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Abstract
When two tones with slightly different frequencies are dichotically presented, binaural beats (BBs) are experienced. BBs 
resulting from the cycling change in interaural phase difference elicit electroencephalographic responses. Because they repeat 
at short periods, allowing poor recovery of the cortical responses, these steady-state responses have small amplitudes, and 
their various wave components intermingle and might mask each other. Using single-cycle BBs separated by relatively long 
inter-onset intervals would be a solution, but introducing a transient interaural frequency shift requires response subtraction 
which may not be acceptable for non-additive brain responses. The proposed stimulation method employs transient and 
monaurally subthreshold frequency shifts in opposite directions in the two ears to produce single-cycle BBs of a 250 Hz 
tone. These shifts are perceived as distinct BBs when presented dichotically, but remain subthreshold when presented 
monotically. Therefore, no frequency-shift response is elicited, and the specific BB response is obtained with no need for 
waveform subtraction. We recorded from 19 normal hearing participants the event-related potentials (ERPs) to single-cycle 
BBs and also to temporary diotic amplitude modulation (AM) with matched perceptual salience. The ERPs to single-cycle 
BBs presented at 2 s inter-onset intervals had N1-P2 responses with up to seven times larger amplitudes than the conventional 
steady-state BB responses in the literature. Significant differences were found between the scalp potential distributions of the 
N1 responses to BB and AM stimuli, suggesting that the cortical sites, where envelope-based level processing and temporal 
fine structure-based spatial processing of the stimulus take place, are not totally overlapped.

Keywords  Auditory evoked potential · Binaural hearing · Interaural time difference · Temporal fine structure · Envelope · 
Auditory cortex

Introduction

Acoustic interference of two tones with frequencies close 
to each other results in a sound whose intensity waxes and 
wanes at a rate that is equal to the difference of the two 
frequencies. This physical phenomenon, which is perceived 
like amplitude modulated sound as shown in Fig. 1 (upper 
panel), is called “acoustic beats”. When the same tones are 
delivered dichotically to the ears the listener also perceives 
a sort of modulation in the sound. In this latter phenom-
enon, which has been known for about a century (Rayleigh 
1907; Stewart 1917) and called “binaural beats” (BBs), the 
perceived modulation is not due to interference of the tones 
in the air but is due to binaural interaction of the cochlear 
neural codes in the brain. Besides several non-invasive brain 
stimulation methods such as transcranial electric stimula-
tion or pulsed transcranial ultrasound stimulation (for a 
review, Polania et al. 2018), BB stimulation appears to be an 
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upcoming alternative technique that could be used to induce 
EEG phase synchronization in the brain and to study or mod-
ify cognitive brain function (Gao et al. 2014; Ioannou et al. 
2015; Becher et al. 2015; Beauchene et al. 2016; Hommel 
et al. 2016; Chaieb et al. 2015; Garcia-Argibay et al. 2018; 
Derner et al. 2018). Further basic studies are thus necessary 
to have a better understanding of the acoustical and neu-
rophysiological aspects of this phenomenon and to search 
for the optimal conditions that could improve its perceptual 
salience, thus increasing its effectiveness as a non-invasive 
stimulus modulating the brain’s electrical activity (EEG).

BBs are perceived due to binaural neural interaction that 
results from the time difference between the tones in the left 
and right ears. As the difference between the frequencies of 
the tones in the two ears decreases below 2 Hz, BBs start to 
be perceived as an intracranial sound moving from one ear 
to the other (von Bekesy 1960; Grantham and Wightman 
1978) rather than a modulation in some feature of the sound 
(Perrott and Musicant 1977). Observations of this sort show 

that the phenomenon called BBs is closely related to the 
sound lateralization function of the central auditory system.

Conventionally, beats are steady-state in nature as illus-
trated in the upper panel of Fig. 1. However, if the initially 
equal frequencies of two tones are temporarily shifted in 
opposite directions, beats will occur only for the duration of 
the shift as illustrated in the lower panel. If the temporary 
shift duration is made equal to the reciprocal of the induced 
frequency difference, only a single beat will occur. Because 
the phase difference between the tones makes a 360° of 
change during this period, which corresponds to a complete 
beat cycle, such a discrete beat will be called a “single-cycle 
beat”. Single-cycle acoustical beats produced once every 2 s 
in this way are illustrated in Fig. 1 (lower panel).

When the brain is stimulated by any sensory or cognitive 
event and the changes it causes in the electroencephalogram 
(EEG) are recorded, a series of successive positive and nega-
tive waves peaking at different post-stimulus times (laten-
cies) are observed. Such waveforms, called event-related 
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Fig. 1   Upper panel: Recurrent steady-state beats which result from 
acoustical interference of two tones with slightly different frequen-
cies, repeating with a period corresponding to the reciprocal of the 
difference frequency. Lower panel: single-cycle acoustical beats 

which result from temporarily induced frequency differences between 
two tones. Because frequency shifts are exaggerated for illustrative 
reasons, time scales of the tone waveforms and beat envelope may not 
match
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potentials (ERPs), are considered the transient responses of 
the brain (mainly of its cortex) to the stimulating events. If 
the stimulus is a perceivable auditory event, the ERP has a 
typical response complex called N1-P2 around 100–200 ms 
following the stimulus onset. The vertex-negative N1 
deflection of this response complex, which is recorded with 
maximal amplitudes at the fronto-central scalp electrodes 
(Vaughan and Ritter 1970; Picton et al. 1974), is the most 
studied and typical long-latency auditory ERP component 
and has been shown to reflect stimulus features such as its 
intensity, origin, duration, and timing (Näätänen and Picton 
1987). Though categorized as “exogenous” due to its strong 
dependence on the physical characteristics of the stimulus, 
its amplitude was observed to increase with increasing atten-
tion (Hillyard et al. 1973; Knight et al. 1981; Ritter et al. 
1988). It has been shown by numerous EEG/MEG and lesion 
studies that the cortical source of the auditory N1 response 
is on planum temporalis superior (e.g., Papanicolaou et al. 
1990; Scherg et al. 1989; Knight et al. 1988). The EEG 
responses evoked by BBs, which are also auditory events, 
have been shown to be cortical in origin (Pratt et al. 2010), 
although early stages of the binaural interaction underlying 
this auditory event takes place in the brainstem (Wernick and 
Starr 1968; Ungan and Yagcioglu 2002).

Although binaural beats were known for almost a century 
as a psychoacoustic phenomenon, the first study in which 
they were investigated by means of electrophysiological 
methods was published by Oster (1973). The basic studies 
on the brain’s responses to BBs are much fewer than those 
on other types of auditory evoked potentials. In almost all 
of them steady-state responses (SSRs), which are elicited 
in the brain due to the recurrent nature of the conventional 
BBs, have been recorded and described (Schwarz and Tay-
lor 2005; Karino et al. 2006; Draganova et al. 2008; Pratt 
et al. 2009, 2010). However, mainly because of the poor 
recovery of cortical responses to recurrent beats, steady-state 
BB responses usually have small amplitudes. In case some 
response components could slightly recover despite rather 
short intervals between successive stimuli, the transient 
response to one stimulus would overlap with responses to 
succeeding stimuli (Picton et al. 2003), and they might even 
mask each other as in the model of Bohorquez and Özdamar 
(2008). Furthermore, in the SSRs, the responses evoked by 
each of the recurrent beats intermingle, making their iden-
tification, physiological interpretation and source analysis 
extremely difficult, especially when the beats recur at rela-
tively high rates. Therefore, in the present study the evoked 
responses to single-cycle BBs like those explained in Meth-
ods and illustrated in Fig. 2 (lower panel), rather than those 
to steady-state BBs, were recorded and analyzed. Consider-
ing the results of the studies which report that the perceptual 
salience of BBs are highest for tones at low frequencies such 
as 250 or 400 Hz (Licklider et al. 1950; Perrott and Nelson 

1969; Pratt et al. 2009), the base frequency of the tone for 
BB stimulation was chosen as 250 Hz.

An important issue encountered when single-cycle 
evoked potentials are used to study the dynamics of the 
binaural neural mechanism underlying the phenomenon of 
BBs is that the BB stimulus employed would also excite the 
monaural mechanisms. To produce a single-cycle BB, it is 
necessary to create a temporary interaural frequency differ-
ence; i.e., a temporary frequency shift must be made in the 
base tone in at least one of the ears. This change may evoke 
extra monaural FM (frequency modulation) responses which 
superimpose on the BB-response to be recorded. One may 
try to resolve this issue by recording in a control experiment 
the monaural FM response and subtracting this FM response 
from the compound response obtained by shifts in interaural 
frequency, as was attempted in the work of Özdamar et al. 
(2011). Actually, waveform subtraction is a widely used 
method in ERP studies to single out a functionally specific 
response component as in the examples of extracting the 
mismatch negativity (MMN), P300, or binaural interaction 
component (BIC). However, this method is based on the 
assumption that the brain responses are linearly additive. 
Such an assumption might be made if the events eliciting 
these responses are processed in totally different neural 
structures and when the neural codes representing these 
events do not undergo an interaction. This is not the case, 
however, for cortical long-latency ERP components which 
probably have partially overlapping and interacting cortical 
sources as revealed, for instance, by the refractoriness of the 
evoked potentials due to intra- or inter-modality interactions. 
Therefore, it should be desirable that a single-cycle BB 
stimulus does not evoke any FM response to avoid response 
waveform subtraction. The FM response is exogenous and 
its amplitude is highly sensitive to the amount of change in 
frequency (Dimitrijevic et al. 2008; Pratt et al. 2009). Like 
every sensory modality or sub-modality, tone frequency also 
has a change threshold (just noticeable difference) which is 
a fraction of the base frequency according to Weber’s law. 
Therefore, there must be a change threshold for the base fre-
quency selected for tone-BBs; and, if a frequency shift below 
this threshold is adequate for creating easily perceivable 
BBs, it should be possible to use these BBs as specific BB 
stimuli without any FM-effect. Such a specific BB stimulus 
would relieve the burden of the waveform subtraction in the 
process of obtaining the ERPs to single-cycle BBs (Özdamar 
et al. 2011) and provide a means for recording directly the 
specific responses to BBs without the confounding effect 
of an FM response. Actually, a preliminary study had been 
conducted in this laboratory (Ungan et al. 2014) to see if 
it was possible to produce single-cycle BBs in a 250 Hz-
tone by shifting its frequency dichotically in opposite direc-
tions by about 1.5 Hz, which was well below the frequency 
change threshold determined to be 3 Hz by conducting a 
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psychophysical threshold test using an up–down staircase 
procedure (Levitt 1971). The results of this study (see 
Fig. 3), which were repeated by Mihajloski et al. (2014) for 
2.5 Hz shifts in 250 and 400 Hz, showed that it was possible 
to directly record the single-cycle BB responses by relieving 
the need for subtraction of FM-responses, which would have 
been necessary when single-cycle BBs were created by mon-
aurally detectable frequency shifts. In fact, this was a similar 
way to the one followed in an earlier study of our group 
(Ungan et al. 1989) where the ERPs elicited selectively by a 
change in the interaural time difference (ITD) of dichotically 
presented click trains were successfully recorded by making 
monaurally subthreshold shifts in the timing of clicks; thus 
without any confound from possible monaural responses to 
the change in inter-click interval.

In the classical psychophysical study of Rutschmann and 
Rubinstein (1965), BBs were investigated by comparing them 
with amplitude modulated tones. Inspired from this approach, 

the ERPs to diotic amplitude modulation (AM) of the same 
tone matched in perceptual salience with the BB stimulus were 
also recorded in the present study. The cortical responses of 
the binaural mechanisms processing the temporal fine struc-
ture (TFS) and achieving the lateralization of the incident 
sound were compared with those of the monaural mechanisms 
processing the level changes in the envelope of the sound. N1 
deflection of the N1-P2 complex, which is the most typical 
auditory cortical transient response component, is given spe-
cial emphasis in this comparison, and its amplitude, latency, 
and scalp potential maps were evaluated.
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Fig. 2   Parameters and timing of the single-cycle binaural beats (BBs) used in recording the ERPs to BBs of a dichotic 250 Hz tone (lower panel) 
and to temporary half-cycle sine wave amplitude modulation (AM) of the same tone (upper panel)
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Materials and methods

Participants

Nineteen normal hearing volunteers (13 males) between 22 
and 26 years of age (mean 24) participated in the experi-
ments and were paid for their time. Informed consent was 
obtained from all participants included in the study. Initially, 
five of the participants were given an audiological test and 
their hearing thresholds were determined to be between 12 
and 28 dB SPL at 250 Hz. Their mean threshold was 22 dB 
SPL at 250 Hz and this level was referred as 0 dB nHL to 
express the sound intensities of stimuli in dB nHL. All of 
the participants who took part in the experiments were tested 
to have thresholds not higher than 6 dB nHL at 250 Hz and 
be able to perceive readily the 3-Hz steady-state BBs when 
250-Hz and 253-Hz tones were delivered to their left and 
right ears. Procedures of the study were approved by the 
Ethics Committee of Koc University, Istanbul.

Stimulation

Single-cycle BBs and diotic AMs of a base tone at 250 Hz 
were used as stimuli. They were presented to the partici-
pants with an inter-onset interval of 2002 ms in separate 
experimental blocks each including either 128 BBs or 128 
AM stimuli. These two types of ca. 256 s long stereophonic 
stimulus sequences, which are explained below in detail 
and schematically illustrated in Fig. 2, were designed and 

synthesized with a sampling rate of 40 kHz using Praat soft-
ware (Boersma and Weenink 2013), and played under MAT-
LAB. A USB sound card (MUSE Mini DAC) and audiologi-
cal insert earphones (Etymotic, EARTONE-3A) were used 
to deliver the sound stimuli to the ears. The intensity of the 
tone stimulus at 250 Hz base frequency was set to 70 dB 
nHL, corresponding to 93 dB SPL. The SPL equivalent of 
the 70 dB nHL base intensity was determined by measuring 
the peak value of the sinusoidal voltage driving the earphone 
and converting the rms value of this voltage to dB SPL. This 
conversion was based on the technical data provided by the 
manufacturer of the earphone; i.e., for a 50 Ohm-earphone, 
a driving voltage of 200 mV(rms) produces 102.5 dB SPL 
in a HA-2 coupler. Although 93 dB SPL is a relatively high 
sound intensity, it should not have caused any cross-talk 
between ears owing to the high interaural attenuation of 
the earphone given as 90 dB at 250 Hz. Even if the lowest 
interaural attenuation reported for the insert earphone by 
Munro and Agnew (1999) is considered, 72-dB attenuation 
would still mean a subthreshold intensity in the opposite 
ear. This is because the intensity of the sound delivered is 
already 70 dB nHL.

Single‑cycle BBs

The parameters of the single-cycle BBs were the same as 
those tested in our preliminary study (Ungan et al. 2014) 
to create a BB percept and elicit an ERP when presented 
dichotically, but to remain subthreshold and elicit no notable 
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Fig. 3   The results of the preliminary control experiments demon-
strating that the frequency shifts were perceived as BBs and evoked 
a robust N1 response when delivered dichotically to the ears in oppo-
site directions, and that the same shifts failed to evoke any significant 
EEG response when they were presented monotically (grand aver-

ages, N = 10). The waveforms of the stimuli delivered to the left (L) 
and right (R) ears are schematically illustrated above the ERPs. The 
control ERP recording given at the right panel is the average of the 
responses to monotic left and monotic right stimuli illustrated above 
the ERP (From Ungan et al. 2014)
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long-latency response when presented monotically. The 
design of the BB stimuli employed in the present study is 
illustrated in the lower panel of Fig. 2. The 4-ms period 
of the 250-Hz base tone covered with a good temporal 
resolution the physiologically relevant ITD range, which 
is known to be around 690 μs (Moore and Moore 1971). 
Consequently, when the frequency-shifted versions of this 
tone were presented dichotically, for about one-third of the 
BB cycle the ITD remained within the physiological range 
which extends from − 0.7 to + 0.7 ms corresponding to the 
leftmost and rightmost lateral positions.

The sampling rate of the sound card was 40 kHz, allow-
ing a minimal change of 0.025 ms in the 4-ms period of a 
250-Hz tone. The tone frequency was increased by 1.6 Hz 
(≅ 1000 ms/3.975 ms − 250) in one ear and decreased by 
1.5 Hz (≅ 250 − 1000 ms/4.025 ms) in the other to create 
a binaural frequency difference of ca 3.1 Hz. These shifts 
were well below (almost half of) the monaural frequency 
change detection threshold that was estimated in our above-
mentioned preliminary study as 3 Hz for a 250-Hz tone. This 
value is very close to the monaural FM detection thresh-
old reported by Grose and Mamo (2012a) as ca 2.8 Hz for 
young subjects, and it is well below 2% of 250 Hz, which 
is reported by Dimitrijevic et al. (2008) as the frequency 
change for which a just detectable evoked potential can be 
recorded. This 3.1 Hz binaural frequency difference corre-
sponded to a 322-ms BB cycle, which included 80 periods 
of the slower tone (80 × 4.025 ms) and 81 periods of the 
faster tone (81 × 3.975 ms). Because single-cycle BBs were 
to be used rather than steady-state BBs, the tone frequency 
was counter-shifted temporarily in the two ears only for a 
duration of 322 ms, corresponding to a single BB cycle. 
Frequency shifts were repeated with an inter-onset interval 
of 2002 ms and, in between the single BB cycles, the 250-
Hz base tones were presented in counterphase to the two 
ears. Therefore, in recording ERPs to BBs the inter-onset 
interval included a 1680-ms long base tone in both ears and 
a 322-ms long BB cycle. To avoid any auditory transient due 
to a possible discontinuity, the onset and offset times of the 
frequency shifts were made to coincide with the peaks of the 
sinusoidal sound waveform where its differential was zero. 
At the start of a BB cycle the tones in the two ears were in 
counterphase; interaural phase difference linearly changed 
with time throughout the cycle and returned to 180° when 
the cycle ended. Therefore, during a BB cycle of 322 ms the 
ITD for the dichotic tones started from 2 ms (i.e., beyond 
physiological sound lateralization range), then decreased 
to 1-ms lead for the left ear, then pass through zero, then 
increased to 1 ms-lead again but for the right ear, and finally 
retuned to 2 ms. Initial interaural phase was selected as 180° 
to maintain continuity of the ITD change throughout its 
physiological range. Otherwise (i.e., for a beat starting with 
zero interaural phase), the sound image at the center would 

have moved first towards the right ear, then gone beyond the 
physiological range, then entered again into physiological 
range from the left side, and finally returned to the center. 
Therefore, within a beat cycle starting with zero interau-
ral phase, the physiological ITD range would have been 
visited at two different times, and this would have caused 
some complexity in the response elicited, as described in 
the supplementary figure (Fig. S1). Actually, when the par-
ticipants listened to the BBs, they described the percept as 
an auditory event like a brief change in loudness, but not 
as a moving sound. For them to experience a clear moving 
sound sensation, the interaural frequency difference had to 
be decreased to 1 Hz, thus increasing the beat cycle to at 
least 1 s. When steady-state versions of the same BBs were 
presented to the participants they described their experience 
in the same way. Despite these observations, which are in 
line with those reported in the literature (von Bekesy 1960; 
Perrott and Musicant 1977; Grantham and Wightman 1978), 
we consider the BBs used in the present study as auditory 
spatial stimuli, because the stimulus is basically a shift in 
interaural phase. We, therefore, take into account the time 
course of the interaural phase with regards to the physiologi-
cal ITD range for sound lateralization.

Diotic amplitude modulation (AM) stimuli

A smooth and brief amplitude modulation to be used for AM 
stimulation was realized by multiplying a 250 Hz sinusoidal 
signal with a factor of [1 + (10(A/20) − 1)sin(πt/T)], where t is 
time, T is the duration of temporary modulation, and A is the 
ratio of amplitude increase in dB. T was chosen as 322 ms, 
which was equal to the BB cycle. This type of an AM with 
half-cycle sine wave envelope was preferred rather than an 
acoustical beat, which could be obtained simply by mixing 
the two tones that were dichotically presented to produce 
the BBs, because the latter was reported to be perceived 
more strongly than the BB (Ross et al. 2014; Groen 1964; 
Grose et al. 2012). Taking into account the well-known 
effect of stimulus intensity on the amplitude and latency of 
brain responses, the depth of modulation was so adjusted 
that the perceptual strength of the AM stimuli would roughly 
match to that of the BB stimuli to maintain a fair compari-
son between their responses. For this adjustment, the BB 
stimulus and four AM stimuli with A = 1 dB, 1.5 dB, 2 dB, 
and 2.5 dB were presented in a psychophysical test to six 
participants and they were asked to select the AM stimulus 
which was most closely matched with the BB stimulus with 
regards to their perceptual salience. Because five of the par-
ticipants matched the 1.5-dB AM with the BB stimulus (one 
matched the 2-dB AM), the 1.5-dB AM tone was selected 
to be the stimulus for recording the ERPs to AM. Sound 
waveforms used in recording the ERPs to temporary AM of 
diotic 250-Hz tones are illustrated in Fig. 2 (upper panel).
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Recording and analysis of ERPs

EEG recording with 32 channels was made by means of 
an electrode cap (EasyCap GmbH, Etterschlag, Germany) 
connected to a 40-channel computerized recorder (Mega 
Electronics-NeurOne, Kuopio, Finland). The two electrodes 
slightly behind and slightly in front of the Fz electrode (FCz 
and AFz electrodes) were used for referencing and ground-
ing, respectively). In addition to the 31 scalp electrodes 
located according to 10/20 system, an additional electrode 
was attached to the nose-tip for offline re-referencing. Two 
of the extra channels of the system were used to record 
the stimulus signals from the left and right sound chan-
nels simultaneously with EEG to align accurately the onset 
times of the BB and AM events for offline averaging of the 
ERP epochs. Therefore, an unusually wide filter bandwidth 
of 0.16–2500 Hz and a very high sampling rate of 10 kHz 
were used.

During experiments participants sat on a reclining chair 
in an electrically and acoustically shielded chamber and they 
were instructed to minimize eye blinks and facial move-
ments. A participant took part in an ERP recording session 
of around 1 h during which they were presented with four 
blocks of 128 BB stimuli and four blocks of 128 AM stimuli. 
These blocks with BB and AM stimuli were separated by 
1–2 min for rest and they followed an alternating order start-
ing with either stimulus type randomly. Participants were 
instructed not to pay attention to stimuli, and read a printed 
or electronic material of their choice during recording.

The raw EEG data were 1–30 Hz band-pass filtered and 
re-referenced to nose (Ns) offline. BB and AM event trig-
gers for temporal alignment of the ERP epochs to be aver-
aged were added offline. This was achieved by finding and 
counting the successive peaks of the recorded stimulus tone, 
starting from its onset. Before this processing, possible noise 
on the recorded stimulus signal was eliminated by 250-Hz 
band-pass filtering to improve the temporal accuracy of the 
Matlab’s “findpeaks” function. The EEG was then epoched 
according to the BB and AM onset times determined from 
the sound waveforms recorded simultaneously with EEG 
and, using ± 100 µV artifact rejection in all EEG channels, 
800 ms single ERP epochs (including a 100 ms pre-stimu-
lus part) were averaged for each stimulus type. The average 
ERPs and their grand average waveforms were computed. 
Because the peak amplitudes and latencies of the auditory 
ERP components may vary over electrodes (Scherg et al. 
1989; Näätänen and Picton 1987) and the electrode at which 
a particular deflection reaches a maximal amplitude may 
display a notable intra-subject variability, global field power 
(GFP) curves (Lehmann and Skrandies 1980) were also 
computed for reference-free assessment of the peak latency 
and magnitude of a response component. Peak latency of 
the N1 deflection in ERPs, which is the most characteristic 

auditory ERP component, was measured as the post-stim-
ulus time of the GFP maximum closest to the maximum 
negative deflection at electrode Fz within the time range of 
100–200 ms.

Grand average ERP waveforms recorded from all elec-
trodes were plotted topographically. Because the polarity-
reversed positive potentials of an auditory N1 response 
recorded from posterior scalp electrodes are correlated with 
the typical frontally tilted orientations of the bilateral N1 
dipoles (Ungan et al. 1992) that were shown to be gener-
ated in their respective supratemporal cortices (Scherg et al. 
1989), the area covered by a group of six temporo-parieto-
occipital electrodes (O1, O2, P7, P8, TP9, and TP10) was 
defined as a region of interest (ROI). Average of the N1 
potentials measured from these six electrodes within the 
± 10 ms latency range around their peaks were calculated for 
the ERPs of each participant to BB and AM stimuli. These 
averaged ROI-potentials were divided by their respective 
N1-GFP values to normalize them against the effect of a pos-
sible dipole strength difference on the recorded potentials. 
The normalized values obtained for BB- and AM-evoked N1 
responses were compared statistically to see if there was a 
significant difference between them, indicating a difference 
between the frontal tilt angles of the N1 dipoles elicited by 
the two stimuli.

The scalp potential maps of the N1 deflection in the grand 
average ERPs of the participants to single-cycle BBs and 
temporary AM of the tone were plotted. They were color-
coded according to the mean of the values for ± 10 ms 
around the N1 peak latency. All steps of the above men-
tioned offline EEG and ERP processing were carried out 
using MATLAB and ERPLAB toolbox (Lopez-Calderon 
and Luck 2014).

Results

The ERPs of 19 participants to single-cycle BBs which 
were recorded from the fronto-central electrode (Fz) and 
re-referenced to nose are presented in Fig. 4 together with 
their grand average. A fronto-central electrode is selected, 
because it is the scalp site where the most typical auditory 
cortical responses are generally recorded with maximal 
amplitudes. The time window is confined between − 100 
and 500 ms because the ERPs did not display any signifi-
cant deflection later than this post-stimulus time. In all these 
individual ERPs the N1-P2 complex is quite robust with an 
amplitude between 1.9 and 7.2 µV (4.3 ± 1.8 µV). Grand 
average ERP to BBs of the 250-Hz tone and the grand aver-
age ERP to the 1.5-dB AM of the same tone, all recorded 
from 31 scalp electrodes and re-referenced to nose, are 
topographically presented in Fig. 5. In line with the typical 
characteristics of long-latency auditory evoked potentials 
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(Näätänen and Picton 1987), the ERPs to both types of stim-
uli are dominated with an N1-P2 complex that is recorded 
with maximal amplitudes from fronto-central electrodes and 
display a polarity inversion at mastoids and occipital sites. 
The P2 component of this response complex can hardly be 
noted in the ERPs to AM stimuli. The P1, which is another 
typical auditory response component to be observed in an 
earlier latency range of 40–70 ms, could be recorded only in 
a few of the participants and, therefore, is rather obscured in 
grand average ERPs. It is for this reason that the N1 response 
which is the most typical component of auditory ERPs is 
given special emphasis in the present study.

It is seen in Fig. 5, where the topographical plots of the 
grand average ERPs are presented, that the N1 wave is 
recorded with positive polarity from the electrodes of the 
ROI according to the typical behavior of auditory evoked 
potentials known as “polarity reversal across the Sylvian fis-
sure”. In that scalp area, the polarity-reversed N1 component 
of the AM-ERPs appears to have notably large amplitudes, 
whereas that of the BB-ERPs can hardly be noted.

Grand average ERPs to BBs and 1.5-dB AM of a 250-Hz 
tone, which were recorded from the midline-frontal elec-
trode (Fz) and re-referenced to nose, are presented together 
in Fig. 6 (upper panel) for a comparison between their 
waveforms. In all the individual ERPs the N1 component 
was quite robust whereas the P2 component was not that 
prominent in the BB responses of some participants, and 
it was not even present in the AM responses of individuals 
except a single participant with an insignificant P2 deflec-
tion. Consequently, the P2 amplitude in the grand average 
BB-ERP appears to be smaller than the N1 amplitude, and 
the P2 component is almost absent in the grand average 
AM-ERP. The mean ± SD values of the N1 amplitude across 
individual ERPs to BB and AM stimuli were 3.0 ± 1.1 µV 
and 2.5 ± 1.1 µV, respectively. The N1 amplitudes in the 
grand average BB- and AM-ERPs are slightly below these 
mean values, probably because the N1 latencies had an 
inter-subject variability with a standard deviation around 
± 16 ms around their mean values of 154 ms and 173 ms, 
respectively. Robustness of the N1 responses to both types 
of stimuli and absence of the P2 component in the ERP to 
AM stimuli are apparent also in their respective GFP curves 
presented in Fig. 6 (lower panel).

Scalp potential maps of the N1 components in the two 
grand average ERPs seen in Fig. 6 are given in Fig. 7 
(lower panel). In line with the topographical differences 
seen in Fig. 5 between positivities of the BB- and AM-
elicited N1 waves in the ROI, somewhat different distribu-
tions over these regions are noted between the N1 scalp 
potential maps of the BB and AM events (compare the 
upper maps in the lower panel). This dissimilarity was 
observed to be quite evident in most of the participants 
as in the case shown in the upper panel, whereas in some 
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others it was not that pronounced. This apparent spatial 
dissimilarity was supported by the result of the paired t test 
comparing the two GFP-normalized N1 amplitudes meas-
ured for BB and AM stimuli in the ROI that was defined to 
include the electrodes marked by filled squares in the fig-
ure. The 0.53 μV mean difference between these two ROI-
potentials proved to be significant [t(18) = 2.31, p = 0.033; 
d = 0.62]. Normality of the difference data was verified 
by a Kolmogorov–Smirnov test (D = 0.15818; p = 0.6715). 
This significant difference between scalp potential distri-
butions in the specified ROI is reflected in the respective 
3D-scalp current density (Laplacian) maps given in Fig. 7 
(lower panel) as an angular difference between the lines 
connecting the scalp sites of maximal current density cor-
responding to the superficial source and sink.

Discussion

The first of the two main findings of the present study is that 
the subthreshold temporary frequency shifts, which were 
demonstrated in our preliminary experiments on ten par-
ticipants to elicit no significant EEG response when they 
were presented monotically (see Fig. 3), can create single-
cycle BBs and do evoke robust N1-P2 responses when they 
are delivered dichotically to the ears in opposite directions 
(see Fig. 4). Actually, it would have been better if the pre-
liminary monaural control experiments were repeated with 
the whole group of participants of the present study. How-
ever, the participants had to sit vigilantly in a small chamber 
already for eight recording blocks lasting ca. 60 min. Inclu-
sion of extra four monaural control blocks would have added 
around 30 min to this time. Therefore, we had to maintain 
a balance between a possible inaccuracy due to differences 
among participants’ monaural FM thresholds and a possible 
negative effect of lengthy experimental sessions on signal-
to-noise ratio (SNR) of the ERPs as well as on the quality 
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of the collected data due to violation of the time-invariance 
assumption in evoked potential approach.

The second main finding of the present study is that the 
transient single-cycle BB responses recorded are much larger 
in amplitude than the conventional steady-state responses 
to BBs found in the literature with comparable cohorts of 
subjects and stimulus parameters. In Pratt et al. 2009, for 
example, the peak-to-peak amplitude of the grand average 
(N = 18; 18–24 years of age) responses to 3-Hz steady-state 
BBs of a 250-Hz base tone with 70 dB nHL is around 1 μV, 
which is about four times smaller than the grand average 
(N = 19) amplitude of the single-cycle BB responses in the 
present study.

The BB phenomenon was described originally for contin-
uous pure tones with slightly different frequencies (Rayleigh 
1907; Licklider et al. 1950). BBs that are created according 
to this definition are steady-state because they are constantly 
repeated with a period which is equal to the reciprocal of 
the frequency difference between the tones in the two ears. 
For instance, the period of steady-state BBs created with 
the parameters used in the present study would be 322 ms. 
Because the recovery times of auditory ERP components are 
rather long, stimuli presented with such a short inter-stimu-
lus interval can only evoke very low-amplitude responses. If 
this fact is considered together with the negative effect of the 
slow BB onset on the response amplitude, it becomes evi-
dent why periodic responses to steady-state BBs with stimu-
lus parameters similar to those used in the present study can 
only be recorded with very small amplitudes.

Because no SNR data are explicitly reported in the above 
mentioned study of Pratt et al. (2009) with similar stimulus 
and processing parameters, a precise comparison between 
the SNR levels of the steady-state responses in their studies 
and the single-cycle BB responses in the present study can-
not be made. However, using the fluctuations in the 100-ms 
pre-stimulus region of the tracings to estimate the level of 
the EEG noise in the responses, a rough estimate of the SNR 
can be obtained. In the mentioned study, the peak-to-peak 
amplitude of the fluctuations in the pre-stimulus region and 
that of the BB responses in the post-stimulus region can be 
read to be around 0.5 μV and 1 μV, respectively; roughly 
indicating a SNR of about 2. In the present study, on the 
other hand, these pre-stimulus and post-stimulus values are 
0.2 μV and 4 μV, respectively, indicating a SNR of about 
20. If the closeness of the number of peri-stimulus epochs 
averaged in the two studies (“400 epochs/subject” times 18 
subjects versus “512 epochs/subject” times 19 subjects) 
are considered in addition to the similarity of the stimu-
lus parameters, this comparison indicates that not only the 
amplitude of the BB responses but also their SNR levels are 
higher when transient single-cycle BB stimulation is used 
rather than steady-state BB stimulation. This conclusion is 
valid, of course, for the responses to BBs with parameters 

similar to those used in the present study. The case may 
be totally different with other cycle lengths or beat rates 
(e.g., 40 Hz), considering the results of the studies indicat-
ing different temporal and/or spatial response characteristics 
and different hemispheric dominance patterns for different 
BB rates (Ross et al. 2014; Jirakittayakorn and Wongsawat 
2015).

Steady-state BB responses may sometimes be so tiny 
that their presence can only be detected by spectral analy-
sis of the averaged EEG signal (Karino et al. 2006; Grose 
and Mamo 2012b). There are even studies which report that 
presentation of 1-min binaural beats of alpha and beta fails 
to elicit any clear evidence of a change in the EEG when 
it is searched using spectral analysis techniques (Vernon 
et al. 2014). Even recorded, steady-state BB responses are 
in the form of roughly sinusoidal undulations (Pratt et al. 
2009, 2010; Hink et al. 1980; Schwarz and Taylor 2005). 
Therefore, identification and measurement of the N1-P2 
complex, which has been repeatedly shown to be a typical 
long-latency response component originated in the auditory 
cortex (e.g., Scherg et al. 1989; Papanicolaou et al. 1990; 
Ungan et al. 2001) is not possible with steady-state BB 
responses. Furthermore, due to its transient character, single-
cycle BB stimulation allows one to measure the latencies of 
the ERP components elicited, which provide information 
about the hierarchical level of their electrical sources in the 
brain. The magnetoencephalographic study by Ross et al. 
(2007), in which the authors recorded the cortical N1-P2 
response to intermittent IPD (interaural phase difference) 
alterations, may also be cited here. The stimuli used in that 
study, however, were abrupt changes in the interaural phase 
of an amplitude modulated tone from 0° to 180°, and not 
BBs in which IPD or ITD changes gradually in a period cor-
responding to the frequency difference between dichotically 
presented tones.

It has long been known that the BB may lead to different 
percepts such as a single auditory image moving from ear 
to ear and back, or a tone with periodic loudness fluctua-
tions, or a fast beating bitonal experience (roughness), as 
the beat rate increases (Licklider et al. 1950). To investigate 
the neural representations underlying these different percep-
tions, Ross et al. (2014) studied the neuromagnetic cortical 
responses to BBs across beat rates between 3 and 60 Hz. 
The authors report that the time courses of the magnetic 
responses to 3-Hz BBs have opposite polarities in the left 
and right auditory cortices and, therefore, the right and left 
hemispheric dipoles in their topographic map show oppo-
site orientations. Consequently, the dipolar potential pat-
terns from left and right auditory responses overlap with 
opposite polarity and would partially cancel each other in 
frontal central areas. In fact, this may be the reason why in 
the EEG recordings of the BB responses the amplitudes are 
very small. In the same study, for steady-state 3-Hz BBs, 
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the latency estimated from the maxima of cross-correlation 
between the stimulus beat and the response is reported to 
be around 70 ms. This latency is much shorter than the N1 
latency measured for the single-cycle BB response in the 
present study, and rather corresponds to that of the middle-
latency responses of the thalamus and primary auditory 
cortex to transient auditory stimuli. The authors also report 
that the beat transfer function shows notably different audi-
tory cortical hemispheric dominance patterns depending on 
the beat rate, which is in contrast to the well-known con-
tralateral dominance of the N1 (Näätänen and Picton 1987). 
These findings suggest that the cortical responses to single-
cycle and steady-state BBs have different neural origins. A 
detailed comparison of the characteristics and intracranial 
origins of the transient and steady-state auditory responses 
can be found in a review by Stapells (2010).

Of the three typical response components of auditory 
ERPs, namely P1, N1 and P2, the latter two were quite 
prominent in the ERPs to BB stimuli. On the other hand, 
the P1 was either not distinct or totally absent. This may be 
explained by the fact that the amplitude of this deflection 
largely depends on the sharpness of the stimulus onset; i.e., 
its rise time (Kodera et al. 1979). The BB stimuli used in 
the present study were not in the form of an abrupt change 
in interaural time or phase; they were rather slow changes 
in these interaural parameters with a relatively long cycle 
period of 322 ms. The AM stimulus had also the same 
slowness. Therefore, these auditory stimuli did not have 
an adequately steep onset like a click sound or tone-pip, 
or an abrupt shift in sound frequency, which are known to 
be optimum for eliciting a prominent P1 response. Another 
explanation for the absence of a notable P1 may be based on 
the above mentioned finding of Ross et al. (2014) indicating 
overlapped potential fields of the left and right hemispheric 
dipoles with opposite orientations in frontal central areas. 
This explanation seems likely if one considers the coinci-
dence between the 70-ms latency of the 3-Hz BB response in 
the mentioned study and the typical latency of the ERP-P1, 
which is also around 70 ms.

In normal hearing subjects the auditory threshold 
decreases with increasing stimulus duration (Hughes 1946), 
and this observation indicates an integration of the audi-
tory signal over time. The findings of Loveless et al. (1996), 
provide data about the time course of this integration. They 
report an increased N1 amplitude to the second stimulus of 
a pair of short tone-bursts, when the distance between the 
stimuli was shorter than 300 ms, indicating a long temporal 
integration process revealing itself as a short-term facili-
tation. Ross et al. (2002) also examine the time course of 
the developing steady-state magnetic responses of the brain 
to AM sounds, and report that the phase stabilization and 
amplitude development characteristics of the SSR relate to 
the timing of temporal integration. Based on several EEG 

and MEG studies (e.g., Näätänen 1992; Yabe et al. 1997) the 
long temporal integration window in audition is assumed to 
be around 200 ms, and sound sequences falling within this 
window of integration seem to be coded holistically as uni-
tary events (Loveless et al. 1996). Considering this window 
length, even a single beat cycle of 320 s in the present study 
is long enough for full integration of the auditory event pro-
cessed. For BBs with relatively higher rates such as 40 Hz, 
however, the event may not be completely integrated by the 
auditory system and encoded as a BB, because a single beat 
cycle will be much shorter than the window of auditory 
integration.

The event eliciting the N1 response in the present study 
is a change in some feature of an ongoing sound, and it is 
a well-known fact that the amplitude and latency of this 
response are affected by the magnitude and/or rate of the 
change; or, more accurately, the perceptual strength or 
salience of the change (Picton et al. 1974; Gutschalk et al. 
2005). This was, in fact, the reason why we conducted the 
psychophysical tests to maintain an equivalence between the 
employed BB- and AM-stimuli regarding their perceptual 
salience in an attempt to roughly balance the amplitudes of 
their cortical responses. According to the results of these 
tests, the amplitude increase in AM-stimulus that matched 
with the employed BB-stimulus was found to be 1.5 dB. 
In an attempt to verify the results of this psychophysical 
test with relevant data in the literature, we were able to find 
three studies in which perceptual matching of BBs and AM 
tones was investigated. In one of them (Rutschmann and 
Rubinstein 1965), the median AM depth that was matched 
with the binaural beats was reported to be about − 13.5 dB, 
which corresponds to a peak-to-dip fluctuation of 3.8 dB. 
However, the maximum sound intensity used in that study 
(30 dB SL, which may roughly correspond to 40 dB SPL) 
is much lower than the intensity level used in the present 
study (90 dB SPL), although the beat rates and tone frequen-
cies used in the two studies are similar. In the second study, 
Grose et al. (2012) measured the matching AM depth as 
− 21.2 dB, which corresponds to a peak-to-dip fluctuation of 
1.51 dB. This value is almost equal to the intensity increase 
in the AM stimulus in the present study. However, although 
the beat rates were also comparable (4 Hz vs. 3.1 Hz), the 
500-Hz base frequency of the tone used in that study was 
not. Furthermore, the sound intensity used in that study 
(65 dB SPL) was significantly lower than the intensity level 
used in the present study. In the third study (Groen 1964), 
which was a summary report, the peak-to-dip fluctuation 
of the AM that matched in salience with BBs was given as 
2 dB for a beat rate of about 3 Hz and a sound level of about 
60 dB SPL. However, stimulus details are largely missing in 
this short report. Since both the frequency and intensity of 
the beating tone are reported in the first two of these stud-
ies as important factors affecting the saliences of the BBs 
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and AM tones, it is not possible to make an accurate com-
parison between the above mentioned matching data and the 
result of the matching test performed in the present study. 
Moreover, the BBs and AM stimuli in the mentioned stud-
ies were steady in nature and not transient or discrete like in 
the present one. Because of the discrepancies between the 
stimulus parameters in the above reviewed studies and those 
in the present study, we failed to verify, by referring to the 
literature, that our BB and AM stimuli were matched for 
their salience. However, the reason why we tried to match 
the two stimuli for their salience was just to obtain their 
responses with comparable N1 amplitudes; and this seems 
to be realized with a small difference between them.

The reason why we preferred a relatively high SPL 
for the base tone was because of the fact that the cortical 
response amplitudes increase with increased sound intensity. 
To obtain the BB-responses with as high a signal-to-noise 
ratio as possible, we, therefore, chose the highest SPL not 
causing discomfort of the participants or a risk of interau-
ral crosstalk. As it was already pointed out in Methods, 
the relatively high sound intensity (93 dB SPL) employed 
should not have caused any cross-talk between ears owing 
to the high interaural attenuation of the earphone at 250 Hz. 
However, the acoustic reflex that would be caused by such 
a high-intensity sound through stiffening of the tympanic 
membrane as a result of contraction of the stapedius mus-
cle (Møller 2000) might have affected the responses and 
impaired the assumed equivalence of stimulation levels 
across participants. One excuse against the severity of the 
issue would be that, in our preliminary experiments, we 
observed monotonously increasing BB-response amplitudes 
even when the sound level was increased to such high levels, 
indicating that this effect may not be strong enough to cause 
saturation of the BB-responses. Another excuse would be 
related to the well-known decay of acoustic reflex (Wilson 
et al. 1984), which may have caused at least a partial return-
to-baseline throughout a long ERP recording session last-
ing several minutes. Still another excuse may be based on 
the fact that the acoustic reflex should similarly affect both 
responses (i.e., BB- and AM-responses) that are recorded 
from the same participants and compared with each other.

While in the ERPs to AM stimuli the P2 component of the 
N1-P2 complex was notable in only one of the participants 
and it does not appear, therefore, in the grand average ERP 
and its GFP curve, this positive wave proves to be a promi-
nent deflection in the BB-evoked ERPs in the whole group. 
There are studies showing that this positive wave may be 
related with cognitive processes such as selective attention 
(Hillyard et al. 1973), stimulus change and feature detection 
(Näätänen 1990; Luck and Hillyard 1995), short-term mem-
ory (Golob and Starr 2000), modulation of attention (Novak 
et al. 1992) and stimulus classification (Garcia-Larrea et al. 
1992), and that its amplitude is enhanced by learning and 

attention (Crowley and Colrain 2004). However, because in 
the present study the participants were not given any task 
concerning the above mentioned cognitive functions during 
recording of both types of ERPs, this amplitude discrep-
ancy between their P2 components cannot be connected to 
such effects. It might suggest processing of the two audi-
tory events by different neural mechanisms having different 
number of units.

It was reported in Pratt et  al. (2010) that the scalp-
recorded cortical responses to steady-state acoustic and 
binaural beats originated in the temporal lobe regions and 
both were lateralized to the left hemisphere. The conclusion 
was that the perceptions of binaural beats involve cortical 
activity that is not different than acoustic beats in distribu-
tion, indicating similar cortical processing. Based on the 
results of their magnetoencephalographic study, Draganova 
et al. (2008) also concluded that the initial responses to “cen-
tral” (i.e., binaural) and “peripheral” (i.e., acoustic) beats 
are projected along the afferent auditory pathway and acti-
vated common cortical sources, although these two types 
of beats interact at different levels of the auditory system. 
In the present study, however, a notable topographical dif-
ference between the BB- and AM-evoked ERPs (see Fig. 5) 
was supported by a significant difference between the ROI 
scalp distributions of their N1 potentials, suggesting differ-
ent dipole orientations of this most characteristic cortical 
response component. Because the ERP recordings with the 
two stimuli were carried out in a single session and accord-
ing to a randomized block design, such a scalp topographi-
cal dissimilarity between the N1 responses elicited by the 
two stimuli cannot be attributed to different electrode cap 
placements in two cases. It should, therefore, indicate a 
significant difference between the frontal tilt angles of the 
N1 dipole orientations in two stimulation cases. This fact is 
indeed reflected in the 3D-scalp current density maps in the 
lower panel of Fig. 7, where a notable difference is apparent 
between the orientations of the lines connecting the respec-
tive superficial sources and sinks in the right sagittal view. 
Considering the fact that the orientation of cortical current 
dipoles should be radial to the surface of the cortex in which 
they sit and that the auditory N1 originates from transverse 
gyri on the supratemporal plane, it is conceivable that even 
two dipole sources on the same gyrus may have considerably 
different frontal orientations if there is some antero-posterior 
distance between them. Therefore, a difference between the 
frontal tilt angles of the two N1 dipoles may indicate a spa-
tial difference between their cortical sources; though this 
difference may not be large.

It should be noted that a finer spatial resolution than pro-
vided by 31-channel EEG recording may be necessary to 
accurately localize and differentiate between the cortical 
sites where binaural beats and other auditory phenomena 
such as a simple change in sound level are processed. This 
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spatial segregation in the auditory cortex may correspond 
to a functional distinction. The percept of BB is due to a 
complete cycle of change in the phase difference between 
the tones in the two ears. Therefore, the N1 response elic-
ited in the cortex by this auditory event is associated with 
central spatial processing based on the TFS of the sound 
(i.e., the carrier). The diotic AM stimulus used in the present 
study, on the other hand, is a gradual change in the level 
of the tone in both ears simultaneously. Therefore, the N1 
response elicited in the cortex by the AM stimulus should be 
associated with central level processing based on the gross 
structure of the sound (i.e., its envelope). This dissimilarity 
is also indicated by Ross (2018) based on the observations 
that the N1 responses to ITD changes decline steeply for 
frequencies beyond 1000 Hz whereas the onset N1 display 
only small variations across frequencies. In a recent study 
based on a model, which consists of two paths for audi-
tory modulation detection using interaural phase (TFS) and 
monaural envelope cues, the simulations are shown to be 
consistent with the idea that both of the TFS processing and 
envelope processing decline with normal aging and sensori-
neural hearing loss (Ewert et al. 2018). However, it would be 
interesting to investigate, by means of an ERP study, if these 
two processing paths are differently affected by age-related 
neurocognitive disorders.

Conclusion

The main achievements and findings of the present study 
are as follows:

1.	 Using a modified form of the single-cycle BB stimula-
tion suggested by Özdamar et al. (2011) instead of the 
classical steady-state BBs, it became possible to record 
the transient responses of the binaural cortical mecha-
nisms processing this phenomenon.

2.	 By this way we were able to identify and analyze the 
auditory cortical ERP components which would have 
intermingled and masked each other when recorded 
using steady-state BB stimulation.

3.	 Owing to the significantly increased inter-stimulus inter-
val in the single-cycle BB stimulation technique, the 
cortical responses, which could appear only with mini-
mal amplitudes due to their rather poor recovery in the 
case of steady-state BB stimulation, could be recorded 
with average N1-P2 amplitudes of about four times as 
large.

4.	 By keeping the amount of monaural frequency shifts 
for BB stimuli below the FM perception threshold, it 
became possible to avoid the confound of monaural FM 
responses which would have been elicited otherwise. 
By this way, we were able to record the specific BB 

responses directly; i.e., with no need for subtraction of 
the monaural FM responses from the recorded ERP.

5.	 In addition to the methodological achievements above, 
the significant differences observed between the scalp 
potential distributions of the N1 responses to BB and 
AM stimuli suggested that partially different cortical 
sites may be responsible for processing these two stimuli 
involving, respectively, the TFS of a tone and its gross 
envelope. This result is in contrast with the literature 
reporting no difference between the cortical sources of 
the responses to binaural and acoustic BBs probably 
because of the inherently low magnitudes and composite 
nature of the responses obtained using steady-state BB 
stimulation in those studies.
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