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Abstract
Chronic tic disorders including Tourette syndrome are defined as disorders with tics

continuing for over a year. Although a substantial portion of patients with chronic tic disor-
ders have improvement or remission of their tics until adulthood, some of them still have
necessity to receive treatment for tic disorders in adulthood. Regardless of age and sever-
ity of tics, basic treatment for tic disorders consists of psycho~education and family guid-
ance which encourage patients and people around them to understand, accept and cope
with tics appropriately. In most of the adult cases with tic disorders who require aggres-
sive treatment, tics and/or comorbidities including obsessive—compulsive symptoms are
so severe that they usually have medication including antipsychotics.

Key words: tic disorders, Tourette's disorder, obsessive —compulsive disorder,

comorbidity, adult
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Abstract Recent developments in near-infrared spectroscopy (NIRS) have enabled non-
invasive clarification of brain functions in psychiatric disorders with measurement of
hemoglobin concentrations as cerebral blood volume. Twenty medication-naive children
with attention-deficit/hyperactivity disorder (ADHD) and 20 age- and sex-matched healthy
control subjects participated in the present study after giving consent. The relative con-
centrations of oxyhemoglobin (oxy-Hb) were measured with frontal probes every 0.1 s
during the Stroop color-word task, using 24-channel NIRS machines. During the Stroop
color-word task, the oxy-Hb changes in the control group were significantly larger than that -
in the ADHD group in the inferior prefrontal cortex, especially in the inferior lateral
prefrontal cortex bilaterally. The Stroop color-word task used with NIRS may be one
useful measurement to assess prefrontal brain dysfunction in ADHD children.

Keywords Near-infrared spectroscopy - Attention-deficit/hyperactivity disorder -
Stroop color-word task - Prefrontal dysfunction

Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a central nervous system (CNS) dis-
order estimated to occur in 3-7% of school-age children [1]. Functional brain abnormality
has been reported in ADHD patients. A mean regional I-123 IMP single photon emission
computed tomography (SPECT) region of interest (ROI) count ratios (left to right) study
demonstrated that the ADHD patients had greater overall hemispheric 1-123 IMP uptake
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asymmetry, with less activity in the left frontal and left parietal regions, in comparison
with control patients [2]. Bush et al. [3] also reported anterior cingulate cortex dysfunction
in ADHD using the counting Stroop during functional magnetic resonance imaging
(fMRI). With regard to working memory tasks, Schweitzer et al. [4] compared regional
cerebral blood flow (rCBF) changes in six adult patients with ADHD and six healthy
controls using [150] H,O positron emission tomography (PET) studies and indicated that
task-related changes in rCBF in the healthy controls were more prominent in the frontal
and temporal regions. Thus, it is possible that ADHD patients have functional frontal
dysfunction.

However, functional brain imaging methodologies, such as PET, SPECT, and fMRI
have the disadvantage of requiring large apparatuses, which prevents their use in a bedside -
setting for diagnostic and treatment purposes. Furthermore, these functional brain imaging
methodologies do not offer high time resolution. By contrast, multi-channel near-infrared
spectroscopy (NIRS) systems have recently been developed to allow non-invasive and
bedside functional mapping of the cerebral cortex, with a high time resolution [5-7].

Some NIRS studies in ADHD patients have been performed using several executive
function tasks. Weber et al. [8] examined prefrontal dysfunction in ADHD children as
measured by NIRS and determined cerebral hemodynamic changes in response to an
executive function task (trail-making test) in 11 children with ADHD and 9 healthy :ige-
and sex-matched controls. They found that both groups showed increases in oxyhemo-
globin (oxy-Hb) and CBV, but only the controls showed an additional increase in total-Hb
in the left prefrontal region. Another report examined lateral prefrontal activation in 13
adult patients with ADHD and 13 healthy age- and sex-matched controls during a working
memory task (n-back task) [9]. They showed that ADHD patients exhibited reduced task-
related increases in the concentration of oxy-Hb in NIRS channels located over the ventro-
lateral prefrontal cortex, confirming previous findings of prefrontal cortical and working
memory deficits in ADHD patients and arguing for a specific impairment of this clinical
group in a particular working memory component. Schecklmann et al. [10] examined
executive functions in 14 ADHD adults and 14 healthy age- and sex-matched controls
using verbal fluency tasks. They reported that ADHD patients had a lower magnitude of
oxygenation and a significant negative correlation of brain activity with performance,
indicating that these results might be interpreted as an expression of a benefit in the ADHD

group. Thus, functional prefrontal dysfunction in ADHD patients has been reported using
NIRS. !

Schroeter et al. [11] examined hemodynamic reSponses during incongruent, congruent,
and neutral trials of the Stroop task using NIRS in 14 adult healthy controls and reported
that the hemodynamic response was stronger during incongruent trials compared with
congruent and neutral trials of the Stroop task in the lateral prefrontal cortex bilaterally.

Thus, the stronger hemodynamic response was interpreted as stronger brain activation
during incongruent trials of the Stroop task because of interference.

To our knowledge, however, there is no report examining the hemodynamic response in
healthy children and functional prefrontal dysfunction in ADHD children as measured by
NIRS using the Stroop task. Thus, we examined two points in the present study: (1)
whether brain activation in healthy children during the Stroop color-word task is similar to.
healthy adults as measured by NIRS and (2) whether functional prefrontal dysfunction in
ADHD children is found during the Stroop color-word task as measured by NIRS. We
therefore used multichannel NIRS machines to examine the frontal characteristics of rCBV
changes during the Stroop color-word task in ADHD children and age- and sex-matched
control subjects. ' '
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Methods
Subjccts

Twenty subjects (18 boys and 2 girls), aged 6-13 years and diagnosed with ADHD
according to DSM-IV [12], were compared with 20 age- and sex-matched healthy control
subjects (17 boys and 3 girls), aged 6—13 years (Table 1).

The subjects with ADHD, who had no history of developmental disorder treatment,
consulted an experienced pediatric psychiatrist at the Department of Psychiatry of Nara
Medical University with a chief complaint of attention deficit, hyperactivity, or impul-
siveness. The subjects with ADHD underwent a standard clinical assessment comprising a
psychiatric evaluation, a structured diagnostic interview, a cognitive battery, and a medical
history. Two experienced pediatric psychiatrists confirmed the diagnosis of ADHD
according to DSM-1V [12]. Thus, 20 subjects with ADHD who had no previous medication
were enrolled in the present study. Of them, two subjects had comorbid obsessive com-
pulsive disorder (OCD), and one sub_|ect had comorbid oppositional defiant disorder
(ODD).

Healthy control subjects were recruited from local elementary schools. They also
underwent a standard clinical assessment comprising a psychiatric evaluation, a structured
diagnostic interview, a cognitive battery, and a medical history. Thus, 20 healthy control
subjects, who were not confirmed ADHD and had no history of psychiatric or neurological
disorder, were enrolled in the present study.

The Wechsler Intelligence Scale for Children-Third Edition (WISC I11) full IQ scores of
subjects were all over 70. All subjects were right-handed and Japanese. This study was
approved by the Institutional Review Board of Nara Medical University Hospital. Written
informed consent was obtained from all subjects and/or their parents before the study.

Table 1 Characteristics of the subjects

" ADHD Control P value
Mean (SD) Mean (SD)

Sex [M:F] 20 [18:2] 20 [17:3] 0.64
Age 9.55 (1.93) 9.35 (2.13) 0.76
WISC-II 99.60 (11.28) 97.65 (9.61) 0.56
ARI . 15.10 (5.06) 1.65 (1.79) <0.001%
ARH 12.05 (3.98) 0.40 (0.88) <0.001%
ARF 27.15 (7.16) 2.05 (2.35) <0.001*
SCWC-1 29.30 (8.39) 36.15 (7.50) 0.0097***
SCWC-2 31.70 (10.59) 39.40 (9.84) 0.022*
SCWC-3 29.75 (9.98) 36.25 (9.66) 0.043*

Group differences tested with 7 tests

ADHD Attention-deficit/hyperactivity disorder, M male, F female, WISC-11l Wechsler Intelligence Scale for
Children-Third Edition, AR/ ADHD RS 1V-J Inattention subscale’s scores, ARH ADHD RS IV-] Hyper-
activity-Impulsivity subscale’s scores, ARF ADHD RS 1V-J Full scores, SCWC-] Stroop color-word task
number of correct answers first time, SCWC-2 Stroop color-word task number of correct answers second
time, SCWC-3 Stroop color-word task number of correct answers third time

*P < 0.05; **P < 0.02; ***P <0.01; ¥ P < 0.001
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Assessment of ADHD Symptoms

ADHD Rating Scale-1V-Japanese Version (ADHD RS-1V-J, Home Version) [13] was used
to evaluate ADHD behavior symptoms in ADHD children. ADHD RS-1V-J consists of 18
items regarding attention-deficit, hyperactivity, or impulsiveness, each scored on a 0-3
point scale. The total scores were calculated by adding the scores of the 18 items. The
Inattention subscale’s scores were calculated by adding the scores of the 9 odd-numbered
items. The Hyperactivity-Impulsivity subscale’s scores were calculated by adding the
scores of the 9 even-numbered items. The full score, Hyperactivity—Impulsivity subscale’s
score, and Inattention subscale’s score of ADHD RS-1V-J were 54, 27, and 27 points,

respectively; it is generally considered that the higher an ADHD RS-IV-J score, the more
severe the ADHD symptoms.

Twenty-six subjects (23 boys and 3 girls) diagnosed with ADHD were compared with
11 healthy control subjects (6 boys and 5 girls) to estimate the utility of ADHD RS-IV-]
(Home Version). ADHD RS-1V-J exhibited a high level of reliability (Cronbach’s alpha
coefficient of internal consistency reliability, 0.92). The intra-class correlation was judged
to be very high because the score was 0.97. The scores estimated by their mothers were
significantly correlated to the scores estimated by the experienced pediatric psychiatrists
(Spearman’s p, 0.92). Furthermore, 2,709 boys (aged 6-15 years) and 2,870 girls (aged 6-
15 years) were estimated by their parents using ADHD RS-1V-J (Home Version). In boys,
the mean score was 6.68 (SD, 6.91; median, 5; 90th percentile, 16). In girls, the mean score
was 4.38 (SD, 5.17; median, 3; 90th percentile, 11). The cutoff score of the full scoring of
ADHD RS-1IV-J (Home Version) was established as 14-16 points from these results.

All subjects underwent assessment for ADHD RS-IV-J (Table 1). As shown in Table 1,
the scores of ADHD RS IV-J Inattention subscale’s scores (ARI), ADHD RS IV-J
Hyperactivity-Impulsivity subscale’s scores (ARH), and ADHD RS IV-J Full scores
(ARF) in the ADHD group were significantly higher than those in the control group. The
AREF scores of all ADHD subjects were over 16; those of all the control subjects were
under 7.

The Stroop Color-Word Task

We reproduced the Stroop task according to the method previously described [14]. The
Stroop task consisted of two pages stapled together. Each page had 100 items in 5 columns
of 20 items. Items on the first page were the color words RED, GREEN, and BLUE in
black ink. Items on the second page were the words RED, GREEN, and BLUE printed in
red, green, or blue ink, with the limitation that the word and ink could not match. On the
two pages, the items were randomly distributed, except that no item within a column could
follow itself.

Before the task, examiners instructed subjects as follows: “These are tests of how
quickly you can read the words on the first page, and the colors on the second page. After
we say ‘begin,’” you are to read down the columns, starting with the first one, saying the
words/colors to yourself as quickly as you can. After you finish the first column, go on to
the next and so on. After you have read the paper for 45 s, we will turn the page. Then you
will read the turned paper again. And we will repeat this process with you.”

- We combined those two pages and made the Stroop color-word task simple and easy
because the subjects were school-age children, including 6 year olds. The Stroop color-
word task consisted of the first page (p1) and the second page (p2). The Stroop color-word
task consisted of a 45-s pl task, a 45-s p2 task (the color-word task first time), a 45-s pl
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task, a 45-s p2 task (the color-word task second time), a 45-s pl task, a 45-s p2 task (the
color-word task third time), and a 45-s pl task. We made the 45-s pl task as the baseline
task. We also counted the number of correct answers each time. We named them as
follows: Stroop color-word task number of correct answers first time (SCWC-1), second
time (SCWC-2), and third time (SCWC-3). Examiners who were blind to diagnoses
measured the Stroop color-word task. As shown in Table 1, the SCWC-1, SCWC-2, and
SCWC-3 of the ADHD group were significantly lower than those of the control group.

NIRS Measurements

The oxy-Hb increase and deoxyhemoglobin (deoxy-Hb) decrease in NIRS have been
shown to reflect cortical activation. In animal.studies, oxy-Hb is the most sensitive indi-
cator of rCBF because the direction of change in deoxy-Hb is determined by the degree of
- changes in venous blood oxygenation and volume [15]. Therefore, we decided to focus on
changes in oxy-Hb. In this study, oxy-Hb was measured with a 24-channel NIRS machine
(Hitachi ETG-100, Hitachi Medical Corporation, Tokyo, Japan) at two wavelengths of
near-infrared light (760 and 840 nm), the absorption of which was measured. Oxy-Hb was
calculated as previously described [4]. The interprobe distance of the machine was 3.0 cm,
and it was determined that the machine measures points 2-3 cm beneath the scalp, i.e., the
surface of the cerebral cortices [16, 17].

The NIRS probes were placed on the subject’s frontal regions, and arranged to measure
the relative concentrations of Hb changes at 24 measurement points in an 8 x 8 cm area,
with the lowest probes positioned along the Fp1-Fp2 line according to the international
10/20 system used in electroencephalography. The correspondence of the probe positions
and the measurement points on the cerebral cortex were confirmed by superimposition of
the probe positions on an MRI of a three-dimensionally reconstructed cerebral cortex of a
representative subject in the control group (Fig. 1). The absorption of near-infrared light
was measured with a time resolution of 0.1 s. The obtained data were analyzed with the
“integral mode”: the pre-task baseline was determined as the mean across 10 s just before

Fig. 1 Cortical projection of
near-infrared spectroscopy
(NIRS) measurement points. The
points were mapped onto
anatomical frontal brain using
MRIcro software (MRIcro:
developed by Dr Chris Rorden,
available at http://www.mricro.
com). Numbers denote channel
numbers for points of
measurement
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the task period; the post-task baseline was determined as the mean across 25 s after the task
period; and linear fitting was performed on the data between the two baselines. Moving
average methods were used to exclude short-term motion artifacts in the analyzed data
(moving average window, 5 s). v

We tried to exclude motion artifacts by closely monitoring artifact-evoking body
movements, such as neck movements, strong biting, and blinking (identified as most
influential in the preliminary artifact-evoking study), and by instructing the subjects to
avoid these movements during the NIRS measurements. Examiners who were blind to
diagnoses measured NIRS.

Statistical Analyses

Oxy-Hb changes were compared between each of the two groups with Student’s r-tests
using the grand average waveforms every 0.1 s in each channel. This analysis enabled
more detailed comparison of oxy-Hb changes along the time course of the task. Data
analyses were conducted using MATLAB 6.5.2 (Mathworks, Natick, MA, USA) and Topo
Signal Processing type-G version 2.05 (Hitachi Medical Corporation, Tokyo, Japan).
OT-A4 version 1.63 K (Hitachi Medical Corporation, Tokyo, Japan) was used for overlap
display of the grand average waveforms in both groups in Fig. 2 and was used to calculate
mean oxy-Hb measurements in Table 3. SPSS 16.0 J for Windows (SPSS, Tokyo, Japan)
was used for statistical analysis.

Fig. 2 Grand average waveforms of oxyhemoglobin (oxy-Hb) concentration changes during the Stroop
color-word task in both groups. Grand average waveform of oxy-Hb in the attention-deficit/hyperactivity
disorder (ADHD) group is the red line, and grand average waveform of oxy-Hb in the control group is the
blue line. The task conducts between light green lines
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Table 2 - Correlations between Stroop task and characteristics of the subjects

ADHD ' Control

SCWC-1 SCWC-2 SCWC-3 SCWC-1 SCWC-2 SCWC-3
Age 0.547** 0.519** 0.433 0.777% 0.763% 0.726*
WISC-III 0.088 0.037 —0.069 ~0.058 0.196 0.273
ARI 0.22 0.222 -0.091 —0.288 -0.216 -0.193
ARH -0.052 -0.108 -0.205 -0.152 - -0.156 -0.297
ARF 0.068 0.064 -0.217 -0.295 -0.221 -0215

Correlations between Stroop task and characteristics of the subjects tested with Spearman’s correlation test

ADHD Attention-deficit/hyperactivity disorder, M male, F female, WISC-11] Wechsler Intelligence Scale for
Children-Third Edition, ARI ADHD RS [V-J Inattention subscale’s scores, ARH ADHD RS IV-J Hyper-
activity-Impulsivity subscale’s scores, ARF ADHD RS IV-J Full scores, SCWC-1 Stroop color-word task
number of correct answers first time, SCWC-2 Stroop color-word task number of correct answers second
time, SCWC-3 Stroop color-word task number of correct answers third time

* P < 0.05; ** P < 0.02; *** P < 0.01; ¥ P < 0.001
Results

Correlations Between Stroop Task and Characteristics of the Subjects

Spearman’s p correlations between the scores of SCWC and age, WISC-III, and the scores
of ADHD RS IV-J can be seen in Table 2. In both groups, there are positive correlations
between the scores of SCWC and age; there are no correlations between the scores of
SCWC and WISC-III and between the scores of SCWC and the scores of ADHD RS IV-J.

NIRS Data of the Subjects During the Stroop Color-Word Task

The grand average waveforms of oxy-Hb concentration changes during the Stroop color-
word task in both groups can be seen in Fig. 2. The grand average waveform of oxy-Hb
concentration change in the control group increased during the task period. On the other
hand, that of the ADHD group did not change much. The mean oxy-Hb measurements
from task to post-task period in all 24 channels can be seen in Table 3. Group differences
were tested with Bonferroni correction. From task to post-task period, the mean oxy-Hb of
the ADHD group was significantly smaller than that in the control group in channels 18,
21, and 22. Topographic presentation of the t value of oxy-Hb comparison between the
control group and the ADHD group during the Stroop color task can be seen in Fig. 3. The
oxy-Hb changes in the control group were significantly greater than that of the ADHD
group during the task period in the inferior prefrontal cortex, especially in the inferior
~ lateral prefrontal cortex bilaterally.

Discussion
Until now, there have been few reports examining prefrontal dysfunction in ADHD chil-
dren as measured by NIRS. In one, cerebral hemodynamic changes were examined in

response to an executive function task (trail-making test) in 11 children with ADHD and 9
healthy age- and sex-matched controls [8]. In that study, both groups showed increases in .
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Table 3 Mean oxyhemoglobin (oxy-Hb) measurements from task to post-task period in 24 channels

Control ADHD ' Statistical
analysis

Mean (mMmm) SD (mMmm) Mean (mMmm) SD (mMmm)

Chl 0.0231 0.02957 -0.0031 £ 0.04273 NS
Ch2 0.0172 0.05376 -0.0061 0.02842 NS
Ch3 0.0274 0.04375 —0.0037 0.05009 NS
Ch4 0.0185 0.03762 —-0.0175 0.04418 NS
Chs 0.0212 0.03208 —-0.0134 0.03826 _ NS
Ché ~0.0090 0.03770 —0.0141 003425 NS
Ch7 0.0152 0.04812 —-0.0079 © 0.05385 NS
Chs 0.0444 0.10645 -0.0138 0.03051 *
Ch9 0.0137 0.03206 —-0.0211 0.02840 NS
Chl0 0.0147 0.03342 40.0159 0.03312 NS
Chll 0.0355 0.02300 -0.0167 0.03325 . NS
Ch12 00128 0.02828 -0.0278 0.04339 NS
Ch13 0.0051 0.02990 ~0.0190 0.03809 NS
Ch14 0.0249 0.02102 -0.0116 0.03667 NS
Chi5 0.0379 0.02859 —0.0078 0.03673 NS
Chl6 0.0176 003181 —0.0208 0.03619 NS
Ch17 0.0300 003126 -0.0196 0.03569 NS
Chis 0.0647 0.06864 —-0.0189 ' 0.06022 1
Chl19 0.0311 0.05739 —0.0261 0.03934 *
Ch20 0.0094 0.03978 —0.0256 0.04434 NS
Ch21 0.0529 0.04550 -0.0122 0.03573 ¥
Ch22 0.0465 005556 -0.0256 0.05184 '
Ch23 0.0299 004915 -0.0123 0.05563 NS
Ch24 0.0478 ©0.04947 -~ —0.0012 0.04019 NS

Group differences were tested with Bonferroni correction
* P <0.1; ** P < 0.05; *** P <001; * P <0.001

oxy-Hb and CBV, but only the controls showed an additional increase in total-Hb in the
left prefrontal region. In the present study, we used the Stroop color-word task to estimate
prefrontal function because the inferior frontal gyrus has been described as one of the
regions most strongly related to Stroop interference [18]. To the best of our knowledge,
there are no other studies using the Stroop task to examine prefrontal dysfunction in
children with ADHD as measured by NIRS.

With respect to the relationship between ADHD and the Stroop task, Schwartz and
Verhaeghen [19] examined 25 studies that reported data on the Stroop color word task in
children and adults with ADHD and in age-matched controls. ADHD individuals were
found to be 1.14 times slower on average than age-matched controls in both the color and
the color-word condition, while the Stroop interference effect appeared to be immune to
age in both groups. Similar results were obtained in the present study. SCWC-1, SCWC-2,
and SCWC-3 of the ADHD group were significantly lower than those of the control group.
Furthermore, we examined Spearman’s p correlations between the scores of SCWC and
age, WISC-III, and the scores of ADHD RS IV-J, which indicated that there are positive
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Fig. 3 Topographic presentation of the r value of oxyhemoglobin (oxy-Hb) comparison between the control
group and the attention-deficit/hyperactivity disorder (ADHD) group during the Stroop color-word task. The
1 value of oxy-Hb for the control and ADHD group is presented as a topographi¢ map along the time course
of the task (from top to bottom). The red, green, and blue areas in the topographs indicate positive, zero, and
negative 7 values, with 2.0 and 2.7 for 5% and 1% statistical significance levels, respectively

correlations between the scores of SCWC and age in both the groups. These data suggest
that our Stroop color-word task may be a useful task for estimating ADHD symptoms.

Despite the relationship between the Stroop color-word task and NIRS, there are few
studies that have examined the relationship.-Ehlis et al. [20] investigated 10 healthy
subjects by means of multi-channel NIRS during performance of congruent and incon-
gruent trials of the Stroop color-word task. In that study, oxy-Hb and total-Hb changes
indicated specific activation for interference trials in inferior-frontal areas of the left
hemisphere. However, the influences of the Stroop color-word task in inferior-frontal areas
of the right hemisphere were not examined. As previously mentioned, the other study [11]
reported the hemodynamic response in the lateral prefrontal cortex bilaterally.

However, these two studies reported that oxy-Hb change in adult healthy subjects
indicated specific activation during the Stroop color-word task in inferior-frontal areas. In
the present study, we found that oxy-Hb change in 20 healthy children indicated specific
activation during the Stroop color-word task in the inferior prefrontal cortex, especially in
the inferior lateral prefrontal cortex bilaterally, supporting the Schroeter et al study. We
therefore found prefrontal brain activation in healthy children during the Stroop color-word
task as well as in healthy adults using NIRS, which was interpreted as a result of Stroop
interference in children as well as in adults.

We also discussed the comparison between the ADHD group and the control group. We
found that oxy-Hb changes in 20 ADHD children were smaller than those in 20 healthy
children during the Stroop color-word task in the inferior prefrontal cortex, especially in the
inferior lateral prefrontal cortex bilaterally. As shown in Table 1, SCWC-1, SCWC-2, and
SCWC-3 of the ADHD group were significantly lower than those of the control group. These
data suggest that the prefrontal brain activation in the ADHD children may not fulfill function
well during the Stroop color-word task. indicating that ADHD children have some problems
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in the inferior prefrontal cortex, especially in the inferior lateral prefrontal cortex bilaterally,
which has been described as one of the regions most strongly related to Stroop interference.

In the present study, we had two restrictions: NIRS has disadvantages compared with
other methodologies [7]. The main disadvantage of NIRS is that it enables measurement of
Hb concentration changes only as relative values, not as absolute values. We made the
Stroop task that had the first page as the base task to overcome these potential problems.
Furthermore, we measured Hb concentration changes from the activation task to the base
task and performed the task three times to average potential accidental changes and prevent
the subjects from being tired. The other restriction was the inclusion of subjects with
comorbidity (i.e., two subjects had comorbid OCD; one subjects had comorbid ODD).
Future studies are needed to compare between pure ADHD children and ADHD children’
with comorbid disorders (e.g. OCD, ODD, and PDD).

Finally, our findings of prefrontal dysfunction in ADHD by NIRS involved a large group,
allowing for high confidence in the data. The Stroop color-word task may be a very useful
tool when measuring prefrontal dysfunction in ADHD using NIRS, and multi-channel NIRS
systems may be one very useful measurement to assess brain function, especially for
children, because multi-channel NIRS systems can provide handy, non-invasive, and bed-
side-functional mapping of the cerebral cortex at much shorter measurement time (about
5 min) than other functional brain imaging methodologies. Future studies are needed to
determine the effect of osmotic-release methylphenidate (MPH) treatment on ADHD
children using NIRS by comparing before and after osmotic-release MPH treatment.

Summary

The purpose of the present study was to examine the hemodynamic response in healthy
children and functional prefrontal dysfunction in ADHD children as measured by NIRS
using the Stroop task. Therefore, 20 medication-naive children with ADHD and 20 age-
and sex-matched healthy control subjects participated in the present study. The relative
concentrations of oxy-Hb were measured with frontal probes every 0.1 s during the Stroop
color-word task, using 24-channel NIRS machines. Findings indicate that ADHD children
have some problems in the inferior prefrontal cortex, especially in the inferior lateral
prefrontal cortex bilaterally, which has been described as one of the regions most strongly
related to Stroop interference. Finally, the Stroop color-word task during NIRS may be one
useful measurement to assess prefrontal brain dysfunction in ADHD children. Further-
more, multi-channel NIRS systems may be one very useful measurement to assess brain
function, especially for children, because multi-channel NIRS systems can provide handy,
non-invasive, and bedside-functional mapping of the cerebral cortex at much shorter
measurement time (about 5 min) than other functional brain imaging methodologies.
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Aim: Attention-deficit/hyperactivity " disorder
(ADHD) is a relatively common central nervous
system disorder in school-age children, which may
involve a specific disorder in cognition and/or infor-
mation processing. Event-related potentials (ERP) are
commonly used as physiological measures of cogni-
tive function as they are easily measured and non-
invasive. Thus, in the present study, we examined the
effects of osmotic-release methylphenidate (MPH)
(Concerta), a common treatment for childhood
altention-deficit/hyperactivity disorder (ADHD), in
ADHD children as measured by ERP.

Methods: Ten ADHD children participated after
giving consent. Based on the guidelines for evoked
potential measurement, mismatch negativity (MMN)
and P300 were obtained by auditory odd-ball tasks.

We measured both MMN and P300 in the drug-naive
condition and after intake of osmotic-release MPH.

Results: The MMN amplitudes after intake of

osmotic-release MPH were significantly greater than
those in the drug-naive situation at Pz and C4. The
P300 amplitudes after intake of osmotic-release MPH
were significantly greater than those in the drug-naive
situation at Cz and Pz.

Conclusion: MMN and P300 are sensitive tools for
measuring the pharmacological effects of osmotic-

_ release MPH in ADHD children.

Key words: attention-deficit/hyperactivity disorder,
event-related potentials, methylphenidate, mismatch
negativity, P300.

TTENTION-DEFICIT/HYPERACTIVITY DISOR-

DER (ADHD) is a central nervous system (CNS)
disorder estimated 1o occur in 3-7% of school-age
children,' and is considered to involve a specific dis-
order in cognition and/or information processing.
Event-related potentials (ERP) are commonly used as
physiological measures of cognitive function as they
are easily measured and non-invasive. For instance,
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ERP have been used to examine cognitive disturbance
in children with developmental disorder, and an
early negative ERP has been shown to be strongly-
related to attention deficit.

The mismatch negativity (MMN), which functions
in a distinctive stimulus discrimination process that
utilizes sensory memory of prior stimuli, is consid-
ered an important mechanism for rapid detection of
changes in the outer world, except those concerning
consciousness.” As such, MMN reflects an automatic
cerebral discrimination process, not under-attentive
control. We previously reported that the amplitudes
of both P300 and MMN were smaller in ADHD
patients than in healthy subjects.’

491
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With respect to the impulsivity observed in
ADHD patients, we previously reported that
the Hyperactivity-Impulsivity subscale score of the
ADHD- Rating Scale-IV-Japanese version (ADHD
RS-IV-]) (Home Version)* had a significantly strong

positive correlation with the latency of MMN, and -

had a significant strong negative correlation with the
amplitude of MMN, in predominanty hyperactive-
impulsive type ADHD subjects.’ In other words, the
more severe the impulsivity of ADHD subjects, the
longer the MMN latency and the lower the MNN
amplitude. Thus, ADHD children may have difficulty
in referring to previous stimuli, causing increased
sensitivity to and augmented anxiety about stimuli,
which may account for the exhibited impulsivity.

Stimulating medications are commonly used for
treatment of ADHD symptoms. Methylphenidate
(MPI1), for instance, has been used in ADHD chil-
dren since 1937.* In Japan, osmotic-release MPH
(Concerta) was recently accepted as a treatment
medication for ADHD children. Several studies have
demonstrated a reduced P300 in ADHD children,
which was normalized following MPH medication.”®
However, to the best of our knowledge the effects of
osmotic-release MPH on MMN in ADHD children
have not been described. Thus, in the present study
we examined the effects of MPH on MMN and P300,
and on ameliorating cognitive function, especially
‘attention function, in ADHD children.

METHODS

Subjects

Ten children (nine boys, one girl) aged 7-13 years
and diagnosed as ADHD based on DSM-IV, ! partici-
pated in the present study. The subjects with ADHD,
who had no history of developmental disorder treat-
ment, consulted an experienced pediatric psychiatrist
{M. 8., T. O, or H. N.}) at the Department of Psy-
chiatry of Nara Medical University with the chief
complaint of attention deficit, hyperactivity, or
impulsiveness. The subjects with ADHD underwent a
standard clinical assessment comprising a psychiatric
evaluation, a structured diagnostic interview, a cog-
nitive battery, and a medical history. Two experi-
enced pediatric psychiatrists (). 1., H. N.) confirmed
the diagnosis of ADHD according to DSM-IV.""

The Wechsler Intelligence Scale for Children-Third
Edition (WISC-[11) full 1Q scores of all subjects were
over 70. All patients were Japanese and right-handed.

© 2010 The Authors
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In ADHD subjects, the severity of ADHD symptoms
and latencies and amplitudes of ERP (MMN, P300)
were estimaled both before and after (8-12 weeks)
osmotic-release MPH treatment at the same time
of day (10.00-11.00 hours). ADHD subjects were
treated with osmotic-release MPH as soon as possible
after baseline ERP. The dose of osmotic-release MPH
treatment ranged from 18 to 54 mg (mean % SD,
33.3 * 10.4 mg). The characteristics of the subjects
can be seen in Table 1. This study was approved by
the Institutional Review Board of Nara Medical
University Hospital. Written informed consent was
obtained from all subjects and/or their parents prior

to the study.

Procedures

ADHD assessment

We used the ADHD RS-1V-] (Home Version)* to
evaluate ADHD symptoms in ADHD children. It is
generally considered that the higher an ADHD
RS-IV-J score, the more severe the ADHD symptoms.
All subjects underwent ADHD RS-IV-) assessment
before and after osmotic-release MPH treatment
(Table 1). In ADHD children the ADHD RS-1V-] full
scores (ARF), ADHD RS-IV-] inattention subscales
scores (ARI), and the ADHD RS-IV-] hyperactivity-
impulsivity subscales scores (ARH) were significantly:
higher before osmotic-release MPH treatment than
those after osmotic-release MPH treatment.

Event-related potentials

Measurements

Based on the guidelines for evoked potential mea-
surement, MMN and P300 were obtained by auditory
odd-ball tasks. An NEC Multi Stim II (NEC, Tokyo,
Japan)} was used as the auditory stimulus system.

MMN

Tone bursts at 1000 Hz standard stimuli (P=0.9)
and at 1100 Hz deviant stimuli (P = 0.1) (each stimu-
lus lasted 50 ms) were presented at 500-ms intervals
and at 80-dB intensities. The infrequent and frequent
stimuli were given in random order via headphones.
The MMN was measured while the children, as
instructed, were reading books or magazines of their
choice, without paying particular attention to ‘the
auditory stimuli given.
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Table 1. Subjects characteristics

MPH effects in ADHD as measured by ERP 493

Sex Boy C % Girl %

(n=10) 9 90 1 10
Mean SD

Age (years) 9.3 1.9

WISC-11I - 100.5 15.3

Concerta dose (mg) 333 104

Before Concerta treatment

After Concerta treatment

Mean’ SD Mean SD tvalue (d.f. =9) P-value
ARF 31.1 8 11.9 5.6 9.826 <0.0M1
ARL 17.5 5.5 8.3 3.1 6.209 <0.001
ARH 13.6 3.6 3.6 3.8 8.135 <0.001

AREF, Attention-Deficit/Hyperactivity Disorder Rating Scale-1V-Japanese version full scores; ARH, Attention-Deficit/ Hyperactivity
Disorder Rating Scale-IV-Japanese version hyperactivity-impulsivity subscale scores; ARI, Attention-Deficit/Hyperactivity Disorder
Rating Scale-IV-Japanese version inattention subscale scores; WISC-I1I, Wechsler Intelligence Scale for Children-Third Edition.

P300

Infrequent target stimuli were presented as tone

bursts at 2000 Hz (P=0.2) and frequent non-target
stimuli as bursts at 1000 Hz {P=0.8), with each
stimulus lasting 50 ms. Both types of stimuli were
given at intervals of 1.5 s and an intensity of 80 dB.
The infrequent and frequent stimuli were given in
random order via headphones. The children were
instructed to pay attention to the target stimuli with
their eyes open, and to press the button as quickly as
possible when each target stimulus was delivered.

Recording and analyses

ERP were recorded with an MEB 2200 (NIHON
KOHDEN, Tokyo, Japan). Electroencephalograms
(EEG) were obtained at Fz, Cz, C3, C4, and Pz posi-
tions on the scalp using disk electrodes. The bilateral
ear lobes were used as the reference electrode sites.
The resistance of the electrodes was set at =5 kQ.
MMN was analyzed during the period between the
30-ms pre-stimulus and the 360-ms post-stimulus.
'P300 was analyzed during the period between 50 ms
pre-stimulus and 750 ms post-stimulus. Artifact-free
responses to the stimuli were added and averaged
after EEG amplitude data =100 uV and eye move-
ments were removed. To prevent the subjects from
getting tired of, or used to, performing the tasks, each
trial was conducted only once.

MMN

Fifty responses to infrequent deviant stimuli and
450 responses to frequent standard stimuli were
averaged separately. The waveform of the frequent
standard stimuli responses was subtracted from that
of the infrequent deviant stimuli responses. From
the subtraction waveform, MMN was. identified
as a negative wave with a peak latency from 100
to 250 ms. MMN latency and amplitude were
measured.

P300

Thirty responses to infrequent target stimuli were
averaged. Of the ERP obtained, P300 was identified
as a positive wave with a peak latency from 250 to
550 ms. P300 latency and amplitude were also mea-
sured. o

Statistical analyses

Statistical comparison of subject characteristics
between the two groups was performed by two-tailed
paired t-test. The latencies and amplitudes of both
P300 and MMN were compared between before treat-
ment and after treatment by two-tailed paired t-test.
spss 17.0] for Windows (spss, Tokyo, Japan) was
used for all analyses.
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Figure 1. Grand average mismatch negativity (MMN) from attention-deficit/hyperactivity disorder children (wwsss) before and
{mesmmmm} after Concerta ireatment conditions. MMN is shown by arrows. *P < 0.05.
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