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Abstract 
In the present study, cortical responses of two sustained Italian 
vowels, /a/ and /i/, were analyzed in perception and production 
tasks by using the event-related potential (ERP) technique. 
First, we showed that the earlier auditory waveform complex, 
N1/P2, was elicited in both experimental tasks by acoustically 
presented vowels. More interestingly, the cortical activity of 
auditory cortex seems to reflect different spectro-acoustical 
items of Italian vowels in the production task. Specifically, the 
vowel /a/ generated a weaker activity than /i/ as revealed by 
different neuronal modulations; moreover, during speech 
production, the auditory cortex showed a dampening and 
delaying of its activity in the left hemisphere. 
Index Terms: vowels processing, N1/P2 ERPs components, 
speech perception, speech production. 

1. Introduction 
Speech can be considered as a continuous stream of sounds 
mingled together in a well-rounded unit as well as the result of 
one of the most complex motor control tasks performed by 
human brain. Thus, the apparent ease whereby we perceive 
and produce language belies the large variance in linguistic 
sounds and the wide range of motor acts involved in speaking. 
To date, the mechanism through which the human brain 
automatically computes and represents spectro-temporal cues 
of speech items and the relative articulatory configurations is 
yet to be fully understood.  

Obleser and colleagues [1] showed neural evidence of a 
hierarchical organization of left anterior regions of superior 
temporal cortex (aST) that seem to be activated in phonetic 
features extraction of particular linguistic stimuli. At the same 
time, numerous magnetoencephalographic (MEG) studies [2, 
3, 4] proposed different mapping processes governing the 
neural representation of speech sounds in the auditory cortex. 
In particular, the N1m component, the magnetic counterpart of 
N1 electrical response, has been extensively used as a useful 
tool for understanding the encoding of stimuli properties since 
its topographical and temporal changes reflect the cortical 
processing of linguistically relevant information of the 
incoming input. A great number of MEG findings, indeed, 
yielded evidence of a direct correspondence between 
acoustic/phonetic features of speech sounds and relative 
cortical mapping by analyzing N1m modulations. Most of 
them have prevalently focused on isolated vowels, which are 
marked in all language systems by their stable acoustically 
features (i.e., F1 and F2 resonant frequencies), inversely 
correlated to articulatory properties (i.e., tongue height and 
place of articulation).  

Actually, [5] supported the existence of a principle 
explaining sounds mapping based on the value of F1 formant 
frequency. They observed, for example, a fast-peaking N1m 
response for the vowel /a/ relative to /i/. Eventually, some 
studies [3, 6] comparing brain responses to multiple exemplars 

of German vowels suggested that F1 value did not account for 
the N1 changes by its own. In vowels like /e/, /i/ and /a/ 
characterized by exclusive phonetic/phonological features, the 
latency of N1m appeared to be closely correlated also to F2 
which, consequently, was deeply involved in sound 
discrimination. 

Furthermore, MEG findings reported systematic N1m 
peak amplitude modulations in response to spectral properties 
of different vowel stimuli. By comparing the three German 
vowels /i/, /u/ and /a/, [2] found that N1m amplitude was 
stronger in /i/ than in /a/ as well as it was weaker in /a/ than in 
/e/. As far as we know, only two studies have used EEG 
technique to investigate the correlation between spectro-
temporal features of vowels and ERP components. [7] found 
similar results to [2] studying mid German vowels inserted in 
pseudo words. Finally, [8] focusing on Russian vowels, 
confirmed an attenuated activity in response to the vowel /a/ as 
compared with that related to /i/ and /u/.  

Since EEG and MEG technique are two ways to measure 
different aspects of human brain functioning [9], it appears to 
be interesting to further test whether the direct correspondence 
between acoustic/phonetic features of speech sounds and 
relative cortical mapping of N1m modulations, holds even 
when investigated with the N1 ERP component (a 
frontocentral component that appears to be generated in the 
auditory cortex on the dorsal surface of the temporal lobes 
[10]).  

Thus, in this study we intended to re-testing whether EEG 
signal could mirror spectro-acoustical features of the two 
Italian vowels /a/ and /i/ by measuring N1/P2 ERP 
components. Secondly, and more intriguingly, we also 
investigated whether the functional modulation of these earlier 
auditory patterns could be detected in a speech production 
task. Several models about the existence of a perceptuo-motor 
network for speech perception and production have been 
proposed [11-14] arguing, in line with Wernicke’s classic 
model, for the existence of a neural circuitry of language based 
on a direct link between sensory and motor representations of 
speech. In other words, sensory systems may participate in 
speech production. However, research in language production 
processes by EEG measurements has been poorly investigated 
as yet. Actually, the main probes are carried out using indirect 
speech production tasks and prevalently focus on lexical 
access aspect of word production (for an overview see [15]). 
Today, spatio-temporal analysis of auditory cortex activity 
during speech production has been achieved only by using 
invasive method such as the electrocorticography:  recent 
works [16, 17] with intracranial cortical recordings 
demonstrated distinct cortical activity patterns to different 
sounds segments, i.e. consonants and vowels.  

Accordingly, the present study intended to analyze 
noteworthy characteristics of the cortical activity engaged in 
vowel production tasks, with the main goal to test whether 
specific neuronal modulations could be reliable for primary 
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vowel distinction based on acoustic and articulatory 
configurations properties.  

2. Materials and Methods 

2.1. Participants 
Twelve students of University of Salento (7 females; mean 
age: 25±3) participated in the experiment after providing 
written informed consent. All subjects were consistently right-
handed according to Handedness Edinburgh Questionnaire and 
none of them had any known neurological disorder or other 
significant health problem. The experimental procedure 
received the approval of the local Ethics Committee.  

2.2. Stimuli 
The audible stimuli consisted of two 300ms sustained Italian 
vowels, /a/ and /i/ which were produced by three Italian male 
speakers (mean age 33±7) and matched for intensity by means 
of the PRAAT speech editing software. The recordings were 
made in a soundproof room with CSL 4500 (sampling rate 
44.100 Hz, length 900) and a Sennheiser MKH 20 P48 high-
frequency condenser omnidirectional microphone (response 
frequency of 20–20,000 Hz). Finally, for each vowel category, 
the best exemplar produced by each of the three speakers was 
presented (Table 1). The sound pressure level was adjusted 
prior to each EEG recording session at the hearing threshold of 
70 (± 5) dB. The visual stimuli consisted of a white and black 
flashlights were presented on a computer screen (19’inch) 
covering the whole surface and a plus mark (+) with a duration 
of 500ms. 
 

Vowel Speaker F1 Hz F2 Hz 
 

/a/ 
 

S1 
S2 
S3 

 
856 
838 
816 

 
1344 
1432 
1373 

 
/i/ 

 
S1 
S2 
S3 

 
321 
313 
281 

 
2189 
2470 
2308 

 

Table 1. Formant frequencies of vowel stimuli used. 

2.3. Experimental procedure 
Participants were instructed to passively listen to two vowels 
(/a/ and /i/) randomly presented (Perception task, P) and then 
to reproduce aloud the perceived sounds (Acoustic Production 
task, AP).  

In a dark and shielded room, subjects sat in front of a 
computer monitor. Each trial began with a black screen 
randomly displayed (200-500ms) followed by an audible 
stimulus (/a, i/) lasting 300 ms. After a randomized time 
interval (200-500 ms) a white plus mark appeared for 500 ms 
at the center of the black screen to suggest subjects to 
concentrate and prepare for the task. Another randomized time 
interval (200-500 ms) preceded a white screen (2 s) which 
signals subjects to perform the task, thus triggering its onset. 
When the black screen appeared again, the next trial started 
(Figure 1). Stimuli were presented by the BCI2000 software. 

Prior to each EEG recording, subjects performed a short 
training where they were encouraged to pronounce the vowel 
as soon as possible at the onset of the white screen, 
minimizing jaw movements.   

In each experimental session, 80 stimuli per vowel 

category were presented, irrespective of the speaker,  80 for /a/ 
and 80/for /i/ for a total of 160 trials per session. The auditory 
interstimulus interval (ISI) ranged from 3100 to 4000 ms, 
while the time interval between the onset of the audible 
stimulus and the onset of the articulatory task (white screen) 
ranged from 1200 to 1800 ms. Each trial lasted, on average, 
3850 ms. 

 

200-
500ms 

 
P=/a/, /i/ 
300ms 

200-
500ms 

+ 
500ms 

200-
500ms 

TASK 
 

AP 
(2s) 

Figure 1: Scheme of experimental conditions.  

2.4. EEG recordings  
Continuous EEG was recorded by using a 64-ch. actiCAP 
(BrainProducts GmbH, Germany; 10-20 System) and 
BrainVision Recorder 1.20 (BrainProducts GmbH, Germany) 
with a sampling rate of 250 Hz and a band pass filter of 0.1-70 
Hz. Eye movements were monitored by several electrodes: for 
VEOG, Fp1- Fp2 and an additional electrode (O2) was 
attached below the right eye; for HEOG, the electrodes FT9 
and FT10 were used. The online reference was at FCz and 
impedance was kept under 5 Ω by electrogel conductant. 

3. Data analysis 

3.1. EEG processing  
Off-line signal processing was carried out with the software 
package BrainVision Analyzer 2.0.1 (BrainProducts GmbH, 
Germany ). Data were filtered at 2–30 Hz in accordance with 
previous studies on EEG of language stimuli. Suppes et al. 
[13] indeed, showed that frequency components between 2 to 
30 Hz are the most important for classification. Data were also 
re-referenced to right and left mastoids (TP9-T910) and down- 
sampled to 100 Hz in order to remove high frequency noise. 

Independent component analysis (ICA) was computed to 
remove muscular and ocular artifacts. A MATLAB script was 
written to identify artifactual ICs by exploiting the power 
spectral density (PSD) properties. Since the brain EEG signals 
have a lower power at high frequencies, whereas muscular 
EEG signals have a higher power at high frequencies, we have 
considered potential muscular artifacts the ICs whose average 
power between 15–30 Hz was at least 1 time greater than that 
one between 2-15 Hz. Similarly, keeping in mind that the 
ocular EEG signal power has a very narrow peak between 0 – 
4 Hz, we considered possible ocular artifacts those ICs whose 
average power between 2 – 4 Hz was at least half of that one 
between 4 – 30 Hz. Finally, we visually inspected the ICs and 
we set them to zero when it was appropriated.  

700 ms ERP epochs (with 100 ms baseline) were extracted 
according to the onset of vowel stimuli, triggering the onset of 
the perception task and to the visual stimulus offset, i.e, the 
white screen cueing the onset of the acoustic production task. 

Grand averages were then computed across all subjects. 

3.2. Statistical analysis 
N1/P2 mean peaks amplitude were calculated considering an 
interval of 60ms centered at the maximum peak. Specifically, 
N1 was identified as the most negative peak at 80-150 ms time 
window post stimulus onset, and P2 as the amplitude of the 
largest positive peak occurring within 150-250 ms time 
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window post stimulus onset. The presence of the N1/P2 
complex in the two experimental tasks was verified by a series 
of t-tests against 0 at FCz, Fz, and Cz. The results indicated 
that all N1/P2 amplitude values were significantly different 
from zero (p< 0.05). 

To compare vowels, a series of repeated-measures 
ANOVAs with Vowel  (/a/ and /i/) and Electrode Type (FCz, 
Fz, Cz) as within-subjects factors were performed separately 
for each task on N1/P2 mean peaks amplitude and latency 
values (alpha p<.05). Results were corrected with the 
Greenhouse–Geisser method, whereas Bonferroni method was 
applied to adjust the univariate output of repeated 
measurements of variances for violations of the compound 
symmetry assumption. 

4. Results 

4.1. Vowels comparison 

4.1.1. Analysis on N1/P2 complex 
In the P task, the two vowels differed significantly in terms of 
N1 amplitude F (1, 11) = 5.54, p=.038 at Fcz electrode. The 
vowel /i/ recorded a higher value (-1,66 µV) than /a/ (-1,34 
µV). Latency differences were not significant instead. 

In the AP task, although the N1/P2 complex was 
significantly detected, peak amplitude was not affected by 
vowel category. Overall, there was a significantly main effect 
of Electrode Type on P2 amplitude values: F(2,10) = 3.52, 
p=.047. Mean values showed the largest amplitudes at FCz 
and Cz (p<0.05) electrodes (Figure 2). 

4.1.2. Analysis on time windows 

The same 2x3 ANOVA design was carried out on two 100 ms 
time windows of ERP signal: 50-150 ms and 150-250 ms. 

In the 50-150 ms window the vowel /i/ elicited a higher 
activity than /a/ only in the P task F (1, 11) = 7.97, p=.011. 
Mean values were -0,80µV for /a/ and -1,23µV for /i/. 
Pairwise comparisons showed an overall enhanced activity at 
all electrodes for /i/, and among them Cz recorded the highest 
activity.  

In the 150-250 ms window only in the AP task, the vowel 
/i/ elicited a higher activity than the vowel /a/, F(1, 11) = 5.43,  
p=.040: respectively, mean values were 0,61µV for /a/ and 
0,88 µV for /i/. Pairwise comparisons showed that this effect 
appeared both at Fcz (p=.008) and Cz (p=.014). The ANOVA 
for the perception task resulted in a significant main effect for 
Electrode type only, F(2,100) = 4.47, p=.000. Mean values 
showed the highest activity at Cz prior to vowels. 

4.1.3. Cortical scalp distribution 

The cortical scalp distribution of ERPs components was 
investigated using 2x5 repeated measures ANOVAs, with the 
factors Vowel and five Regions of interest (ROI). Specifically, 
the five ROIs were: fronto-central (FCz-Fz-Cz), left 
hemisphere (C3-C5-T9), right hemisphere (C4-C6-T8), left 
parietal (CP3-CP5-TP7) and right parietal hemisphere (CP4-
CP6-TP8). The analysis was carried out on two time windows 
of the ERP signal: 50-150 ms and 150-250 ms (alpha p< .05). 

In the 50-150 ms time window, a differential modulation 
of the brain activity was observed for the main effect of Vowel 
in the P task, revealing a larger activity for the vowel /i/ than 
/a/: F(1, 35) = 16.49 p=.000. Mean values were -0,44µV for /a/ 
and -0.64µV for /i/. In addition, interaction between factors 
was obtained, F(4, 140) = 4,19 p=.003: post-hoc comparisons 

showed that significant differences were observed in the 
fronto-central, right and left ROIs 

 
 
 
 

 
 
 

Figure 2: Grand average waveforms of twelve subjects at CZ 
for each task and scalp maps of the mean activity in two time 
windows of 100 ms considering five ROIs. 

In the AP task, a significant interaction Vowel x ROIs 
emerged, F(4, 140) = 4,19 p=.003, indicating that the vowel /i/ 
elicited a higher activity than /a/ in the fronto-central and the 
right ROI (p<0.05).  

In the 150-250 ms time window, the P task analysis 
revealed the main effect of ROIs, F(1.95, 68.41) = 10.10 
p=.000, and post-hoc showed that the fronto-central ROI was 
the most activated. The main effect of Vowel F(1, 35) = 5,508 
p=.025 and the interaction between factors F(2.12, 74.49) = 
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4.84 p=.026, emerged in the AP task analysis. Post hoc 
showed that /i/>/a/ in the fronto-central ROI (p< .005). 

4.2. Perception vs Acoustic Production 
Two one-way ANOVAs were conducted to examine the 
effects of the two tasks, P and AP, on N1 amplitude and 
latency values separately for each hemisphere. To do this, we 
considered two clusters of electrodes distinguishing between 
left (C3-C5-T9-CP3-CP5-TP7) and right hemisphere (C4-C6-
T8-CP4-CP6-TP8).  

Results showed that prior to the type of vowel stimulus, 
N1 amplitude was not significantly reduced by task either in 
the right nor in the left hemisphere. Nevertheless, we noticed 
that in the left hemisphere N1 amplitude was attenuated in the 
perception task, (P = -0,73 µV; AP = -0,64 µV); interestingly, 
this difference was absent in the right hemisphere where, in 
contrast, N1 response was higher in the production task (P = -
0.677 µV; AP = -0.747 µV).  

Different results were observed for latency values: there 
was a delayed N1 response in speaking condition for both 
vowels only in the left hemisphere, F (1,284) =18.383 p=.000. 
Mean values showed that there was an earlier response in 
perception than in production task by about 10 ms: P= 107 ms; 
AP= 117 ms. 

5. Discussion 
The present study proved that early activity of Auditory 
Evoked Potentials (AEPs) contains linguistically relevant 
information for vowels discrimination both in speech 
perception and in speech production tasks. Specifically, N1/P2 
components allowed us to investigate the cortical 
responsiveness of the auditory system to spectro-temporal 
features of the natural Italian vowels /a/ and /i/ which had been 
chosen for their different muscular activation and their 
different spectral structure. 

For what concerns speech perception analyses our results 
are in line with previous MEG findings [2-4, 6, 19] 
highlighting the presence of N1m response correlated to the 
functioning of the auditory cortex in encoding different 
acoustic stimuli. Hence, also the ERP N1 component appears 
to be a good parameter to investigate the cortical 
responsiveness of the auditory system to spectro-temporal 
features of natural vowels. Indeed, our data showed that 
phonetic features distinguishing between /a/ and /i/ are 
reflected in early pre-attentive brain electric signals. 

More interestingly, differences among vowels have been 
found in terms of cortical activation changes also in the speech 
production condition.  

When we compared the mean activity elicited by each 
vowel in short temporal windows corresponding respectively 
to the N1 and P2 components, we noted that in the earliest 
time window (50-150 ms) EEG signal was affected by vowel 
category in perception and surprisingly in the production 
condition. This specific modulation held over time (150-250 
ms) only for production condition. Specifically, neural 
responses to /i/ were larger than /a/ in the fronto-central area in 
reason of their different formants structures. In fact, as 
assessed by studies on animals [20] and imaging studies on 
human subjects [21] this phenomenon is explained by 
referring to the inhibitory formant frequency principle, which 
suggests that vowels with close formant peaks result in a 
reduction of neural activity.  

Taken together, these and previous results are compatible 
with the idea that the auditory cortical maps are based on 
distinctiveness of spectral properties of vowels Moreover, it is 

worth noting that so far, speech production processes have 
been prevalently explored by using invasive methods such as 
the electrocorticography [16, 17], therefore, to our knowledge, 
this is the first study used a non-invasive method revealing the 
EEG technique suitable to investigate differences between 
neuronal patterns involved in speech vowel production [cf. 
15]. 

As regards the time of elicitation of cortical responses, 
previous perceptive studies [2, 3, 6] focusing on the 
tonochrony principle reported differences across vowel 
categories: in these probes, N1 peak latency differences are 
considered useful parameters even in the first steps of vowels 
acoustical and phonological discrimination. In the present 
study, we found no vowel-category effect on N1/P2 latencies 
may be due to of the high variance across stimuli which had 
been produced by three different speakers. It is worth noting 
that other ERPs studies did not find such latency as parameter 
of vowels encoding processes [7, 8]. 

Finally, when we analyzed auditory responses in 
correspondence with experimental tasks, we yielded evidence 
of some relevant differences between self and externally 
produced speech, prominently in the language-dominant left 
hemisphere. Specifically, we observed a cortical and left-
lateralized attenuation of auditory responses when subjects 
produced aloud both vowels and, in contrast, a bilaterally 
distributed brain activity during the perception task. And yet, 
we found significant differences in terms of time processing of 
stimuli across tasks: again in the speech dominant left 
hemisphere, a delay of about 10 ms was reported when 
subjects listened to own voice (acoustic production condition) 
relative to when they listened to another person uttering the 
same vowel. Our results are in line with several MEG studies 
[22-25] focused on sensorimotor interactions underlying 
speech perception and speech motor control processes. Thus, 
dampened and delayed auditory cortical responses in speaking 
task may suggest the activation of motor forward models 
priming earlier auditory modulations.  

Overall, our results suggest that there is cortical 
segregation within vowels according to their spectro-temporal 
properties and that, this cortical segregation may have the 
same origin for both perception and production tasks 
,presumably in the auditory pathway. Hence, in line with 
models hypothesizing the existence of a perceptuo-motor 
network for speech perception and production [16-19], our 
findings seem to support the idea that sensory and motor 
systems interact with cognitive systems to allow for an 
effective exchange of information between input and output 
operations.  
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