgson, T.L.; Ezard, G.; Frouke, H. Eye Movements in Neuropsychological Tasks. In Processes of Visuospatial
Attention and Working Memory; Hodgson, T., Ed.; Springer: Berlin/Heidelberg, Germany, 2019; pp. 393—418.
Doyle, A.E. Executive functions in attention-deficit/hyperactivity disorder. J. Clin. Psychiatry 2006, 67, 21-26.
[PubMed]

Barkley, R.A. Response inhibition in attention-deficit hyperactivity disorder. Ment. Retard. Dev. Disabil. Res.
Rev. 1999, 5, 177-184. [CrossRef]

Muller, A.; Vetsch, S.; Pershin, I.; Candrian, G.; Baschera, G.M.; Kropotov, ].D.; Kasper, ].; Rehim, H.A;
Eich, D. EEG/ERP-based biomarker/neuroalgorithms in adults with ADHD: Development, reliability, and
application in clinical practice. World J. Biol. Psychiatry 2020, 21, 172-182. [CrossRef]

Jimenez, E.C.; Avella-Garcia, C.; Kustow, J.; Cubbin, S.; Corrales, M.; Richarte, V.; Esposito, FL.; Morata, L;
Perera, A.; Varela, P; et al. Eye Vergence Responses During an Attention Task in Adults With ADHD and
Clinical Controls. J. Atten. Disord. 2020. [CrossRef]

Roebuck, H.; Freigang, C.; Barry, J.G. Continuous Performance Tasks: Not Just About Sustaining Attention.
J. Speech Lang. Hear. Res. 2016, 59, 501-510. [CrossRef]

Bell, L.; Scharke, W.; Reindl, V,; Fels, J.; Neuschaefer-Rube, C.; Konrad, K. Auditory and Visual Response
Inhibition in Children with Bilateral Hearing Aids and Children with ADHD. Brain Sci. 2020, 10, 307.
[CrossRef]

Lin, H.Y,; Hsieh, H.C.; Lee, P; Hong, EY.; Chang, W.D.; Liu, K.C. Auditory and Visual Attention Performance
in Children With ADHD: The Attentional Deficiency of ADHD Is Modality Specific. J. Atten. Disord. 2017,
21, 856-864. [CrossRef]

Wilens, T.E.; Biederman, J.; Faraone, S.V.; Martelon, M.; Westerberg, D.; Spencer, T.J. Presenting ADHD
symptoms, subtypes, and comorbid disorders in clinically referred adults with ADHD. J. Clin. Psychiatry
2009, 70, 1557-1562. [CrossRef]

Sedgwick, J.A. University students with attention deficit hyperactivity disorder (ADHD): A literature review.
Ir. J. Psychol. Med. 2018, 35, 221-235. [CrossRef]

Barkley, R.A. Comorbid psychiatric disorders and psychological maladjustment in adults with ADHD.
In Attention-Deficit Hyperactivity Disorder: A Handbook for Diagnosis and Treatment, 4th ed.; Barkley, R.A., Ed.;
Guilford Press: New York, NY, USA, 2015; pp. 343-355.


http://dx.doi.org/10.1093/beheco/ark016
http://dx.doi.org/10.3389/fpsyg.2013.00863
http://dx.doi.org/10.1037/0033-2909.112.1.155
http://dx.doi.org/10.1007/s11135-006-9018-6
http://dx.doi.org/10.1037/pne0000134
http://dx.doi.org/10.1177/1087054718773927
http://dx.doi.org/10.1177/1087054716642904
http://www.ncbi.nlm.nih.gov/pubmed/16961426
http://dx.doi.org/10.1002/(SICI)1098-2779(1999)5:3&lt;177::AID-MRDD3&gt;3.0.CO;2-G
http://dx.doi.org/10.1080/15622975.2019.1605198
http://dx.doi.org/10.1177/1087054719897806
http://dx.doi.org/10.1044/2015_JSLHR-L-15-0068
http://dx.doi.org/10.3390/brainsci10050307
http://dx.doi.org/10.1177/1087054714542004
http://dx.doi.org/10.4088/JCP.08m04785pur
http://dx.doi.org/10.1017/ipm.2017.20

Sensors 2020, 20, 6386 19 of 19

73. Petersen, S.E.; Posner, M.I. The attention system of the human brain: 20 years after. Annu. Rev. Neurosci.
2012, 35, 73-89. [CrossRef]

74. Chica, A.B.; Bartolomeo, P; Lupianez, ]. Two cognitive and neural systems for endogenous and exogenous
spatial attention. Behav. Brain Res. 2013, 237, 107-123. [CrossRef]

75. Pallanti, S.; Salerno, L. The Diagnosis of Adult ADHD toward a Precision Psychiatry Approach. In The Burden
of Adult ADHD in Comorbid Psychiatric and Neurological Disorders; Springer: Cham, Switzerland, 2020; pp. 61-86.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1146/annurev-neuro-062111-150525
http://dx.doi.org/10.1016/j.bbr.2012.09.027
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Participants 
	Materials 
	MOXO-dCPT 
	Eye Tracking Apparatus 

	Procedure 
	Data Analysis 
	Preliminary Procedures and Analysis 
	Primary Analysis (Complete MOXO/All Stages) 
	Exploratory Analysis (Visual Distractors Stage Only) 


	Results 
	Preliminary Analysis 
	Primary Analysis (Complete MOXO/All Stages) 

	Discussion 
	Conclusions 
	References

