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A B S T R A C T

Previous studies showed that the anterior cingulate cortex (ACC) is activated when

individuals engage in attention and inhibitory control tasks. The present study examined

whether ACC activity is associated with behavioral performance of the two tasks. Twenty

normal and 20 children with autism spectrum disorders (ASDs) were subjected to

neuropsychological assessments on attention and inhibitory control, as well as

electroencephalography recording. Children with ASD performed significantly worse

than normal children on attention tasks as shown in their poorer performance on the Digit

Span test, the greater number of Omission Errors on both the Continuous Performance Test

II and the Go/No-Go tasks. They also performed significantly worse than normal children

on inhibitory control tasks as shown by the greater number of False Alarms on the Object

Recognition and Hong Kong List Learning Test. Their ACC activities, as indicated by relative

theta power, were found to be significantly lower than those of normal controls during

performance of the Go/No-Go task. Depressed ACC activities were further found to be

significantly associated with poorer performance in attention and inhibition. Clinical

implications on the use of theta activities in the ACC as an indicator to monitor

intervention progress in children with ASD were discussed.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Attention and inhibitory processes are important components in executive functions (Denckla, 1996; Lezak, Howieson, &
Loring, 2004; Stuss, Binns, Murphy, & Alexander, 2002) that are essential for effective daily living, and are also among the
most well-researched constructs in cognitive science. Attention is the ability to mindfully and consciously process stimuli
(Robertson, Manly, Andrade, Baddeley, & Yiend, 1997), and includes alerting, orienting, and sustaining attention (Posner &
DiGirolamo, 1998), as well as attention shifting (Courchesne et al., 1994; Hughes & Russell, 1993; Landry & Bryson, 2004).
Inhibitory control refers to the suppressing of responses to irrelevant, non-target, or distracting stimuli (Enticott, Ogloff, &
Bradshaw, 2006; Friedman & Miyake, 2004; Nigg, 2000). It puts a high demand on coordination including preparing for
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responses, monitoring performance, and detecting errors (Barkley, 1997). One of the most prominent brain regions
implicated in attention and inhibitory control is the anterior cingulate cortex (ACC) (Garavan, Ross, Murphy, Roche, & Stein,
2002; Menon, Adleman, White, Glover, & Reiss, 2001; Posner & Petersen, 1990; Reischies et al., 2005). A number of
neuroimaging studies have found increased ACC activity during tasks that involve attention (Cabeza & Nyberg, 1997;
Devinsky, Morrell, & Vogt, 1995; Elliott & Dolan, 1998); error detection (Botvinick, Cohen, & Carter, 2004; Carter et al., 2000);
and response monitoring (Taylor, Stern, & Gehring, 2007). Furthermore, event-related functional magnetic resonance
imaging (fMRI) studies on healthy participants have also reported altered patterns of ACC and prefrontal activation in slow
responders during response inhibition tasks (Hester, Fassbender, & Garavan, 2004).

From the neurophysiological perspective, studies using electroencephalography (EEG) have widely reported that
focused attention was closely associated with increased frontal midline theta power in normal individuals (Cahn &
Polich, 2006; Pizzagalli, Oakes, & Davidson, 2003), and that frontal midline theta power is reflective of attentional and
inhibitory processing in adults (Kropotov, Crawford, & Polyakov, 1997) and children (Chan & Leung, 2006; Daoust,
Limoges, Bolduc, Mottron, & Godbout, 2004; Monastra, Lubar, & Linden, 2001; Monastra et al., 1999) patient groups.
Frontal theta activity has been widely documented to be generated by the medial prefrontal cortex in the area of ACC
(Asada, Fukuda, Tsunoda, Yamaguchi, & Tonoike, 1999; Ishii et al., 1999; Pizzagalli et al., 2003). For example, Gevins,
Smith, McEvoy, and Yu (1997), using high spatial resolution EEG combined with magnetic resonance imaging (MRI),
suggested a frontal medial source for the theta in the ACC region. Similarly, Onton, Delorme, and Makeig (2005), using a
dipole source model, localized the frontal midline theta to the area of dorsal ACC. In addition, electrophysiological study
also revealed the source of frontal theta activity to be generated in the ACC during working memory task (Sauseng,
Hoppe, Klimesch, Gerloff, & Hummel, 2007). Thus, we used the theta index to measure the neurophysiological activity of
the ACC in the study.

While neuroimaging and neurophysiological studies have provided evidence to suggest that the ACC is involved in
attention and inhibitory control, the association between ACC activities and neuropsychological performance in attention
and inhibitory control has not been well studied. We thus aimed to examine whether there is an association between the
two. A patient sample with autism was recruited in the present study to examine the neurophysiological dysfunction in
ACC and its association with neuropsychological performance. While this patient population is considerably
heterogeneous in terms of behavioral deficits as well as structural and functional neural abnormalities, it is well
documented that these individuals have impairments in attention and inhibitory control (Burack, 1994; Goldstein,
Johnson, & Minshew, 2001; Hazlett et al., 2004; Haznedar et al., 2000; Mundy, 2003; Nyden, Gillberg, Hjelmquist, &
Heiman, 1999; Schmitz et al., 2006), and abnormalities in the ACC (Bauman & Kemper, 1994; Gomot et al., 2006; Hazlett
et al., 2004; Haznedar et al., 2006, 1997, 2000; Kana, Keller, Minshew, & Just, 2007; Luna et al., 2002; Schmitz et al., 2006;
Thakkar et al., 2008).

Autism spectrum disorders (ASD) consist of a spectrum of neurodevelopmental disorders that are characterized by
disturbances in communication, poor social skills, stereotyped behaviors, and deficits in memory and executive functions
(Gillberg, 1993; Wing, 1997). Autism, Asperger syndrome, and pervasive developmental disorder not otherwise specified
(PDD-NOS) are the three main forms of disorders in the spectrum. Autism is the core disorder of ASD, Asperger syndrome is
diagnosed when the individual does not have significant delay in cognitive and language development, and PDD-NOS is
diagnosed when the individual does not meet the full criteria for a more specific disorder in the spectrum (Johnson, Myers, &
Council on Children with Disabilities, 2007). While the cause of ASD is not well understood, it has been suggested that in
these individuals, abnormalities in their ACC are associated with executive function deficits and repetitive stereotyped
behaviors (Haznedar et al., 1997; Mundy, 2003; Schmitz et al., 2006). Given the essential roles of attention (Goldstein et al.,
2001) and inhibition in suppressing irrelevant thoughts and interference during executive tasks (Fernandez-Duque, Baird, &
Posner, 2000), some researchers further postulated that primary deficits in attentional and inhibitory controls may account
for the executive dysfunctions that underlie many of the repetitive, stereotyped behaviors in ASD (Burack, 1994; Goldstein
et al., 2001; Nyden et al., 1999; Schmitz et al., 2006). Indeed, findings of numerous neuropsychological studies on ASD
suggested that individuals with ASD have difficulties in response inhibitory control and slow information processing (Bishop
& Norbury, 2005; Fernandez-Duque et al., 2000; Hazlett et al., 2004; Hughes, Russell, & Robbins, 1994; Nyden et al., 1999;
Russell & Jarrold, 1998; Russell, Jarrold, & Hood, 1999; Schmitz et al., 2006), even though some studies failed to find such
evidence (Kleinhans, Akshoomoff, & Delis, 2005; Ozonoff & Jensen, 1999; Ozonoff & Strayer, 1997). Other studies on children
with ASD have also found self-monitoring impairments associated with attention and inhibitory deficits in executive
functioning tasks of memory (Hill & Russell, 2002; Russell & Jarrold, 1999), error-correction (Russell & Jarrold, 1998), and in
tasks that involve suppression of a prepotent response from prior learning (Bishop & Norbury, 2005; Russell et al., 1999).
Neuroimaging studies, on the other hand, have shown that individuals with ASD showed atypical ACC activation when they
were performing spatial working memory (Luna et al., 2002), change detection (Gomot et al., 2006), response monitoring
(Thakkar et al., 2008), and response inhibition (Kana et al., 2007; Schmitz et al., 2006) tasks. In addition, reduced volume and
decreased glucose metabolism in the anterior cingulate gyrus have also been found in individuals with ASD (Hazlett et al.,
2004; Haznedar et al., 2006, 1997, 2000), and postmortem studies of ASD patients have demonstrated abnormalities in the
cingulate cortex (Bauman & Kemper, 1994).

These studies suggested that individuals with ASD have structural, physiological, and functional abnormalities in
the ACC. Based on the reported deficits in attention and inhibitory control and the documented abnormalities of the
ACC in individuals with ASD, we predicted that the neurophysiological patterns associated with attentional and
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inhibitory deficits in ASD should involve altered patterns of activation in the ACC. Together with findings that frontal
midline theta power is reflective of attentional and inhibitory processing in children patient groups, it was postulated
that the deficient attentional and inhibitory control in children with ASD would be associated with theta activity of the
ACC. This hypothesis was tested by measuring theta activity in the ACC while children with ASD were performing the
Go/No-Go task that involved both attention and inhibitory control. This task requires participants to focus on a
computer monitor and make immediate response on ‘‘Go’’ trials and to inhibit their response on ‘‘No-Go’’ trials (Kana
et al., 2007).

The purposes of this study were, therefore, to (i) examine the performance of children with ASD in attention and
inhibitory control; (ii) examine the activities in their ACC when they were performing the tasks; and (iii) examine the
association between the two. Since most previous studies were done on adults with ASD, children were examined in this
study in the hope of extending previous knowledge to the pediatric population. It was hypothesized that children with ASD
would perform significantly poorer than normal children in attention and inhibition; that under the task condition, children
with ASD would show different ACC theta activities compared with normal children; and that attention and inhibition
performance would be associated with ACC theta activities.

2. Material and methods

2.1. Participants

Twenty normal children and 20 children with ASD (17 with autistic disorder, two with Asperger disorder, one with
pervasive developmental disorder not otherwise specified), aged 7–14 years, participated voluntarily in the study. Normal
control (NC) children were recruited from local primary schools or from the database of our laboratory. Invitation letters
were sent to parents through the schools, and all children whose parents indicated an interest to participate were recruited.
All NC children had negative history of neurological problems or abnormal developmental milestones as reported by the
parents. Children with ASD were recruited from the Parents’ Association of Pre-School Handicapped Children in Hong Kong
or from the subject database of our laboratory. They were previously diagnosed, based on the criteria in the Diagnostic and

Statistical Manual of Mental Disorders (4th edition) (DSM-IV; American Psychiatric Association, 2002) or the Autism
Diagnostic Observation Schedule (ADOS) (Lord, Rutter, DiLavore, & Risi, 2002), by pediatricians of Child Assessment Centres
in Hong Kong. Diagnosis was further confirmed by a clinical psychologist through standard clinical interview and the
Childhood Autism Rating Scale (Schopler, Reichler, & Renner, 1998). Table 1 shows the demographic characteristics of the
children. Both the ASD and NC groups were matched on age, t(38) = 1.51, p> .05, general intelligence as measured by the Test
of Non-verbal Intelligence, 3rd edition (TONI-III) (Brown, Sherbenou, & Johnsen, 1992; t(38) =�1.7, p> .05), and had equal
gender distribution. It should be noted that the male to female ratio of 19:1 was considerably higher than the reported mean
ratio of 4.3:1 (Fombonne, 2003). As many of the assessment measures used in this study are dependent on motor skills, all
children recruited were without physical disabilities or reported motor dysfunction.

2.2. Procedures and materials

All children were individually administered a neuropsychological battery that included the TONI-III (Brown et al., 1992)
and neuropsychological measures of attention and inhibition including the Continuous Performance Test II (Conners, 2000),
Digit Span (forward) test (Hong Kong Education Department & Hong Kong Psychological Society, 1981), Hong Kong List
Learning Test (Chan, 2006), and Object Recognition Test (Rossion & Pourtois, 2004). The children were also subjected to an
EEG recording session where EEG was recorded for a 6-min period while they performed the Go/No-Go task. Because of the
short attention span and aversion to novel tactile stimulation of this particular patient group, a short recording time was
necessary to ensure that the children could complete the Go/No-Go task, especially with the EEG cap connected to their
heads. The sequence of the neuropsychological assessment and EEG recording was counter-balanced to avoid order effect.
The experimental and EEG recording procedures were explained to the children and parents before the experiment started,
and all children participated with informed parental consent. The procedure was approved by the Joint CUHK-NTEC Clinical
Research Ethics Committee.
Table 1

Demographic characteristics of the normal controls (NC) and children with autistic spectrum

disorders (ASD).

Variable NC (n = 20) ASD (n = 20)

Mean age (in years) 9.8 (1.88) 10.75 (2.07)

Gender (male/female) 19/1 19/1

TONI-III (deviation quotient) 110.7 (17.84) 101.4 (16.83)

CARS (total score) – 31.98 (3.31)

Note: Standard deviations are in parentheses. CARS = Childhood Autism Rating Scale; TONI-

III = Test of Non-verbal Intelligence, 3rd edition. The dash indicates that the CARS was not

administered to normal controls.
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2.3. Measures

2.3.1. Test of Non-verbal Intelligence

The TONI-III (Brown et al., 1992) was administered to assess non-verbal intelligence. This test consists of 45 matrix
reasoning questions, giving a raw score that ranged from 0 to 45, which is then converted to a deviation quotient based on the
norms provided in the test manual.

2.3.2. Digit Span (DS) forward

This test is a subtest on the Hong Kong version of the Wechsler Intelligence Scale for Children (Hong Kong Education
Department & Hong Kong Psychological Society, 1981) on short-term memory and attention, and was used to assess
attention in the present study. It consists of a list of nine random numerals read aloud in sequence by the examiner at the rate
of one numeral per second, starting from two numerals up to nine numerals in a total of eight trials. Participants are asked to
repeat the numerals after the examiner, in sequence, after each trial. The score is the number of correct trials recalled by the
participant.

2.3.3. Hong Kong List Learning Test (HKLLT)

The HKLLT (Chan, 2006) was used in the study to measure frontal lobe functions including learning strategies,
organization, and vulnerability to interference. This is an oral test consisting of a randomly organized list of 16 two-word
Chinese characters presented once during each of the three learning trials. A recognition test consisting of the 16 target
words and 16 distracters was presented after the 30-min delayed recall trial. The number of False Alarms was recorded as
intrusion errors, which is commonly a neuropsychological measure of inhibition (Chan, Cheung, Han, et al., 2009;
Cummingham, Pliskin, Cassisi, Tsang, & Rao, 1997; De Beni & Palladino, 2004; Mahone, Koth, Cutting, Singer, & Denckla,
2001; Stuss et al., 1994).

2.3.4. Object Recognition (OR) Test

This test was used to measure non-verbal memory in the study. It consisted of 24 line drawings taken from Snodgrass and
Vanderwart (1980) object database, modified and validated by Rossion and Pourtois (2004). The line drawings were placed in
a six by four array displayed on a computer screen for 3 min. Participants were required to memorize the items for a later
recognition task that consisted of 12 targets mixed with 12 distractors. Incorrect identification of distractors was counted as
False Alarms, which is a common measure of intrusion and inhibition (Cornoldi & Mammerella, 2006). Scores on this test
ranged from 0 to 12.

2.3.5. Continuous Performance Test II

The CPT-II (Conners, 2000) was administered on the computer and measured sustained attention, impulse control, and
information processing speed. Participants were required to press a key as quickly as possible in response to letters of the
alphabet displayed on the computer screen, with the exception of the letter ‘‘X’’. Total Omission Errors measured attention;
Total Commission Errors measured inhibitory control; and information processing efficiency was reflected in the Hit
Reaction Time.

2.3.6. Go/No-Go task

The computerized Go/No-Go task was used to measure sustained attention, impulse control, and information processing
speed in the study. Children were required to press a key as quickly as possible when a black ball (Go stimulus) appeared on
the computer screen, and to inhibit their responses when a red ball (No-Go stimulus) appeared. The total testing time was
6 min and the stimuli were displayed one at a time, in the center of the computer screen, for 500 ms in random order at a ratio
of 4:1 (192 black balls:48 red balls) followed by 1000 ms of blank intervals. The Total Omission Errors on ‘‘Go’’ trials
measured attention, the Total Commission Errors on ‘‘No-Go’’ trials measured inhibition, and Hit Reaction Time measured
information processing efficiency.

2.3.7. EEG recording

All parents and children were briefed on the procedure, and informed consents were obtained before EEG recordings were
taken. EEG data were collected during the Go/No-Go task using an electrode cap with 19 electrode sites (International 10-20
System) referenced to linked ears. The EEG signal was digitized at 256 Hz with a low pass filter of 30 Hz and impedances
below 10 kV. EEG data were stored and later displayed on computer, and visually examined for eye movements and muscle
artifacts. Only data that had at least 1 min of artifact-free data were selected (see John, Prichep, Fridman, & Easton, 1988 for
discussion of qEEG method) and spectrally processed using the fast Fourier Transformation (FFT) to compute power data for
the theta band (4–7.5 Hz).

2.3.8. EEG data reduction

EEG data for each participant was first transformed by Excel application before they were imported into the software
EEGLAB using MatLab 7.1 to capture correct events and epochs. The average reaction time for normal individuals was set at
around 300–400 ms (Miller & Low, 2001). This was calculated based on the assumption that normal individuals take around
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90 ms to perceive the appearance of a visual object, followed by cognitive appraisal, which in turn leads to motor action. To
ensure that the selected epoch would adequately bracket the data corresponding to the inhibition task, the epoch limit was
set as 50 ms as the start and 900 ms as the end. Artifacts in epoched data were then pruned by visual inspection and using the
rejection method on EEG Plot. All incorrect hits were also deselected. The transformed data were exported into readable
format for analysis using the NeuroGuide software.

2.3.9. Relative theta

EEG data recorded from the 19 electrode sites were averaged to obtain grand means for the anterior (F3, F4, F7, F8, Fz),
centrotemporal (C3, C4, T3, T4, T5, T6, Cz), and posterior (P3, P4, O1, O2, Pz) regions for further analysis. Relative power was
used for analyses on the theta band based on the rationale that (1) relative power measurements tend to give larger
estimates for the dominant frequency range (Klimesch, 1999), and (2) individual variations are eliminated by computing the
proportion of an individual frequency band relative to the others (Chan, Sze, & Cheung, 2007).

2.3.10. Source analysis

Previous findings implicated the ACC as a generator for frontal midline theta activities in the human brain (Asada et al.,
1999; Ishii et al., 1999; Pizzagalli et al., 2001). To localize the sources of the theta activities in response to the ‘‘Go’’ and ‘‘No-
Go’’ conditions, we employed low-resolution electromagnetic tomography (LORETA) (Pascual-Marqui et al., 1999; Pascual-
Marqui, Michel, & Lehmann, 1994). The sources of the theta activities were expressed as three-dimensional cortical current
density according to the Talairach brain atlas. All EEG data used for FFT were analyzed with LORETA during the two
experimental (Go, No-Go) conditions.

2.4. Data analyses

ASD and NC children were compared on their performance on the neuropsychological measures on attention and
inhibitory control, which included 9 scores from the DS, HKLLT, OR, CPT-II, and Go/No-Go tasks using independent t-tests. To
examine the neurophysiological changes in relative theta power in response to the ‘‘Go’’ and ‘‘No-Go’’ conditions, a 2� 2� 3
(Diagnosis� Condition� Region) analysis of variance (ANOVA) with repeated measures was performed, with Condition (Go,
No-Go), and Region (anterior, centrotemporal, posterior) as within-subject factors, and Diagnosis (NC, ASD) as between-
subject factor. This was followed by post hoc F-tests to pinpoint the brain regions showing significant differences in the theta
band. Relationships between attention, inhibition and EEG activities across the ASD and NC groups were examined using
Pearson correlation. To examine whether the correlations reflect only basic group differences, subgroup analyses (NC = 20,
ASD = 20) were done. Given that specific hypotheses were tested and that the number of participants were relatively small,
we did not adjust the alpha level to avoid lowering the power of the tests.

3. Results

3.1. Neuropsychological measures

The ASD group showed significantly poorer performance on the DS (t =�2.98, p< .01) than the normal group, as well as
significantly higher False Alarms on the OR (t = 4.04, p< .01) and the HKLLT (t = 2.76, p< .01). For the Go/No-Go task, the ASD
and NC groups did not differ significantly in the number of Total Commission Errors (t = 1.91, n.s.) during the ‘‘No-Go’’ trials.
Table 2

Mean performance and standard deviation on the attention and inhibitory control of children in the NC and ASD groups.

Measures NC (n = 20) ASD (n = 20) t-Value

M (SD) M (SD)

DS

Forward 12.79 (1.85) 10.17 (2.62) �2.98**

HKLLT

False Alarms .35 (.59) 4.05 (5.82) 2.76**

OR

False Alarms .05 (.22) 3.05 (3.32) 4.04**

Go/No-Go

Hit Reaction Time (ms) 374.7 (61.8) 425.2 (145) 1.43

Omission Errors 4.6 (4.58) 16.5 (18.92) 2.73**

Commission Errors 8.9 (5.56) 12.8(7.23) 1.91

CPT

Hit Reaction Time (ms) 412.42 (66.3) 479.44 (130.6) 1.92

Omission Errors 3.8 (1.33) 17.76 (23.07) �2.46*

Commission Errors 23.15 (5.66) 23.18 (5.41) .01

The mean performance of CPT task was computed based on 20 NC and 17 ASD children.
* p< .05.
** p< .01.



Fig. 1. Topographic maps demonstrating the mean values of relative theta power, with the frontal regions at the top of each map, are shown for normal

children (NC), and children with autistic spectrum disorder (ASD) during (a) Go and (b) No-Go conditions.
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Independent t-test also showed no significant difference between the two groups on Hit Reaction Time (t = 1.44, n.s.) on the
Go/No-Go task. The ASD group, however, produced significantly more Total Omission Errors (t = 2.73, p< .01) than the NC
group during the ‘‘Go’’ trials. For the CPT-II, three outliers in the ASD group were excluded in the analysis because of the
unreasonably large amount of Omission Errors (>3SD) suggesting that they were not performing the test according to the
instructions. Results on the CPT-II were consistent with those on the Go/No-Go task, in that no significant difference was
found between the ASD and NC groups on Hit Reaction Time (t = 1.92, p> .05) and Total Commission Errors (t = .01, p> .05).
The ASD group, however, showed significantly higher Total Omission Errors (t = 2.46, p< .05) than the normal group
(Table 2). While the children with ASD showed significantly poorer performance in various attention and inhibition tasks
Fig. 2. (a) Go condition: Children with autistic spectrum disorder (ASD) showed significantly lower mean relative theta values (%) than normal control (NC)

in the anterior region, but not in the centrotemporal and posterior regions. (b) No-Go condition: Children with ASD demonstrated significantly lower mean

relative theta values in the anterior and centrotemporal regions, but not in the posterior region. *p< .05.
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than normal controls, it should be noted the ASD group also showed large within-group variability, violating the assumption
of homogeneity of variances. The set of t-test results with homogeneity not assumed was thus used.

3.2. Neurophysiological measures

Maps showing the regional relative theta power of the ASD and NC groups are presented in Fig. 1. Visual examination
showed that relative theta power was lower across multiple channels in the ASD group. Repeated measures ANOVA results
showed no significant interaction effect of Diagnosis� Condition [F(1,38) = 1.38, p> .05] and of Diagnosis� Region

[F(2,76) = 2.03, p> .05]. The results, however, indicated a significant Condition� Region interaction for the theta band
[F(2,76) = 5.28, p< .05], and a significant between-subject effect [F(1,38) = 6.91, p< .05]. For the ‘‘Go’’ condition, tests of
simple effects demonstrated that the ASD group showed significant decrease in relative theta power than normal children in
the anterior [F(1,38) = 14.41, p< .05] but not the centrotemporal [F(1,38) = 4.03, p> .05] and posterior [F(1,38) = .56, p> .05]
brain regions. For the ‘‘No-Go’’ condition, the ASD group showed significant decrease in relative theta power in the anterior
[F(1,38) = 5.88, p< .05] and the centrotemporal [F(1,38) = 8.61, p< .05] but not the posterior [F(1,38) = 3.08, p> .05] region as
compared to the normal control group (Fig. 2).

3.3. Localization of theta activity

To examine whether the ASD group differed from the normal group in the sources of the theta activity, source analysis
was conducted using the LORETA voxel-by-voxel t-value to compare theta activities of the ASD and NC groups on the ‘‘Go’’
and ‘‘No-Go’’ conditions. Compared with the normal controls, results revealed that the ASD group showed significantly
reduced theta activities in the ACC during the ‘‘Go’’ [Brodmann area 24; t = 4.83 (p< .05)] and ‘‘No-Go’’ [Brodmann area 24,
t = 2.61 (p< .05)] conditions. In addition to the reduced activation in ACC for the ‘‘No-Go’’ condition, a more significant
underactivation was also found in the Precuneus [Brodmann area 7, t = 3.01 (p< .05)] (Fig. 3).
Fig. 3. Graphical representation of the LORETA t-statistics comparing the (a) Go-related and (b) No-Go-related activations of the ASD and NC groups. Red

color indicates the location of significantly reduced electrical activity in the brain of the ASD group as compared to the normal controls. The location of voxel

is defined by the Talairach coordinates (X, Y, Z) and the black arrows indicate the center of difference in ACC activity (Brodmann area 24). (For interpretation

of the references to color in this figure legend, the reader is referred to the web version of the article.)



Table 3

Correlations between anterior relative theta power, IQ, and mean performance on neuropsychological tests (n = 40).

Go

Anterior

theta

No-Go

Anterior

theta

TONI-III Go/No-Go

Omission

Errors

CPT

Omission

Errors

DS

Forward

OR

False

Alarms

HKLLT

False

Alarms

Go—Anterior theta 1.00

No-Go—Anterior theta .72*** 1.00

TONI-III �.21 �.13 1.00

Go/No-Go—Omission Errors �.10 �.22 �.37* 1.00

CPT—Omission Errors �.09 �.21 �.34* .75*** 1.00

DS—Forward .40* .26 .40* .54** �.56** 1.00

OR—False Alarms �.42** �.50*** �.35* .58*** .61*** �.61*** 1.00

HKLLT—False Alarms �.32* �.08 �.34* .66*** .84*** �.71*** .60*** 1.00
* p< .05.
** p< .01.
*** p< .001.

Table 4

Correlations between anterior relative theta power, IQ, and mean performance on neuropsychological tests for the ASD and NC subgroups.

Go

Anterior

theta

No-Go

Anterior

theta

TONI-III Go/No-Go

Omission

Errors

CPT

Omission

Errors

DS

Forward

OR

False

Alarms

HKLLT

False

Alarms

ASD (n = 20)

Go—Anterior theta 1.00

No-Go—Anterior theta .70*** 1.00

TONI-III �.22 �.08 1.00

Go/No-Go—Omission Errors �.01 �.05 �.43 1.00

CPT—Omission Errors �.26 .01 �.36 .73* 1.00

DS—Forward .59* .10 .27 �.55 �.62 1.00

OR—False Alarms �.26 �.47* �.36 .49* .39 �.57 1.00

HKLLT—False Alarms �.19 .09 �.40 .63** .87*** �.77** .48* 1.00

NC (n = 20)

Go—Anterior theta 1.00

No-Go—Anterior theta .61** 1.00

TONI-III �.40 �.26 1.00

Go/No-Go—Omission Errors �.09 �.27 �.04 1.00

CPT—Omission Errors �.19 �.34 �.14 .32 1.00

DS—Forward .42 .04 .44 .24 �.49 1.00

OR—False Alarms �.24 �.11 �.10 �.13 .04 �.19 1.00

HKLLT—False Alarms �.16 �.01 �.02 �.02 .18 �.26 .14 1.00
* p< .05.
** p< .01.
*** p< .001.
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3.4. Association between attention, inhibition and theta activities in the ACC

Given that children with ASD were found to differ from normal children in their task-related ACC theta activities as
indicated by the anterior relative theta power, and in measures of attention and inhibitory control as indicated by
performance on the neuropsychological assessments, we examined the association between the two using Pearson
correlations on the whole group of children and separately for the ASD and normal subgroups. Anterior theta power during
the ‘‘Go’’ condition for the combined group was significantly correlated with DS (r = .40, p< .05), OR False Alarms (r =�.42,
p< .01), and HKLLT False Alarms (r =�.32, p< .05); and anterior theta power during the ‘‘No-Go’’ condition was significantly
correlated with OR False Alarms (r =�.50, p< .001) (Table 3). In the subgroup analysis, findings on the ASD group were
consistent in that anterior theta power during the ‘‘Go’’ condition was significantly correlated with DS (r = .59, p< .05), and
anterior theta power during the ‘‘No-Go’’ condition was significantly correlated with OR False Alarms (r =�.47, p< .05).
Although no significant association between OR False Alarms (r =�.26, p.> .05) and HKLLT False Alarms (r =�.19, p> .05)
with anterior relative theta power was found as in the combined-group analysis, this was likely to be due to the lower power
as a result of the smaller number of participants in the subgroup analysis. No significant association of the
neurophysiological and neuropsychological responses was found in the NC group (Table 4).

4. Discussion and conclusions

This study investigated whether neuropsychological deficits in attention and inhibitory control were associated with
their neurophysiological activity on a group of children with ASD during their performance of such tasks. Results on the
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neuropsychological performance confirmed the hypothesis that children with ASD performed poorer than normal children
on measures of attention including significantly poorer performance on the DS test, and committed significantly more
Omission Errors on CPT-II and the ‘‘Go’’ trial of the Go/No-Go tasks. They also performed significantly poorer on measures of
inhibition including committing significantly more False Alarms on the HKLLT and the OR. Findings on the
neurophysiological activities also confirmed the hypothesis that under the task condition, children with ASD would
show different ACC theta activities. Children with ASD in the present study exhibited lower relative theta activities in the
anterior brain region and less activation in the ACC, localized by LORETA estimation, in both ‘‘Go’’ and ‘‘No-Go’’ conditions
compared with normal controls. The hypothesis that attention and inhibition performance would be associated with ACC
theta activities was also confirmed. Examination across the NC and ASD groups showed that depressed theta activities in the
ACC during the ‘‘Go’’ condition (i.e. attention) was significantly associated with poorer performance in attention measures
including the DS, HKLLT False Alarm and OR False Alarm. Depressed theta activities in the ACC during the ‘‘No-Go’’ condition
(i.e. inhibition) were also found to be significantly associated with poorer performance in the inhibition measure of OR False
Alarm. Subgroup analysis showed that a similar pattern was also observed in children with ASD.

The present findings are in line with previous findings that individuals with ASD had deficits in attentional (Goldstein
et al., 2001; Nyden et al., 1999; Sturm, Fernell, & Gillberg, 2004) and inhibitory controls (Bishop & Norbury, 2005; Chan,
Cheung, Han, et al., 2009; Chan, Cheung, Sze, Leung, & Shi, 2009; Chan, Cheung, Tsui, Sze, & Shi, 2009; Fernandez-Duque et al.,
2000; Hazlett et al., 2004; Hughes et al., 1994; Russell & Jarrold, 1998; Russell et al., 1999). In the present study, children with
ASD performed comparably with normal children in Commission Errors but poorly in Omission Errors on both the Go/No-Go
and CPT-II tasks, suggesting that they were within the normal range in simple inhibitory control but showed impairments in
attention. These findings are in line with prior studies that reported attention deficits in children with ASD (Bishop &
Norbury, 2005; Nyden et al., 1999), resulting in increased rate of Omission Errors. The results are also consistent with
previous findings that inhibition deficit in ASD were not pervasive but depended on the complexity of the task (Kana et al.,
2007). As suggested by some researchers, response inhibition does not occur in isolation, but is a key executive process that
governs the coordination of other facets of processing so that a response is inhibited at just the right time (Denckla, 2002;
Kana et al., 2007; Nyden et al., 1999). This may explain why children with ASD in the present study were relatively
unimpaired in the simple Go/No-Go and CPT-II tasks, but showed impaired performance in intrusion and False Alarms on the
more complex HKLLT and OR tasks which required multiple executive functions (Stuss et al., 1994).

Findings in the present study on the association between ACC dysfunction and cognitive impairments were also
consistent with reported findings for adults with ASD (Haznedar et al., 2000; Henderson et al., 2006; Mundy, 2003; Shafritz,
Dichter, Baranek, & Belger, 2008). Children with ASD in the present study demonstrated significantly lower frontal midline
relative theta power, indicating reduced activation of the ACC, when performing the attention- and inhibition-demanding
Go/No-Go task. The ACC has been found to play a central role in several complex functions associated with attention (Kok,
Ridderinkhof, & Ullsperger, 2006; Schmitz et al., 2006) and response inhibition, such as the monitoring of task performance
(Botvinick et al., 2004; Bush, Luu, & Posner, 2000). These relatively complex information processing tasks are those that
individuals with ASD have difficulty with (Minshew, Meyer, & Goldstein, 2002). In addition to the reduced signal estimated
from the ACC, children with ASD in our study also showed significantly depressed relative theta power in the parietal region
during the response inhibition task of the ‘‘No-Go’’ trials compared with normal children. These results are consistent with
previous findings that suggested significant parietal involvement in response inhibition (Kana et al., 2007; Liddle, Kiehl, &
Smith, 2001; Menon et al., 2001). Specifically, the parietal region, in conjunction with the ACC, has been shown to play a
fundamental role in error detection (Carter et al., 1998), response conflict (Braver, Barch, Gray, Molfese, & Snyder, 2001; Van
Veen, Cohen, Botvinick, Stenger, & Carter, 2001), and visual-spatial alerting and orienting (Corbetta, Kincade, Ollinger,
McAvoy, & Shulman, 2000; Coull, Frith, Frackowiak, & Grasby, 1996). Hence, the depressed relative theta power over the
parietal and ACC regions during the response inhibition task of the ‘‘No-Go’’ trials suggests problem with inhibitory control in
children with ASD in our study.

It is worth noting that the depressed theta power found in children with ASD in the present study is in contrast with prior
studies on adults which showed greater theta power (Daoust et al., 2004; Murias, Webb, Greenson, & Dawson, 2007). It has
been well documented that resting theta power decreases with age (Gasser, Jennen-Steinmetz, Sroka, Verleger, & Mocks,
1988; Gasser, Verleger, Bacher, & Sroka, 1988; Harmony et al., 1990; Somsen, Van-Klooster, Van-der-Molen, & Van-Leeuwen,
1997), and the mature brain is characterized by a reduction in theta power as compared to the less developed brain in
younger children (Klimesch, 1999; Schmid, Tirsch, & Reitmeir, 1997) and in individuals with educational problems (Gasser,
Rousson, & Gasser, 2003; Harmony et al., 1995), learning disabilities (Byring, Salmi, Sainio, & Orn, 1991; Harmony et al.,
1995; Pinkerton, Watson, & McClelland, 1989) and neurological disorders (Ahn et al., 1980; Coben, Clarke, Hudspeth, & Barry,
2008; John et al., 1983). The higher theta power in adults with ASD is akin to the less developed brains of younger children,
suggesting a lag in brain development which may be associated with their pervasive cognitive impairments. Along this line
of thinking, one would expect that children with ASD would also show elevated theta power compared to normal children.
The findings of depressed theta power in this study seem to suggest that such maturation lag is not yet evident in pre-
adolescence children with ASD. However, it should also be noted that in children, theta power may not yet be functionally
differentiated from other frequency ranges, in particular the alpha (Klimesch, 1999), and thus the decrease in theta rhythm
observed in the ASD group might actually be due to a decrease in other normal rhythms identified in children.

What appears to be an important extension of previous studies is that in the present study, it was found that depressed
neurophysiological activities in the ACC were significantly associated with poorer performance in attention and inhibition.
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This provided some empirical evidence to support the notion that functional abnormality in the ACC may underlie the
deficits in attentional and inhibitory control in children with ASD. This relationship, in addition to increasing the knowledge
of the neurophysiological basis of behavioral dysfunction associated with ASD, may also have clinical implications for
intervention for children with ASD. As theta activities in the ACC are found to be associated with inhibitory deficits in
children with ASD, this EEG marker may be used as a quick and objective indicator to monitor the progress of children with
ASD undergoing intervention programs. With this quick and objective method, clinicians would have an alternative than to
put these children through lengthy neuropsychological assessments commonly available in most clinics, which may be
difficult for this patient group. This is especially useful for non-verbal children with ASD, as verbal neuropsychological tests
are not applicable to this patient group. However, the fact that clinics may not have ready access to EEG equipment may pose
a limitation on the more widespread use of this method. Another advantage of using this EEG marker over the use of
conventional neuropsychological tests is that it is less time intensive, on one hand making it more acceptable for children
with ASD, and on the other reducing the time involvement of professional psychologists which in turn may reduce the cost of
intervention for patients. Apart from using this EEG marker in treatment monitoring, the possibility of developing
interventions to improve ACC functioning may also be another research direction on children with ASD (Chan, Cheung, Sze,
et al., 2009; Chan, Cheung, Tsui, et al., 2009).

While there are some interesting observations in the present study that suggested an association between attention,
inhibitory control and neurophysiological activities, the following should be noted when interpreting the data. First, it
should noted that since the ADOS and ADI-R are not routinely used for diagnosis of ASD in Hong Kong due to the lack of
locally validated versions, not all children with ASD in the present study were diagnosed using this gold standard. Second,
the measures used, i.e. intrusion errors, were relatively simple and indirect measures of inhibitory control (De Beni &
Palladino, 2004). In addition, the theta power associated with the ‘‘Go’’ and ‘‘No-Go’’ conditions was highly correlated in the
present study, which may suggest possible involvement of a common underlying function rather than differences in
inhibition and attention. Further research with other inhibitory control measures is necessary before we can establish for
certain the relationship between intrusion error, inhibitory control, and ACC activities. Third, the use of the non-verbal TONI-
III as a surrogate measure for general intelligence has some limitations: the absence of a measure of verbal intelligence may
introduce a potential confound for task performance especially in the word learning test; and the use of only non-verbal IQ to
represent general intelligence may make the participants appear more similar than they actually are. Fourth, while all
children did not have physical disabilities or motor dysfunctions, the lack of control on the children’s motor abilities should
be noted as many of the assessments involved motor skills. Finally, caution is raised towards the generalization of the
findings due to the relatively small sample-size; the non-random selection of the children; and for children with ASD the
large within-group variations in performance, the overrepresentation of high-functioning children, the young age-group,
and the high ratio of boys to girls making it difficult to draw conclusions on girls. When interpreting the data, these
limitations should be borne in mind. Given the potentially useful clinical application of the neurophysiological measure of
frontal midline theta power, further studies are warranted to examine the use of this measure on individuals with ASD from a
larger age range and at different levels of functioning.
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