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ABSTRACT
Whether human speech perception depends on a biologically
based link between production and perception or whether it is
best characterised as a series of acoustic, phonetic, and
semantic transformations has remained an unresolved issue.
We addressed this question via the use of objective brain
research methods combined with advanced stimulus production
methodology. We removed the contribution of the periodic
glottal excitation, produced by the vocal folds in the human
larynx, from vowel stimuli and found that magnetic responses
generated in the auditory cortex respond to this removal. The
amplitude of the main deflection of the magnetic responses,
N1m, decreased even though the formant settings, intensity,
and duration of the stimuli were identical. Hence, because
human brain activity attenuates if vowel stimuli are “distorted“
by the removal of their naturally occurring periodic excitation
we conclude that speech production and perception
mechanisms in the human cortex are fundamentally
interrelated.

1. INTRODUCTION

Although several theories of speech perception have been
suggested, the ongoing debate culminates in whether humans
process speech serially through acoustic and phonetic
transformations only, or whether speech production
mechanisms are crucial in this process [18, 19]. In current
brain research, several attempts have been made towards
solving this issue by using both auditory event-related
potentials (ERPs) and magnetic fields (EMFs) which provide
an excellent spatiotemporal resolution of brain dynamics. The
most prominent cortical deflection, the N1, and it magnetic
counterpart, the N1m, have received considerable attention in
studies on cerebral activity evoked by auditory stimulation
[20]. For example, the amplitude, latency and source origin of
the N1(m) has been analysed by using pure tones [1, 7, 24]
noise bursts [11], consonant-vowel-syllables [15, 16, 22, 25,
27], and words [10, 13]. However, N1(m) studies of brain
activity in humans evoked by sustained vowel sounds (i.e.,
isolated vowels produced with a constant fundamental
frequency) are relatively sparse [6, 8].

The lack of experimental data on cerebral processing of
sustained vowels can be contrasted with their role in speech
sounds, which is essential both from an acoustical as well as a
phonetic point of view. From the acoustical point of view, the

importance of vowels lies in their long duration and larger
energy in comparison to other utterances [5]. Vowels are
produced by exciting the vocal tract with the glottal excitation,
a periodic waveform generated by the vibration of the vocal
folds [9]. By changing the resonant frequencies of the vocal
tract, termed the formants, different vowels (e.g., /a/ and /o/)
are produced.

Phonetically, the studying of cerebral processing of sustained
vowels is highly motivated because vowels form the most
important category of voiced sounds and because they have a
crucial phonetic role in most languages. Voiced sounds are
more frequent than voiceless in most West European
languages: in English, for example, 78% of phonemes are
voiced [4]. The importance of vowels was emphasised by
Laver [17], who considered vowels to be nuclear elements of
the (phonological) syllable.

From the physiological point of view, the formants of a
particular vowel are determined primarily by the position of the
tongue, but also the position of the jaw and lips influence the
resonance frequencies. By using the lowest two resonances, the
first (F1) and the second formant (F2), it is possible to express
vowels of a specific language in the F1-F2-space [21]. The F1-
F2 space has an established role, especially in phonetics,
because vowels can be distinguished from each other based on
their position in this two-dimensional space. Particularly in
speech perception studies, the F1-F2 space is widely used as a
straightforward tool for quantifying differences of vowel
sounds. However, characterising vowels by using their formant
information alone might be considered an oversimplification as
it ignores the role of the glottal excitation, which has a crucial
role in the production of vowel sounds [9].

Previous brain research on cortical responses evoked by vowel
stimuli has, unfortunately, turned out to be of limited value in
showing that the N1(m) is passive in reflecting differences in
the processing of vowels with different formant patterns.
Despite repeated demonstrations of the dependence of N1(m)
latency on stimulus complexity [6, 8, 26] neither the amplitude
nor the latency of N1(m) differentiates whether we hear, for
example, the vowel /a/ or /o/.

In the present study, we studied the N1m evoked by vowel
stimuli by considering both of the main processes contributing
to vowel production: the periodic glottal excitation and the
vocal tract filtering (i.e., the formants F1, F2, etc.). Our goal
was to find out whether two vowel sounds of an equal formant
structure, both easily recognisable as the same vowel, would
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result in differences in brain activity when the natural glottal
waveform with a periodic structure is replaced by an unnatural
aperiodic counterpart. Thus, this would shed light on the role
of speech production mechanisms in the cortical processes
underlying human speech perception.

2. MATERIALS AND METHODS

The vowel stimuli were generated by using Semi-synthetic
Speech Generation (SSG), which produces synthetic vowels
from natural glottal excitation in conjunction with an artificial
vocal tract model [3]. The formant structure of the sound
generated by SSG can be adjusted as desired and the quality of
the stimulus is better than that produced by conventional
speech synthesisers because the excitation process is extracted
from a natural utterance. The stimuli consisted of two
representations of the vowel /a/ and /o/, synthesised with SSG
using glottal excitations of different characteristics. Firstly, a
glottal waveform (g(n), where n denotes the discrete time
variable) was extracted from a real speech sound. The
waveform obtained corresponds to the natural glottal excitation
in the production of vowel sounds due to the vibration of the
vocal folds. The glottal waveform was computed using an
inverse filtering technique [2] from a speech sound produced
by a male speaker with the fundamental frequency of 110 Hz.
Secondly, an aperiodic glottal excitation, denoted by n(n), was
produced using a random noise generator. This waveform
served as an excitation signal that differed remarkably from
g(n). In particular, the periodic structure, which is a
characteristic feature of natural glottal waveform, is absent
from n(n). The spectral envelopes of g(n) and n(n) were
equalised by low-pass filtering the random sequence through
an all-pole filter matching the power spectrum of g(n). This
low-pass filter was determined by performing a 6th-order LPC-
analysis [23] to g(n).

A built-in replication was included in the study by synthesising
two Finnish vowels /a/ and /o/. The effects of vocal tract
filtering were modelled with digital all-pole filters the transfer
functions of which are denoted by Va(z) and Vo(z) for the
vowel /a/ and /o/, respectively. Resonances of Va(z) were
adjusted to create formants corresponding to the vowel /a/ as
follows: F1=600 Hz, F2=1030 Hz, F3=1850 Hz, and F4=3500
Hz. Similarly, Vo(z) was designed to simulate the formant
structure of the vowel /o/ with the following values: F1=460
Hz, F2=820 Hz, F3=2470 Hz, and F4=3500 Hz. Four
representations of vowel stimuli were synthesised by using the
periodic and aperiodic excitation waveforms as an input to
both Va(z) and Vo(z). The speech sounds produced by using
periodic g(n) as an input to Va(z) and Vo(z) are denoted by /a/g

and /o/g, respectively. Notations /a/n and /o/n are used to denote
sounds generated by using aperiodic n(n) as an excitation to
Va(z) and Vo(z), respectively. The intensity of the four stimuli
were adjusted to be equal at the output of the sound delivery
system (SPL with A-weighting = 70 dB).

The excitation waveforms are shown in Figure 1, which
demonstrates that the periodic structure is present in the
naturally occurring glottal waveform (curve a) but absent from
its unnatural, aperiodic counterpart (curve b). The spectra of
the vowel /a/ excited using periodic and aperiodic glottal

excitations are shown in Fig. 2 by the upper and lower panel,
respectively. These graphs indicate that the formants of the two
/a/-vowels are in equal positions. The spectrum of /a/ produced
by the periodic glottal waveform, however, comprises a clear
comb structure which results from the regular oscillation of the
vocal folds. As can be observed in Fig. 2b, this comb structure
is absent from the spectrum of the /a/-vowel produced using
the aperiodic, unnatural glottal excitation. Importantly, the
application of the classical F1-F2 space approach would not
reveal any differences between the /a/-vowels produced by the
periodic and aperiodic glottal waveforms because these two /a/-
vowels have exactly the same formant values.
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Figure 1: Excitation waveforms used to generate the speech
stimuli: periodic glottal excitation occurring in natural
production of vowels (a), aperiodic excitation waveform (b).
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Figure 2: Spectra of the speech stimuli (vowel /a/): periodic
vowel (a), aperiodic utterance (b).

Fourteen right-handed, normal-hearing volunteers participated
in the experiment. The subjects (12 female; mean age 24 years)
provided informed consent and the experiment was approved
by the Ethical Committee of Helsinki University Central
Hospital (HUCH). The EMFs elicited by auditory stimuli were
recorded with a 122-channel whole-head magnetometer [14]
which measures the two independent tangential derivatives of
the magnetic field component normal to the scalp, at 61
locations over the head. The subject, sitting in a reclining chair,
concentrated on watching a silent movie and was instructed not
to pay attention to the auditory stimuli. The auditory stimuli
(duration 200 ms, including 10-ms rise- and fall-times) were



binaurally delivered through plastic tubes and earpieces using a
constant (onset-to-onset) interstimulus interval of 1500 ms.
Over 150 instances of each of the four stimulus types were
presented to each subject. Brain activity time-locked to the
onset of the auditory stimuli (passband 0.03-100 Hz, sampling
rate 400 Hz) was averaged over a 500-ms post-stimulus period
(baseline-corrected with respect to a 100-ms pre-stimulus
period) and filtered with a passband of 1-30 Hz. Electrodes
monitoring both horizontal (HEOG) and vertical (VEOG) eye
movements were used in removing artefacts, defined as activity
in excess of ±150 µV. The responses obtained via MEG were
quantified at N1m response maxima with the use of
unrestricted equivalent current dipoles (ECDs) [12]. A subset
of 34 channels over either the left or right temporal brain areas
was separately used in the ECD fitting. Statistical analyses of
the data were performed using a repeated measures ANOVA
and Newman-Keuls post-tests.

3. RESULTS

Both the natural periodic stimuli (/a/g and /o/g) and their
aperiodic counterparts (/a/n and /o/n) elicited prominent N1m
responses. Importantly, changes in the excitation type (i.e.,
periodic vs. aperiodic stimulation) had a profound effect on the
N1m amplitude: the magnetic N1m amplitudes were larger for
the vowels excited by the natural periodic glottal pulseform
than for those generated by their aperiodic counterparts.
Statistical analyses (ANOVA, Excitation type x Hemisphere)
revealed that this amplitude difference was significant for both
the vowel /a/ (F(1,11)=19.30, p<0.01) and /o/ (F(1,13)=17.50,
p<0.01). Post-hoc analyses revealed that the N1m amplitudes
were always larger for periodic than for aperiodic stimulation
(/a/g = 40.6 nAm and /a/n = 28.6 nAm, Newman-Keuls p<0.01;
/o/g = 39.0 nAm and /o/n = 30.4 nAm; p<0.01).

ECD modelling revealed that the N1m was generated in the
auditory cortex and, corroborating previous observations [6,
26], the ECDs of the N1m in the right hemisphere were
anterior to those observed in the left hemisphere. The
excitation type of the vowel stimuli also caused a small, albeit
significant, location difference. The ECDs of the N1m
responses elicited by the periodic stimuli were anterior than
those for aperiodic stimuli (/a/g vs. /a/n: F(1,11)=9.84, p<0.01;
/o/g vs. /o/n: F(1,13)=18.97, p<0.001). This anterior-posterior
location difference was on the average 3.6 mm and 1.6 mm
between /a/g and /a/n, (p<0.01) and 2.8 mm and 2.3 mm
between /o/g and /o/n (p<0.001) in the left and right
hemisphere, respectively.

In addition to MEG-measurements, perception of the stimuli
was analysed in a behavioural test. In this test, 11 randomly
chosen subjects were asked to listen to the four stimuli one by
one after which they were asked to identify the utterance. The
result of the test was very clear: 10 subjects identified all the

four sounds correctly (i.e., both /a/g and /a/n were recognised as

the vowel /a/ and both /o/g and /o/n were recognised as the
vowel /o/). One of the subjects recognised all other sounds

correctly but he identified /o/n as the vowel /u/.  All in all, the
results of the behavioural test clearly indicated that stimuli
produced using both the periodical and aperiodical excitation
were perceived as the same vowel.
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Figure 3:  The mean amplitude of the N1m elicited by periodic
(/a/g and /o/g) and aperiodic (/a/n and /o/n) stimulation. Left and
right hemisphere is denoted by L and R, respectively.

Our main observations are summarised in Figure 3, which
shows the response amplitude as a function of stimulus
periodicity for the N1m. The present data are the first
demonstration that cortical processing of speech at the very
fundamental level of sustained vowels has a clear
correspondence with the production of these sounds in the
human larynx: Replacing the unnatural aperiodic excitation of
the vowel sound with the periodic glottal waveform extracted
from a natural speech sound increased the brain activity
indexed by the N1m amplitude. This occurred even though the
formant frequencies, the intensity and the duration of the
utterance were kept constant.

4. DISCUSSION

As the main finding, our study indicates that vowel sounds
comprising a natural periodic structure elicit a significantly
larger N1m amplitude than vowels with an aperiodic structure.
This amplitude enhancement occurred even though these two
sounds were equivalent in duration, intensity and, importantly,
in terms of their formant frequencies. In other words, sounds
with equal positions in the F1-F2 space can nevertheless cause
a significant difference in cortical processing in terms of the
amplitude of the N1m. We consider these observations to be
important for two reasons. Firstly, they demonstrate that speech
production mechanisms have profound effects on human brain
dynamics as reflected by MEG. Secondly, they show that
characterisation of vowels by only their position in the F1-F2
space is an oversimplification for understanding speech
perception as it ignores the role of the glottal excitation in the
processing of voiced speech.

The present results on N1m amplitude effects can be related to
previous studies analysing the cerebral processing of different
vowels [8] as well as to studies comparing the processing of



sinusoidal and vowel stimuli [6, 15, 26]. These studies have
repeatedly demonstrated that the amplitude of the N1m shows
no differences between the processing of different sustained
vowels or between the processing of tones and vowels. It is
particularly striking that tones and vowels that are perceptually
very different can not be distinguished in terms of the
amplitude of the N1m [6, 26]. However, in the present study, a
clearly smaller perceptual difference between instances of the
same phoneme resulted in a significant decrease in the
amplitude of the N1m when the periodic structure of the vowel
was violated. Thus, we conclude that the amplitude of the
N1(m) elicited by sustained vowel stimuli does not reflect
differences between the processing of natural sounding
phonemes (e.g., /a/ vs. /o/) or even that of vowels and tones.
Rather the N1m seems to index a much more subtle difference,
the presence of natural glottal excitation, which, in turn, relates
our findings to the motor theory of speech perception [18, 19].
This previously overlooked link between the production and
perception of speech can be found already at the level of
sustained vowel sound processing.
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