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Abstract In children with attention-deficit hyperactivity
disorder (ADHD) some deficits in auditory information
processing seem to exist. Further, comorbidity of ADHD
with conduct disorder (CD) and tic disorder (Tic) is quite
common but not yet fully understood. Thus, we investi-
gated the effects of these two disturbances, when com-
bined with ADHD, on electrophysiological correlates of
auditory information processing. An auditory selective-at-
tention task was used, and temporal aswell as frontal lobe
sensitive event-related electrical brain activity indicators
like mismatch negativity (MMN) and negative difference
wave (Nd), aswell as P300 were registered in four groups
of children (healthy controls, ADHD-only, and combined
ADHD + CD aswell as ADHD + Tic; total number 42).
Performance measures showed that ADHD + CD had a
higher impact on errors and reaction times than ADHD +
Tic. The MMN effect indicated that all ADHD groups
showed lower MMN amplitudes compared to normals,
but only the group with ADHD + CD suffered from asig-
nificant deficiency in automatic auditory information pro-
cessing. Nd and P300 amplitudes showed no significant
group differences. It may be assumed that heurodynamic
sufficiency in ADHD-only and ADHD + Tic children
seems to be similarly impaired while there might be a
greater deficitin ADHD + CD.
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Introduction

Children with attention-deficit hyperactivity disorder
(ADHD) often suffer from additional disturbances such as
conduct disorder, tic disorder, dyslexia, and emotional
disorders (Rothenberger 1996, Jensen et al. 1997). Since
disturbed central auditory information processing in-
creases with comorbidity (Riccio et a. 1994), it seems
necessary to investigate the effects of specific types of co-
morbidity on the auditory attentional abilities of ADHD
children. To answer this question adequately we have to
overcome the constraints of pure behavioraly oriented
studies (where only the final product of information pro-
cessing is measurable), and combine them with record-
ings of event-related potentials (ERP) which enable us to
register electrical brain activity elicited by task stimuli be-
fore the behavioral response takes place.

Although sustained focusing on auditory stimuli at
school is an important problem for ADHD children, only
few ERP studies have used an auditory selective-attention
task (Zambelli et a. 1977, Loiselle et al. 1980, Oades et
a. 1996, Jonkman et al. 1997, Winsberg et a. 1997) to
compare ADHD children with healthy controls. So far,
comorbid ADHD groups were not investigated systemati-
cally in thisrespect. Only Klorman et al. (1990) evaluated
the impact of methylphenidate on N1 in ADHD-aggres-
sive compared to ADHD-only children using a combined
auditory-visual task requiring little selective attention; no
significant differences for auditory N1 amplitude were
found.

In general, the results of ERP studies (including perfo-
mance measures) indicated that hyperactive children may
perform worse (lower hit percentages and more errors of
commission) than healthy controls. At the psychophysio-
logical level correlates of early attentional deficits (e.g.,
smaller amplitude of N1, Nd) in ADHD may be found
(Jonkman 1997). Satterfield et a. (1988, 1990) performed
several selective-attention tasks which required subjects
to attend to targets in one sensory modality (visual or au-
ditory) while ignoring both the other modality and non-
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targets in the attended modality. They found lower ERP
amplitudes in hyperactive children during information
processing. The authors reported that this effect could be
observed primarily at the frontal recording sites and was
mainly related to the so-called Nd (Negative difference)
wave. Satterfield et al. (1988) suggested that a deficit of
information processing was present in hyperactive chil-
dren.

Nevertheless, it is difficult to draw firm conclusions
for early attentional effectsin ADHD patients from these
results since different diagnostic classification systems
and different paradigms with varying interstimulus inter-
vals were used, different ERP measures were studied, and
examined subjects had different ages. Zambelli et al.
(1977), for example, studied formerly hyperactive adoles-
cents (mean age 14 years), whereas Satterfield et al.
(1988, 1994) investigated six-year-old children, and the
study of Jonkman et a. (1997) included seven- to thir-
teen-year-old children.

Since discrimination of stimuli — which seems to be
poor in ADHD children and relevant for their behavioral
problems (Satterfield et al. 1988) — may be influenced by
comorbidity (Riccio et al. 1994), the aim of the present re-
search was to test the impact of two clinically relevant co-
morbid disorders (conduct disorder, tic disorder) on ERP
parameters of auditory attentional processes (mismatch
negativity, negative-difference wave).

Mismatch negativity (MMN) was chosen as a marker
for automatic cerebral discrimination of auditory stimuli
(Né&éténen 1990). The MMN is an ERP component which
can be detected with respect to the differentiation of de-
viant stimuli in a sequence of standard stimuli and can be
best registered when the subject tries to ignore the sensory
channel. Therefore, the MMN has some functional rela-
tion to automatic information processing. MMN has a
maximum amplitude at frontocentral leads. Dipole map-
ping has confirmed that MMN is generated bilaterally
from both the frontal lobes and the supratemporal audi-
tory cortex (Alho 1995; Giard et al. 1990; Hari et al. 1992;
Nééténen & Alho 1995; Sams et al. 1991; Scherg et al.
1989; Serraet al. 1998; Tiitinen et al. 1993). Also, thereis
some evidence that frontal cortical lesions may influence
the neuronal activity of this brain region and diminish the
MMNZ. It has been proposed that the supratemporal com-
ponent reflects merely sensory specific memory and
change-detection mechanisms, whereas the frontal com-
ponent seems to be associated with the initiation of invol-
untary shifts of attention to changes in the environment
(Alho et a. 1994; Alain et a. 1998; Naadtanen 1990).

The negative-difference wave (Nd) represents the dif-
ference wave of two auditory brain potentials during in-
formation processing. It isinduced when an auditory non-
target stimulus which is being heard in the attended chan-
nel elicitsalarger cortical negativity than the same stimu-

INotice: Reduced MMN-amplitudes may reflect deficits at the
level of the supratemporal cortex, either primarily developed at
this site or indirectly influenced by frontal lobe disturbance or
both.

lus presented in the unattended channel. The Nd was cho-
sen as an appropriate parameter to be examined since con-
verging evidence points at its strong relation to frontal
brain mechanisms of selective-attention control (Naatéa-
nen 1990, 1992; Woods 1990). Similar to the MMN the
Nd displays anterior scalp distributions with maxima over
the frontocentral und frontopolar brain areas (Hansen and
Hillyard 1980). Current density maps (Giard et al. 1988,
1990) have also suggested that a deep frontal source con-
tributes to the generation of the Nd. The Nd seems to be
reduced in patients with dorsolateral frontal brain lesions
(Knight et al. 1981).

Hence, on the basis of a known frontal 1obe deficit in
ADHD children (Rothenberger 1995) one may regard
MMN!? as a merely “indirect” and Nd as a “direct” psy-
chophysiological marker of their frontal lobe functioning.
Since conduct disorder may be an essential part of ADHD
comorbidity, significant differences could be expected in
both ERP parameters (MMN, Nd) not only for ADHD
only but mainly for ADHD + CD in comparison with
healthy controls. ADHD children with comorbid tic disor-
der (ADHD + Tic) are supposed to display little differ-
ences of electrical brain activity compared to ADHD-only
with respect to those components, since there is some ev-
idence that neurodynamics of psychophysiological pa
rameters of frontal lobe functioning (e.g., post-imperative
negative variation) is widely preserved not only in Tic-
only children but also in Tic + ADHD comorbidity, while
it is insufficient in ADHD-only children (Dumais-Huber
and Rothenberger 1992, Yordanova et al. 1994, 1996,
1997). Therefore, the aim of the study was to disentangle
the influence of tic-disorder and conduct disorder on audi-
tory information processing in comorbid ADHD children
registrating brain electrical activity while performing a se-
lective attention task.

Methods and materials
Subjects

Within the framework of a multi-level longitudinal study on cen-
tral nervous regulatory mechanisms and child psychiatric disor-
ders, 42 male subjects participated in the experiment. They were
subdivided into four groups of children matched for age and 1Q,
three groups including children with psychiatric disorders (ADHD
only, ADHD with additional conduct disorder (CD), ADHD with
additional chronic tic disorder (chronic motor/vocal tics or
Tourette disorder) and one other group consisting of healthy con-
trols (Table 1).

Subjects were included if they had normal intelligence and ei-
ther never medicated or drug-free for at least four weeks before the
experiment. Healthy controls (coming from the community and
going through the same investigational procedure as the other
groups) were devoid of child psychiatric disorders and gross neu-
rological or other organic disorders.

Patients, most of them outpatients, fulfilled the DSM-I11-R cri-
teria (American Psychiatric Association 1987) for ADHD-only:
314.01; ADHD + CD: 314.01/312.9, and ADHD + Tic:
314.01/307.22 or 307.23. There were no children with the diagno-
sis of specific learning disabilities or other child psychiatric disor-
ders (exclusionary criterid). Detailed information on psychopathol-
ogy and level of social functioning gathered by clinical investiga-
tion (including a structured parent interview (Esser et al. 1989),



several questionnaires, and neuropsychological testing (Rothen-
berger et al. 1994)) was pooled by experts according to the Chil-
dren’s Global Assessment Scale (CGAS, Shaffer et al. 1983).

For all children, the Child Behavior Checklist (CBCL, Achen-
bach and Edelbrock 1983) was used for child psychiatric symp-
toms based on parents' reports. The level of hyperactivity was as-
sessed by the 10-item Conners parent questionnaire (Goyette et al.
1978). For ADHD + Tic children, additional parent and expert in-
formation was recorded with the Tourette Syndrome Global Scale
(TSGS, Harcherik et a. 1984), and Tourette Syndrome Severity
Scale (TSSS, Shapiro et a. 1988). The study was approved by the
local ethics committee and informed consent by the parents as well
as assent of the children was achieved.

Task procedure

Audiometric testing was done. All children had normal hearing.
Prior to data acquisition, children performed some training se-
guences in order to assure comprehension and accomplishment of
the task. Low (1000 Hz, non-targets) and high (1500 Hz, targets)
tones (85 dB SPL) were presented pseudorandomly to the left and
right ear separately (i.e., there were four stimuli, one at a time,
with equal distribution on both sides for each tone, see Fig.1). The
subject had to attend to one ear only as indicated by preceding in-
structions: In a fixed order the subjects had to first attend to the
right ear (block 1), and in a second series the left ear had to be at-
tended to (block 2). A button-press response had to be given to
each target tone presented on the attended side. Each block con-
sisted of atotal of 96 high tones and 144 low tones. The interstim-
ulusinterval varied randomly between 1100 ms and 1500 ms. To-
tal stimulus duration was 120 ms, with a rise- and falltime of 10
msec each.

The frequency difference of the tones and the probability of the
targets was chosen on the basis of pilot experiments with this par-
adigm to guarantee a sufficient number of artifact-free ERP epochs
for averaging.

Behavioral measures

Response errors and reaction times (RT) for correct responses
(to attended targets) were recorded. RTs were measured between
150 ms and 1250 ms poststimulus. The reaction time data are con-
gruent with the “accepted” ERP sweeps to attended targets (epochs
containing artifacts, omission or commission errors were not aver-
aged for the ERP), i.e., only hits were used to control for similar
performance between groups. RTs below 150 ms or exceeding
1250 ms were aso considered as omission errors. The RTs for
commission errors were not included.

Block I
T-A T-NA
48 stimuli, N\ /" 48 stimuli,
£=1500 Hz £=1500 Hz
Nta 7 N\ NT-NA
72 stimuli, 72 stimuli,
f=1000 Hz f=1000 Hz

Fig.1 In an auditory selective attention task children had to re-
spond by button-press to higher tones (f = 1500 Hz, targets) on the
right side (= attended side) during block 1. In block 2 the left side
was the attended side. A total of 240 stimuli was delivered in each
block. T-A target attended, NT-A non-target attended, T-NA target
nonattended, NT-NA non-target nonattended)
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Data recording

EEG activity was recorded via Nihon Kohden Ag/AgCl cup elec-
trodes (electrode-to-skin impedance kept under 3 kOhms) fixed to
the subject’s scalp with Grass EC2 cream at locations F3, Fz, F4,
C3, Cz, C4, P3, and P4 according to the International 10-20 system
and referred to the two mastoid electrodes which were connected
via a 10 kOhm resistor (voltage divider, cf. Nunez 1981, pp.
191-193). Vertical and horizontal EOG were simultaneously
recorded from electrodes above and below the right eye and at the
outer canthi. The EEG and EOG signals were amplified and fil-
tered by a Nihon Kohden electroencephal ograph (model 4321 G),
with cutoff frequencies of 0.03 and 120 Hz for EEG channels, and
0.03 and 70 Hz for EOG channels. Signals were PCM-coded for
storage on magnetic tapes. For further analysis, data were fed into
a Compag 386 computer equipped with an analog-to-digital con-
verter (500 Hz sampling rate).

Data analysis

EEG sweeps that were heavily contaminated with ocular move-
ments and muscle artifacts were rejected. In order to preserve as
many sweeps as possible for data analysis, a step-wise control for
artifacts was chosen. As afirst step, a 150 pV EOG threshold was
applied to exclude only grossly disturbed sweeps that could hardly
be used even after an EOG-correction procedure. This rejection
also involved the exclusion of EEG signals which were out of the
amplifier range. Obvioudly, residual EOG-related EEG activity
was not tackled by this conventional rejection method. Therefore,
as a second step, an off-line regression-based EOG correction was
performed in the time domain by assuming alinear model of EEG-
EOG interaction (Dumais-Huber 1993). For precise control of oc-
ular movement effects, correction factors were estimated sepa-
rately in each block. They were then applied to the raw data of the
corresponding block. The correction factors were calculated by the
software OASYS 88.1 (“Ocular Artifact SY Stem”, Base-Line,
Sof AS-Software for Applied Science, Hessenplatz 3, D-60487
Frankfurt/M., Germany). All ERP channel averages contained a
minimum of 50 trials (mean values over al conditions: healthy
113, ADHD-only 108, ADHD + CD 104, ADHD + Tic 97).

M easurement

The mean values of ERP amplitudes were measured automatically
relative to a 150 msec prestimulus baseline using the following
time windows:. MMN: 100200 ms; Nd: 180430 ms, P3b:
400-600 ms. MMN was constructed by subtracting the nonat-
tended non-target from the nonattended target. Nd was computed
by subtracting the nonattended non-target from the attended non-
target. In addition, P3b (for reasons of clarity difference wave of
attended target minus attended non-target) was registered and mea-
sured as an “accompanying” ERP of the used paradigm to control
for attended target effects in our task with high probability of tar-
gets. The time window was chosen to avoid confoundation with
P3a and P2 effects. The measurements were performed at sites
where the waveforms were prominently visible. For the MMN and
the Nd waveforms, measurements were performed at six fronto-
central leads (F3, Fz, F4, C3, Cz, C4), while the P3b was measured
at two parietal leads (P3, P4).

Statistical analysis

To address the formulated questions, for ERP data repeated-mea-
sures analyses of variance (ANOVASs) with group (4) x lead (6 or
2) as factors were computed in which group membership served as
the between-subjects factor. Analysis of performance data was
done with Kruskal-Wallis analyses and Mann-Whitney U-tests.
Bonferroni correction to the probability values was employed for
the post hoc contrasts performed. In the analysis, effects of exper-
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imental block were not taken into account. This was decided be-
cause the unbalanced presentation of attend-right and attend-left
blocks makes it impossible to discriminate effects of time and
tasks and order of attended side. Correlations between ERP and
behavioral data were made with Spearman rank procedure.

Results

The sample of children with valid data for the selective-
attention task consisted of 42 boys. Table 1 gives an
overview of sample characteristics and the results of
Kruskal-Wallis ANOVAS performed to inspect group dif-
ferences. It is shown that the control group does not differ
stetistically from the patient groups on age, 1Q, SES or
handedness. The ADHD groups did not differ on Conners
scores. Control children had lower aggression, delin-
quency and attention CBCL subscores than the ADHD
children. In turn ADHD — only children had lower ag-
gression, delinquency and attention scores than the
ADHD + CD and ADHD + Tic groups. Also, the ADHD
+ Tic group had lower aggression scores than the ADHD
+ CD children, but did not differ significantly from the
ADHD + CD group on delinquency and attention scales.

Performance measures

No group effects occurred for omission errors or mean re-
action time (Table 2a). Group effects were found in com-
mission errors and for reaction-time variability (standard
deviation). The results of the Kruskal-Wallis ANOVAs
are shown in Table 2a. All three ADHD groups appeared
to make more commission errors and have higher RTSDs
(reaction time standard deviations) than the control sub-
jects, while the three ADHD groups did not differ signifi-

cantly from each other in these parameters. Upon closer
inspection using Mann-Whitney U-tests, it turned out that
the control group made fewer commission errors than
each individual ADHD group. Except for the ADHD +
Tic children, the same pattern was found for RTSD mea-
sures (Table 2b). A distinction between the three types of
false adarms (attended non-targets/nonattended targets/
non-targets) did not reveal significant group effects.

ERP measures

Mean values and standard deviations of ERP amplitudes
for al groups and leads are listed in Table 3. For al ERP
parameters, the amplitude values of the control group
were significantly different from baseline amplitudes
(MMN: F (1,10) = 21.3, p = 0.001; Nd: (F (1,10) = 9.01,
p =0.013), P3b: F (1,10) = 11.25, p = 0.007). Thisreflects
abasis for good data quality.

MMN mean amplitude (100-200 ms): In Fig.2a the
grand averages of MMN difference waves at midfrontal
lead (Fz) are shown for al groups, pooled over blocks. Vi-
sual inspection shows reduced amplitude for ADHD + CD
during the whole post-stimulus sweep length of 1000 msec
while thisis not the case for ADHD + Tic. At frontocentral
leads, the MMN was visible as a small negative deflection
in al groups. Compared to combined posterior electrodes
((P3+P4)/2) the mastoid electrodes showed a positive de-
flection during the MMN latency range (mean amplitude at
mastoi ds (100200 ms) = 0.90 pV), whereas the frontocen-
tral electrode locations showed a negative deflection (mean
amplitude at Fz (100-200 ms) = —1.11 pV); this indicates
that the observed MMN is not superimposed by a N2b
which is not, or only to a small amount, measurable at the
mastoids (Sams et a. 1990). As seen in the group mean

Table1l Group characteristics

of selective-attention task sam- Group Kr-oW s1-4 Kr-oW s2-4

ple. Kruskal-Wallis analyses of 1 5 3 4 g (;ZF)’ g (;ZF)’

variance were performed over Controls ADHD-only ADHD +CD ADHD + Tic

al four groups of subjects n=11 n=11 n=9 n=11

(Healthy controls, attention- X - o X - " - o X p o

deficit hyperactivity disorder (sd) (sd) (sd) (sd)

(ADHD-only), ADHD with Age (yrs) 115 111 11.2 12.1 NS -

conduct disorder (ADHD + o1 23 11 o5

CD), ADHD with tic disorder 21 (23 (1) (25)

(ADHD + Tic)) and over the 1Q (PSB) 1020  96.7 98.0 97.2 NS -

three patient groups. (NS: non (118) (11) (9.6) (12.3)

significant) SES (MEI) 2.8 2.7 2.7 2.8 NS -
1=low..5=high (1.3 1.2 0.7 (1.0)

! ; Conners 33 21.3 23.9 21.2 p<0001 NS

Note: CBCL attention scale

scores and handedness scores (2.8) 3.3) (4.1) (4.2) (25.2)

were not used as inclusion or Aggression (CBCL) 54 10.6 254 18.8 p<0.001 p<0.001

exc:gggn farlterl.orty but are re- (3.1) (5.2) (4.2 (6.2) (29.3) (17.2)

ng&e Or descriptive pur- Delinquency (CBCL) 1.9 25 7.0 4.9 p<000L p<0.005

PSB Priifsystem fiir Schule (1.3) (2.0) (1.4 (3.0) (19.2) (12.0)

und Bildungsfragen; SES So-  Attention (CBCL) 2.7 9.3 12.6 12.4 p<0.001 p<0.005

cioeconomic status according 29 (18 22 (2.9) (28.0) (11.4)

to school/university level; MEI

Mannheimer Elterninterview: Handedness 35.0 33.2 36.8 337 NS -

CBCL Child behavior checklist (sum of 8 items) (61) (112 (32) (10.4)
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Table 2 Performance data

from the selective-attention Group Kr-(;ﬁ/ s1-4 Kr'(;ﬁ/ s2-4
task, pooled over both experi- 1 5 3 4 g (XZF)) g (XZF))
mental blocks (block 1: attend )
to theright ear; block 2: attend E(intlrfls QEHHD'OHW ﬁ‘EgD +CD f]‘EHllD +Tic
to the left ear), analyzed by X (sd) X (sd) X (sd) X (sd)
two Kruskal-Wallis analyses of
variance; one over al four -
' : Omission errors 1.0 21 4.4 31 NS NS
groups of subjects (Healthy (1.2) 2.5) (4.6) (56)
controls, attention-deficit hy- ' : ' '
peTat):tIXI ngEI) sorptlﬁr (AEcj)HC?- Mean RT (ms) 510 534 542 504 NS NS
only), with condu
disorder (ADHD + CD), (85) (74) (96) (92)
ADHD with tic disorder Commission errors 13 37 5.0 34 p <0.05 NS
(ADHD + Tic)), and one over .7 (2.8 (4.9 (2.5) (9.9
the three patient groups
SD RT (ms) 141 177 178 155 p<0.1 NS
(24) (34) (34) (47) (7.5)

Further inspection results by Mann-Whitney U-tests (2-tailed p)

Control vs ADHD-only  Control vs ADHD + CD

Control vs ADHD + Tic

(p(2) p(2) p(2)
Commission errors p<0.01 p<0.01 p <0.05
(-2.6) (-2.6) (2.3
SD RT p<0.05 p <0.05 NS
(-2.3) (2.9

Table3 Mean values and standard deviations of ERP amplitudes
(in microvolts, uV) (mismatch negativity (MMN), negative differ-
ence wave (Nd), P300 wave (P3b) for the groups (Healthy con-

ADHD with conduct disorder (ADHD + CD), ADHD with tic dis-
order (ADHD + Tic) and leads (Frontal |eft (F3), middle (Fz), right
(F4); central left (C3), middle (Cz), right (C4); parietal left (P3),

trols, attention-deficit hyperactivity disorder (ADHD-only), right (P4)) investigated
MMN Nd P3b
F3 Fz F4 C3 Cz C4 F3 Fz F4 C3 Cz c4 P3 P4
Control 21 20 24 22 -19 24 20 =21 -18 -7 -16 -15 6.0 5.0
(x24) (x21) (x16) (x11) (=19 (x11) (x21) (x20) (x25 (*x22) (x29) (25 (£57) (458
ADHD-only -12 02 02 -14 04 05 25 27 28 =21 23 20 46 34
*17) (*21) (x20) (15 (19 (*x18 (*19 (22 (*13) (*17) (*x19 (x12 (x40 (x42
ADHD +CD 0.5 0.9 0.6 -0.1 0.6 05 -16 -13 08 -11 -08 -12 49 2.7
(x20) (x26) (x16) (13 (*x24) (=19 (20 (*23) (*22 *17) (x21) (19 (x22) (=23
ADHD + Tic -13 -12 04 -10 -03 -05 -11 22 20 -08 -12 -12 57 4.4
(£34) (£36) (x27) (29 (=31 (27 (x21) (25 (=21 (23 (*x32 (x21) (x32) (32

values of the measured time window (100-200 ms) aver-
aged over al six frontocentral leads (Controls. —2.2 pV,
ADHD only: —0.6 uV, ADHD + CD: +0.5 puV, ADHD +
Tic: -0.8 pV ), a significant group difference of MMN
mean amplitude towards less negative valuesfor all ADHD
groups as compared to normals (F (3,38) = 2.8, p< 0.05) is
observed (Fig.2b). Contrasts between controls and patient
groups revealed that only the ADHD + CD group had asig-
nificantly smaller MMN (F (1,18) = 12.01, p = 0.01) while
ADHD-only and ADHD + Tic tended to show smaller
MMN amplitudes (F (1,20) = 4.90, p = 0.13 and F (1,20) =
1.87, p = 0.57, respectively). In direct comparison, the
ADHD + CD group did not differ significantly from the
other two ADHD groups.

Since the ERP curve of ADHD + CD children (com-
pared to the other groups) showed alower amplitude even

after the time window of the MMN, we performed a post
hoc analysis of variance for the later ERP interval be-
tween 450-800 ms (slow negative wave SNW, mean val-
ues in pV: healthy —2.2, ADHD-only —2.1, ADHD + CD
+ 0.9, ADHD + Tic —2.2) and found also a significant
group effect (F (3,38) = 3.81, p = 0.02). Contrasts be-
tween groups revealed that only the ADHD + CD group
showed a significantly smaller amplitude compared to
healthy controls, ADHD-only and ADHD + Tic, respec-
tively, p's < 0.01).

Finally, we controlled post hoc for ERP effects during
the attended condition but no significant group differ-
ences could be found for MMN nor for SNW.

Nd mean amplitude (180430 ms): Fig.3 shows the
grand average Nd difference waves at midfrontal site (Fz),
pooled over blocks. At frontocentral electrode positions,
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-
100-200 ms

6 L

= Control

—— ADHD-only

- == ADHD +CD
ADHD + TIC

rv b
3 —— overall effect: p < 0.05 —————

————p<0.01 ——'

.14 - S

ADHD+Tic

[o¥]

Control

ADHD-only

ADHD+CD

1 - ————— - e —

Fig.2a Difference waveforms at Fz (Target Nonattended Non-
Target Nonattended) for four groups of children? to inspect the
MMN. ERPs are pooled over blocks. ADHD + CD children show
the lowest amplitudes during the whole sweep length.

aHealthy controls, attention-deficit hyperactivity disorder (ADHD-
only), ADHD with conduct disorder (ADHD + CD), ADHD with
tic disorder (ADHD + Tic)

Fig.2b MMN mean amplitude effect for four groups of children.
Group mean values averaged over all six frontocentral leads (F3,
Fz, F4, C3, Cz, C4).

aHealthy controls, attention-deficit hyperactivity disorder (ADHD-
only), ADHD with conduct disorder (ADHD + CD), ADHD with
tic disorder (ADHD + Tic)

the Nd was seen as large negative deflection reaching its
maximum amplitude around 300 ms. Although the Nd
amplitudes for ADHD + CD are somewhat smaller com-
pared to the other groups, no significant group effect on
the mean Nd amplitude was found, nor effects of leads.
P3b mean amplitude (400-600 ms): In Fig.4 grand av-
erage P3b difference waves at right parietal (P4) lead are
shown, pooled over blocks. For reasons of clarity it was
decided to present the attended target minus the attended
non-target difference waveform. This difference wave
gives a good impression of the clear P3b target effect. In
the right parietal location, a large positive wave can be
seen, with apeak latency of about 450 ms. Upon visual in-
spection, the curve seems to be reduced in amplitude for

180-430 ms

= Control

—— ADHD-only
=== ADHD +CD
-------- ADHD + TIC

Fig.3 Difference waveforms at Fz (Non-Target Attended Non-
Target Nonattended) for four groups of children?to inspect the Nd.
ERPs are pooled over blocks. No significant differences.
aHealthy controls, attention-deficit hyperactivity disorder (ADHD-
only), ADHD with conduct disorder (ADHD + CD), ADHD with
tic disorder (ADHD + Tic)

nv
-6 +

= Control
—— ADHD-only
=== ADHD +CD
ADHD + TIC

Fig.4 Difference waveforms at P4 (Target Attended/Non-Target
Attended) for four groups of children®to inspect the P3b. ERPs are
pooled over blocks. No significant differences.

aHealthy controls, attention-deficit hyperactivity disorder (ADHD-
only), ADHD with conduct disorder (ADHD + CD), ADHD with
tic disorder (ADHD + Tic)

ADHD and ADHD + CD, but not for ADHD + Tic. How-
ever, no significant group or lead effects were found in
P3b mean amplitude.

Correlations of ERP and performance

There was no significant correlation between ERP param-
eters (amplitudes of MMN, Nd, P3b) and behavioral pa-
rameters (RT, RTSD to hits).



Discussion

The aim of the present work was to study brain electrical
correlates of associated psychopathology in ADHD chil-
dren by means of an auditory selective-attention task. The
main question was whether, compared to normals and the
two other ADHD groups (ADHD-only, ADHD + Tic), the
combination of ADHD + CD would affect frontal lobe
sensitive ERPs more strongly, probably in paralel with
deficits in performance.

Performance effects

As has been reported in other studies (Jonkman 1997),
ADHD-only children made more commission errors than
controls. This holds also for the comorbid groups (with
the highest values for ADHD + CD) and underlines the
known reduced cognitive impulse control in ADHD. It
should be noted that ADHD + Tic did not make more
commission errors than the ADHD-only group. This is
consistent with Schuerholz et a. (1998) who reported that
ADHD-only presented significantly greater commission
errors compared to ADHD + Tic. ADHD groups did not
make significantly more omission errors than controls and
did not differ with respect to their mean reaction times to
targets (hits). Thisisin agreement with previous findings
(in the auditory modality) by Satterfield et al. (1988,
1990) and Jonkman et al. (1997) — indicating that, in a
stimulating situation like the one provided in our selec-
tive-attention task, motivational problems are less likely
to occur.

However, the standard deviations of reaction times
were larger for the ADHD-only and ADHD + CD groups,
but not for the ADHD + Tic patients. Like in Schuerholz
et a. (1998), there was no significant difference between
ADHD-only and ADHD + Tic. This is in line with our
earlier research, and may reflect that, in ADHD patients,
comorbidity of CD versus tic disorder has a different im-
pact on behavioral contral, i.e., more disturbing when CD
is the comorbid factor, (Rothenberger et al. 1994, Yor-
danova et a. 1996, 1997). The higher variability of reac-
tion times in the two other groups (ADHD-only and
ADHD + CD) could be caused by shifts of attentional
level. The fact that mean reaction times do not differ from
controls suggests that those two groups of ADHD chil-
dren are able to compensate temporary “lapses’ of inat-
tention, while ADHD + Tic subjects show a more stable
performance.

ERP effects
MMN
The focus of our study was on early temporal and frontal

lobe sensitive brain electrical effects of auditory informa-
tion processing in ADHD comorbidity. Task manipula
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tions detected a significant overall effect to lower MMN
amplitude in the ADHD groups compared to normals. As
a limitation of our study design, one might argue that
there was a relatively high deviant rate of 40% which
might have hampered the development of a”true” MMN.
However, the polarity inversion of the mastoids (as test
for a”true” MMN) could clearly be stated in the investi-
gated sample.

In a post hoc pair-wise contrast a significantly lower
MMN amplitude was seen in ADHD + CD compared to
controls, while there was only a tendency in the same di-
rection for both ADHD-only and ADHD + Tic. The two
latter groups showed similar values for MMN amplitude
except for Fz, where ADHD + Tic showed a higher am-
plitude. Thus, taken together with our earlier research on
frontal lobe sensitive executive functions and post-imper-
ative negative variation (Rothenberger et a. 1994, Yor-
danova et al. 1997) performance and MMN data support
the suggestion that tic children, even with coexisting
ADHD, seem to be at least as efficient with respect to
these kinds of neurodynamics and neuropsychological
tasks as children with ADHD-only. Therefore, they may
be quite successful to activate frontal lobe neuronal re-
sources to regulate their behavior. The reported MMN ef-
fects may indicate that mainly ADHD + CD suffer from a
deficiency in early auditory information processing (“dis-
turbed automatic deviancy detector”) at the level of the
auditory cortex, which might have been influenced by
known frontal lobe deficits in ADHD children (Rothen-
berger 1995). The latter is supported by the fact that dor-
solateral prefrontal damage resultsin areduction of MMN
amplitude (Alho et al. 1994; Alain et al. 1998).

In an earlier report using an active auditory odd-ball
task, Winsberg et al. (1993) found a decreased MMN in
six ADHD children compared to five controls. However,
after augmenting this sample to 14 ADHD children and
14 healthy controls, their recent data (Winsberg et al.
1997) did not confirm these initial observations. Two as-
pects seem to be responsible for this result. First, a high
interindividual variability (behaviorally and psychophysi-
ologically) in ADHD children exists which might explain
many of the deviating ERP results in this group of pa-
tients. Especially, research problems posed by comorbid-
ity factors in ADHD were not addressed satisfactorily.
Second, although the MMN can be elicited by deviant
stimuli in active (attend) and passive (ignore) conditions,
MMN is best observed in ignore conditions (N&itanen
1990) as used in our study. Thereby overlap with N2b
(which is related to voluntary attention) can be avoided.
The polarity inversion at the mastoids was a further indi-
cation that the MMN was not superimposed by a N2b
which is not, or only to a small amount, measurable at the
mastoids (Sams et al. 1990). Thus, it could be understand-
able that we found no differences for the attended condi-
tion and the comparison of 12 ADHD children and 12
healthy controls by Oades et al. (1996), using a binaural
three-tone (differing in pitch and rarity) odd-ball para-
digm without ignore condition, also did not find signifi-
cant differences in MMN amplitude. Furthermore, ERP
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data may be influenced by general developmental
processes. Since there were no age effects in this study
and the MMN amplitude seems to remain similar within
the age range of 5-15 years (Csépe et al. 1992), develop-
mental effects are unlikely to play arole for our results.

A tendency for reduced MMN amplitude was found by
Schreiber et a. (1992) in children at risk for schizophre-
nia. They used a selective-listening task which also incor-
porated a passive condition. Furthermore, pitch MMN
amplitude in a passive non-attend situation was signifi-
cantly attenuated in dysphasic children when compared to
normals (Korpilahti and Lang 1994), and preliminary
ERP resultsin 4 1/2 year-old children, using a passive au-
ditory odd-ball task, showed that hyperactive children ex-
hibited a lower MMN amplitude than normal controls
(Rothenberger 1995). Hence, this ERP variable may ex-
plain certain aspects (attention deficit of automatic audi-
tory discrimination) of ADHD symptomatology but it is
not disorder-specific and seems to represent merely arisk
factor for additional psychopathology as may be derived
from the significant reduction of MMN in the ADHD +
CD group.

Whether the reduced SNW found in our ADHD + CD
sample is a sequentia effect of the reduced earlier MMN
remains to be answered. The differences between both
variables concerning post hoc pairwise group contrasts
and lead effects make it likely that at least some other in-
fluences may be involved. Nevertheless, this observation
suggests that later auditory information processing in this
group of children may also be disturbed.

Nd

In contrast to similar studies in children of the same age
range (Schreiber et a. 1992, Jonkman et al. 1997), the ex-
amined groups did not differ in Nd amplitude. While the
earlier work suggested that some groups of children with
psychiatric risks and/or symptomatology show an unspe-
cific deficit in frontal lobe functioning, our finding is not
supportive to the notion of a deficient automatic inter-
channel stimulus preference in the auditory modality as a
sign of decreased frontal lobe activity manifested by
smaller Nd amplitude to standard stimuli. Influences of
group selection and task design (e.g., easy vs. difficult
discrimination of stimuli) may explain these differences at
least partly, asit is known from Nd studies in healthy per-
sons by Alho et a. (1986). Further studies with larger
group sizes are warranted.

P3b

Similar to other studies (Jonkman 1997, Winsberg et al.
1997), P3b amplitude as ameasure for alater intrachannel
selection process was not significantly different between
groups, i.e., there seem to be no relevant differences in
P3b amplitude when ADHD and control groups perform
comparably. In summary, the deficit in performance found

in our study may be attributed merely to deficient infor-
mation processing preceding the P3b since target process-
ing was not abnormal.

Correlation of ERP and peformance

There were no significant correlations between el ectrical
brain activity and performance. Concerning reaction time
measures, there were differences between normals and
ADHD groups only for RTSD but not for mean reaction
time. This finding is well in line with the theory of a
deficit in response inhibition for ADHD (Sergeant 1995,
Barkley 1997, Casey et d. 1997) and can hardly be related
to deficits of auditory information processing at the level
of the auditory cortex as revealed by ERP. Thus, as stated
by Satterfield et al. (1988) and Karayanidis et a. (1997),
differences may exist for psychophysiological indices of
attention in the absence of overt behaviora differences.
The possible discrepancy between brain electrical and be-
havioral data is also supported by Klorman et al. (1990)
who reported comparable methylphenidate effects on N1
amplitude for tones for accurate as well as for inaccurate
performing ADHD children. Also, Jonkman (1997, page
69) found no significant correlation between processing
negativity and the percentage of hits of the ADHD group.

Conclusion

In an auditory selective-attention task, comorbid sub-
groups of ADHD children showed (besides increased
commission errors and higher intraindividual variabilities
of reaction times) psychophysiological signs of deficien-
ciesin early stages of information processing reflected by
MMN, which were most prominent in ADHD + CD.

Although in our study there were no significant group
differences for auditory information processing reflected
by Nd and P3b, data of other studies demonstrate differ-
ences between ADHD and healthy children (overview in
Jonkman 1997) and suggest that further research is war-
ranted in this complex field. The aspect of comorbidity
should be given particular consideration, since different
associated psychopathology (e.g., CD versus Tic) may in-
fluence brain dynamics and performance of ADHD in a
different manner, suggesting more problems when CD is
the comorbid factor, while there seems to be little nega-
tive influence by Tic. Thus, clarification of comorbidity
issues seems to be important for the development of dif-
ferentiated and individualized treatment strategies for
child psychiatric patients.
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