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Abstract

Objective: Temporal processing deficits were found among children with attention-deficit/hyperactivity disorder (ADHD). The
present study aims to develop an online temporal processing assessment that can be conducted remotely, and the sensitivity
of the test was assessed on a group of children with ADHD.

Methods: A total of 188 children were recruited, including 94 typically developing (TD) children, and 94 children with ADHD.
The online assessment consists of two temporal-order judgment (TOJ) tasks. One task used tone pairs presented with two
interstimulus intervals (ISIs) (305ms and 40ms). Another task used pairs of consonant-vowel (CV) syllables with 20 varying ISI
levels. Participants were asked to determine the sequence of the sound pairs.

Results: The results showed that ADHD children were less accurate (ISI 305ms: M= 83.90%; ISI 40ms: M= 66.28%) than TD
children (ISI 305ms: M= 89.36%; ISI 40ms: M= 77.16%) in the tone task. Similarly, ADHD children showed a higher ISI passing
threshold (M= 283.64ms) than TD children (M= 199.76ms) and higher accuracy in the CV task. Hierarchical binary logistic
regression suggested a model to predict ADHD children using accuracy in ISI 40ms in the tone task and ISI passing threshold
in the CV task. Receiver operating characteristic (ROC) analysis yielded a sensitivity of 75.58% and a specificity of 51.11%.

Conclusion: ADHD children showed temporal processing deficits of both tones and CVs. The online assessment may be a valid
tool for differentiating ADHD children from TD children.
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Introduction
Temporal processing is a fundamental perceptual process-
ing skill. It allows us to perceive, discriminate, and organize
rapid, successive events. According to Farmer and Klein,1

temporal processing involves a hierarchy of information
processing, starting from the most simple level (i.e. detec-
tion and identification of the target visual or auditory
stimuli), to a higher level (i.e. the individuation and dissec-
tion of rapid and successive stimuli), and lastly, to the most
complex level (i.e. perception and production of the
temporal order of two or more rapid and serial stimuli).

The hierarchy of temporal processing corresponds to a
series of laboratory tasks such as simultaneity judgment,
gap detection, and temporal-order judgment (TOJ).
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Among various paradigms that measure temporal pro-
cessing, the TOJ task is a well-known paradigm to assess
the processing of perceptual latencies among information
in different modalities.2 In a TOJ task, two stimuli are pre-
sented using various interstimulus intervals (ISIs), and par-
ticipants are required to repeat the sequence of stimulus
presentations. For example, as early as in the 1970s,
Tallal and Piercy3 utilized the TOJ paradigm to compare
children with developmental aphasia and children with
typical development (TD). Aphasic children showed
impairment in discriminating and sequencing brief tones,
suggesting a potential temporal processing deficit. Later
studies extended the search of temporal processing deficits
to children with other neurodevelopmental disorders, such
as attention-deficit/hyperactivity disorder (ADHD),4–6 dys-
lexia (see a review by Meilleur et al.7), and autism spectrum
disorder (ASD) (see a review byMeilleur et al.7). From neu-
rodevelopmental perspectives, the brains of children with
temporal processing deficits have not developed the skill
of separating and distinguishing brief and successive
sound features.8 They process speech information using a
long-time-chunk representational mode rather than a
normal, intra-syllabic feature-distinguishing mode.

Temporal processing in ADHD has drawn more atten-
tion in the recent decades. Regarding the studies using audi-
tory TOJ paradigms, two studies reported higher TOJ
threshold for tones (ADHD: 420ms; healthy control:
92ms in Cardy et al.4; ADHD: 153ms; non-ADHD: 68ms
in Fostick5) in ADHD children. Another study examined
the accuracy in the TOJ tasks of both tones and consonant-
vowels (CVs) to compare children with ADHD, children
with a reading disability, children with comorbid ADHD
and reading disability, and TD children. Results showed
that in both the tone and the CV task, children with
ADHD tend to perform less accurately than TD children
but did not reach a statistical significance.9 Besides, in
both groups, performance was generally impaired with
decreasing ISI, suggesting that ISI can be an important
factor affecting the performance in TOJ tasks. Other tasks
also suggested a potential auditory temporal processing
deficit in ADHD children. One study showed that children
with ADHD tend to be less consistent in identifying and
labeling tones or CVs from a continuum of auditory
stimuli.10 A later study showed that ADHD children dis-
played a general impairment across various auditory tem-
poral processing tasks, including gap detection threshold,
the threshold for detecting a 32 ms and 512 ms tone in
quiet, and the threshold for the simultaneity judgment of
tones.11

Given the limited literature on the TOJ performance in
ADHD, one aim of the present study is to fill in the
research gap by examining the temporal processing
ability in children with ADHD using auditory TOJ
paradigm. Regarding the design of experimental tasks,
two TOJ tasks using nonverbal (i.e. tones) and verbal

(i.e. CVs) stimuli were adopted. In addition, the ISI
level in two TOJ tasks were carefully selected by refer-
ring to previous studies. For the tone task, Tallal and
Piercy3 reported that TD children scored 100% correct
while aphasic children scored 76% correct in the TOJ
of tone pairs with ISI at 305ms. With ISI shorter than
305ms, the performance of both TD children and
aphasic children decreased with the decreasing ISI, but
the aphasics’ performance was more markedly impaired.
Besides, some experimental studies have evidenced
that the minimum ISI between two successive stimuli
for correctly reporting their temporal order is about
20–40ms.12–14 Such order threshold seems to be invari-
ant for stimuli across sense modalities in a normal popu-
lation.12,14 Kanabus et al.15 have also revealed that the
order threshold at which normal individuals could
obtain 75% of correct responses in a TOJ task was at
40ms, independently of the visual and auditory modality.
Therefore, the present study has adopted these findings to
design two different levels of ISI (i.e. 305ms and 40ms)
for the TOJ of tones. For the CV task, we followed the ISI
levels (500, 400, 300, 250, 200, 170, 140, 110, 90, 70,
50, 40, 30, 25, 20, 15, 10, 7, 3, and 0 ms) used by
Strehlow and colleagues.16 Two hypotheses were pro-
posed: first of all, we hypothesized that children with
ADHD were impaired in the TOJ tasks of both tones
and CVs; second, their impairments were more signifi-
cant at shorter ISI.

Another important aim of the present study is to develop
and validate an online temporal processing assessment
based on a group of children with TD and ADHD. While
all the reported temporal processing studies used
face-to-face tests, this is the first study examining the sensi-
tivity of an online assessment of temporal processing. In the
present study, participants can receive the assessment at
home under the instructions of experimenters through tele-
communication. This is especially important during the
pandemic of COVID-19, as our online assessment can min-
imize face-to-face interactions and reach people in less
accessible regions in the future. It has been a tendency to
develop online tests for cognitive functions,17–19 detecting
various cognitive disorders such as mild cognitive impair-
ments,20 dyslexia,21,22 and central auditory processing dis-
orders.23 Online tests can be more cost-effective in test
administration and data extraction and allow for data collec-
tion from a large sample. Yet, it is more difficult for online
tests to control environmental factors (e.g. ambient distrac-
tions and technical problems) and maintain participants’
attention than offline lab tests, especially when there is no
supervision on test administration. Besides, online tests
may have higher demand on participants’ computer liter-
acy. The present study tried to minimize the potential weak-
nesses in online tests, as both experimenters and parents/
teachers were involved in guiding and monitoring the chil-
dren to perform the assessment, and the whole assessment
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only lasted for 15–30 min. We further hypothesized that our
online assessment could be a sensitive tool for discriminat-
ing ADHD children from TD children.

Method

Participants

Participants were recruited through posting advertisements
at parent groups of various social media (e.g. Facebook and
WhatsApp), and mass mail in Hong Kong. Children were
recruited if the following inclusion criteria were met: (1)
aged between 5 and 17 years, (2) with normal hearing,
(3) able to understand Cantonese, and (4) accessible to com-
puters or tablets to perform the online assessment.
Participants will be excluded if they meet any one of the fol-
lowing criteria: (1) unable to complete the assessment due
to technical problems, (2) failed to understand the instruc-
tion and pass the practice sessions, or unwilling to cooper-
ate, and (3) the performance in the assessment was severely
biased due to technical problems as documented by experi-
menters. Among the recruited sample, 94 children have
been diagnosed with ADHD based on the Diagnostic and
Statistical Manual of Mental Disorders, 5th edition
(DSM-5) by a psychiatrist, a pediatrician, or a clinical
psychologist at the Child Assessment Centre (a public
health service in Hong Kong) or at private clinics. Besides,
94 age- and gender-matched children were identified as typic-
ally developing (TD) children, without any reported diagnosis
of developmental disorders (e.g. ADHD, ASD, learning dis-
ability, and abnormal intelligence), psychiatric disorders (e.g.
anxiety and depression), and subjective complaints from
parents on children’s difficulty in attention or self-control. In
the TD group, the proportion of children (5–11 years) and ado-
lescents (11–17 years) were 75.53% and 24.47%, respectively.
In the ADHD group, the proportion of children and adoles-
cents were 79.79% and 20.21%, respectively. The TD group
contained 28 females and 66 males, and the ADHD group
contained 26 females and 68 males. Given that male children
were more prone to ADHD than female children, the recruited
sample included more males than females. Besides, the
ADHD group contained 55 (58.51%) ADHD children
without any comorbidities, 29 (30.85%) ADHD children
who were comorbid with special learning difficulties
(SpLD) (including 22 (23.40%) ADHD children with dys-
lexia), and 10 (10.64%) ADHD children with other comorbid-
ities including special language impairment (SLI), emotional
disorders, gross and fine motor difficulties, oppositional
defiant disorder (ODD), limited intelligence, and social and
communication disorder.

Procedure

Online consent forms from the parents of our participants
were obtained before the study. Participants received the

assessment in their own homes using computers or tablets
with internet access. Each participant was guided by a
trained experimenter to perform the task step-by-step with
an online platform (i.e. Zoom) and was encouraged to com-
plete the assessment. Participants were asked to share the
screen and share sound in Zoom so that experimenters
could vividly explain the instructions, monitor the assess-
ment progress, and help participants with any technical pro-
blems. In addition, young children were also accompanied
by a parent or a caretaker for technical assistance.
Participants were also asked to re-tell the instructions
from the experimenters to ensure that the requirements of
the experiments were clearly understood. The whole assess-
ment lasted for 15–30 min, taking place from 9:00 am to
6:00 pm on Monday to Saturday. As an incentive, parents
received oral reports on their children’s performance in
the assessment. This study was conducted in accordance
with the World Medical Association Declaration of
Helsinki. The research protocol was approved by the Joint
Chinese University of Hong Kong – New Territories East
Cluster Clinical Research Ethics Committee (Reference
number: 2021.029-T).

Materials

Paradigm. The present paradigm was designed based on the
TOJ task. Participants need to go through two practice ses-
sions before the formal test to get familiar with the stimuli
and paradigm. In the first practice session, participants were
asked to identify individual sounds. In the second practice
session and the formal test, they were asked to repeat the
sequence of sound pairs. As shown in Figure 1, each type
of sound (i.e. high-pitch tone and low-pitch tone in the
tone task, and /ba/, /da/, /ga/, /ka/, /pa/, and /ta/ in the CV
task) was represented by a unique icon on the screen.
Once a sound or a pair of sounds were played, participants
made responses by clicking on the corresponding icon
using a mouse or a finger, depending on the device (i.e.
computers or touch-screen tablets) used for the assessment.
Feedbacks were provided in the first practice session and
the first four trials in the second practice session;
however, no feedback was provided in the formal test
The participants went through these procedures twice,
with one TOJ task on tones, and another TOJ task on CVs.

Stimuli. Tone: The sound stimuli involved two types of
square tone at high (3000 Hz) and low (300 Hz) frequency.
Each tonal sound had a duration of 15ms. The first practice
session contained a minimum of 20 trials and could be
passed by making eight correct responses in 24 consecutive
trials. The second practice session contained a total of
8 trials and could be passed if making at least one correct
response in the latter four trials. The formal test session
contained 60 trials of tonal pairs. In the first 30 trials,
tonal pairs were separated by an ISI of 305ms. The latter

Chan et al. 3



30 trials were separated by an ISI of 40ms. Accuracy rates
in two ISI conditions were assessed separately.

CV syllables: Six CV syllables including /ba/, /da/, /ga/,
/pa/, /ta/, and /ka/ were adopted from the standard Bergen
dichotic listening paradigm.21 Each CV sound had a

duration ranging from 500ms to 590ms. The first practice
session shared the same number of trials and passing cri-
teria as the first practice session of the tone task. The
second practice session contained ten trials and could
be passed if making at least two correct responses in the

Figure 1. Example of the computer screen of a participant during the online temporal processing assessment. (a) The tone task and (b) the
consonant-vowel (CV) task.
Note: The Chinese instructions as shown in Figure 1(a) were Which two tones did you just hear? Please click the corresponding rabbits
following the order of two tones. The Chinese instructions as shown in Figure 1(b) were Which two syllables did you just hear? Please click
the corresponding buttons following the order of two syllables.
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latter six trials. In the formal test session, the total number
of trials ranged between 60 and 80. Thirty-three different
combination of CV pairs was generated by six CVs
and was presented randomly. The ISI within CV pairs
were presented following the 3-down, 1-up staircase
protocol used in Strehlow and colleagues.16 The 20
levels of ISI were reduced in nonlinear steps (i.e. 500,
400, 300, 250, 200, 170, 140, 110, 90, 70, 50, 40, 30,
25, 20, 15, 10, 7, 3, and 0 ms) if correct responses were
made on three consecutive trials within each ISI condition,
and increased if one incorrect response was made.
Accuracy rates at each ISI level were calculated, and the
shortest ISI at which participants obtained three consecu-
tive correct responses was regarded as the ISI passing
threshold.

Results

Demographics

Table 1 showed that there was no significant difference
between groups in term of age (t(186)= 0.009, p= 0.99)
and gender (χ2(1)= 0.10, p= 0.75).

Performance in the TOJ of tones

To evaluate the performance in the tone task, mixed
ANOVA was performed to examine the ISI condition
(305ms and 40ms)× group (TD and ADHD) interaction.
Significant interaction (F(1, 186)= 5.12, p= 0.03,
η2p = 0.03) was found. The relative between-group differ-
ence (i.e. (mean accuracyTD −mean accuracyADHD) /mean
accuracyTD) in ISI 40ms (14.11%) was significantly
greater than that in ISI 305ms (6.11%). This result sug-
gested that the shorter ISI seemed to be more sensitive in
differentiating TD and ADHD children. The main effect
of ISI condition (F(1, 186)= 154.66, p < 0.001, η2p =
0.45) was significant. As shown in Figure 2, the accuracy
in ISI 305ms condition was higher than that in the ISI
40ms condition for both TD and ADHD groups. Thus,
both groups of children’s temporal processing of tone
benefited from longer ISI interval. Significant group effect
(F(1186)= 9.02, p= 0.003, η2p = 0.05) was also found.
Independent t-tests were carried out to detect group

difference in each ISI condition. In ISI 305ms condition,
the accuracy rate of ADHD children (M= 83.90%, SD=
19.43%) was significantly lower than TD children
(M = 89.36%, SD= 15.67%) (t(178.01)= 2.12, p= 0.04,
d= 0.31). Similar results were observed in ISI 40ms condi-
tion, as ADHD children (M= 66.28%, SD= 23.62%) also
performed significantly worse than the TD children (M=
77.16%, SD= 21.96%) (t(186)= 3.27, p= 0.001, d= 0.48).

Performance in the TOJ of CV syllables

The data were analyzed in two ways: First, the passing
threshold of children with ADHD with TD children was
compared. Second, the accuracy rate of various levels of
ISI was examined. First, an independent t-test was carried
out to compare the difference in ISI passing threshold
between TD children and ADHD children, excluding four
TD children and eight ADHD children who did not pass
at the longest ISI (i.e. 500ms). Results showed that the
ISI passing threshold of ADHD children (M= 283.64ms,
SD= 176.84ms) was significantly longer than that of TD
children (M= 199.76ms, SD= 195.13ms) (t(174)=−2.98,
p= 0.003, d= 0.45). This result suggested that ADHD chil-
dren have a higher passing threshold than TD children, that
is, they required longer interval time between stimuli to dis-
criminate them.

Next, mixed ANOVA was also performed to examine the
percentage of accuracy across 20 levels of ISI. Mauchly’s test
of sphericity suggested that the assumption of sphericity was
violated (p < 0.001), therefore Greenhouse–Geisser’s esti-
mate of epsilon (ε= 0.20) was applied to adjust the degree
of freedom in the tests of within-subject effect and interaction
effect. The ISI condition× group interaction effect was not
significant (F(3.81, 709.16)= 2.32, p= 0.06). The main
effect of ISI condition (F(3.81, 709.16)= 110.12, p <
0.001, η2p = 0.37) was found. As shown in Figure 3, the accur-
acy of both TD and ADHD groups increased as the length of
ISI increased, suggesting that temporal processing of CVs can
be also benefited from longer ISI interval. The main effect of
group was also significant (F(1186)= 17.91, p < 0.001, η2p =
0.09). Independent t-tests comparing the performance of TD
and ADHD groups at each ISI level showed that ADHD chil-
dren obtained significantly lower accuracy than TD children
in each ISI condition ranging from 0ms to 500ms, except

Table 1. Demographic characteristics of children with typical development (TD) and attention-deficit/hyperactivity disorder (ADHD).

TD (n= 94) ADHD (n= 94)

t/χ2 Df p Cohen’s d/Cramer’s VM SD M SD

Age (years) 9.56 2.52 9.55 2.01 0.009 186 0.99 0.001

Gender (F/M) 28/66 26/68 0.104 1 0.75 0.02
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Figure 2. Accuracy (%) of the tone task in interstimulus interval (ISI) 305ms and 40ms conditions in children with typical development (TD)
and attention-deficit/hyperactivity disorder (ADHD).
Note: The error bar represents one standard error of the mean.
* p < 0.05, ** p < 0.01.

Figure 3. Accuracy (%) of the consonant-vowel (CV) syllable task in 20 interstimulus interval (ISI) conditions in children with typical
development (TD) and attention-deficit/hyperactivity disorder (ADHD).
Note: The error bar represents one standard error of the mean.
† p < 0.08, * p < 0.05, ** p < 0.01, *** p < 0.001.
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that the group difference in ISI 300ms condition was margin-
ally significant (p= 0.08) (Table 2).

Figure 4 showed the accumulative percentage of children
in the TD group or the ADHD group who passed the CV task
at each ISI level. The largest difference between the TD and
the ADHD group occurred in ISI 25ms, at which 33 (36.57%)
TD children but only 8 (9.30%) ADHD children passed the
CV task. Even for ISI threshold as high as 250ms, which
was identified as a sufficient time for processing speech

units in normal young adults,24 the advantage of TD children
over ADHD children still persists. While 56 (62.22%) TD
children passed the CV task with an ISI threshold equal to
or shorter than 250ms, only 41 (47.67%) ADHD children
obtained the same level of ISI passing threshold. The discrep-
ancy between the accumulative percentage of TD children
and ADHD children who passed the CV task reduced evi-
dently at ISI 400ms. Therefore, ADHD children needs
longer interval time than TD children to pass the CV task.

Table 2. Accuracy (%) in 20 interstimulus interval (ISI) conditions of the consonant-vowel (CV) task in children with typical development (TD)
and attention-deficit/hyperactivity disorder (ADHD).

TD (n= 94) ADHD (n= 94)

t Df p Cohen’s dISI (ms) M SD M SD

0 21.86 41.10 4.79 20.54 3.60 136.73 < 0.001 0.53

3 21.60 40.69 5.32 22.56 3.39 145.25 0.001 0.49

7 26.23 43.26 5.14 21.86 4.22 137.60 < 0.001 0.62

10 29.19 45.14 6.83 24.47 4.22 143.31 < 0.001 0.62

15 30.16 44.08 7.00 24.96 4.43 147.09 < 0.001 0.65

20 33.51 46.96 7.76 25.83 4.66 144.57 < 0.001 0.68

25 34.09 46.05 8.00 26.48 4.76 148.43 < 0.001 0.69

30 35.81 47.07 10.49 29.80 4.41 157.22 < 0.001 0.64

40 36.65 46.32 11.58 29.49 4.43 157.75 < 0.001 0.65

50 38.48 47.37 14.01 32.90 4.11 165.80 < 0.001 0.60

70 40.74 48.02 16.45 34.95 3.96 169.94 < 0.001 0.58

90 42.67 48.95 19.22 37.72 3.68 174.66 < 0.001 0.54

110 44.14 46.91 22.13 39.19 3.49 180.29 0.001 0.51

140 47.48 47.62 26.95 41.54 3.15 182.63 0.002 0.46

170 48.01 46.12 30.84 42.23 2.66 184.57 0.008 0.39

200 52.24 46.36 34.66 42.57 2.71 184.67 0.007 0.39

250 56.55 43.08 38.56 41.97 2.90 186 0.004 0.42

300 61.13 41.01 50.49 40.72 1.79 186 0.08 0.26

400 72.35 31.86 60.73 32.90 2.46 186 0.02 0.36

500 72.06 29.30 57.99 27.71 3.38 186 0.001 0.49

Note: Degree of freedom (df) was adjusted when equal variance was not assumed.
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Prediction for group membership using task
performances

To evaluate the ability of the tone task and the CV task in
predicting the TD and ADHD children, hierarchical
binary logistic regression was performed (Table 3).
Several models using different sets of predictors were com-
pared to determine which model can better predict the
group membership.

First of all, the prediction ability of the tone task was
evaluated. Accuracy in two ISI conditions of the tone task
were entered into the model step by step. Results showed
that the accuracy in ISI 40ms was a significant predictor
(β=−0.024, p= 0.01) for the group membership, but the
accuracy in ISI 305ms (β= 0.002, p= 0.89) was not. As
shown in Table 3, by using the accuracy in ISI 40ms as a
predictor, Model 1a explained 6% of the variance in the
group membership (Cox & Snell R2 = 0.06), which was sig-
nificantly different from the baseline model without any
predictors (χ2(1)= 11.55, p= 0.001). A goodness of fit
was suggested in Model 1a (χ2(7)= 8.55, p= 0.29).
Model 1b further included the accuracy in ISI 305ms but
did not demonstrate a significant improvement compared
to Model 1a (χ2(1)= 0.02, p= 0.89).

Second, Model 2 used the ISI passing threshold in the
CV task to predict the group membership and suggested
ISI passing threshold as a significant predictor (β= 0.002,
p= 0.004). As shown in Table 3, Model 2 explained 5%
of the variance in the group membership (Cox & Snell
R2 = 0.05), which was a significant improvement compared

to the baseline model without any predictors (χ2(1)= 8.67,
p= 0.003). Model 2 also indicated a goodness of fit (χ2(6)=
9.99, p= 0.13).

To further investigate the performance of both tone and
CV tasks in predicting the group membership, Model 3
included the accuracy in ISI 40ms of the tone task and
the ISI passing threshold of the CV task. Results showed
that Model 3 explained 8% of the variance in the group
membership (Cox & Snell R2 = 0.08), which was a signifi-
cant improvement to Model 2 (χ2(1)= 5.56, p= 0.02).
Model 3 also showed a good fit (χ2(8)= 7.49, p= 0.49).
Therefore, the group membership can be better predicted
by using both the accuracy in ISI 40ms of the tone task
and the ISI passing threshold of the CV task. A composite
score was calculated for Model 3 to predict the group mem-
bership:

Composite score = 0.917− 0.018

× Accuracy in ISI 40ms (Tone)

+ 0.001 × ISI passing threshold (CV)

Moreover, receiver operating characteristic (ROC) analysis
was carried out to evaluate the discrimination ability of this
composite score (Figure 5). The area under the curve was
0.67 (p < 0.001). A cut-off point at −0.302 for the compos-
ite score was selected because it provided the largest sum of
sensitivity and specificity (see Supplementary Table S1).
The corresponding sensitivity was 75.58% and the specifi-
city was 51.11%.

Figure 4. Accumulative percentage of children with typical development (TD) and attention-deficit/hyperactivity disorder (ADHD) who
passed at each interstimulus interval (ISI) level in the consonant-vowel (CV) task.
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Table 3. Comparison of models using different sets of predictors.

Model summary
Omnibus tests of
model coefficients

Hosmer and
Lemeshow Test

−2 Log likelihood Cox & Snell R2 Nagelkerke R2 χ2 df p χ2 df p

Tone Baseline model

Model 1a 232.35 0.06 0.09 11.55 1 0.001 8.55 7 0.29

Model 1b 232.33 0.06 0.09 0.02 1 0.89 8.99 8 0.34

CV Baseline model

Model 2 235.23 0.05 0.06 8.67 1 0.003 9.99 6 0.13

Tone+ CV Model 3 229.67 0.08 0.10 5.56 1 0.02 7.49 8 0.49

Note: Model 1a: Accuracy in interstimulus interval (ISI) 40ms in the tone task. Model 1b: Accuracy in ISI 40ms and accuracy in ISI 305ms in the tone task. Model
2: ISI passing threshold in the consonant-vowel (CV) task. Model 3: Accuracy in ISI 40ms in the tone task and ISI passing threshold in the CV task.

Figure 5. Receiver operating characteristic (ROC) curve of the composite score using accuracy in interstimulus interval (ISI) 40ms of the tone
task and the ISI passing threshold of the consonant-vowel (CV) task for detecting children with attention-deficit/hyperactivity disorder (ADHD).
Note: AUC: area under the ROC curve; CI: confidence interval.
*** p < 0.001.
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Discussion
The present study aims at examining the temporal process-
ing in ADHD children based on two TOJ tasks. Our results
confirmed the first hypothesis, suggesting that the ADHD
children were impaired in the auditory temporal processing
of tones and CVs. In the tone task, ADHD children were
less accurate than TD children at both short (40ms) and
long (305ms) ISI. This result extended the findings of the
study by Tallal and Piercy3 to children with ADHD, in
which aphasic children were impaired in the TOJ of tones
at ISI 305ms and shorter ISI levels. In the CV task, the
accuracy rate of ADHD children was generally lower at dif-
ferent ISI levels ranging from 0ms to 500ms. This result
complemented to the scarce literature testing the TOJ of
CVs on ADHD children, as only one study by Breier
et al.9 showed that ADHD children tend to perform less
accurately than TD children in the TOJ task of /ba/-/da/
sound pairs at ISI 10 and 70ms but did not reach a statistical
significance. Also, the mean and the distribution of ISI
passing threshold in the CV task suggested that ADHD chil-
dren required longer interval time than TD children to suc-
cessfully sequence the CV pairs. The accuracy rate at each
ISI level and the ISI passing threshold together showed
that the ability to process CVs within a brief and restricted
time was generally impaired in ADHD children. Moreover,
our work contributed to the investigation of temporal pro-
cessing in a broader range of speech sounds by including
six different CVs, compared to previous studies in
which usually only two to three different CVs were
used.9,10,25–27

Besides, in both tone and CV tasks, a significant main
effect of ISI was found, as the accuracy decreased in both
TD and ADHD groups when ISI decreased, which was
also consistent with previous studies in which both TD
group and aphasia/ADHD group showed lower accuracy
in short ISI than in long ISI.3,9 Therefore, our second hypoth-
esis was confirmed. Moreover, children with ADHD showed
more salient impairment at shorter ISI in both the tone task
and the CV task. In the tone task, the relative between-group
difference in accuracy was significantly larger at ISI 40ms
(14%) than at ISI 305ms (6%); in the CV task, the discrep-
ancy between the proportion of TD children and the propor-
tion of ADHD children who passed the CV task were larger
at shorter ISI levels and reduced evidently at ISI 400ms or
longer. Therefore, the ISI level is a significant factor affect-
ing the performance in TOJ tasks and the discriminative
power of the assessment. Besides, when future studies try
to develop interventions for temporal processing deficits,
they may consider starting with temporal processing tasks
using long ISI levels, so that participants can benefit from
long ISI and hear the successive sounds clearly at first.
Then, the ISI level can be reduced step by step, allowing par-
ticipants to gradually adapt to successive sounds with short
ISI.

The last hypothesis was also confirmed by the results
from regression analysis and ROC analysis, suggesting
that our online TOJ tasks of tones and CVs could be sensi-
tive in detecting ADHD children. For the tone task, accur-
acy in ISI 40ms condition (but not in ISI 305ms)
significantly predicted the group membership. For the CV
task, the model using ISI passing threshold alone also sig-
nificantly predicted the group membership. Nevertheless,
the best prediction was made when both the accuracy in
ISI 40ms of tone task and the ISI passing threshold of the
CV task were included in the model. By using a cut-off at
−0.302 for the composite score, the model can provide a
sensitivity of 75.58% and a specificity of 51.11%. While
the majority of studies investigated the temporal processing
in ADHD children using only tones,4,5,11 relatively few
studies used both tones and CVs.9,10 The present study uti-
lized both tasks, and the results suggested using both the
tones and the CVs yield a more sensitive test in differenti-
ating ADHD children from TD children. Future studies may
explore whether the TOJ of nonverbal stimuli (e.g. tones)
and the TOJ of verbal stimuli (e.g. CVs) involve some dif-
ferent processing mechanisms, so that they have their
unique contributions to the detection of ADHD children,
and make the detection more sensitive when the perform-
ance in both nonverbal and verbal task were used.

To our knowledge, the present study is a pioneer attempt
for assessing temporal processing online remotely. The
results suggest that this means of assessing seems to be sen-
sitive in discriminating ADHD children with temporal pro-
cessing deficits from TD children. Our assessment may
serve as a screening test for the potential temporal process-
ing deficits in children. Given that the test can be done
online remotely, more children can be tested effectively
and efficiently, and this approach may allow the detection
of children with ADHD in the early stage of development.
Besides, our assessment can benefit a broad range of people
regardless of the geographical limitations and minimize
face-to-face interactions during the pandemic of
COVID-19. Therefore, the present online assessment of
temporal processing could be a time-saving, cost-effective,
and easily accessible tool for the early detection of potential
temporal processing deficits for children or even adults.

Our present study has some limitations. Since only chil-
dren with ADHD were tested in the present study, future
studies may further evaluate the discriminative power of
this test in other neurodevelopmental disorders (e.g.
dyslexia and ASD) and brain disorders (e.g. dementia and
traumatic brain injury). Second, the large range of age
range (5–17 years) of our selected may not be able to dem-
onstrate TOJ ability across different age cohorts. Future
studiesmay consider investigating a specific age group of chil-
dren (e.g. primary school students aged 6–12 years)with larger
sample size. Third, since we did not collect information on the
subtypesofADHDfromparents or teachers, temporal process-
ing performance was analyzed based on the whole ADHD
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group. Future studies may examine the temporal processing in
different ADHD subtypes. Besides, ADHD children with dif-
ferent comorbidities were grouped together. The potential
effect of comorbidities may be considered and controlled in
future studies. Lastly, in both the tone task and the CV task,
ISI levels were presented in a reducing order (i.e. from long
ISI to short ISI). It is worth exploring if there is a potential
order effect of ISI type, by counterbalancing the sequence of
ISI conditions.
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