
 

Abstract—We studied hemispheric differences of the 
evoked magnetic fields induced by frequency modulated 
tones (FMs) and pure sinusoidal tones, by means of 
magnetoencephalography (MEG). Seven subjects were 
exposed to three conditions: 1) passive listening to sinu-
soidal 1 kHz tones (sine-exposure condition), 2) passive 
listening to linear FMs (FM-exposure condition), and 3) 
directional categorization (up versus down) of FMs (FM-
task condition). The underlying question was whether 
different stimuli determine the hemispheric activation of 
auditory cortex, or rather the task performed by the 
subjects. With binaural presentation we observed an 
N100m-latency difference between hemispheres for FMs 
and a smaller difference for sinusoidal tones. The right-
hemispheric response to FMs was faster than the left 
one, both during task end exposure. We also observed 
different frequency content of the raw (non-averaged) 
data recorded for the three different conditions. Specifi-
cally, the FM-task condition produced a distinct spectral 
content compared to the two exposure conditions with 
tones and FMs, which induced a similar spectral pattern. 
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I.  INTRODUCTION 

 
 There is growing evidence that cognitive functions 
traditionally attributed to higher cortical regions are to a 
certain extent reflected in activations of sensory cortices as 
well, and of particular interest here, in the auditory cortex. 
The potential of the auditory cortex clearly reaches beyond 
the mere analysis of acoustic stimuli (see [1] and references 
therein). We tackled this problem in a magnetoencephalo-
graphic (MEG) study aiming at questions of hemispheric 
activation like: How do characteristic response patterns, like 
evoked magnetic fields, as well as corresponding frequency 
spectra depend on different stimuli and on a specific task to 
be performed by the subject on a given stimulus? 
 Recently, right hemispheric specializations of the audi-
tory cortex in categorization tasks were observed in fMRI 
studies using linear FMs and up versus down decisions 
[2, 3, 4]. These findings served as the motivation for this 
MEG study: The superior temporal resolution of this elec-
trodynamic imaging technique was expected to provide 
complementary information towards a better understanding 
of the origin of the right hemispheric dominance observed in 
the aforementioned fMRI study. 

 The focus of a previous MEG study [5] was the investi-
gation of possible inter-hemispheric differences in the corti-
cal processing of frequency-modulated (FM) tones using 
two paradigms: 1) A condition in which the subjects were 
passively listening to FM tones (FM-exposure condition), 
and 2) a condition in which the subjects were instructed to 
discriminate the direction of the same set of FM tones (up 
versus down) by pressing two corresponding response keys 
(FM-task condition). The main findings of that study with 
respect to differences in the auditory evoked magnetic fields 
between the two hemispheres and between the two condi-
tions can be summarized as follows: 1) An impact of the 
FM-task condition on the auditory evoked magnetic fields 
was observed in both hemispheres. 2) In both the FM-task 
and the FM-exposure condition, the auditory N100m-peak 
latency was larger in the left hemisphere. 3) Furthermore, 
the energy content of the cortex activation was analyzed. 
Specifically, we calculated the integrals of the absolute val-
ues of the magnetic field recorded by all MEG sensors as a 
function of time. These calculations showed a right hemi-
spheric dominance between 100 ms and 300 ms after stimu-
lus onset and thus support the right auditory dominance 
observed in the previous fMRI study [4]. 
 In this work we describe findings in a subset of the 31 
subjects who participated in the systematic MEG study [5]. 
This group of seven subjects was exposed, in addition to the 
FM-task and the FM-exposure condition, to sinusoidal  
1-kHz tones (sine-exposure condition). The response pattern 
evoked by this simple stimulus was intended to serve as a 
reference for the more complex patterns induced by the 
frequency-modulated tones. 

 
II.  METHODS 

 
 To date, seven subjects (all right-handed, mean age 
a ~ 30 yr, standard deviation σ ~ 4 yr, 5 females) have par-
ticipated in the measurements covering all three experimen-
tal conditions. They all gave written consent to the study, 
which was approved by the ethics committee of the Otto-
von-Guericke University of Magdeburg, Germany. 
 The FM stimuli were designed as tones linearly modu-
lated in frequency according to (1): 
 

 ( ) ( )a af t f t tλ= + − , (1) 
 

where fa is the initial frequency at the time moment ta and λ 
is the slope of an FM sweep. For rising FM tones, λ is posi-
tive, whereas for falling it is negative. Such sounds are sim-
ple enough to be generated using a PC but they carry impor-
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tant time-frequency characteristics which resemble, at first 
approximation, the frequency modulation of vocalizations 
used by many species. Therefore, they are suitable, for ex-
ample, in assessments of cortical activity underlying speech 
processing [4]. 
 In both the FM-task and the FM-exposure condition, 32 
FM tones were presented binaurally. The whole set of FM 
tones covered the frequency range of 0.5-4 kHz; each indi-
vidual FM tone covered one octave. The initial frequency 
for rising FM tones varied in steps of 0.1 kHz (i.e. 0.5-
1 kHz, 0.6-1.2 kHz, up to 2-4 kHz), and for falling tones 
accordingly. During each experimental session, 224 stimuli 
were presented in random order, equally distributed to rising 
and falling FM tones. Thus, each of the 32 FM tones was 
presented 7 times. The duration of each stimulus was 
500 ms including two linear ramps of 10 ms at its beginning 
and at its end. The inter-stimulus interval was 1.5 s. In the 
sine-exposure condition, the stimulus consisted of pure 
tones with a frequency of 1 kHz. The duration of the 1-kHz 
tones, the inter-stimulus interval between two tones as well 
as the number of tones within one session was exactly 
matched to the parameters of the FM stimulation. 
 In the FM-task paradigm, subjects were asked to distin-
guish between stimuli with rising and falling frequency 
modulation and to categorize them by pressing the corre-
sponding key for falling FM tones (right index finger) or for 
rising FM tones (left index finger). They were instructed to 
respond immediately once they identified the direction of 
the FM tone. During both exposure conditions (FM and 
sinusoidal 1-kHz tones), subjects were asked to listen to the 
stimuli passively. The subjects were asked to keep their eyes 
closed during all sessions. 
 All stimuli were generated with a PC, amplified and 
converted from electric to sound waves outside the shielded 
room. Inside the shielded chamber, sound was delivered to 
both ears via two plastic tubes to avoid any electromagnetic 
interference with the magnetic signals of the brain. Prior to 
each measurement session, the sound pressure level at the 
end of each tube was adjusted to 96 dB (measured at a refer-
ence frequency of 1 kHz) by means of a sound level meter 
(Brüel & Kjaer, 2233). Close to the subject’s head, the plas-
tic tubes narrowed to particular ear plugs which were indi-
vidually adapted to each subject’s pinnae. The delay time 
between stimulus generation in the PC and its delivery to the 
end of each tube was precisely determined to 20 ms at both 
sides and was taken into account in the data analysis.  
 Tracking cortical activation with a millisecond resolu-
tion has been achieved by using a 148-channel whole-head 
magnetometer device (4d-Neuroimaging, Magnes 2500). 
The cut-off frequency of the low-pass filter and the sam-
pling rate during data acquisition was set to 100 Hz and 
508 Hz, respectively. During data analysis, two different 
approaches were pursued: 1) In order to study the time 
course of evoked magnetic fields, data were averaged in 
epochs of 2 s, including a pre-stimulus baseline of 200 ms 
(Elekta Neuromag software package). Prior to the averaging 
process, data were band-pass filtered between 1.2 Hz and 

15 Hz. 2) Raw (non-averaged) data analysis in the frequency 
domain was performed with a moving-average Fast Fourier 
Transform (FFT). The frequency content of the cortical 
activation for each individual session was calculated by 
averaging 48 single FFTs across a 200-s time window of the 
corresponding raw data set. 

 
III. RESULTS 

 
A.  Latency of N100m peak 
 Dependent on numerous properties of the stimulus (like 
frequency, intensity, etc.), the most prominent peak in audi-
tory evoked magnetic fields occurs in both hemispheres in 
the range of 100-150 ms and is usually referred to as the 
N100m (or M100) [6]. In our study, we assigned the latency 
of the N100m in each hemisphere to the channel with the 
largest amplitude of the magnetic field. We observed several 
differences in the latency of N100m peak when comparing 
the values both between hemispheres and across paradigms. 
 Fig. 1 shows the latencies of the N100m for all three 
paradigms for six subjects of the study (same numbers de-
picted in the abscissas of Figs. 1A, 1B, and 1C refer to the 
same subject), broken down for the two hemispheres. One 
subject had to be discarded from this analysis as this subject 
did not show any N100m peak in the right hemisphere 
throughout the three conditions. 
 Due to the small number of subjects, we confine our-
selves to a qualitative description of our findings at this 
stage of the analysis. Nevertheless, the following observa-
tions seem to be evident from Figs. 1A, 1B, and 1C: 1) The 
inter-hemispheric difference in the N100m latency derived 
from the channel with the maximum magnetic field strength 
was smaller for the pure 1-kHz tone compared to the FM 
tones. This holds for the FM-exposure as well as the FM-
task condition. 2) In five out of six subjects, 1-kHz-tone as 
well as FM-tone exposure elicited an N100m maximum that 
occurred earlier in the right than in the left hemisphere. 
However, that latency difference was much larger in the FM 
condition. As to the task condition, four out of six subjects 
showed an earlier N100m in the right hemisphere. 3) In all 
subjects except #2, the leading hemisphere with respect to 
the N100m peak was the same for the FM-task and the FM-
exposure condition. 4) The mean values and standard devia-
tions of the N100m-peak latencies are given in Table I. It is 
interesting to note that – when looking at the subjects’ indi-
vidual response – the latency of N100m measured in the 
FM-task condition was smaller than the latency of N100m 
measured in the two exposure conditions in the right hemi-
sphere for five out of six subjects, and in the left hemisphere 
for four out of six subjects. 
 
Table I:  Mean values and standard deviations of the N100m-peak latency 
(in ms) across six subjects for the three experimental conditions. 

 

Sine exposure FM exposure FM task  
mean SD mean SD mean SD 

Left hemisphere 137 8 141 8 133 7 
Right hemisphere 133 6 132 7 125 7 



 

 
 

 
 

 
 

Fig. 1.  Latencies of the N100m peak (derived from the MEG channel with 
the maximum magnetic field strength) for six subjects. A) Sine-exposure 
condition. B) FM-exposure condition. C) FM-task condition. Subject #1 
and subject #2 are the two male subjects of the study. 
 
 
 
B.  Frequency content of the cortical activation 
 Fig. 2A shows the spatial distribution of the FFT spec-
tra, for one subject, drawn in a layout which is a projection 
of the three-dimensional positions of 148 MEG sensors onto 
a two-dimensional plane. The frequency range shown ex-
tends from 1 Hz to 25 Hz. Six characteristic channels sym-

metrically distributed across both hemispheres are shown in 
enlarged plots in Fig. 2B. 
 The frequency spectra for the three different conditions 
show several distinct features. A strong resemblance of the 
FFT spectra of the sine-exposure (green lines) and the FM-
exposure (black lines) condition across all six representative 
channels is noticeable, with the exception of sensor 6 that 
for this subject shows significantly larger amplitude in the 
sine-exposure condition at around 10 Hz. In contrast, the 
FM-task spectra (red lines) are different from the spectra of 
the two exposure conditions. The deviations from the expo-
sure conditions occur at different frequency ranges depend-
ing on the location of the sensor. The frequency range re-
flecting the alpha rhythm around 10 Hz is strongly repre-
sented in occipital sensors over both hemispheres (with 
larger amplitude over the left hemisphere, in the case of this 
subject). The width of this 10-Hz peak is smaller for the FM 
task condition (Fig. 2B, plots #5 and #6). However, specific 
features of the differences in the occipital 10-Hz peaks could 
vary across subjects. Yet, for all of them a clear difference 
between task and exposure was observed. In frontal sensors, 
on the other hand, there was almost no difference between 
the three conditions in the small 10-Hz-peak amplitude. But 
most of the sensors over left and right frontal areas showed 
an additional component at a frequency of ~5-6 Hz in the 
FM task condition, which was either much weaker or not at 
all present in both exposure conditions. For this subject this 
component is also particularly strong at the sensors over the 
right but not over the left auditory cortex. 

 
IV.  DISCUSSION AND CONCLUSION 

 

 We observed inter-hemispheric differences in the 
N100m-peak latencies (derived from the channel with 
maximum field strength) for experimental conditions using 
either sinusoidal or frequency-modulated tones as stimulus. 
The observed small difference in the N100m latency be-
tween the left and right hemisphere evoked by the 1-kHz 
tone sequence (with the N100m latency of the right hemi-
sphere being slightly shorter than the corresponding left-
hemispheric peak latency) confirms the findings of Roberts 
et al. [7]. When FM tones are used as stimulus material, 
stronger inter-hemispheric latency differences were found, 
with the right-hemispheric N100m leading the left-
hemispheric response. This is in line with previous fMRI 
results using the same stimulus type and suggesting that the 
right hemisphere is specialized for FM directional process-
ing [2, 3, 4]. Strong inter-hemispheric latency differences 
with FM tones were also found by Pardo et al. [8]. 
 The results of FFT analysis presented in this paper show 
that there are clear differences in the evoked-field pattern 
which is dependent on whether a measurement was based on 
passive-listening paradigms or on the active-task condition. 
Spectral patterns were practically the same with exposure to 
heterogeneous stimulus classes but different in a task using 
identical stimuli. 
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 To further understand these findings and to provide 
possible answers to the question posed at the beginning of 
this short report, we need to extend our research to a larger 
group of subjects. Moreover, to answer the question about 
underlying sources of the phenomena observed, we intend to 
perform dipole analysis as well. Time-frequency analysis of  
 

 
 
  

 

   
 

   
 

 
 

Fig. 2.  A) Frequency spectra from the raw (non-averaged) data for the 
three conditions and across all 148 MEG channels calculated using Fast 
Fourier Transform. Data of one subject are shown. Anterior (posterior) 
sensors are depicted on the top (bottom), while left (right) sensors are 
depicted on the left (right).  B) A zoom of six selected channels of Fig. 2A. 
The green lines correspond to the sine-exposure condition, black lines 
represent the FM-exposure condition, and red lines correspond to the FM-
task condition. 

the data, e.g. by means of a wavelet approach, is expected to 
further understand the FFT findings, as it might be that cer-
tain frequencies observed in the FFT representation of the 
signal occur in certain time windows. 
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