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Abstract The brain can be considered a dynamical sys-
tem which is able to oscillate at multiple frequencies. To
study the brain’s preferred oscillation frequencies, the
resonance frequencies in the frequency response of the
system can be assessed by stimulating the brain at various
stimulation frequencies. Furthermore, the event-related
potential (ERP) can be considered as the brain’s impulse
response. For linear dynamical systems, the frequency
response should be equivalent to the frequency transform
of the impulse response. The present study test whether this
fundamental relation is also true for the frequency trans-
form of the ERP and the frequency response of the brain.
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Results show that the spectral characteristics of both
impulse and frequency response in the gamma frequency
range are significantly correlated. Thus, we speculate that
the resonance frequencies determine the frequency spec-
trum of the impulse response. This, in turn, implies that
both measures are determined by the same, individually
specific, neuronal generator mechanisms.
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Introduction

Most physical systems can potentially oscillate—even if
this is not their main purpose (Strogatz 2003). For example,
a guitar string, a wine glass, and a neuron will all oscillate
when stimulated in the appropriate fashion. Interestingly,
oscillatory systems usually display resonance behaviour;
they oscillate more strongly at their so-called resonance
frequency than at other frequencies. This resonance fre-
quency also determines how the systems respond to an
input that resembles an impulse, i.e. the impulse response
of the system (see below). For this reason, the guitar string,
the glass, and the neuron will all display a short oscillatory
response when strung, hit, or stimulated, respectively.
These resonance frequencies might also explain the
predominance of gamma-band responses in experiments
that occur in human electroencephalogram (EEG), mag-
netoencephalogram, and animal recordings. Cortical
gamma-band responses can be evoked by a variety of
sensory events and are related to several perceptual and
cognitive tasks (Basar-Eroglu et al. 1996). Synchronous
oscillations in the gamma-range frame a general principle
of functional connectivity (Kaiser and Lutzenberger 2003)
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and communication (Basar et al. 2001) in the cortex.
Evoked gamma-band responses (eGBRs) covering a fre-
quency range of 30-80 Hz and occurring in a time win-
dow between 50 and 150 ms constitute the -earliest
prominent spectral component. This oscillatory activity
has been observed consistently in the auditory cortex of
animals and humans (Demiralp et al. 1996; Herrmann
et al. 2010). The frequency of that eGBR evident in the
human scalp electroencephalogram is highly variable
across individuals and, at the same time, relatively con-
stant within individuals (Frund et al. 2007). These two
phenomena together with the behavioural relevance of the
eGBR (Kaiser et al. 2008, 2009) represent the prerequi-
sites for a measure to be considered a personal trait var-
iable (Allport 1927) and have lead to the assumption of an
individual gamma-trait (Zaehle et al. 2009).

Gamma-band synchronization emerges in networks of
excitatory and inhibitory neurons (Tiesinga et al. 2001;
Borgers et al. 2005). The frequency of oscillatory neural
activity is mainly determined by the time constant of the
shunting inhibition among basket cells (Vida et al. 2006).
Thus, the foundation of the intra-individual frequency
permanence in the gamma-band response must be related
to the neuroanatomical make-up of each individual. If so,
also further electrophysiological measurements of the
sensory system under investigation should demonstrate
response characteristics in an equivalent frequency range.

Generally, the preferred oscillation frequencies of a
dynamical system such as the brain are determined by
anatomical network properties such as glutamatergic or
GABAergic time constants of synaptic connections
(Whittington et al. 2000; Traub et al. 1997). Interestingly,
even single neuron can show resonance behaviour
depending on the parameters of their physiological
parameters (Izhikevich et al. 2003; Hutcheon and Yarom
2000; Llinas 1988). A method for studying the brain’s
preferred oscillation frequencies is the measurement of its
resonance frequencies: the frequency at which the brain
shows a stronger response when stimulated when compared
to other stimulation frequencies. Since this analysis of
resonance frequencies represents the so-called frequency
response of linear systems theory, the frequency response
with its resonance frequency should also determine which
frequencies are present in the impulse response, i.e. the
ERP in a physiological system.

In a linear dynamical system, the input—output behaviour
of the system can be inferred by two alternative methods.
Either, the system is probed with an impulse and the impulse
response is observed, or the system is probed with all fre-
quencies within a specified range and the frequency response
(also called transfer function) is observed (cf. Fig. 1 top
panel). If the system is linear, the frequency transform of the
impulse response must be identical to the frequency response
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(Oppenheim et al. 1999). It remains to be seen whether this is
also true for testing the human brain (cf. Fig. 1 bottom
panel). Basar (1980) suggested to use tools of linear systems
theory for the analysis of electrophysiological brain
responses. This requires to identify which physiological
measures most closely represent the parameters of linear
systems. One might consider the event-related potential
(ERP) as the impulse response, since a short-lasting stimulus
is usually used for stimulation. In case of providing oscil-
lations of all frequencies within a specified range as stimuli,
we can obtain the frequency response which is composed of
as many steady-state responses as there are test frequencies
(diagonal profile of the two-dimensional ASS representation
in Fig. 2). Based on linear systems theory, our hypothesis
was that the frequency response should be similar to the
frequency transform of the ERP.

To identify the individual resonance frequencies, we
applied an auditory steady-state response (ASSR) paradigm.
ASSRs are the steady-state components of responses to
periodic auditory signals, like amplitude-modulated (AM)
tones. The frequency of the ASSR corresponds to the fre-
quency of the input signal. However, the amplitude of the
ASSR is not constant but varies with the modulation fre-
quency and shows maxima at its resonance frequencies,
typically around 30—80 and 5-20 Hz (Galambos et al. 1981).
Thus, the auditory cortical system demonstrates resonance
peaks in the system’s output response, indicating system-
inherent resonance frequencies. In a former investigation,
we characterized the resonance properties of the human
visual system by applying a visual steady-state paradigm
(Herrmann 2001). Results of this investigation indicated a
correlation between transient gamma-band oscillations
evoked during perceptual and cognitive tasks (e.g. Herrmann
et al. 1999) and oscillatory steady-state activity in the con-
text of repetitive stimulation in the visual domain, i.e. both
show peaks in the gamma frequency range.

The present study intended to further characterize the
resonance nature of the human brain and relates the transient
gamma oscillation in response to acoustic stimulation to the
auditory steady-state responses. Here, we test the hypothesis
that the underlying mechanism for the brain’s preference to
respond with specific frequency components in the gamma
range is the resonance of the underlying neural circuitry. For
that purpose, we investigated whether inter-individual vari-
ations in the transient frequency components of the eGBR are
associated with variations in the ASSR resonance frequen-
cies. In a group of 21 subjects, we systematically investigated
the ASSR to amplitude-modulated (AM) 1 kHz sine wave
tones with modulation frequencies ranging from 20 to 100 Hz
in 1-Hz steps. Subsequently, we compared the individual
ASSR resonance peak with the individual frequency of the
eGBR evoked by a single 1 kHz sine wave tone with 250-ms
duration at a middle-central electrode position (Cz).
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Fig. 1 Top panel in a linear
dynamical system, the
frequency transform of the
impulse response must be
identical to the frequency
response. Bottom panel it
remains to be seen whether this
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Results and discussion

In result, all participants exhibited steady-state oscillations
corresponding to the range of stimulation frequencies. The
averaged ASSR steady-state potentials showed a clear
resonance peak at 48 Hz. The averaged spectrum of an
event-related potential to a single 1 kHz sine tone exhibited
a prominent eGBR with a mean frequency of 46 Hz. Inter-
individually, the frequency of the eGBR correlated with the
ASSR resonance peak frequency in the gamma range
(r = 0.6, P <0.005) (cf. Fig. 2). This interrelation indi-
cates the existence of stable and system-inherent bioelec-
tric oscillators in the individual human brains. The
resonance of the generating neural system seems to deter-
mine the frequency of the transient ERP components. This
suggests that the brain behaves much like a linear
dynamical system, since the frequency transform of the
ERP (impulse response) closely resembles the diagonal
profile of the steady-state response (frequency response).
At first glance, this seems to be a contradiction to the fact
that even the output of a single neuron is a non-linear
function of its input. However, systems composed of non-

linear components can display linear behaviour at larger
scales (Freeman 1975).

The hypothesis of the resonance nature of the steady-
state responses was first suggested in the nineteen forties
(Walter and Walter 1949). In the visual domain, the use of
a gradual continuous change in frequency of intermitted
photic stimulation (IPS) across the entire EEG frequency
range allows the exposure of an individual’s profile of
reactivity. This profile displays the individual resonance
frequencies and apparently reflects the characteristic EEG
oscillators in different bands (Fedotchev et al. 1990;
Basar-Eroglu et al. 1992). Basar (1980) suggested that the
similar spectra of evoked steady-state brain responses and
the spontaneous EEG indicate a close relation of their
neural generators. In the same vein, an analogous sug-
gestion has been made regarding the similar spectral
characteristics of visually evoked steady-state brain
responses and transient gamma-band responses (Herrmann
2001). In the visual domain, visual steady-state responses
were located in human visual cortex (Di Russo et al. 2007,
Pastor et al. 2003), where also event-related gamma
activity was found in intracranial recordings in monkeys
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Fig. 2 Top left the two-dimensional ASS response is computed by
stimulation the brain with AM oscillations with all frequencies from
20 to 100 Hz and computing the ASS for each frequency. The
amplitude spectrum of each ASS is then colour coded as one
horizontal line of the diagram. Top right the ERP is computed by
stimulating the brain with 100 short-lasting auditory stimuli. Then,
the ERP is averaged and its time—frequency representation is
computed by means of a wavelet transform. Bottom left the diagonal

(Fries et al. 2001; Rols et al. 2001) and humans (Tallon-
Baudry et al. 2005), as well as using surface EEG source
localization approaches (Zaehle et al. 2009). Analogously,
also for the auditory domain several commonalities
between eGBR and ASSR have been identified, strongly
suggesting a close relation between both measurements.
The sources of both neurophysiological measurements are
located in the primary auditory cortex. That has been
shown for transient eGBR intracranially in animal (Brosch
et al. 2002), and human (Crone et al. 2001) and using
surface EEG in human (Schadow et al. 2009), as well as
for the ASSR magnetic source (Gutschalk et al. 1999;
Pantev et al. 1996; Weisz et al. 2004; Wienbruch et al.
2006; Draganova et al. 2008). Furthermore, both the
amplitude of the eGBR and the ASSR can be augmented
by attention (eGBR: Busch et al. 2006; Debener et al.
2003; ASSR: Bidet-Caulet et al. 2007; Ross et al. 2004).
Additionally, both the ASSR response in the gamma range
and the transient eGBR are reduced in patients with
schizophrenia (Krishnan et al. 2009; Brenner et al. 2003;
Kwon et al. 1999).
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profile of the ASS shows a close correspondence with the spectrum of
the ERP (vertical profile computed within the red vertical lines).
Bottom right across individuals, the frequency of the maxima of the
peaks within the gamma frequency range correlates significantly, i.e.
subjects with high-frequency ASS peaks show high-frequency ERP
peaks (top right points in the correlation diagram), whereas subjects
with low-frequency peaks in the ASS show low-frequency peaks in
their ERP (bottom left points)

In sum, the present study showed that, in line with our
hypothesis, the prominent spectral characteristics of the
ERP and ASSR profiles correspond, suggesting that the
ERP may indeed be determined by the system-inherent
resonance frequencies of the brain. Thus, both the transient
evoked gamma-band response to impulse stimulation and
the ASSR to periodic stimulation seem to be based on the
same, individually specific, neuronal mechanism.

Methods

Twenty-one subjects (ten women, mean age of 23.5 &+ 5.4)
participated in the study. None reported hearing problems
or neurological or psychiatric disorders. All of them gave
written and informed consent for their participation. The
study was approved by the local ethics committee.
Recording took place in a sound-attenuated and electrically
shielded cabin. EARtone 3A insert-phones were employed
being connected to a calibrated attenuator (Programmable
Attenuator PAS, Tucker Davis Technologies, Alachua).
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Prior to the experiment, hearing thresholds for a 1 kHz sine
wave tone were determined individually, and the stimuli
were presented at 70 dB (HL) above the individual hearing
level using Presentation software (http:/www.neurobs.com).
In the first part of the experiment (ASSR), participants
heard 1 kHz sine tones that were amplitude modulated at
frequencies between 20 and 100 Hz in steps of 1 Hz. The
length of each stimulus depended on the modulation fre-
quency ensuring an exact number of 60 epochs with a
length of 500 ms, whereas the onset of each epoch was
fixed to the beginning of a full new period. Eighty-one
sounds were presented in pseudo-randomized order and
were separated by 5-s inter-stimulus-interval (ISI). In the
second part of the experiment (ERP), participants heard a
single 1 kHz sine wave tone with a length of 250 ms (5 ms
rising and falling time). The tone was presented 300 times,
each separated by a variable ISI of 1,600-2,500 ms. Par-
ticipants were asked to passively listen to the auditory
stimulation, keep their eyes open and to fixate a cross at the
centre of the screen.

EEG was recorded using 31 sintered Ag/AgCl-elec-
trodes mounted in an elastic cap (Easycap GmbH, Herrs-
ching-Breitbrunn, Germany) and placed according to the
10-10 system. Signals were amplified using a BrainAmp
system (Brain Products, Munich, Germany) and were
referenced to a nose-tip electrode, whereas the ground
electrode was placed at AFz. Activity resulting from eye-
movements was monitored using an additional electrode
placed suborbitally to the right eye. The signals were
digitized at 1,000 Hz and analog filtered between 0.016
and 250 Hz. Electrode impedances were kept below
10 kOhm. The analysis of electrophysiological data was
conducted using EEProbe (ANT Software, Enschede, The
Netherlands). A digital high-pass filter of 0.1 Hz was
applied, and data were epoched in the following way: For
the ASSR data, averaging epochs lasted from 1,000 ms
before until 500 ms after beginning of each data epoch,
whereas the first epoch of each stimulus was removed from
analysis to avoid contamination with processing of stimu-
lus onset. An automatic artefact rejection excluded the
remaining epochs from analysis, if the standard deviation
in a moving 200-ms time window exceeded 30 uV. The
remaining epochs belonging to the same ASSR stimulus
were averaged, and baseline activity was subtracted from
each epoch using the time window between —1,000 and
0 ms with respect to the beginning of the averaged epochs.
This resulted in one ERP for each stimulation frequency.
Further processing of the ERPs was conducted using
Matlab 7.6  (http://www.mathworks.com). Frequency
spectra were calculated for each ERP at electrode Cz using
an autoregressive power spectral density estimation based
on the Yule-Walker algorithm with a maximum number of
frequency components set to 100. A Hamming window

was applied to each ERP before frequency transformation
in order to minimize frequency distortions. The estimated
spectral values were multiplied with their frequency to
correct for the typical 1/f characteristic of the frequency
spectrum. The resulting 81 frequency spectra were arran-
ged in a two-dimensional plane (Fig. 2), where the abscissa
represented the power of the EEG frequency components
(response frequency) caused by stimulation at different
stimulus frequencies (stimulation frequency; ordinate).
Afterwards, the spectral values of each frequency compo-
nent in response to the identical stimulation frequency were
extracted (and low pass filtered) (e.g. 20 Hz in response to
20 Hz stimulation, 21 Hz in response to 21 Hz stimulation,
and so on) allowing the analysis of resonance phenomena.
Resonance peaks were revealed as maxima in the resulting
spectrum. For the ERP data, averaging epochs lasted from
—300 to 500 ms with respect to sound onset, and baseline
activity was calculated in a time window between —200
and —100 ms. Analysis of evoked activity was conducted
by transforming the averaged single trials (the ERP) into
the frequency domain by means of a wavelet transform
based on Morlet wavelets. The wavelet transformation was
performed for each frequency bin between 1 and 100 Hz in
steps of 1 Hz. Individual eGBR frequencies were revealed
by detecting the peak frequency in the frequency range of
20-100 Hz and the time interval between 50 and 150 ms of
the wavelet transform at electrode Cz. Analysis of ASSR
and eGBR measurements was restricted to a middle-central
electrode position (Cz), since the dipolar generators of both
types of brain activity were demonstrated to lie in auditory
cortex and to project most strongly to electrodes near the
vertex, i.e. Cz.

Subsequently, for the time—frequency plots the esti-
mated spectral values were multiplied with their frequency
to correct for the 1/f characteristic of the frequency spec-
trum. The frequency values of ASSR resonance frequency
and eGBR frequency were inter-individually correlated and
statistically verified.
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