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Abstract In order to further examine cortical impairment
in adult ADHD patients and to test the hypothesis of a
disturbed neuronal inhibition in adults with ADHD, late
auditory evoked potentials were measured. By using
paired-chirp auditory late responses, we compared 15
adults with ADHD with 15 control subjects, focusing on
the inhibition elicited by the stimuli. Besides amplitude
measurements, a time—frequency phase coherence study
using the wavelet phase synchronization stability (WPSS)
was performed. ADHD was diagnosed according to DSM-
IV criteria. All ADHD subjects were without medication
and did not suffer from any further axis I disorder. WPSS
analysis revealed impaired auditory inhibition for ADHD
patients for interstimulus intervals (ISI) between 500 and
1,100 ms as compared with healthy controls. By analyzing
the WPSS in the interval from 80 ms to 220 ms, mean
inhibition of the test chirp was found to be 6% in the
ADHD group and 38.5% in the control subjects (p = 0.01).
Moreover, overall smaller amplitudes in the N100 and
P200 waves at all IST were found (p = 0.04 and p = 0.02).
However, reproducibility indices in the amplitude mea-
surements were low, thus supporting the use of the
instantaneous phase-based analysis method. The results
support the hypothesis of reduced intracortical inhibition as
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Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a fre-
quent psychiatric disorder that begins in childhood, con-
tinues into adolescence and remains verifiable in adulthood
up to 60% as complete or partial symptomatic [1]. The
transnational prevalence is 5.3% for childhood and ado-
lescence [2] and 3.4% for adulthood [3]. Mainly three
dimensions characterize psychopathology of ADHD: inat-
tention, hyperactivity and impulsivity. ADHD comes along
with deficits both in cognitive and in social ability and
performance [4-6], and increases the risk of further psy-
chiatric disorders [7]. Therefore, ADHD constitutes a
considerable public health burden, with an obvious need to
optimize diagnosis and therapy, especially in adults, since
the condition was originally thought to be limited to chil-
dren and adolescents [8, 53].

ADHD is a clinical diagnosis. Since it is insofar partially
subjective, it is important for the results, on which it is
based, to be as accurate and representative as possible, and
not dependent on factors such as the mood of the person,
his or her will to cooperate, IQ, among others. So far, there
is an obvious lack of objective markers that can help
confirm an ADHD diagnosis.

It has already been proven that there is indeed cortical
and subcortical brain impairment in adult ADHD patients
[9]. Structural and functional imaging studies, similar to
those in children and adolescents, have suggested
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dysfunction of frontal and parietal cortical regions in adults
with ADHD [10-12]. At neuronal function level, motor
cortex excitability has been extensively studied in adult
ADHD patients and controls, using the technique of
transcranial magnetic stimulation (TMS) [13-15]. In the
studies of Richter et al. [13] and Schneider et al. [14], states
of reduced intracortical inhibition were demonstrated,
which resembled prior findings in children with ADHD
[16]. However, some of the observed impairments are not
exclusive of ADHD pathologies [17], indicating that
impaired cortical inhibition is not specific to ADHD.

Cortical excitability can also be studied by means of
event-related potentials (ERPs), which can even help in
diagnostic procedures [18]. These potentials can be elicited
using different modalities, for example, TMS, auditory,
visual or somatosensory stimulation. There is sufficient
literature that supports the ERP as a useful technique for
the research of adult ADHD [19-23]. ERPs can be pre-
sented as a paired stimulation, in which the subject receives
both a conditioning stimulus and a test stimulus. Variations
in intensity, frequency, stimulus used, as well as the
interstimulus interval (ISI) elicit different results. By using
TMS, paired stimulation has already been established and
studied as being able to both elicit short-interval cortical
inhibition (SICI) (using 1-8 ms ISI) and facilitate (using
9-12 ms ISI) [51, 52]. Inhibition can also be achieved by
means of a long, post-excitatory interval (LICI) [24, 48].
SICI is thought to be regulated by GABA 4 receptors [46,
47], whereas LICI has been shown to be mediated by
GABAG receptors [42, 48].

LICI can also be elicited by means of auditory evoked
potentials (AEP); since most of their early, middle and late
components are between 0 and 1,000 ms, SICI presents
some methodological problems. By using identical paired
auditory stimuli at ISIs from 500 ms and higher, the cor-
tical response to the second stimulus becomes smaller in
terms of amplitude as a result of intracortical inhibition
[49, 50]. The auditory stimuli used are usually tones or
clicks. The de Boer chirp, which produces simultaneous
displacement along the cochlea by compensating fre-
quency-dependent traveling time differences [26], can be
used as an appropriate auditory stimulus for this purpose.
To the authors’ knowledge, paired-chirp as an inhibitory
paradigm has not been tested.

Although usually studied by means of amplitude and
correlation coefficients, AEPs and in particular auditory
late responses (ALRs), which focus on the evoked activity
50-ms post-stimulus (of specific interest for our project is
the N1-P2 complex, in which the first negative trace is
usually found within 80-120 ms post-stimulus and the
positive trace within 180-220 ms; used as pointer in
ADHD due to its role in sensory perception), can also be
studied with phase stability measurements [27]. Since
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phase synchronization stability (PSS) of single-sweep ALR
sequences has already been linked to attention [28, 29], it
becomes a feasible option in order to study ADHD as well
as more attention-impaired conditions.

The focus of this study was to assess the feasibility of
paired-chirp ALR as a way to test cortical excitability in
adult ADHD. We hypothesized that through PSS analysis,
the features of paired-chirp ALRs can be used to discrim-
inate between healthy subjects and ADHD patients in a
more robust way than by using only an ALR amplitude/
latency study.

Methods
Subjects

The study was held at the Neurocentre of the Saarland
University Hospital (Germany), performed on 30 right-
handed subjects (16 men, 14 women), with ages ranging
from 20 to 47 years (mean age, 30.7 & 9.02): 15 ADHD
patients, recruited from a specialized ADHD ambulance,
and 15 control subjects, with similar sex and age compared
to the ADHD group, recruited from the social environment
of the authors took part in the study. The current study was
approved by the local ethics committee and was performed
in accordance with the Declaration of Helsinki principles.
Only participants who gave written informed consent after
oral and written explanation about the aims of the inves-
tigation were enrolled.

ADHD patients were diagnosed according to the Diag-
nostic and Statistical Manual of Mental Disorders (DSM-
IV) criteria by a consultant psychiatrist specializing in
adult ADHD, following in-depth clinical and psychological
evaluations. In addition, standardized self-assessments
regarding childhood (Wender-Utah Rating Scale;
WURS-k) [30, 31] and current ADHD symptoms (ADHD
self-rating scale; ADHD-SR) [32] were used. Semi-stan-
dardized diagnostic interviews according to the 18 DSM-
IV criteria (ADHD-DC) and the Utah criteria for ADHD
(WRAADDS) [33] have been performed in order to diag-
nose ADHD as accurate as possible [34]. Providing
childhood ADHD symptoms according to a sum score of
minimum 30 points in the WURS-k, criteria of the spe-
cialist ratings ADHD-DC and WRAADDS for adult
ADHD, combined type (DSM-1V), were fulfilled in all
ADHD patients. In addition, only those individuals who
fulfilled diagnostic criteria of DSM-IV for adult ADHD,
combined type, were included, corresponding to ADHD-
SR in self-ratings.

None of the subjects showed any further axis 1 diagnosis
verified by SCID-I. Patients and control subjects did not
meet diagnostic criteria for any personality disorder
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according to DSM-IV (axis II). Exclusion criteria also
included any history of neurological events, such as brain
injuries or any kind of vascular, inflammatory or degenera-
tive brain disturbance, low intelligence (IQ < 85) and taking
any psychoactive medication. A clean drug screening was
preconditioned for participation in the study. All participants
were right handed, as determined by preferred writing hand.
Prior to and after the study, an audiogram was performed in
order to verify that all the subjects had a normal hearing
threshold level [35]. Age, gender distribution and clinical
data from the standardized assessments MWTB, WURS-k,
ADHD-SR, ADHD-DC) are shown in Table 1.

Stimuli

Two paired, identical chirps (frequency range: 0.1-10 kHz;
intensity: 80 dB peak equivalent sound pressure level), a
conditioning chirp (CC), followed by a test chirp (TC),
were used. They were played through isolating headphones
(HDA 200, Sennheiser GmbH, Germany) into the right ear
of the subject, while the left headphone was muted. The
delay between the chirps was chosen in order to elicit LICI
[25]. The ISIs chosen were 500, 700, 900 and 1,100 ms,
with 8 s between each pair of chirps, and a total of 40 pairs
played for each ISI. Subjects were seating comfortably in a
treatment chair, with their eyes closed; they were asked not
to sleep and move as little as possible. They were not
required to focus on the chirps or any task-related activity.
There were two examiners monitoring the subjects at all
times; in case a patient opened the eyes or made abrupt
movements, the experiment would be restarted.

Data acquisition
Four small pellet Ag/AgCl electrodes were placed in the

right mastoid (ipsilateral to stimuli, identified as channel
(1)), left mastoid (contralateral to stimuli, identified as

channel (2)), vertex (reference) and forehead (ground) to
acquire the EEG signal. The electrode impedances were
kept at 5 KQ or less. Data were acquired at 512 Hz sam-
pling frequency, by means of a 16-channel, 24-bit biosignal
amplifier (g.USBamp, Guger Technologies, Austria). No
online filtering was used, only post-filtering. The audio file
for the chirp was a stereo-recorded file, containing in the
right channel the chirp sound and in the left channel (muted
for the subject) a trigger signal, used as a time reference of
the chirp for post-processing. This trigger signal was
converted from audio to a TTL signal via triggerbox
(g.TRIGbox, Guger Technologies, Austria) and also
acquired with the amplifier.

Data processing

The output file consisted of two EEG channels (right and
left mastoid, i.e., ipsilateral and contralateral to stimulus),
one trigger channel and a time series. The settings of the
amplifier, such as active channels, impedance checks and
output files were handled in SIMULINK (The Mathworks
Inc, U.S.A.). The trigger signal was converted to 0 and 1 by
means of a real-time relay. After the acquisition, both the
EEG and the trigger signal were processed in MATLAB
(The Mathworks Inc, U.S.A.). The first 50 EEG digital data
elements acquired, equivalent to the first 0.098 s of the
complete measurement, were removed via baseline cor-
rection using the data 40 ms before the stimulation as
reference, due to the USB amplifier having a slight delay,
which caused an artifact. This artifact was present only at
the beginning of the recording and had no influence on the
recording of evoked potentials (the audio file starting sec-
onds after the data acquisition); therefore, there was no
need to correct it after the measurement started. The mean
of the EEG was subtracted from the signal as well, as a way
to remove offset. Filtering for the EEG was made with a
window-based FIR band pass filter (2-30 Hz). Then, using

Table 1 Clinical data of
ADHD and control subjects

ADHD (N = 15)

Controls (N = 15) Statistics (ANOVA)

(Means, SD) Male/female

Age (years)

IQ

WURS-£ total score
ADHD-SR

Inattention
Hyperactivity/impulsivity
Total score

ADHD-DC

Inattention
Hyperactivity/impulsivity

Total score

9/6 8/7

333 £ 10.5 280+ 7.1 F =2.651; p =0.115
103.7 £ 14.2 108.7 £ 13.8 F =0.981; p = 0.330
44.1 £ 15.1 11.0 £ 17.8 F =30.212; p = 0.000
204 £ 35 59+94 F = 30.895; p = 0.000
193 £ 44 39+ 78 F = 44.891; p = 0.000
39.7 £ 5.5 9.8 £16.6 F = 43.908; p = 0.000
164 £ 5.0 26+ 62 F =44.774; p = 0.000
169 £ 54 15+24 F =101.337; p = 0.000
33.3+9.0 4177 F = 90.805; p = 0.000
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the trigger signal as a reference, the EEG was segmented
into one-second sweeps (512 samples), being 0 the moment
when the trigger was identified. Once segmented, an arti-
fact filter (50 V) was used to ensure that any sweep that
presented larger amplitudes was discarded. Excessive
movement, opening of the eyes or bad electrode contact at
any stage of the measurement, could cause such artifacts.
The subjects were supervised at the time of the recording,
where the staff members took care of monitoring such
events. The sweeps were then analyzed by wavelet phase
synchronization stability measurement (WPSS), using the
sixth derivative of the complex Gaussian as wavelet. This
measure is based on the wavelet transform [36] and pro-
vides a time-scale (the scale is linked to a frequency range)
representation of transient signals. The phase synchroni-
zation studies the instantaneous phase value for each
sweep, in a specific moment of time. The sum of all phase
values approaches 1 when they are synchronized (i.e.,
similar phase) and decreases as the phase value diverges.
The values between O and 1 are then plotted in time and
indicate the synchrony of the evoked potentials for relevant
intervals (for example, 100 and 200 ms for N1 and P2,
respectively). The details about the WPSS for single-sweep
sequences of ALRs can be found in [27, 29]. Only mea-
surements with at least half of the sweeps (20 out of 40
possible) were taken into account. The number of sweeps
was chosen in order to have regularity in the acquisition
and to be certain that the results were representative of the
complete study; it would be often observed that the data
from ADHD patients were not as regular as the data from
controls; therefore, keeping at least half of the sweeps
helped preserving only robust measurements (dropout cri-
teria included subjects whose measurements had not
enough sweeps after the artifact filtering). Both CC and TC
sweeps for each run were paired (i.e., the same sweeps used
for both and the same sweeps discarded when either CC or
TC presented an artifact in that sweep). All the post-pro-
cessed information was saved for further analysis. The
overlap of the conditioning chirp with the test chirp did not
interfere with the comparison, due to the ISI being out of
our range of interest (80-220 ms).

Data analysis

Once the data were processed and plotted, the analysis
focused on the time-scale phase coherence using the
WPSS. The mean values of the normalized WPSS differ-
ence in the 80-220 intervals between CC and TC were
compared, by means of analysis of variance (ANOVA)
tests. P-values of 0.05 and below were regarded as sig-
nificantly different. Moreover, N100 and P200 amplitudes
after CC in ADHD subjects and controls were compared at
ISI 500-1,000 ms by ANOVA. For validation of amplitude
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measurements reproducibility indices (Pearson’s correla-
tion between the averaged waveforms to even and odd
numbered stimuli) were evaluated. The reproducibility
index (RI) compares the linear relationship between sig-
nals; varies between —1 and 1, in which no relationship
between both will return zero, while a perfect (or perfect
inverse) match will return 1 (or —1). The sweeps were split
into odd and even numbers for the RI analysis, and pro-
cessed via MATLAB functions. Correlations between
ADHD ratings and ALR results were also calculated
according to Pearson.

Results
Wavelet phase analysis

WPSS transform data of the first 600 ms after ipsilateral
CC (normal line) and TC stimulation (dotted line) is shown
in Fig. 1. The WPSS data were normalized for each subject
before obtaining the mean. There was almost no difference
observed between CC and TC in the ADHD group,
whereas the control group showed a clear difference for the
80-220 interval, which contains both N100 and P200
waves. The ANOVA tests for WPSS are shown in Fig. 2,
corresponding to the significant difference between mean
inhibition for the 80-220 ms WPSS segment for patients
and the same segment for controls, for all 4 ISIs, ipsilateral
to stimuli. As the ISI increases, the p-value increases.
Significant differences were found for 500, 700 and 900 ms
ISI (p < 0.05), but not for 1,100 ms.

Relative reduction in WPSS measurements was signifi-
cantly higher in controls as compared to ADHD subjects at
IST 500, 700, 900 and 1,100 ms, respectively (Table 2).
The mean ALR magnitude equivalences between CP and
TP were 94% in the ADHD group and 61.5% in the control
group (ANOVA, F = 7.66, p = 0.02). The level of the
WPSS signal of the 80-220 ms interval after test chirp in
relation to the WPSS signal after conditioning chirp ranged
from 79.6 to 99.8% in the ADHD group and from 53.2 to
71.0% in the control group, suggesting reduced inhibitory
activity in individuals suffering from ADHD. A greater
percentage value accounts for reduced inhibition, that is, a
value of 100% would mean that the amplitude of TC is the
same as the amplitude of CC (no inhibition), while a value
of 25% would mean that the amplitude of TC is only a
fourth of the amplitude of CC (increased inhibition).

Amplitude, reproducibility index and correlations
Table 3a shows the N100 and P200 amplitudes after CC,

ipsilateral to stimuli. ADHD patients presented overall
significant lower amplitudes for N100 and P200 waves than
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control subjects, for all ISIs, as shown in Fig. 3. The mean  Corresponding to these findings, at each ISI, the differences
N100 amplitude was —6.05 £ 0.57 pV in the ADHD group  between the amplitudes after CC and TC were significantly
and —9.43 £ 0.52 uV in the control group (ANOVA, lower in ADHD subjects as compared with controls
F =654, p =0.04), and the mean P200 amplitude was (Table 3b). The absolute mean differences between CC and
5.73 & 0.42 pV in the ADHD group and 8.76 £ 0.35 pVin  TC were 2.15 & 0.64 uV in the ADHD group versus
the control group (ANOVA, F =5.80, p=0.02). 5.24 + 1.08 pV in the control group (ANOVA, F = 11.06,
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Fig. 2 ANOVA results for frequency analysis. The y-axis (p-value) is plotted in logarithmic scale. The range of interest is the 80-220 ms

segment

Table 2 Wavelet phase synchronization stability in the 80-220 ms
interval after test chirp in relation to the measurement after condi-
tioning chirp

WPSS inhibition (TC/CC) (%)

ISI (ms) ADHD (N =15) Controls (N = 15) ANOVA (F/p)
500 98.82 & 45.18 53.19 £ 15.49 13.69/0.00
700 79.63 + 26.72 60.12 + 16.56 5.78/0.02

900 99.80 =+ 55.45 61.78 + 24.26 5.92/0.02
1,100 97.77 £ 35.79 70.99 £ 27.82 5.23/0.03
Mean 94.00 & 9.62 61.52 &£ 7.33 7.66/0.02

Lower percentages indicate higher inhibition

p = 0.03) for N100 amplitudes, and 1.98 = 0.70 pV in the
ADHD group versus 3.93 &+ 0.75 pV in the control group
(ANOVA, F = 4.60, p = 0.05) for P200 amplitudes.

The reproducibility indices for amplitude measurements
reported generally higher values for control group as shown
for all ISIs. In particular, for N100 measurements, higher
stability and lower variability were found in controls as
compared to ADHD individuals. Reproducibility indices
for N100 and P200 amplitudes ipsilateral to stimuli in the
ADHD and the control group are shown in Table 4.
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No significant correlations between the relation of the
amplitudes after test and conditioning chirp and ADHD
symptom ratings (ADHD-DC and ADHD-SR subscores
and total scores) were found. The correlation coefficients
are shown in Table 5.

Discussion

In this study, we assessed the feasibility of paired-chirp
ALRs as a way to test cortical excitability in adult ADHD.
Using wavelet phase stability analysis of the N100 and
P200 waves, we demonstrated a significant reduction in
intracortical inhibition of an auditory test chirp stimulus
after a conditioning stimulus in adults with ADHD, as
compared to controls. Thus, we found evidence for reduced
inhibitory brain activity in adults with ADHD, as compared
to healthy control subjects.

The N100 and P200 waves are commonly used for
research of auditory attention [37, 38]. Due to a poor sig-
nal-to-noise ratio, amplitudes of these waves, however, are
commonly evaluated by the average of a large number of
sweeps in clinical settings. Therefore, it remains unclear
whether a decrease in amplitudes of the average potential
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Table 3 (a) N100 and P200 auditory evoked potentials amplitudes
(KV) after conditioning chirp stimulation in adults with ADHD and
controls (mean & SD); (b) Differences between N100 and P200

auditory evoked potentials amplitudes (uV) after conditioning and
test chirp stimulation in adults with ADHD and controls
(mean £+ SD)

N100 (50-150 ms)

P200 (150-200 ms)

ISI (ms) ADHD (N = 15) Controls (N = 15) ANOVA (F/p) ADHD (N = 15) Controls (N = 15) ANOVA (F/p)
(a) Amplitudes after conditioning chirp

500 —6.16 £ 3.55 —9.91 + 5.59 4.82/0.04 6.00 £+ 3.55 9.11 + 4.02 5.04/0.03
700 —6.22 + 2.18 —9.04 + 5.53 3.38/0.08 5.76 + 2.20 8.37 £ 3.24 6.68/0.02
900 —6.58 + 3.46 —9.84 £ 5.35 3.91/0.06 6.05 £ 2.68 8.99 + 4.25 5.11/0.03
1,100 —5.24 + 1.40 —8.93 + 3.54 14.08/0.00 5.13 £ 1.68 8.56 + 5.00 6.37/0.02
Mean —6.05 + 0.57 —-9.43 £ 0.52 6.54/0.04 5.73 £ 042 8.76 + 0.35 5.80/0.02
(b) Absolute amplitude differences (CC-TC)

500 2.58 £ 1.55 6.80 + 4.94 9.97/0.04 2.11 £ 2.30 4.87 + 3.10 7.62/0.01
700 2.15 + 234 4.82 + 342 6.26/0.02 2.53 £ 2.16 4.03 +2.20 3.54/0.07
900 2.64 £ 3.29 5.04 + 3.41 3.87/0.06 233 £238 3.79 £ 2.30 2.93/0.10
1,100 1.25 £ 1.24 429 £2.05 24.14/0.00 0.96 £ 1.42 3.04 £ 3.62 4.30/0.05
Mean 2.15 £ 0.64 524 +1.08 11.06/0.03 1.98 £+ 0.70 393 +£0.75 4.60/0.06

reflects a neuronal excitatory decrease or is the result of an
instable phase. Also, habituation effects over the ongoing
experiment cannot be ruled out when averaged data are
used. One way to overcome these difficulties is the use of a
time-scale measure, which is based on the phase informa-
tion of single sweeps. This approach allows the evaluation
of the quality and the stability of the response over the
stimulus sequences in terms of the instantaneous phase
information, which is independent from the fragile ampli-
tude information. The WPSS thus represents a more robust
measure of impaired cortical inhibition in adults with
ADHD. A higher synchronization stability is expected
within time ranges of evoked potentials. In healthy sub-
jects, the synchronization clearly decreased for the test
chirp, but ADHD subjects presented almost the same
synchronization both for CC and TC conditions. This may
suggest that, under normal conditions, the phase of ERPs is
less synchronized in inhibitory processes.

Post-excitatory inhibition in response to paired stimuli
has been usually considered to reflect presynaptic changes
in transmitter release. There is considerable evidence that a
system of gamma-aminobutyric acid (GABA) interneurons,
which can be activated by both direct and indirect stimu-
lations, may play a major role for inhibitory postsynaptic
potentials [39]; but also dopaminergic transmission seems
to be involved in the regulation of inhibitory processes in
frontal cortex. It has been shown that spontaneous and
evoked GABA release from cortical neurons is modulated
by activation of dopaminergic D1-like receptors located on
the presynaptic terminals of GABAergic neurons [40, 41].
From the two GABA receptors (GABA, and GABAg),
GABAg receptors are of special interest when studying

LICI through paired-pulse stimulation, as shown by studies
using transcranial magnetic stimulation, which proved that
GABAg receptors are involved in controlling the magni-
tude of the inhibition at cortical level, by activating post-
synaptic receptors, while presynaptic GABAjg receptors
reduce SICI [42]. Due to the latency of onset for GABAp
inhibitory postsynaptic potential (20-50 ms) being longer
than that of GABA (3-5 ms), its influence in LICI can be
inferred [43].

Despite the methodological problems of the amplitude-
averaged responses, it is worth to refer to our findings of
overall reduced N100 and P200 amplitudes after auditory
chirp stimulation in adults with the clinical diagnosis of
ADHD, which are consistent with findings in children with
ADHD [44]. Thus, the results of this study indicate per-
sistence of amplitude reduction in ADHD patients from
childhood to adulthood. As already mentioned, there are
problems regarding the correct interpretation of findings
like this, which go along with averaged amplitude mea-
sures, as lower amplitudes in ADHD patients might indi-
cate general interferences with background activity due to
increased arousal in ADHD individuals, rather than to be a
correlate of disturbed information processing. Also, the low
reproducibility indices for N100 and P200 waves, partic-
ularly in the ADHD group, reflect the highly variable
response to repeating stimuli in adults with ADHD and the
more stable response from the control group. This
encourages and supports the use of an analysis method that
does not depend only on averaged amplitude measures,
thus discarding the possibility of reduced amplitude being
due to poor quality (i.e., low RI) measurements from
ADHD subjects.
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Fig. 3 Amplitude response for
the first 600 ms after stimulus
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Our data did not show a correlation between the
severity of ADHD psychopathology and the decrease in

Time [ms]

Time [ms]

present, it cannot be ruled out that this might be a result
from the small sample size, or from the low variability of

neuronal inhibition. Neither self- nor expert-rated scores
of inattentiveness, hyperactivity/impulsivity, or both
showed significant correlations with inhibitory deficits. At
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clinical symptoms within the ADHD group. In addition,
the existence of a threshold effect should also be
considered.
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Table 4 Reproducibility indices for N100 and P200 amplitude measurements of the ADHD and the control group after conditioning chirp

IST (ms) N100 P200

ADHD (N = 15) Controls (N = 15) ANOVA (Flp) ADHD (N = 15) Controls (N = 15) ANOVA (Flp)
500 0.57 + 0.30 0.76 + 0.21 3.97/0.06 0.58 £ 0.26 0.66 + 0.31 0.60/0.44
700 0.56 £ 0.28 0.76 £ 0.20 4.72/0.04 0.67 £ 0.31 0.77 £ 0.26 0.96/0.34
900 0.50 £ 0.32 0.76 £ 0.24 6.39/0.02 0.77 £ 0.17 0.72 £ 0.31 0.28/0.60
1,100 0.53 £0.30 0.75 £ 0.19 5.91/0.02 0.56 £ 0.29 0.57 £ 0.35 0.01/0.91

Table 5 Spearman’s rank correlation coefficients (p) and statistical significance between ADHD ratings and AEP measurements at different ISIs

ISI (ms) ADHD-SR ADHD-DC

Subscore inattention Subscore hyper/imp Total score Subscore inattention Subscore hyper/imp Total score
500 —00.081 —0.143 —0.164 —0.412 —0.253 —0.370

p > 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05
700 —0.021 0.371 0.121 0.252 0.362 0.239

p > 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05
900 0.247 0.358 0.543 0.107 0.313 0.136

p > 0.05 p > 0.05 p < 0.05 p > 0.05 p > 0.05 p > 0.05
1,100 0.238 —0.152 0.120 —0.011 —0.308 —0.239

p > 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05

Similar findings of reduced neural inhibition tested with
paired-pulse paradigms have also been reported for some
other neuropsychiatric disorders like Parkinson’s disease
[25], Huntington’s disease [45] and Schizophrenia [17].
Thus, the data presented here seem to be not specific for
ADHD, but instead might represent a functional endophe-
notype related to disturbed attention control or ability to
filter out repeated irrelevant sensory information. This has
yet to be clarified and is an objective in future studies.

As the main goal of this study was to test the feasibility
of LICI in ADHD, the results show that the method might
be useful for the assessment of inhibitory impairment in
such patients. ALRs may help gaining a better under-
standing from ADHD-related cortical impairment and its
underlining symptomatic factors, as well as support current
diagnostic protocols. Additional LICI paradigms for
impaired cortical inhibition are already in progress, in
order to obtain more robust results and to increase the
specificity for different neuropsychiatric disorders.

Acknowledgments The authors would like to thank all the staff at
SNN-Unit and the Neurocenter at Saarland University Hospital for all
their support before, during and after the research, being subjects or
collaborating with the data acquisition and/or processing. Special
thanks to Dr. Farah 1. Corona-Strauss for providing the chirp files.

Conflict of interest The authors declare that they have no conflict
of interest.

References

1. Rosler M, Casas M, Konofal E, Buitelaar J (2010) Attention
deficit hyperactivity disorder in adults. World J Biol Psychiatry
11:684-698

2. Polanczyk G, Rohde LA (2007) Epidemiology of attention-defi-
cit/hyperactivity disorder across the lifespan. Curr Opin Psychi-
atry 20:386-392

3. Fayyad J, De Graaf R, Kessler R, Alonso J, Angermeyer M,
Demyttenaere K, De Girolamo G, Haro JM, Karam EG, Lara C,
Lépine J-P, Ormel J, Posada-Villa J, Zaslavsky AM, Jin R (2007)
Cross-national prevalence and correlates of adult attention-deficit
hyperactivity disorder. Br J Psychiatry 190:402-409

4. Miiller BW, Gimbel K, Keller-Pliessnig A, Sartory G, Gastpar M,
Davids E (2007) Neuropsychological assessment of adult patients
with attention-deficit/hyperactivity disorder. Eur Arch Psychiatry
Clin Neurosci 257:112-119

5. Retz W, Retz-Junginger P, Hengesch G, Schneider M, Thome J,
Pajonk FG, Salahi-Disfan A, Rees O, Wender PH, Rosler M
(2004) Psychometric and psychopathological characterization of
young male prison inmates with and without attention deficit/
hyperactivity disorder. Eur Arch Psychiatry Clin Neurosci
254:201-208

6. Rosler M, Retz W, Retz-Junginger P, Hengesch G, Schneider M,
Supprian T, Schwitzgebel P, Pinhard K, Dovi-Akue N, Wender P,

@ Springer



516

Eur Arch Psychiatry Clin Neurosci (2012) 262:507-517

10.

11.

12.

13.

14.

15.

16.

19.

20.

21.

Thome J (2004) Prevalence of attention deficit-/hyperactivity
disorder (ADHD) and comorbid disorders in young male prison
inmates. Eur Arch Psychiatry Clin Neurosci 254:365-371

. Sobanski E, Briiggemann D, Alm B, Kern S, Deschner M,

Schubert T, Philipsen A, Rietschel M (2007) Psychiatric
comorbidity and functional impairment in a clinically referred
sample of adults with attention-deficit/hyperactivity disorder
(ADHD). Eur Arch Psychiatry Clin Neurosci 257:371-377

. Barkley RA (2002) Major life activity and health outcomes

associated with attention-deficit/hyperactivity disorder. J Clin
Psychiatry 63:10-15

. Schneider M, Retz W, Coogan A, Thome J, Rosler M (2006)

Anatomical and functional brain imaging in adult attention-defi-
cit/hyperactivity disorder (ADHD)-a neurological view. Eur
Arch Psychiatry Clin Neurosci 256(Suppl 1):132-i41

Bush G, Frazier JA, Rauch SL, Seidman LJ, Whalen PJ, Jenike
MA, Rosen BR, Biederman J (1999) Anterior cingulate cortex
dysfunction in attention-deficit/hyperactivity disorder revealed by
fMRI and the Counting Stroop. Biol Psychiatry 45:1542-1552
Cubillo A, Halari R, Ecker C, Giampietro V, Taylor E, Rubia K
(2010) Reduced activation and inter-regional functional connec-
tivity of fronto-striatal networks in adults with childhood atten-
tion-deficit hyperactivity disorder (ADHD) and persisting
symptoms during tasks of motor inhibition and cognitive
switching. J Psychiatr Res 44:629-639

Schneider MF, Krick CM, Retz W, Hengesch G, Retz-Junginger
P, Reith W, Rosler M (2010) Impairment of fronto-striatal and
parietal cerebral networks correlates with attention deficit
hyperactivity disorder (ADHD) psychopathology in adults: a
functional magnetic resonance imaging (fMRI) study. Psychiatry
Res 183:75-84

Richter MM, Ehlis AC, Jacob CP, Fallgatter AJ (2007) Cortical
excitability in adult patients with attention-deficit/hyperactivity
disorder (ADHD). Neurosci Lett 419:137-141

Schneider M, Retz W, Freitag C, Irsch J, Graf P, Retz-Junginger
P, Rosler M (2007) Impaired cortical inhibition in adult ADHD
patients: A study with transcranial magnetic stimulation. J Neural
Transm 72:303-309

Hoeppner J, Neumeyer M, Wandschneider R, Herpertz SC,
Gierow W, Haessler F, Buchmann J (2008) Intracortical motor
inhibition and facilitation in adults with attention deficit/hyper-
activity disorder. J Neural Transm 115:1701-1707

Moll GH, Heinrich H, Trott G, Wirth S, Rothenberger A (2000)
Deficient intracortical inhibition in drug-naive children with
attention-deficit hyperactivity disorder is enhanced by methyl-
phenidate. Neurosci Lett 284:121-125

. Wobrock T, Schneider M, Kadovic D, Schneider-Axmann T,

Ecker UK, Retz W, Rosler M, Falkai P (2008) Reduced cortical
inhibition in first-episode schizophrenia. Schizophr Res
105:252-261

. Rolfe MH, Kirk 1J, Waldie KE (2007) Interhemispheric callosal

transfer in adults with attention-deficit/hyperactivity disorder: an
event-related potential study. Neuroreport 18:255-259

Barry RJ, Johnstone SJ, Clarke AR (2003) A review of electro-
physiology in attention-deficit/hyperactivity disorder: II. Event-
related potentials. Clin Neurophysiol 114:184-198

Bekker EM, Overtoom CC, Kooij JJ, Buitelaar JK, Verbaten MN,
Kenemans JL (2005) Disentangling deficits in adults with atten-
tion-deficit/hyperactivity disorder. Arch Gen Psychiatry 62:1129—
1136

Herrmann MJ, Mader K, Schreppel T, Jacob C, Heine M, Bore-
atti-Hiimmer A, Ehlis AC, Scheuerpflug P, Pauli P, Fallgatter AJ
(2010) Neural correlates of performance monitoring in adult
patients with attention deficit hyperactivity disorder (ADHD).
World J Biol Psychiatry 11:457-464

@ Springer

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Szuromi B, Czobor P, Komlési S, Bitter I (2011) P300 deficits in
adults with attention deficit hyperactivity disorder: a meta-anal-
ysis. Psychol Med 41:1529-1538

Karch S, Thalmeier T, Lutz J, Cerovecki A, Opgen-Rhein M,
Hock B, Leicht G, Hennig-Fast K, Meindl T, Riedel M, Mulert C,
Pogarell O (2010) Neural correlates (ERP/fMRI) of voluntary
selection in adult ADHD patients. Eur Arch Psychiatry Clin
Neurosci 260:427-440

Daskalakis ZJ, Farzan F, Barr MS, Maller JJ, Chen R, Fitzgerald
PB (2008) Long-interval cortical inhibition from the dorsolateral
prefrontal cortex: a TMS-EEG study. Neuropsychopharmacology
33:2860-2869

Lukhanina EP, Kapustina MT, Berezetskaya NM, Karaban IN
(2009) Reduction of the postexcitatory cortical inhibition upon
paired-click auditory stimulation in patients with Parkinson’s
disease. Clin Neurophysiology 120:1852-1858

Dau T, Wegner O, Mellert V, Kollmeier B (2000) Auditory
brainstem responses (ABR) with optimized chirp signals com-
pensating basilar-membrane dispersion. J Acoust Soc Am
107:1530-1540

Strauss DJ, Delb W, D’Amelio R, Low YF, Falkai P (2008)
Objective quantification of the tinnitus decompensation by syn-
chronization measures of auditory evoked single sweeps. IEEE
Trans Neural Syst Rehabil Eng 16:74-81

Trenado C, Haab L, Strauss DJ (2009) Corticothalamic feedback
dynamics for neural correlates of auditory selective attention.
IEEE Trans Neural Syst Rehabil Eng 17:46-52

Low YF, Strauss DJ (2009) EEG phase reset due to auditory
attention: an inverse time-scale approach. Physiol Meas
30:821-832

Retz-Junginger P, Retz W, Blocher D, Weijers HG, Trott GE,
Wender PH, Rosler M (2002) Wender Utah rating scale. The
short-version for the assessment of the attention-deficit/hyper-
activity disorder in adults. Nervenarzt 73:830-838
Retz-Junginger P, Retz W, Blocher D, Stieglitz RD, Georg T,
Supprian T, Wender PH, Rosler M (2003) Reliability and validity
of the Wender-Utah-Rating-Scale short form. Retrospective
assessment of symptoms for attention deficit/hyperactivity dis-
order. Nervenarzt 74:987-993

Rosler M, Retz W, Retz-Junginger P, Thome J, Supprian T,
Nissen T, Stieglitz RD, Blocher D, Hengesch G, Trott GE (2004)
Tools for the diagnosis of attention-deficit/hyperactivity disorder
in adults. Self-rating behaviour questionnaire and diagnostic
checklist. Nervenarzt 75:888-895

Rosler M, Retz W, Retz-Junginger P, Stieglitz RD, Reimherr F,
Wender P (2008) Homburger ADHS Skalen fiir Erwachsene
(HASE). Hogrefe, Gottingen

Rosler M, Retz W, Thome J, Schneider M, Stieglitz RD, Falkai P
(2006) Psychopathological rating scales for diagnostic use in
adults with attention-deficit/hyperactivity disorder (ADHD). Eur
Arch Psychiatry Clin Neurosci 256(Suppl 1):i3-i11

WHO (1991) WHO grades of hearing impairment: puretone average
for the frequencies 0.5 kHz, 1 kHz, 2 kHz, 4 kHz below 25 dB
hearing level (hl), Report of informal working group on prevention
of deafness and hearing impairment programme planning

Mallat SG (1999) A wavelet tour of signal processing. Academic
Press, Elsevier, San Diego

Hillyard SA, Hink RF, Schwent VL, Picton TW (1973) Electrical
signs of selective attention in the human brain. Science
182:177-180

Naitinen R, Michie PT (1979) Early selective-attention effects
on the evoked potential: a critical review and reinterpretation.
Biol Psychol 8:81-136

Krnjevi¢ K, Randi¢ M, Straughan DW (1966) Nature of a cortical
inhibitory process. J Physiol 184:49-77



Eur Arch Psychiatry Clin Neurosci (2012) 262:507-517

517

40.

41.

42.

43.

44,

45.

46.

Zhou FM, Hablitz JJ (1999) Dopamine modulation of membrane
and synaptic properties of interneurons in rat cerebral cortex.
J Neurophysiol 81:967-976

Gonzalez-Islas C, Hablitz JJ (2001) Dopamine inhibition of
evoked IPSCs in rat prefrontal cortex. J Neurophysiol
86:2911-2918

McDonnell MN, Orekhov Y, Ziemann U (2006) The role of
GABA(B) receptors in intracortical inhibition in the human motor
cortex. Exp Brain Res 173:86-93

Crunelli V, Leresche N (1991) A role for GABAB receptors in
excitation and inhibition of thalamocortical cells. Trends Neu-
rosci 14:16-21

Anjana Y, Khaliq F, Vaney N (2010) Event-related potentials
study in attention deficit hyperactivity disorder. Funct Neurol
25:87-92

Kanda F, Jinnai K, Takahashi K, Abe H, Yasuda M, Tada K,
Fujita T (1989) Somatosensory evoked potentials in Huntington’s
disease—studies with paired stimulation. Electromyogr Clin
Neurophysiol 29:287-291

1li¢ TV, Meintzschel F, Cleff U, Ruge D, Kessler KR, Ziemann U
(2002) Short-interval paired-pulse inhibition and facilitation of
human motor cortex: the dimension of stimulus intensity.
J Physiol 545:153-167

47.

48.

49.

50.

51.

52.

53.

Di Lazzaro V, Oliviero A, Saturno E, Dileone M, Pilato F,
Nardone R, Ranieri F, Musumeci G, Fiorilla T, Tonali P (2005)
Effects of lorazepam on short latency afferent inhibition and short
latency intracortical inhibition in humans. J Physiol
564(2):661-668

Sanger TD, Garg RR, Chen R (2001) Interactions between two
different inhibitory systems in the human motor cortex. J Physiol
530(2):307-317

Miiller MM, Keil A, Kissler J, Gruber T (2001) Suppression of
the auditory middle-latency response and evoked gamma-band
response in a paired-click paradigm. Exp Brain Res 136:474-479
Rentzsch J, Jockers-Scheriibl MC, Boutros NN, Gallinat J (2008)
Test-retest reliability of P50, N100 and P200 auditory sensory
gating in healthy subjects. Int J Psychophysiol 67:81-90
Ziemann U, Rothwell JC, Ridding MC (1996) Interaction
between intracortical inhibition and facilitation in human motor
cortex. J Physiol 496:873-881

Thomson RH, Garry MI, Summers JJ (2008) Attentional influ-
ences on short-interval intracortical inhibition. Clin Neurophysiol
119:52-62

Trott GE (2006) Attention-deficit/hyperactivity disorder (ADHD)
in the course of life. Eur Arch Psychiatry Clin Neurosci
256:21-25

@ Springer



	Assessment of post-excitatory long-interval cortical inhibition in adult attention-deficit/hyperactivity disorder
	Abstract
	Introduction
	Methods
	Subjects
	Stimuli
	Data acquisition
	Data processing
	Data analysis

	Results
	Wavelet phase analysis
	Amplitude, reproducibility index and correlations

	Discussion
	Acknowledgments
	References


