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Abstract  
The brain as a system with gradually decreasing resources maximizes its chances by reorganizing 

neural networks to ensure efficient performance. Auditory event-related potentials were recorded in 

28 healthy volunteers comprising 14 young and 14 elderly subjects in auditory discrimination motor 

task (low frequency tone – right hand movement and high frequency tone – left hand movement). 

The amplitudes of the sensory event-related potential components (N1, P2) were more pronounced 

with increasing age for either tone and this effect for P2 amplitude was more pronounced in the 

frontal region. The latency relationship of N1 between the groups was tone-dependent, while that of 

P2 was tone-independent with a prominent delay in the elderly group over all brain regions. The 

amplitudes of the cognitive components (N2, P3) diminished with increasing age and the 

hemispheric asymmetry of N2 (but not for P3) reduced with increasing age. Prolonged N2 latency 

with increasing age was widespread for either tone while between-group difference in P3 latency 

was tone-dependent. High frequency tone stimulation and movement requirements lead to P3 delay 

in the elderly group. The amplitude difference of the sensory components between the age groups 

could be due to a general greater alertness, less expressed habituation, or decline in the ability to 

retreat attentional resources from the stimuli in the elderly group. With aging, a neural circuit 

reorganization of the brain activity affects the cognitive processes. The approach used in this study 

is useful for an early discrimination between normal and pathological brain aging for early treatment 

of cognitive alterations and dementia. 
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Research Highlights 

(1) The study investigated the effects of aging on auditory event-related brain potentials usable for 

clinical evaluation of perceptual, attention-related and cognitive processes.  

(2) The difference of tone-evoked event-related brain potential components was compared between 

young and aging subjects.  

(3) The approach used in this study can be useful for an early discrimination between normal and 

pathological brain aging for early treatment of cognitive alterations and dementia. 
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INTRODUCTION 

    

Research on aging has attracted a lot of interest in recent 

years due to the increased proportion of older people in 

the world population and its great implications for health 

care and social and economic life. Alterations in brain 

activity are considered as the most obvious characteristic 

of the aging process. The age-related changes in the 

brain can lead to dedifferentiation and reductions in 

regional process-specificity
[1]

 and hemispheric 

asymmetry
[2]

. The right hemi-aging hypothesis has stated 

that the right hemisphere shows greater age-related 

decline than the left hemisphere
[3]

. In order to explain the 

increased brain activity in the frontal lobe, Rajas & 

D‟Esposito
[3]

 suggested that deficits in function, 

dedifferentiation of function, and functional 

compensation co-occur. This may be caused by the 

atrophy in the frontal brain regions and this atrophy 

caused a change in strategy
 [4]

. It can be a compensatory 

scaffolding process that involves the use and the 

development of complementary, alternative neural 

circuits to achieve a particular cognitive goal-a process 

characterized by adaptive brain behaviour during the 

whole lifespan
[5]

.  

 

Research on age-related brain alterations has been 

conducted with electroencephalography
[6-11]

, 

magnetoencephalography
[12-13]

, functional magnetic 

resonance imaging
[14-15]

, and positron emission 

spectroscopy
[16]

. Electroencephalography studies have 

considered changes in brain activity mainly in the time 

domain. By far the most popular and classical 

electroencephalography time-domain method is the 

event-related potentials, in which the early modal 

dependent and obligatory N1 and P2 components 

contribute to analysis of sensory events, while the later 

N2 and P3 potentials reflect cognitive processes 

involving the assessment of stimuli, decision making, 

strategy selection and recognition memory. Numerous 

investigations have used not only auditory
[6-7, 17]

, but also 

visual
[18]

, and somatosensory
[19]

 stimulation paradigms. 

 

The main goal of the study was to characterize the 

dynamics of the cognitive function in the 

perception-action loop and how it is related to the 

physiological changes that occur with age. The study 

considered the patterns of selective losses and 

preservation in the processes linked to information flow 

and storage, like perception, memory, attention, and 

decision making. We investigated age differences in the 

behaviour of event-related potentials components in the 

time domain during auditory discrimination tasks with two 

tones of different frequencies. A comparatively wide age 

gap between the young and elderly groups was used 

because the wide age gap has been shown to be 

efficient and sensitive to small effects, and at the same 

time can avoid a possible effect of central nervous 

system pathology which increases with age
[8]

. The 

approach used in this study, aiming at detecting the 

auditory event-related potentials parameters in a single 

trial, is useful in the clinical practice due to prolonged 

human life expectancy and consequent need of an early 

discrimination between normal and pathological brain 

aging for early treatment of cognitive alterations and 

dementia.   

 

 

RESULTS 

 

Quantitative analysis and general data of subjects 

Twenty-eight healthy volunteers participated in this study. 

The subjects were assigned to two groups according to 

their age: a young group, comprising eight males and six 

females with an average age of 26.3 (range 25–31) 

years, and an elderly group, consisting of eight males 

and six females with an average age of 55.4 (range 

48–60) years. All 28 subjects were included in the final 

analysis.  

 

Reaction time in auditory discrimination motor task 

The right hand reaction time was significantly shorter than 

the left hand reaction time in the elderly group (mean ± 

SEM (ms): right hand, 446.54 ± 7.80; left hand, 467.51 ± 

7.96; F(1, 628) = 17.19, P < 0.05), but not significantly in the 

young group (left hand, 422.56 ± 7.82; right hand, 439.10 

± 8.55, F(1, 630) = 0.19, P = 0.24). In between-group 

comparisons, young group presented faster reactions, 

however significantly only for the left hand (young group, 

422.56 ± 7.82; elderly group, 467.51 ± 7.96; F(1, 630) = 

32.87, P < 0.001), but not for the right hand (young group, 

439.10 ± 8.55; elderly group, 446.54 ± 7.80; F(1, 630) = 

0.11, P > 0.05). 

 

Event-related potential components 

The average amplitude and latency of components for 

each wave in response to 800 Hz and 1 000 Hz 

stimulations are given in Figures 1, 2.  

 

The N1, P2, N2, and P3 latencies (Figures 2A, B) were 

compared with the literature
[8, 10, 20]

. N1 was defined as 

the largest negative peak during the interval [80, 148] ms 

with respect to the stimulus onset and was the same for 

both age groups.  
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The P2 and N2 peaks of elderly group appeared with 

some delay as compared to the young group. Due to this 

delay, the time borders of P2-end/N2-beginning and 

N2-end/P3-beginning of elderly group were shifted in the 

time. For the young group, P2 was defined as the largest 

positive peak during the interval [150, 234] ms with 

respect to stimulus onset and [150, 248] ms for the 

elderly group. N2 was the largest negative peak during 

the time period [216, 310] ms with respect to stimulus 

onset for the young group and [230, 320] ms for the 

elderly group. P3 was the largest positive peak during 

the interval [300, 500] ms for the young group, and [310, 

500] ms for the elderly group with respect to the stimulus 

onset. In common for both tone conditions, the 

amplitudes of the sensory components (N1, P2) were 

larger in the elderly group than the young group for either 

frequency tone. The N1 amplitude was larger in the 

elderly group than the young group at the motor, frontal, 

and parietal areas (Figure1; additionally for low 

frequency tone stimulation at Pz and T3) and the P2 

amplitude reached significance only at left frontal and 

motor areas after high frequency tone stimulation and at 

the right frontal, motor and parietal areas after low 

frequency tone (Figure 1; second row). 

Figure 1  Average event-related potential waves at F3 site for auditory discrimination task in the young and elderly groups. 

(A) High frequency 1 000 Hz stimulation (HT); (B) low frequency 800 Hz stimulation (LT). Scalp distributions and statistical 
comparisons of the amplitude of ERP waves (N1, P2, N2, P3): (C) HT and LT (D) auditory discrimination task (mean ± SEM). 

The vertical bars represent 95% confidence intervals. aP < 0.001, bP < 0.01, cP < 0.05 for young group vs. elderly group 
(non-parametric Kruskal-Wallis test). 
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Additionally, the sensory components at Oz had 

significantly smaller amplitude in the elderly group than 

the young group in response to high frequency tone for 

N1 wave and to low frequency tone stimulation for P2 

wave. The average amplitude difference between groups 

was 1.46 μV for high frequency tone and 2.23 μV for low 

frequency tone. The amplitude distribution of the sensory 

components was more expressed along the sagittal 

plane at the vertex than at the central frontoparietal 

areas. Their amplitude distribution was similar for both 

hemispheres and more expressed at the sensory-motor 

area than at frontal and parietal areas. 

 

The sensory components appeared significantly later in 

the elderly group than in the young group. The delay of 

the second sensory component was significantly more 

expressed at all electrodes under either tone condition 

(Figure 2; second row) and the lag of the first sensory 

component was expressed at the left frontal area under 

low frequency tone condition (in the young group, the N1 

peak lagged significantly at the right-hemisphere 

electrodes P4 and T4 by low frequency tone stimulation). 

The average latency difference between the young and 

elderly groups was 13.44 ms (high frequency tone) and 

15.98 ms (low frequency tone) for P2 component as well 

4.70 ms (high frequency tone) and 5.24 ms (low 

frequency tone) for N1 component. Comparison of 

sensory component parameters between tones in each 

age group showed that only latency difference was 

observed in the young group: the latency of N1 over the 

right temporal area lagged significantly under low 

frequency tone condition than under high frequency tone 

condition and the latency of P2 over the sensorimotor 

and parietal areas on the right hemispheres lagged 

under high frequency tone condition than under low 

frequency tone condition.  

 

At all electrodes under either tone, the amplitude of the 

cognitive components (N2, P3) in the young group was 

significantly greater than the elderly group (Figure 1; 

exception at C3 and T3 for P3 wave under low frequency 

tone stimulation). Under either high frequency tone or 

low frequency tone stimulation, the average amplitude 

difference between the young and elderly groups was 

Figure 2  Scalp distribution and statistical comparison of the latencies of the waves recorded for a young and an elderly groups 
during auditory discrimination task.  

(A) High frequency 1000 Hz stimulation (HT); (B) low frequency 800 Hz stimulation (LT). Data are shown as mean ± SEM. The 
vertical bars represent 95% confidence intervals. aP < 0.001, bP < 0.01, cP< 0.05 for young group vs. elderly group 
(non-parametric Kruskal- Wallis test). 
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1.77 μV and 1.85 μV for N2 component as well 2.36 μV 

and 1.69 μV for P3 component. In each age group, the 

largest N2 potential was observed in the centro-occipital 

area, but the N2 potential in the centro-occipital area in 

the young group was greater than the elderly group 

under each frequency tone. The highest cognitive 

components were displayed at the head-midline 

electrodes, although N2 peak was less obvious in the 

elderly group by low frequency tone stimulation.  

 

In each age group, the average N2 amplitude was 

greater on the right hemisphere than on the left 

hemisphere, which was more obvious (with the exception 

of parietal areas under low frequency tone condition) in 

the young group than in the elderly group. In each age 

group, the P3 potential was greater on the left 

hemisphere than on the right hemisphere in response to 

high frequency tone stimulation, which was more obvious 

in the young group area than in the elderly group. The 

greater P3 potential at the left frontal area than at the 

right frontal area was only detected in the elderly group 

after low frequency tone stimulation.   

 

In each age group, the average N2 amplitude was 

greater on the right hemisphere than on the left 

hemisphere, which was more obvious (with the exception 

of parietal areas under low frequency tone condition) in 

the young group than in the elderly group. In each age 

group, the P3 potential was greater on the left 

hemisphere than on the right hemisphere in response to 

high frequency tone stimulation, which was more obvious 

in the young group than in the elderly group. The greater 

P3 potential at the left frontal area than at the right frontal 

area was only detected in the elderly group after low 

frequency tone stimulation.   

 

In each age group, the P3 wave over the sensorimotor 

area was higher on the right hemisphere than on the left 

hemisphere; and in the elderly group, the P3 wave over 

the right parietal area was higher than the left area after 

low frequency tone stimulation.  

 

The latency of the first cognitive component at all 

electrodes for either tone lagged significantly in the 

elderly group than in the young group, with an average 

between-group difference of 13.87 ms for high frequency 

tone stimulation and 14.51 ms for low frequency tone 

stimulation (with the exception of C3 and T3 electrodes 

under high frequency tone stimulation; Figure 2). This 

tendency was observed for the P3 latency only with 

respect to high frequency tone at the vertex, right parietal 

and centro-occipital areas (Figure 2). 

Comparison of cognitive component amplitude in each 

group between tones: In the young group, the N2 

amplitude at the head-midline (Fz, Oz), left-hemisphere 

(C3, P3, T3) and right frontal area in each group was 

greater under low frequency tone stimulation than under 

high frequency tone stimulation. In the young group, the 

N2 amplitude lagged significantly at C4, but was earlier 

at T3 under high frequency tone stimulation compared to 

low frequency tone stimulation. In general, the N2 peak 

in the young group came earlier on the right hemisphere 

under low frequency tone stimulation and on the left 

hemisphere under high frequency tone stimulation. In the 

elderly group, P3 amplitude at the sensorimotor and 

parietal areas on the right hemisphere under low 

frequency tone stimulation was higher than under high 

frequency tone stimulation. In each age group, the P3 

peak at the frontal-central areas lagged under low 

frequency tone stimulation than high frequency tone 

stimulation and in the young group, the P3 peak at the 

vertex appeared later under low frequency tone 

stimulation than high frequency tone stimulation. 

 

 

DISCUSSION 

 

The effect of age on event-related potential components 

evoked by the tones both in the active auditory oddball 

tasks was described in a well-balanced group of normal 

subjects. The study provided a reliable estimate of the 

effects of aging allowing comparison between 

event-related potential waves from early sensory to late 

cognitive components.  

 

The amplitude and latency of the exogenous 

components are considered to be related to the stimulus 

and are indices of the early processing stages 

(automatically or obligatory). The amplitude of the early 

sensory component N1 at the frontal, motor and parietal 

areas was in general larger in the elderly group than in 

the young group under either high frequency tone and 

low frequency tone stimulations; under high frequency 

tone stimulation, the amplitude at the left frontal cortex 

appeared later in the elderly group than in the young 

group, and under low frequency tone stimulation, the 

amplitude at the right parietal and temporal areas came 

later in the young group than in the elderly group. Six 

brain processes could contribute to N1 generation: 

components generated in auditory cortex in a 

supratemporal plane, in association cortex on a lateral 

side of temporal and parietal cortices, in motor and 

premotor cortices, mismatch negativity, and also 

components generated in temporal and frontal cortices
[21]

. 
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The first three components, generated in the 

supratemporal plane, in the lateral side of temporal 

parietal cortices, in motor and premotor cortices, were 

considered as „true‟ N1 components and assumed to be 

affected by physical and temporal features of stimulus 

and by the subject state. The latter three components, 

generated in the temporal and frontal cortices, were 

believed to be caused not by the stimulus itself, but by 

the conditions in which it occurs. As long as both age 

groups were stimulated with the same stimuli, the 

difference in N1 amplitude could be due to a general 

greater alertness of elderly group with respect to the 

acoustic stimuli during early sensory processing. For the 

same experimental paradigm was reported, frontal N1 

amplitude, parietal N1 latency
[20]

 as well as prefrontal and 

temporal N1 amplitude
[22]

 increase with aging for 

standard but not targeted tone. Decrement of N1 with 

stimulus repetition has been explained in terms of 

habituation or the recovery cycle (refractory period) of 

the neural generators underlying N1
[23]

. Hence, one of 

these processes might be more expressed in the young 

group. The temporal areas of the elderly group had an 

opposite sensory processing with respect to tone 

stimulus and hand movement. Results from this study 

showed the hemispheric lateralization at the left and right 

motor areas as well as a higher N1 at the left motor area 

compared to right motor area in the elderly group under 

high frequency tone stimulation and suggest either a 

more widespread activation in the contralateral cortex 

with increasing age
[2-3]

 when a dominant hand movement 

is executed, or a hemispheric lateralization in the 

processing of high- and low-frequency tones respectively 

in left and right hemisphere
[24]

. In the elderly group only, 

an increased brain activity was observed in the frontal 

area compared to the other brain areas
[4]

. Similar to our 

findings, active task performance paradigms such as 

discrimination
[25] 

and working memory tasks
[26]

 can affect 

the early sensory component, which has been 

interpreted in terms of forward suppression
[27]

, repetitive 

suppression
[28]

, and feedback modulation from 

downstream neural populations
[10, 29]

. 

 

The late sensory component (P2) had higher amplitude 

in the elderly group than in the young group over most of 

the scalp electrodes under low frequency tone 

stimulation and at a few electrodes under high frequency 

tone stimulation. The topography of late sensory 

component appears to be similar across auditory, visual 

and somatosensory modalities and has been shown to 

have its maximum value at the vertex
[30-31]

. The late 

sensory processing was steadily delayed in the elderly 

group as the reported effects of aging on the P2 latency 

with increasing age
[7, 32]

. Some studies have found that 

P2 amplitude also increases
[8, 33-34]

. It has been suggested 

that P2 latency and amplitude increases are dependent on 

the electrode position and only apparent at anterior 

leads
[21]

. The P2 peak was detected earlier at the right 

frontal and occipital area for either tone, and above the left 

motor cortex after high frequency tone stimulation in the 

young group, and at the right frontal and right motor areas 

under low frequency tone stimulation and at the left frontal 

area and vertex under high frequency tone stimulation in 

the elderly group. The P2 peak over the right motor and 

parietal areas was significantly delayed under high 

frequency tone condition in the young group. Under low 

frequency tone and high frequency tone stimulations, the 

late sensory component showed a delay in the 

contralateral hemisphere of the young group with respect 

to the non-dominant hand movement probably due to the 

higher cognitive or motor requirements as compared to 

dominant hand movement, whereas this hand dominant 

distinction during the sensory stage is diminished or lost 

with increasing age. The functional role of the late sensory 

component at the fronto-central sites in an oddball 

paradigm interpreted as reflecting an attention-modulated 

process required for the performance of an auditory 

discrimination task
[35]

. The P2 wave is linked to a process 

of sensory gating involved in protecting higher-order 

cognitive functions by affecting response bias, behavioural 

inhibition, working memory or attention, and stronger P2 

gating as represented by prolonged peak latency leads to 

better stimulus discrimination ability
[35]

. Only the results 

obtained in the elderly group could be explained with the 

inverse relation between attention and P2 amplitude. The 

P2 increase with age points to an age-related decline in 

the ability to withdraw attentional resources from the 

sensory stimuli; this effect is more pronounced in the 

frontal areas, as they are most affected by aging
[36]

. Taken 

above hypotheses together, the prevalent P2 differences 

at the frontal areas are linked to the involvement of these 

brain areas in protecting against interference by irrelevant 

stimuli
[31]

. An increase in the level of attentiveness of the 

subject results in a decrease in P2 amplitude
[20, 37]

. This 

modulation has been thought to serve as an index of the 

ease with which relevant information can be distinguished 

from the irrelevant information
[31]

. 

 

The endogenous cognitive components develop mostly 

during later (after 250
th
 ms) post-stimulus time intervals 

and are thought to represent internal higher brain 

processes related to stimulus evaluation. The early 

cognitive component (N2) was higher in the young group 

than in the elderly group for both tasks at nearly all 

electrodes, with the exception of the left motor and 
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temporal areas under high frequency tone stimulation. 

The early cognitive component over the vertex, parietal 

and occipital cortices was delayed and it was attenuated 

in the frontal lobe in the elderly subjects
[21, 38]

. In each 

age group, the early cognitive component was larger 

under low frequency tone stimulation compared to high 

frequency tone stimulation. However, significant 

differences were observed only at the right frontal area of 

elderly subjects, whereas for the young subjects, these 

differences were more widespread: at the centro-frontal, 

occipital and right frontal areas as well as the left 

hemisphere (except the frontal area). Thus, larger early 

cognitive component was obtained when movement with 

the dominant hand was executed. During the early 

cognitive processing only in the young group, but not in 

the elderly group, high frequency tone simulation was 

faster processed in the left hemisphere and low 

frequency tone stimulation in the right hemisphere. This 

finding may be related to hemispheric lateralization with 

regard to auditory attention and differences in the 

processing of high frequency tone and low frequency 

tone stimulations, which is the same as early sensory 

processing
[24]

. This suggests that for discrimination 

processes related to motor tasks, the underlying N2 

generation may be lateralized, as reported for P3
[39]

. 

Additionally, the right hand reaction time was significantly 

shorter than the left hand reaction time in the elderly 

group only. Both age groups were manifested as N2 

delay for the left hand motor task under high frequency 

tone stimulation over the right hemisphere, most 

prominently over the right motor area and N2 delay for 

the right hand motor task under low stimulation over the 

left hemisphere was only observed in the young group. 

After low frequency tone stimulation, no hemispheric 

lateralization differences were observed in the elderly 

group. The functional role of N2 latency has been related 

to the time needed to make a conscious identification of 

the stimulus as deviant and the time needed to 

determine the functional significance of the stimulus 

amplitude, the time needed to determine the accuracy of 

this conscious discrimination ability
[40-41]

. With increasing 

age, a systematic increase in the N2 latency only
[10, 42]

 or 

together with a decrease in N2 amplitude have been 

reported
[7]

. One interpretation is that the increase in N2 

amplitude reflects the existence of an age-related 

slowing in memory-based comparison processes
[43]

, 

while another interpretation suggests that the ability of 

the auditory system to detect stimulus changes 

attenuates with aging
[44]

. 

 

The late cognitive component P3 was significantly higher 

in the young group than in the elderly group at nearly all 

brain areas under either tone and delayed in the elderly 

group only after high frequency tone stimulation over the 

vertex, right parietal and centro-occipital areas. With 

regard to its geriatric modulation, with increasing age, the 

late cognitive component has been reported to be 

generally delayed
[7, 8, 22, 45]

: its amplitude diminished
[7, 22] 

in 

both auditory and visual paradigms
[10, 46]

, and its scalp 

distribution altered
[8, 22]

, and its potential field shifted to 

frontal areas. The P3 delay of the elderly subjects 

interpreted as slowing of the decision process whether to 

respond or to inhibit the response when required
[46]

. It is 

supposed that age affects both aspects of inhibition in a 

different manner. Similarly, P3 latency increases with 

age during auditory stimulus/button-press response 

paradigm, but not in counting conditions
[17]

. When 

comparing low frequency tone and high frequency tone 

processing, significant hemispheric lateralization 

differences in P3 amplitude were observed only in the 

elderly group. Alexander et al 
[39]

 also reported larger P3 

amplitudes over the right hemisphere than the left 

hemisphere under both target and standard stimuli, 

primarily at anterior-medial locations (F3/4, C3/4). 

Compared to high frequency tone stimulation, low 

frequency tone stimulation produced a delayed P3 peak 

over the centro-frontal cortex in both age groups, and 

additionally over the vertex in the young group. The task 

complexity in terms of P3 amplitude in both groups 

seems to be either tone-dependent or hand 

dominance-dependent. The P3 behavior has been 

reported to depend on stimulus expectation (the less 

expected stimulus elicits larger P3 amplitude
[47]

), on 

selective attention and motivation. The task complexity 

processing (as represented by P3) was different between 

the age groups and influenced the involvement of 

different brain areas. 

 

In conclusion, this study described the effect of aging on 

the profile of auditory event-related potentials usable for 

clinical evaluation of perceptual, attention-related and 

cognitive processes, and provided age adjusted 

normative data for the clinical use of the spectrum of 

cognitive event-related potentials evoked by auditory 

binary motor task. Results from this study showed that 

with aging, a neural circuit reorganization of the brain 

activity affects the cognitive processes. This 

reorganization could be compensatory or a deficit. 

 

 

SUBJECTS AND METHODS 

 

Design 

A non-randomized, concurrent, controlled 
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electrophysiological study. 

 

Time and setting 

The experiment was performed at Department of 

Neurology, Bulgarian Academy of Sciences, Sofia, 

Bulgaria from November 2010 to October 2011. 

 

Subjects 

Healthy volunteers were recruited into this study. All of 

them were right-handed and without deficits in hearing. 

Handedness was assessed by a questionnaire adapted 

from the Edinburgh Handedness Inventory
[48]

. All 

subjects gave a written informed consent according to 

the Declaration of Helsinki 
[49]

 prior to participating in the 

study after being thoroughly instructed about the nature 

of the experiment. 

 

Methods 

Experimental set-up 

Electroencephalography (EEG) was recorded with a 

Nihon Kohden EEG-4314F (cut-off frequency of 0.3–  

70 Hz) using 12 Ag/AgCl Nihon-Kohden electrodes 

placed on the scalp according to the international 10-20 

system: F3, C3, P3, T3; Fz, Cz, Pz, Oz; F4, C4, P4, T4. 

Simultaneously, hand movement performance was 

tracked by means of a force profile. The data records 

were synchronized to the marker of the stimulus onset 

(–0.5 second before and 1.0 second after the stimulus). 

An electro-oculogram was recorded from electrodes 

placed above and below the lateral cantus of left eye for 

a detection of eye movements and blink artifacts. A 

ground electrode was placed on the forehead. The skin 

impedance was controlled to be less than 4 kΩ. A 

second-order Notch filter was applied in order to discard 

the 50 Hz AC noise component, using the built-in 

MATLAB function. The signals were digitized online with 

a sampling frequency of 500 Hz. The EEG signals were 

referenced to both mastoid processes. During the 

measurements, each subject was comfortably seated in 

an ergonomically designed chair within an 

electromagnetically shielded Faraday cage. 

 

Subjects were binaurally acoustically stimulated using 

two pure tones: low frequency 800 Hz stimulation and 

high frequency stimulation 1 000 Hz. The acoustic 

intensity was 60 dB. The loudspeakers were situated in 

front of the subjects. All measurements were executed 

with closed eyes. Each experimental series consisted of 

50 computer generated low frequency (800 Hz) and 50 

high frequency (1 000 Hz) acoustic stimuli with durations 

each of 50 ms and an inter-stimulus interval of 2.5–3.5 

seconds. These were presented to the subjects in a 

randomized order. The task was the bimanual 

sensorimotor task: while listening to the two acoustic 

stimuli, subjects were asked to react to the high tones by 

pressing with the left index finger, or alternatively with the 

right index finger whenever they heard a low tone. For 

reacting, subjects were instructed to press as fast as 

possible with the correct index finger, so that speed and 

accuracy were given equal importance. 

    

Only artifact-free EEG recorded event-related potentials 

were processed. Repeatable signals with at least a 

biphasic component within 1.5 second window with 

similar shape were termed as auditory event-related 

potential “waveforms”. Baseline correction was based on 

the 300 ms long pre-stimulus time period. The 

parameters of event-related potential waves were 

computed relatively to the corrected baseline. The 

signals were later verified to have signal-to-noise ratio 

(SNR) above mean 1.1. SNRs were calculated using the 

following formula SNR = A/(2 × SDnoise), where the 

amplitude A is the peak-to-peak voltage of the mean 

event-related potential, and SDnoise is the standard 

deviation of the noise
[50]

. The noise ε is obtained by 

subtracting the mean from each individual auditory 

event-related potential. In other words, for a given single 

electrode, ε is just the collection of residuals when the 

mean auditory event-related potential is subtracted from 

each individual event-related potential and SDnoise is the 

standard deviation over this collection. 

 

Auditory event-related potential classification was 

defined with respect to latency
[8, 10, 51]

. For each subject, 

task, electrode, single trials were used to determine the 

amplitude and latency of N1, P2, N2 and P3 potentials. 

The exogenous (N1, P2) components are mainly 

influenced by the external physical stimulus, and 

endogenous or (N2, P3) components which reflect 

mostly cognitive processes. N1 is generally viewed as 

the first negative and often largest peak with a maximum 

around 100 ms after stimulus onset. P2 is described as 

the second positive peak with a maximum around 200 

ms with respect to stimulus onset. N2 is the second 

negative peak appearing in the time interval after the P2 

up to around the 300 ms. The P3 component is the third 

positive peak found in the time interval 250–500 ms. The 

procedure for discarding the single trials of great 

variability was done separately for the groups. The 

remaining single trials for each group were used for the 

analysis of the brain wave components. Their amplitudes 

and latencies were determined automatically in MATLAB 

using a procedure based on Global Field Power
[51]

. The 

reaction time was determined from the force-time curves. 
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Pressing with the index finger produced a negative 

deflection in the force records. Criterion for detection of 

the reaction onset was a drop of the force curve more 

than 10% below a baseline, defined for the first 40 ms 

after stimulus offset.  

 

Statistical analysis 

Data were analyzed using the Statistical Package for 

Matlab version 7.0 (MathWorks Inc., Natick, MA, USA). 

The amplitude, latency of each ERP component and 

reaction time were compared between groups for each 

tone condition by means of non-parametric Kruskal- 

Wallis test. A level of P < 0.05 was considered 

statistically significant.   
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