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Abstract

Objective: The use of continuous performance tests (CPTs) for assessing ADHD related cognitive impairment is
ubiquitous. Novel psychophysiological measures may enhance the data that is derived from CPTs and thereby improve
clinical decision-making regarding diagnosis and treatment. As part of the current study, we integrated an eye tracker
with the MOXO-dCPT and assessed the utility of eye movement measures to differentiate ADHD patients and healthy
controls. Method: Adult ADHD patients and gender/age-matched healthy controls performed the MOXO-dCPT while
their eye movements were monitored (n = 33 per group). Results: ADHD patients spent significantly more time gazing
at irrelevant regions, both on the screen and outside of it, than healthy controls. The eye movement measures showed
adequate ability to classify ADHD patients. Moreover, a scale that combined eye movement measures enhanced group
prediction, compared to the sole use of conventional MOXO-dCPT indices. Conclusions: Integrating an eye tracker
with CPTs is a feasible way of enhancing diagnostic precision and shows initial promise for clarifying the cognitive profile
of ADHD patients. Pending replication, these findings point toward a promising path for the evolution of existing CPTs.
(J. of Att. Dis. XXXX; XX(X) XX-XX)
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Introduction difficulty in establishing its source (i.e., ADHD vs. other
neuro-psychiatric conditions). Overall, to date, CPTs have
been found useful in clarifying the cognitive profile of exam-
inees, while their ability to support clinical decision-making
(i.e., diagnosis) has been deemed limited.

ADHD is associated with impairment in various cognitive
domains (Fuermaier et al., 2018). Continuous performance
tests (CPTs) are commonly used to clarify the cognitive func-

2%1}1;% (Klsxarﬁmeesl Wzlz)hlglglleﬁ susrl)ec;e(:)ci;r TCI? nfirmed Psychophysiological measures have the potential to
(Albrecht et al., ; Hall etal, )- These tests increase diagnostic precision and enhance treatment

include rapld presentation gf Vlsual' and/or audltory stimuli response monitoring in ADHD (Hall et al., 2016). This
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, the clinician is pro- Hemoencephalography [nirHEG], quantified electroenceph-

vided with information (e.g.,. omission and commission o ranhy [Q-EEG] and event-related potentials [ERP];
errors) that may uncover attentional and executive dysfunc- Areces et al.,, 2018; Hall et al., 2016; Muller et al., 2020)
tions such as impulsivity and response inhibition (see review; N ’ ” ’ N '

Marshall et al., 2019). However, the diagnostic precision of
CPTs has been questioned. For example, Pettersson et al. oA o X

.. e o Ariel University, Ariel, Israel
(201 8)' founc'i CPT mdws:s to have poor' discriminative ablvhty 3University of California, Los Angeles (UCLA), Los Angeles, California,
and this finding aligns with the conclusions of a recent review USA
by Marshall et all.'(2019), according tQ W'hlch CPTS usuglly Corresponding Author:
have good SenSItlYlty bu't poor specificity for diagnosing Yoram Braw, Department of Psychology, Ariel University, P.O.B. 3.,
ADHD (for an earlier review, see Hall et al., 2016). In other Ariel, 40700, Israel.
words, CPTs are sensitive to cognitive impairment, but have Email: yoramb@ariel.ac.il

potential was explored in novel studies integrating psycho-
physiological data with conventional CPT indices (e.g.,

'Bar-llan University, Ramat Gan, Israel


https://us.sagepub.com/en-us/journals-permissions
https://journals.sagepub.com/home/jad
mailto:yoramb@ariel.ac.il
http://crossmark.crossref.org/dialog/?doi=10.1177%2F1087054720972786&domain=pdf&date_stamp=2020-11-26

Journal of Attention Disorders 00(0)

Thereby, researchers have aimed to enhance the clinical util-
ity of CPTs as well as validate biomarkers linked to the
underlying pathology of ADHD. In this regard, eye move-
ments are key biomarkers that offer to provide unique infor-
mation regarding ADHD-related cognitive impairment. For
example, eye tracking was useful in exploring response inhi-
bition (Goto et al., 2010) and selective attention impairments
in ADHD (Vakil et al., 2019). Surprisingly, we are aware of
only one study in which eye movements were monitored
while examinees performed a commercially available CPT
(Fried et al., 2014). In this study, adult ADHD patients made
more microsaccades (i.e., small, jerk-like eye movements
during fixation) than controls while performing the Test of
Variables of Attention (T.O.V.A.). However, obtaining reli-
able data of microsaccades requires expensive eye trackers
with high precision and temporal resolution (Holmgqvist
et al., 2011, pp. 29—43). Therefore, their integration in com-
mercially available CPTs is unlikely in the forthcoming
years.

The current study aimed to assess the feasibility of inte-
grating an eye tracker with the MOXO-dCPT. The MOXO-
dCPT, a commercially available CPT, has several advantages
for such a project. First, this CPT has attracted growing
clinical and research attention, with data accumulating
regarding children, adolescents and adult ADHD patients
(for examples of recent studies, see Ben-Sheetrit et al., 2017,
Dobrakowski & Lebecka, 2020; Jacoby & Lavidor, 2018;
Shahaf et al., 2018; Slobodin et al., 2020; Slobodin &
Davidovitch, 2019). This accumulated database is an advan-
tage that is shared with other commercial CPTs and contrasts
with those which are constructed specifically for an individ-
ual research project. In addition, commercial CPTs have
financial backing, which may ease the integration of novel
technologies such as eye tracking in daily clinical practice.
They also lessen methodological challenges by providing a
standard platform that researchers can utilize. The MOXO-
dCPT has several additional advantages, including the use of
an online platform that does not require special equipment as
well as its high ecological validity. Regarding the latter, the
MOXO-dCPT uses dynamic distractions, both visual and
auditory, which simulate real-world settings (e.g., a barking
dog, the opening of a bottle, and a crying baby). The use of
these distractions joins the growing use of advanced tech-
nologies, such as virtual reality (Parsons & Rizzo, 2019),
that aim to better simulate real life during the test. This, as
opposed to other CPTs which do not use distractors (e.g., the
T.O.V.A; Greenberg et al., 2018), was suggested to enhance
the MOXO-dCPT ecological validity and, consequently, its
utility (Berger & Cassuto, 2014; Cassuto et al., 2013). The
MOXO-dCPT therefore serves as an environment conducive
tool for exploring the cognitive impairment of ADHD
patients. The current study capitalized on these properties of
the MOXO-dCPT by dividing its visual environment into
separate regions and assessing the allocation of attention of

both ADHD patients and healthy controls while they per-
formed the CPT. Thereby, we utilized the participants’ gaze
direction, an intuitive and easily obtainable eye movement
measure, to differentiate the groups. A secondary aim was to
assess the potential of eye movement measures to enhance
the discrimination capacity of conventional MOXO-dCPT
indices. We hypothesized that while performing the CPT,
ADHD patients would gaze for longer durations at regions
which are irrelevant for success in the task (e.g., the AOI in
which distractors are presented) compared to healthy con-
trols. This hypothesis corresponds to a recent study in which
ADHD patients gazed longer at distractors in a Stroop task
than controls (Vakil et al., 2019). We further hypothesized
that combining eye movement measures with the conven-
tional MOXO-dCPT indices would enhance the discrimina-
tive capacity of the CPT, compared to that attained using
only the conventional indices. Finally, we aimed to establish
cutoffs for the eye movement measures and the combined
scale with an adequate discrimination capacity (i.e., 80%
sensitivity/specificity biomarker criterion, suggested by the
World Federation of Societies of Biological Psychiatry,
WFSBP; Thome et al., 2012)

Method

Participants

Thirty-five adult ADHD patients and matched healthy con-
trols (£ 1 years of age/education), participated in the study.
Participants were undergraduate students with normal or
corrected-to-normal vision, who received academic credit
for participating in the study. All ADHD patients had a pre-
vious diagnosis of ADHD, provided by a licensed clinician
(314.0X according to the Diagnostic and Statistical Manual
of Mental Disorders-5, DSM-5; American Psychiatric
Association, 2013). They also met current diagnostic crite-
ria, established by a trained clinician upon study entry,
using the Structured Clinical Interview for DSM-5 (SCID-
5-RV; Firstet al., 2015). Of these, 21 ADHD patients (60%)
reported use of stimulant medications and were requested
not to take the drug in the 24 hours prior to participating in
the study. Exclusion criteria included past or present neuro-
psychiatric disorders (besides ADHD for participants in the
ADHD patient group) and/or learning disabilities. Healthy
controls were also excluded if they reported current atten-
tional impairments, operationalized as total score = 37 in
the Adult ADHD Self-Report Scale, ASRS (criterion used,
for example, by Lozano et al., 2020). Inspection of the data
later revealed that two participants, one in each group, had
abnormal eye movements values (i.e., duration of blinks
and number of saccades). Their data, along with their
matched participants, were discarded. Overall, data of 33
participants per group were included in the final analyses
(N = 66).
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The study received an institutional review board (IRB)
committee approval and all participants provided written
informed consent. The study sample partially overlapped
with that of Berger et al. (2019).

Materials

MOXO-dCPT: The MOXO-dCPT consists of eight blocks
and lasts 18.7 minutes. Each block consists of trials in which
a stimulus card (target or non-target) is presented in the cen-
ter of the screen, followed by a blank screen (59 trials; 34
targets and 25 non-targets). The target / non-target is pre-
sented for either 0.5seconds, 1seconds, or 4seconds, fol-
lowed by a “void” period of a similar duration. Participants
are requested to press the spacebar once in response to tar-
gets and refrain from pressing it in response to non-targets.
This is done while ignoring a series of distractors that
appear above, below, or to the sides of the stimulus card.
Distractors are presented for 8 seconds, with a fixed interval
of 0.5 seconds between two distractors. The blocks include
three types of distractors: (a) Visual distractors (blocks 2
and 3; e.g., an animation of a barking dog); (b) Auditory
distractors (blocks 4 and 5; e.g., barking sound); and (c)
Combination of visual and auditory distractors (blocks 6
and 7; e.g., an animation of a barking dog accompanied by
a barking sound). Blocks 1 and 8 do not include any distrac-
tors. The blocks that include distractors differ in load; in the
first block, only one distractor is presented at a time (i.e.,
blocks 2, 4, and 6), while in the second block, two distrac-
tors are presented simultaneously (i.e., blocks 3, 5, and 7).
Sixteen distractors are presented in each block for an over-
all of 32 visual distractors, 32 auditory distractors and 32
combined distractors. Distractors are also presented during
the void period and are not synchronized with target onset.
Based on the participants’ performance in the MOXO-
dCPT, four performance indices are calculated (see also
Supplemental Appendix A in Berger et al., 2013): (a)
Attention: Number of correct responses performed during
stimulus presentation or the inter-stimulus interval (ISI) fol-
lowing it. (b) Timeliness: Number of correct responses per-
formed only during the time in which the target stimulus is
present on the screen. (¢) Impulsivity: Number of commis-
sion responses performed during the time in which a non-
target stimulus is presented. (d) Hyperactivity: Number of
commission responses that not coded as impulsive responses
(e.g., multiple keystrokes in response to a target stimulus).
For each index, the participants’ performance was scored
using the MOXO-dCPT’s normative database.

Adult ADHD Self-Repot Scale (ASRS; Kessler et al.,
2007): An 18-item self-report questionnaire of adult ADHD
symptoms, as detailed in the DSM-5 (American Psychiatric
Association, 2013). Symptoms are rated on a 5-point Likert
scale, ranging from 0 (never) to 4 (very often). The Hebrew
version of the ASRS has an internal consistency of 0.87

(Cronbach’s alpha), sensitivity of 65%, and specificity of
68% (Zohar & Konfortes, 2010).

Wender Utah Rating Scale (WURS,; Ward et al., 1993): A
61-item self-report questionnaire which provides a retro-
spective evaluation regarding the presence and severity of
ADHD symptoms in childhood. It is based on the Utah cri-
teria and is commonly used in research (e.g., Barbaresi
et al., 2018). The items are rated on a 5-point Likert scale,
with high scores indicating more severe symptoms. The
25-item WURS version was used in the current study. This
version adequately classifies ADHD patients (Ward et al.,
1993) and has an internal consistency score (i.c., Cronbach’s
alpha) of 0.88 (Rossini & O’Connor, 1995).

Eye-tracking Apparatus and Eye Movement
Measures

The stimuli were presented on an Alienware OptX 23” display
screen with 1920 X 1080 resolution. Eye-to-screen viewing
distance was approximately 60 cm. The eye tracking appara-
tus was based on the setting used by Elbaum et al. (2017). It
includes a host PC which tracks and computes participants’
gaze position, as well as a display PC, which displays the
stimuli (i.e., MOXO-dCPT). Binocular eye-movements were
recorded by an EyeLink 1000 at a 250 Hz sampling rate with
an accuracy of approximately 0.5° (SR Research Ltd.,
Mississauga, Ontario Canada). Participants were calibrated
using an EyeLink 13-point calibration procedure and their
heads were stabilized by a chin rest.

To assess the extent of visual attention directed at the
task area compared to regions which are irrelevant for suc-
cess in the MOXO-dCPT, the participants’ field of view
(FOV) was divided into four areas of interest (AOlIs; see
Figure 1): (a) Task AOI: The only region relevant to the
task, containing the target and non-target stimuli. (b)
Distractors AOI: The screen region in which the distractors
were presented. (c) Peripheral AOI: All other screen
regions. (d) Outside the screen AOI: Regions beyond the
computer screen.

Procedure

The participants filled out questionnaires (demographic/
health, WURS 25-items, and ASRS), and underwent the
SCID-5-RV. Next, they were moved to a sound-isolated
room with black curtains behind the computer screen, to
minimize external distractions. They were then calibrated to
the eye-tracker and performed the MOXO-dCPT while
their eye movements were monitored. Next, the ADHD
patients filled out a brief questionnaire enquiring whether
they feigned ADHD when originally diagnosed with the
disorder. Participants performed the MOXO-dCPT approxi-
mately 40 to 50 minutes after beginning the experiment. As
ADHD patients tire more easily (Rogers et al., 2017), a
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Figure |. Participants’ FOV while performing the MOXO-
dCPT, divided into the four AOIs. Presented is the target
stimulus and examples of distractors.

factor that may impact cognitive performance (Heaton
et al., 2020), several measures was undertaken to limit the
impact of possible fatigue; (a) The study was performed in
the morning or early afternoon hours and participants were
requested not to participate in the study following academic
studies and/or work. (b) Before beginning the MOXO-
dCPT, the research team member enquired regarding the
participant’s fatigue and a short break was taken before pro-
ceeding to the MOXO-dCPT.

Data Analyses

Preliminary procedures and general remarks. For each AOI, the
relative gaze duration was calculated (i.e., proportion of time
the gaze was directed towards the AOI, relative to total gaze
durations; Holmgqvist et al., 2011, p. 118). All analyses were
based on two-tailed hypotheses, with p < .05 marking statis-
tical significance. Categorization of effect sizes (Cohen’s d)
was based on Cohen (1992).

Primary analyses. A multivariate analysis of variance
(MANOVA) with a between-subjects factor of group com-
pared ADHD patients and healthy controls in the MOXO-
dCPT indices. Independent-samples #-tests and chi-square
analyses (for parametric and non-parametric variables,
respectively) were used to compare the groups in all other
measures. Welch’s unequal variance #-test was used when
the assumption of group’s homogeneity of variance was not
met (Ruxton, 2006). Group differences in relative AOI gaze
duration were visualized using standard relative gaze dura-
tion heat maps, also termed density duration heat maps
(Bojko, 2009, July). More specifically, a heat map was cre-
ated per participant (i.e., accumulated time spent gazing at
different regions on the screen, relative to the total duration
of the task). Next, the heat maps of participants belonging

to each group were aggregated. Color values were calcu-
lated using a standard EyeLink heat map generator, based
on Gaussian density estimation (SR Research Ltd., Missis-
sauga, Ontario Canada).

Pearson product-moment correlations between the
MOXO-dCPT indices and the eye movement measures
were performed as a preliminary step before performing the
regression analyses, detailed later. The correlation matrix
was inspected, and » > .8 criterion was utilized as a multi-
collinearity indicator. Multicollinearity was further assessed
using the Variance Inflation Factor criterion (i.e., VIF < 4;
O’Brien, 2007). Next, a simultaneous logistic regression
assessed the ability of the eye movement measures to pre-
dict group membership. The regression model was then
used to combine the eye movement measures into a contin-
uous probability scale (termed combined eye movements
scale or combined scale), the values of which represent the
probability of being diagnosed with ADHD. Next, a two-
stage hierarchal logistic regression was performed, aiming
to determine whether the combined scale could enhance the
predictive power of the MOXO-dCPT indices. The first
stage model included the MOXO-dCPT indices in which
the groups significantly differed as predictors, while the
second stage included both the indices and the combined
scale. In both regression analyses, a default probability cut-
off of 0.5 was used to classify participants, based on the
predicted values of the regression model.

Receiver operating characteristic (ROC) curve analyses
assessed the classification accuracy of the eye movement
measures and the combined eye movements scale. A ROC
curve is a plot of true positive rates (sensitivity) against
false positive rates (i.e., I—specificity). The area under the
curve (AUC) of these analyses was used as a measure of
group discrimination capacity (range: 0.5—1.0; larger values
indicating better discrimination capacity). Next, the AUC’s
discrimination capacity was qualitatively interpreted in
accordance with Hosmer et al. (2013, p. 177) and indices of
classification accuracy (i.e., sensitivity and specificity) for
various cutoffs were calculated.

Exploratory analyses. Differences in AOIs’ gaze durations
could be due to fewer and longer gaze durations or to many
short gazes. We therefore also analyzed group differences in
the number of times the participants’ gaze exited or entered
the task AOI (task AOI visit count measure).

Results

As expected, ADHD patients had significantly higher
WURS 25-items and ASRS total scores than controls.
Additionally, there were overall group differences in the
MOXO-dCPT indices, £(4,61) = 3.28, p = .017, with fol-
low-up analyses indicating that ADHD patients performed
significantly worse than controls in the timeliness and
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Table |I. Descriptive Statistics and Statistical Analyses for ADHD Patients and Healthy Controls (n = 33 Per Group).

ADHD patients

Healthy controls Statistical analyses Effect size

Measures Mean = SD Mean *= SD Parametric analyses Cohen’s d/np2
Age (years) 2330 = 2.13 2333 £2.16 t(64) = .06, p = .954 0.01
Education level (years) 1297 = 1.10 12.88 = I.11 t(64) = .33, p = .740 0.08
WURS 25-items (no.) 2827 = 12.17 18.85 + 9.74 t(64) = 3.7, p < .001 0.86
ASRS (no.) 30.88 * 8.07 22.52 = 5.84 t(64) = 4.82, p < .001 1.19
MOXO-d-CPT  Attention (z-score) -2.28 * 3.3 -1.15 = 3.06 F(1,64) = 2.06,p = .156 0.03
Indices Timelines (z-score) -2.00 += 2.04 -1.02 = 1.48 F(1,64) = 5.00, p = .029 0.07
Hyperactivity (z-score) -2.08 £ 3.33 -0.76 = 3.14 F(1,64) = 2.75,p = .102 0.04
Impulsivity (z-score) -1.01 = 1.54 -0.14 = 1.17 F(1,64) = 6.74,p = .012 0.10
Eye movements Task AOI gaze duration (%) 80.48 = 11.08 88.35 * 6.63 t(52.3) = 3.50, p < .001 0.86
Distractors AOI gaze 18.18 = 10.4 11.44 = 6.44 t(53.4) = 3.17, p = .003 0.78
duration (%)
Peripheral AOI gaze 0.70 £ 0.79 0.14 = 0.19 t(35.6) = 4.00, p < .00 0.97
duration (%)
Outside the screen AOI 0.64 = 1.18 0.07 = 0.14 t(33) = 2.76, p < .001 0.68
gaze duration (%)
Task AOI visit count (no.) 249.76 = 97.71 189.3 = 89.55 t(64) = 2.62,p = .0l 0.65
Combined scale 0.6723 = 0.2890 0.3276 += 0.1627  t(50.4) = 5.97, p < .00 1.60
(probability)
Frequencies Frequencies Non-parametric analyses OR
Gender (male / female) 11722 9/24 x4(1) = 029, p = .592 1.33
Birth country (Israel / other) 33/0 31/2 x4(1) = 2.06,p = .151 2
Family status (single / married) 29/4 29/ 4 x2(1) = 0.00, p = 1.00 |
Hand dominance (right / left) 32/ 1 2715 (1) = 3.08, p = .079 0.17
Corrected vision (yes / no) 6/27 4/29 x2(1) = 0.47, p = 492 1.61

Note. AOI = area of interest; ASRS = adult ADHD self-report scale; WURS = Wender Utah rating scale; OR = odds ratio.

20OR cannot be calculated due to division by zero.

impulsivity indices (p = .029, p = .012; respectively). See
Table 1.

Significant group differences were found in all eye move-
ment measures. ADHD patients gazed less time at the task
AOI (p < .001) and more time at the distractors / peripheral /
outside the screen AOIs than controls (p = .002, p < .001,
p = .008; respectively). They also had significantly higher
combined scale scores than controls (p < .001). Effect sizes
for these comparisons were medium (distractors AOIs gaze
durations, outside the screen AOI gaze duration, task visit
count) to large (task AOI gaze duration, peripheral AOI gaze
duration, and combined scale). Importantly, all eye move-
ment measures were above the recommended minimum
effect size, thus representing a “practically” significant effect
(Ferguson, 2009, p. 533). See Figure 2 for a visual presenta-
tion (i.e., heat maps) of the examinees’ eye movements while
performing the MOXO-dCPT.

Task AOI gaze duration and distractors AOI gaze dura-
tion measures were strongly negatively correlated (r=
—0.99, p < .001), raising the possibility of multicollinearity
between the two (see Supplemental Material 1). Since the

latter measure had a lower effect size in the group compari-
sons (see Table 1), it was excluded from further analyses.
All three remaining eye movement measures had VIF val-
ues < 4. A simultaneous logistic regression, therefore,
included three measures as predicators (i.c., task AOI gaze
duration, peripheral AOI gaze duration, and outside the
screen AOI gaze duration). The model significantly pre-
dicted group membership (p < .001), correctly classifying
66.67% of ADHD patients and 90.91% of controls. See
Table 2 for additional information, as well as the combined
eye movements scale equation. The latter estimates the
probability (range 0-1) of a participant being classified as
an ADHD patient, based on their eye movement data. Next,
a hierarchical logistic regression was conducted with time-
liness and impulsivity MOXO-dCPT indices entered in the
first stage, and both the indices and the combined scale
entered in the second stage. The first stage model signifi-
cantly predicted group membership, p = .003, correctly
classifying 69.70% ADHD patients and 78.79% controls.
The second stage model also significantly predicted group
membership, p < .001, correctly classifying 75.76% of



Journal of Attention Disorders 00(0)

55% ]

Peripheral AOI

Figure 2. Relative gaze duration heat maps, visualizing the
proportion of accumulated gaze durations relative to the
MOXO-dCPT total duration. The maps illustrate significant
group differences in gaze behavior between the ADHD patients
(A) and healthy controls (B).

ADHD patients and 81.82% of controls. Out of the predic-
tors, only the combined scale contributed significantly to
the prediction of group membership (p < .001). Notably,
the second stage model significantly enhanced the predic-
tion of group membership, compared to the first stage
model (p < .001). See Table 2.

The ROC curve analyses indicated acceptable discrimi-
native capacities of task AOI, peripheral AOI, and outside
the screen AOI gaze durations (AUC = 0.731, AUC =
0.756, AUC = 0.775, respectively), while that of the com-
bined scale was excellent (AUC = 0.826). The classifica-
tion accuracy of cutoffs for these measures are presented in
Supplemental Material 2. An inspection of the table reveals
that perfect specificity could be reached using each of the
measures. However, sensitivity was rather poor, ranging
from 21.21% (outside the screen AOI gaze duration) to
30.30% for peripheral AOI gaze duration. Lowering speci-
ficity enables higher sensitivity levels to be reached, with
the combined scale achieving the highest sensitivity,
75.76% (specificity = 81.82%). Note that specificity levels
were capped at 80%.

Exploratory analyses. All MOXO-dCPT indices were
inversely correlated with the combined scale, with effect
size ranging between medium and strong (rs between —29
and —.52). See Supplemental Material 1. Finally, ADHD

patients made significantly more entries to the task AOI
than controls (p = .011; See Table 1).

Discussion

The current study points toward the feasibility of integrat-
ing an eye tracker with a commercially available CPT
(MOXO-dCPT). Importantly, four intuitive gaze direction
measures, each associated with a different area of interest
(AOI), significantly differentiated ADHD patients and
healthy controls (effect sizes were large, except for outside
the screen AOI gaze duration, which was associated with a
moderate effect size). As visually represented in Figure 2,
ADHD patients spent significantly more time than healthy
controls gazing at screen regions in which distractors were
presented, blank screen regions, and regions that were alto-
gether outside of the screen. Only the center of the screen
contains the stimuli that are relevant for success in the task.
Such gaze behavior is therefore clearly counterproductive
and can only impair performance on the CPT.

The above-mentioned group differences may stem from
few, yet long, gazes at AOIs that are irrelevant for success in
the CPT (i.e., wandering away from the task). Alternatively,
they can be the product of a larger number of short gazes at the
aforementioned AOIs (i.e., being drawn toward the distractors
each time they appeared). Analyzing task AOI visits count
indicated that ADHD patients made more entries to the task
AOI, providing initial support for the latter possibility. Plainly
put, ADHD patients were repeatedly drawn away from the
task, perhaps by the MOXO unique “real-world” dynamic
distractors. If so, the findings exemplify, in a face valid man-
ner, the distractibility which may lie at the foundation of the
higher-order deficits of ADHD patients (Butzbach et al.,
2019). Surprisingly, although ADHD patients’ failure to
ignore distractors is well-established (Barkley, 1997; Rubia
et al., 1999; Tsal et al., 2005), only a single study has exam-
ined the effect of distractors on eye movements for the pur-
pose of diagnosing ADHD (Vakil et al., 2019). Interestingly,
the effect of the distractors on gaze direction measures best
differentiated ADHD from controls in this study. Thus, this
study reached the same conclusion as the current study,
despite using a very different task (i.e., Stroop test). Such find-
ings also correspond to those of studies using the anti-saccade
task, in which participants are instructed to make a saccade
(i.e., a rapid eye-movement to a specific location; Holmqvist
etal., 2011, p. 23) away from a suddenly appearing stimulus.
In these studies, ADHD patients fail to suppress saccades
toward the stimulus (e.g., Coe & Munoz, 2017; O’Driscoll
etal., 2005). This failure is related to the impulsivity aspect of
ADHD (O’Driscoll et al., 2005; Roberts et al., 2011). All the
above findings align with one another and point toward a
failure by ADHD patients to inhibit responses toward distrac-
tors. Consequently, ADHD patients may pay less attention to
stimuli that are relevant for success in daily tasks, thereby
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Table 2. Summary of Logistic Regression Analyses for Predicting ADHD Diagnosis (n = 33 per Group). (A) Simultaneous Logistic
Regression with the MOXO-d-CPT Timeliness and Impulsivity Indices as Predictors. (B) Two-Stage Hierarchical Logistic Regression.
The MOXO-d-CPT Timeliness and Impulsivity Indices Served as Predictors in Stage |, While the Two Indices and the Combined Scale

Served as Predictors in Stage 2.

Predictors Model statistics

Coefficient statistics

A. Simultaneous logistic

regression x2(df), p Ay2(df), p B SE OR OR 95% ClI Wald statistics
Stage | x2(3) = 25.95, _ .
p < .00l
|. Task AOI gaze duration . . 0.0303 0.05 1.03 0.94-1.14 0.38,p = .539
(%)
2. Peripheral AOI gaze . . 3.1063  1.35 22.34 1.59-314.44 5.30, p = .021
duration (%)
3. Outside the screen AOI _ _ 3.2209 2.05 25.05 0.45-1387.98 247,p = .116
gaze duration (%)
Constant . . -4.0899 4.59 0.02 . 0.80, p = .373
B. Two-stage hierarchical
logistic regression x2(df), p AyX(df), p B SE OR OR 95% ClI Wald statistics
Stage | x3(2) = 11.80, p _ _
=.003
|. Timeliness index (z-score) . . -0.3447 0.16 0.71 0.52-0.98 448, p = .034
2. Impulsivity index (z-score) _ _ -0.5137 021 0.60 0.39-0.91 5.75,p = .016
Constant - _ -0.7872 0.38 0.46 _ 4.28,p = .038
Stage 2 x23) = 29.80,p (1) = 18.00, - -
< .00l p < .00l
I. Timeliness index (z-score) o o 0.0850 0.206 1.089 0.73-1.63 0.17, p = 0.680
2. Impulsivity index (z-score) - - -0.3520 0.240 0.703 0.44-1.13 2.157,p = .142
3. Combined eye movements . . 5.8944 1.750 365.005 12.85-10225.76 11.956, p < .00l
scale (z-score)
Constant . . -2.8187 0.715 0.060 . 15.556, p < .001

Note. The combined eye movements scale equation:

P(ADHD) =

I+e

—(0.0303*Task AOI GD-+ 3.1063*Peripheral AOI GD+3.2209*Qutside the screen GD— 4.0899)

The equation’s outcome, P(ADHD), estimates the probability (range 0-1) of a participant being classified as an ADHD patient, based on their eye

movement data.

AOI = area of interest; Cl = confidence interval; OR = odds ratio; SE = standard error.

hampering their functioning. Corresponding to such a sugges-
tion, the conventional MOXO-dCPT impulsivity index had
the strongest effect size in differentiating the groups in the
current study.

Beyond theoretical postulations, the current study aimed
to assess the clinical utility of integrating the eye tracker
with the MOXO-dCPT. The eye movement measures were,
therefore, combined into a unified scale (termed combined
eye movements scale or combined scale), which can be
interpreted as an index of the participants’ distractibility
(i.e., allocation of attention to irrelevant stimuli). The scale
had the highest effect size out of the eye movement mea-
sures for differentiating the groups (Cohen’s d = 1.60).
More importantly, however, it showed incremental utility in

predicting an ADHD diagnosis, compared to the use of the
conventional MOXO-dCPT indices. Correspondingly, the
scale had excellent discrimination capacity (AUC = 0.83)
and a 0.402 cutoff was associated with a 75.76% sensitivity
and 81.82% specificity.! This is comparatively close to the
80% sensitivity/specificity biomarker criterion suggested
by the WFSBP (Thome et al., 2012), and seems to align
with other biomarkers of ADHD (e.g., EEG-TBR [theta/
beta ratio] for classifying adults was associated with 83%
sensitivity and 77% specificity; Muller et al., 2020). Overall,
large effect sizes for differentiating the groups were found
in the current study using the combined eye movements
scale, tentatively suggesting that it may serve as a reliable
neuropsychological diagnostic tool (Bezeau & Graves,
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2001). However, several limitations of the study, detailed in
the following paragraph, stress the preliminary nature of the
findings, and call for further studies to validate and expand
them.

By examining the utility of eye movements for the diag-
nosis of ADHD, the current study contributes to an under-
explored area of research. Another asset is the study’s
reliance on intuitive and face-valid gaze direction measures,
capitalizing on the MOXO-dCPT’s distractors which are
particularly suitable for exposing the distractibility of
ADHD patients (Butzbach et al., 2019). Several limitations
of the study should, however, be noted. First, the adult
ADHD patients participating in the current study were all
undergraduate students, and therefore likely represent
highly functioning patients (Sedgwick, 2018). Second, par-
ticipants with substantial comorbid psychopathology were
excluded from the study. Since comorbidity is highly preva-
lent among ADHD patients (e.g., 55% of undergraduates
with ADHD experience at least one comorbid condition;
Anastopoulos et al., 2018), the generalizability of our find-
ings is constrained. Third, the predictors of ADHD diagno-
sis were computed and tested in the same sample. This
further emphasizes the need to validate the findings before
reaching firm conclusions. In addition, future studies may
address these limitations by assessing examinees undergo-
ing real-life assessments, as well as assessing non-academic
ADHD patients and those with comorbid psychopathology.
Finally, comparing ADHD patients with those with other
neuro-psychiatric disorder is in order (following Barkley,
2015), as well as investigating factors which may impact
their performance in CPTs (e.g., fatigue; Rogers et al.,
2017).

Summary. In this paper, we reported a feasibility study in
which an eye tracker was integrated with a CPT, a neuro-
psychological task that is widespread in clinical practice.
Using face-valid gaze direction measures, ADHD patients
were found to spend more time gazing at irrelevant regions,
either on the screen and outside of it, than healthy controls.
Corresponding to the distractibility that is characteristic of
ADHD, difficulty in suppressing spontaneous eye move-
ments towards the MOXO-dCPT’s ecological distractors
appears to drive the group differences. From a clinical per-
spective, a scale that combined eye movement measures
and conventional indices showed excellent discrimination
capacity. Moreover, initial evidence suggests that it may
enhance the classification accuracy of conventional indices.
Overall, the eye movement measures utilized in this study
showed promise to increase our theoretical understanding
of ADHD and improve clinical decision-making, aligning
well with the rapidly expanding research of biomarkers in
neuropsychiatry (Lozupone et al., 2019). However, further
research is required to validate the findings while amending
the study’s weaknesses.
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