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Abstract 
Background: Steady-state auditory evoked responses (SSAERs) are promising indicators of major auditory function. The improve-
ment in accessibility in the clinical setting depends on the standardization and definition of the characteristics of SSAERs. There 
have been some insights into the changes in the interhemispheric dominance of SSAERs in some clinical entities. However, the 
hemispheric asymmetry of SSAERs in healthy controls remains inconclusive.
Methods: Twelve right-handed healthy volunteers with normal hearing were recruited. Steady-state auditory evoked fields (SSAEFs) 
were measured binaurally using magnetoencephalography (MEG) under pure-tone auditory stimuli at 1000 Hz with an amplitude 
modulation frequency of 43 Hz. The laterality index, based on the ratio of SSAEF strength over the right hemisphere to that over 
the left hemisphere, was also analyzed.
Results: The SSAEFs source was localized bilaterally on the superior temporal plane, with an orientation centripetal to the auditory 
cortex. The laterality index ranged from 1.1 to 2.3, and there were no sex differences. In all subjects, the strength of the SSAEFs 
was significantly weaker in the left hemisphere than in the right hemisphere (p = 0.014).
Conclusion: Right-sided dominance of the SSAEFs was verified in subjects with normal hearing. Acoustic sources clinically 
available in audiometric tests were used as stimuli. Such a simplification of parameters would be helpful for the standardization of 
precise production and the definition of the characteristics of SSAERs. Because MEG is still not easily accessible clinically, further 
studies using electroencephalography with larger sample sizes are necessary to address these issues.
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1. INTRODUCTION
Steady-state auditory evoked responses (SSAERs) are promis-
ing indicators of major auditory functions. Potential fields for the 

clinical application of SSAERs have been proposed in previous 
studies.1–7 However, the improvement and advancement of reli-
ability and accessibility of SSAERs in clinical settings depends on 
simplification and minimalism in terms of standardization for the 
precise production and definition of the characteristics of SSAERs.

The interhemispheric asymmetry of SSAERs in normal con-
trols has been inconclusive until now,8–10 although there might 
be insights with respect to changes in dominance for some clini-
cal entities.1 The avant-garde results from published studies seem 
to be variable and controversial owing to factors including age, 
hearing condition, types/sides of stimulation, stimulus repetition 
rate, carrier frequency of stimuli, and recording methodology.8,10–16 
Although previous studies revealed a tendency for the SSAERs to 
be right-side dominant under predetermined circumstances,10,17 the 
hemispheric asymmetry for the magnetic counterpart of SSAERs 
(ie, steady-state auditory evoked fields [SSAEFs]) induced by 
parameters reasonably accessible clinically has yet to be explored.

In the present study, the hemispheric dominance of SSAEFs 
was investigated in subjects with normal hearing by using 
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magnetoencephalography (MEG). Acoustic sources ordinarily 
applied in an audiometric test, that is, binaural stimuli of pure 
tones modulated with amplitude at a rate of approximately 40 
Hz for a carrier frequency of 1000 Hz were used as stimuli. 
We aimed to address repeatable precision and possible future 
standardization for the detection of hemispheric dominance in 
SSAEFs under clinically available circumstances.

2. METHODS

2.1. Subjects
Twelve healthy right-handed volunteers (seven males; aged, 
21-42 years; mean age, 30 years) were recruited (Table 1). The 
inclusion criterion was normal pure-tone audiometry (PTA) 
results (see below). None of the subjects had implanted pace-
makers, neurological deficits, or a history of trauma. This study 
conformed to the principles of the Declaration of Helsinki. 
Written informed consent was obtained from each subject, and 
the study protocol was approved by the Institutional Ethics 
and Research Committees of Cheng Hsin General Hospital and 
Taipei Veterans General Hospital.

2.2. Audiometric examinations
All subjects underwent PTA to determine both air and bone con-
duction thresholds using test frequencies between 250 Hz and 
8 kHz. All had normal PTA results (threshold ≤ 25 dB HL for all 
frequencies).

2.3. MEG paradigm
MEG measurements were performed in a magnetically shielded 
room using a whole-head 306-channel neuromagnetometer 
(Vectorview 4-D Neuroimaging, Helsinki, Finland). The meas-
urements were performed once during the study period. The sub-
jects sat upright with their eyes open during the measurements. 
Auditory stimuli (1000 Hz, amplitude modulation [AM] fre-
quency 43 Hz, modulation depth 100%, 180 seconds duration, 
and loudness matched individually to 50 dB SL at the exit end of 
the plastic tube) were delivered binaurally via molded earpieces 
using an analog-to-digital conversion card NI USB-6259 (National 
Instruments, Austin, TX) controlled by LabView (National 
Instruments). Triggers were given every second and reserved for 

subsequent signal processing. Trials with electro-oculographic 
amplitudes exceeding 150 μV were rejected. MEG signals were 
sampled at 400 Hz and band-pass filtered at 0.03 to 100 Hz. Two 
sessions (separated by 2 minutes of rest) were averaged before fur-
ther analysis. An equivalent current dipole (ECD) model consisting 
of bilateral sources was used to explain the MEG signals.18 First, 
an initial guess of an independent source was made for both hemi-
spheres, respectively. Each ECD was applied to a subset of 40 to 
60 sensors around the maximum peak in one hemisphere, with a 
goodness-of-fit (g) >90% for acceptance. Because the accuracy of 
the dipole localization depends on the signal-to-noise ratio,19 we 
included a sensor only when the peak amplitude of the signal was 
stronger than two standard deviations above the baseline. After 
the ECD with the highest g value was identified, all channels were 
considered for further analysis to best explain the global recorded 
magnetic field.18 T1-weighted magnetic resonance imaging (MRI) 
of the subjects’ brains were acquired using a 3.0 T Bruker MedSpec 
S300 system (Bruker, Karlsruhe, Germany) for MEG-MRI co-reg-
istration. No obvious abnormalities (eg, vascular lesions or tumor 
growth) were found in any of the brain MRI scans.

2.4. Data analysis
Each epoch was analyzed according to the concept of comple-
mentary ensemble empirical mode decomposition.20 The time 
window for each epoch was 1 second and was separated by the 
triggers provided in the recording. Because two sessions (each 
180 seconds duration) were averaged before further analysis, 
a total of 360 epochs were used for the average and data nor-
malization. The interhemispheric differences in the peak dipole 
strength of the SSAEFs observed in the left and right hemispheres 
for all subjects were evaluated using t tests. A laterality index 
(ratio of the SSAEF strength over the right hemisphere to that 
over the left hemisphere) was used to assess the degree of hemi-
spheric asymmetry. Differences in the laterality index between 
sex were evaluated using the t test, too. Statistical significance 
was set as a p value <0.05.

3. RESULTS
The SSAEFs dipole was identifiable over each hemisphere in all 
subjects (Table 1). The SSAEFs source was localized bilaterally 

Table 1

Amplitude of SSAEFs dipole moment and laterality index for subjects

Hemisphere Left    Right 

No Q(nAm) LI Sex Age Q(nAm)

1 12.3 1.8 M 23 22.7
2 10.0 2.0 F 35 20.3
3 11.3 2.3 M 31 25.9
4 14.4 1.9 F 42 26.8
5 7.8 2.2 M 40 17.2
6 10.3 1.8 M 29 18.5
7 11.9 1.1 F 22 12.6
8 9.2 1.3 M 24 11.9
9 9.5 2.3 M 27 21.5
10 14.6 1.7 M 35 24.1
11 18.5 1.5 F 21 28.1
12 14.6 1.7 F 35 24.1
m 12.0 1.8  30 21.1
SD 3.0 0.4  7.1 5.3
p     <0.001

Statistical significance using the t test was set at p < 0.05.
age = years; left = left hemisphere; LI = laterality index; m = mean; p, significance of difference for SSAEFs between responses of left vs right hemispheres; Q(nAm) = dipole moment strength of SSAEFs; 
right = right hemisphere; SSAEFs = steady-state auditory evoked fields.
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Fig. 1 Neuromagnetic responses of SSAEFs to binaural stimulation in subjects with highest and lowest LI, respectively. A, Subject 3, male, demonstrated a 
pattern of right-side dominance for SSAEFs with the highest LI of 2.292. B, Subject 7, female, demonstrated a pattern of right-side dominance for SSAEFs 
with the lowest LI of 1.059. Dipole sources (red dots) were localized at the auditory cortices of bilateral temporal lobes in MRI scans. MRI views are displayed 
according to neurological convention, that is, the subject’s right hemisphere is on the right-side of the images. LI = laterality index; MRI = magnetic resonance 
imaging; SSAEFs = steady-state auditory evoked fields.
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on the superior temporal plane, with an orientation centripetal 
to the auditory cortex. The laterality index (ie, the ratio of the 
SSAEF strength over the right hemisphere to that over the left 
hemisphere) ranged between 1.1 and 2.3 (m = 1.8, SD = 0.4) 
(Fig. 1). No differences were found between the laterality index 
of males and females (males: m = 1.9, SD = 0.4; females: m = 
1.6, SD = 0.4; p = 0.226). In all subjects, the SSAEFs were signifi-
cantly weaker in the left hemisphere (m = 12, SD = 3.0) than in 
the right hemisphere (m = 21.1, SD = 5.3, p = 0.014).

4. DISCUSSION
One major and novel finding in the present study was the ten-
dency for asymmetry of SSAEFs to the right brain with stimuli 
on both ears of AM pure tones in normal hearing. When SSAEFs 
from both hemispheres were collected and compared, the dipole 
moment of SSAEFs was consistently stronger in the right than in 
the left hemisphere. The laterality index, which was calculated 
as the ratio of SSAEFs strength over the right hemisphere to 
that over the left hemisphere, was therefore always >1.0 (with 
a range between 1.1 and 2.3). There were no differences in lat-
erality index between sexes. To the best of our knowledge, our 
study is the first to report the right-side dominance of SSAEFs on 
binaural stimulation by a pure tone with the rate of AM at 43 
Hz for a carrier frequency of 1000 Hz in subjects with normal 
hearing.

SSAERs can be potential probes for deficits in sound process-
ing in the brain presented by medical conditions with or without 
auditory relevance. Alzheimer’s disease, for example, has been 
reported to enhance the strength of SSAEFs at its early stage, 
possibly suggesting an impaired optimization between the inhi-
bition and excitation of central auditory processing.6 The dipole 
power of SSAEFs was also found to be increased in patients with 
tinnitus, which in turn could indicate that more neural fibers 
were entrained synchronously by the envelope of AM stimuli.21 
However, the accessibility and application of SSAERs in clinical 
settings are yet to be improved. One of the major reasons resided 
in the lack of repeatable stability for the production of SSAERs 
due to parameters remaining to be simplified and standardized.

There are also some medical implications regarding the vari-
ation in interhemispheric asymmetry of SSAERs. For example, 
reduced hemispheric laterality of the SSAEFs has been observed 
in patients with schizophrenia.1 However, inconsistency persists 
for the hemispheric dominance of SSAERs in previous stud-
ies. One of the studies using intermittent stimuli, for example, 
revealed hemispheric asymmetry of SSAEFs to the right brain 
on both monaural and binaural stimulation.10 In contrast, other 
studies using monaural/binaural stimuli of AM continuous 
tones revealed a pattern of contralateral dominance for SSAEFs, 
regardless of the source strength or spectral amplitudes.8,9 Thus, 
it is necessary to confirm the tendency of the dominant side of 
SSAEFs in normal controls using reasonable parameters with 
clinical relevance.

However, in the present study, the interhemispheric domi-
nance of SSAEFs upon binaural stimulation was constantly to 
the right brain. This is reflected by a laterality index ranging 
from 1.1 to 2.3 (Table 1 and Fig. 1). The laterality index had a 
different tendency from that of the transient fields. In a previ-
ous study, the auditory response to binaural stimulation was a 
nearly balanced condition.22

One of the main reasons for the repeatability in terms of hemi-
spheric asymmetry for SSAEFs in this study was that it addressed 
factors associated with the optimization of the characteristics of 
SSAERs in subjects with normal hearing. The rate of AM was set 
at 43 Hz because the best frequency in terms of the interstimulus 
interval for the production of SSAERs with maximal strength 

has been shown to be approximately 40 Hz.23,24 Furthermore, 43 
Hz instead of 40 Hz was selected to avoid possible interference 
by the frequency of the alternating current (60 Hz) in our coun-
try. In contrast to electroencephalography (EEG), MEG has the 
advantage of measuring cortical signals without the disturbance 
of noise from soft tissues including the scalp. Pure-tone stimuli 
were applied to both ears simultaneously, because binaural hear-
ing is the most common mode of listening in the real world for 
human beings, and pure tones at a frequency of 1000 Hz are the 
style of stimulation most often encountered at the beginning of 
an audiometric test. It took approximately 3 minutes to com-
plete the measurements in our study.

This study had some limitations. One is that MEG equipment 
is still difficult to access clinically. Owing to budget limitations, 
the sample size was small. However, the statistical strength 
was sufficient because there was a normal distribution inside. 
Because the primary goal of this study was to explore the pos-
sibility of establishing clinical standardization for the detection 
of hemispheric dominance in SSAEFs in the future, further stud-
ies with a similar setting and a larger sample size using EEG are 
warranted to investigate these issues.

In conclusion, the right-sided dominance of the SSAEFs was 
verified in subjects with normal hearing in the present study. 
Acoustic sources clinically available in audiometric tests were 
used as stimuli. Such simplification and minimalism of the 
parameters would be helpful for the standardization of pre-
cise production and definition of the characteristics of SSAERs, 
which in turn can improve the reliability and accessibility of the 
clinical application of SSAERs. Because MEG is still not easily 
accessible clinically, further studies using EEG with larger sam-
ple sizes are necessary to address these issues.
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