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Processing the acoustic effect of size in speech sounds
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The length of a vocal tract is reflected in the sound it is producing. The
length of the vocal tract is correlated with body size and humans are
very good at making size judgments based on the acoustic effect of
vocal tract length only. Here we investigate the underlying mechanism
for processing this main auditory cue to size information in the human
brain. Sensory encoding of the acoustic effect of vocal tract length
(VTL) depends on a time-stabilized spectral scaling mechanism that is
independent of glottal pulse rate (GPR, or voice pitch); we provide
evidence that a potential neural correlate for such a mechanism exists
in the medial geniculate body (MGB). The perception of the acoustic
effect of speaker size is influenced by GPR suggesting an interaction
between VTL and GPR processing; such an interaction occurs only at
the level of non-primary auditory cortex in planum temporale and
anterior superior temporal gyrus. Our findings support a two-stage
model for the processing of size information in speech based on an
initial stage of sensory analysis as early as MGB, and a neural correlate
of the perception of source size in non-primary auditory cortex.
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Determining the size of a sound source is a fundamental
perceptual task for humans and other species (Fairchild, 1981;
Reby et al., 2005; Smith et al., 2005) but the brain regions that
analyze the size information in sounds have not been defined.

The size of a sound source is reflected in the sound it produces.
In the case of human speech, the vocal tract acts as a filter to the
sound produced by the vocal chords. The length of the vocal tract
is highly correlated with speaker size (Fitch and Giedd, 1999) and
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so, the acoustic effect of vocal tract length (VTL) is an important
sensory cue to the size of the speaker (Fitch and Giedd, 1999;
Smith et al., 2005). The vocal tract filter introduces peaks in the
magnitude spectrum at frequencies associated with the sizes of the
resonances of the vocal tract, and it attenuates energy at other
frequencies. The peaks are the so-called formants of speech, and
the formant frequency ratios provide information about the shape
of the vocal tract when producing a specific speech sound (i.e., an /
a/ has different formant ratios than an /u/). For a given vocal tract
configuration, there is a well-defined change in the sound (and its
internal representation) when the length of the vocal tract changes
(i.e., when a speaker with a different size says the same speech
sound). Fig. 1 shows the time-stabilized, neural firing pattern, or
auditory image (Patterson et al., 1995), of the vowel /a/ for a male
and a female speaker (Irino and Patterson, 2002). The shorter vocal
tract of the female speaker results in formants that have higher
frequencies and faster decays. These changes are independent of
the pitch produced by the vocal chords, which is the same for the
two voices in this example. The sensory correlate of a change in
the size of the source could be the formant frequency shift, the
reduction in decay duration, or most likely both (Irino and
Patterson, 2002).

The perception of size is also influenced by glottal pulse rate
(GPR), which determines the pitch of the voice. GPR is not tightly
correlated with body size (Kunzel, 1989) but men have longer and
heavier vocal cords than women, resulting in a generally lower
glottal pulse rate (GPR). Thus, although VTL is the main cue for
processing size, a voice emanating from the same length of vocal
tract can sound bigger if the glottal pulse rate is lower and smaller
if the glottal pulse rate is higher (Smith and Patterson, 2005; Smith
et al., 2005).

The analysis of size information is not only important in
relation to the estimation of the size of the speaker; it also poses an
invariance problem. When a specific vowel is produced by
speakers with markedly different sizes, they are, nevertheless, still
perceived as the same vowel despite the difference in the length of
the vocal tract. This suggests that the auditory system can segregate
information about the length of the vocal-tract from information
about its shape (Irino and Patterson, 2002).
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Fig. 1. Top row: auditory images for the vowel /a/ synthesized for male and female speakers. Both images are shown with the same glottal pulse rate (100 Hz). Note
that the reduction in VTL causes an upward shift of the formant peaks and a decrease in the duration of the formants. Bottom row: spectrograms of the same vowels.

A priori, auditory size analysis is likely to involve processes in
areas that support the sensory representation of acoustic cues to
source size, and subsequent processes in areas that correspond to
the neural correlate of the perceived size of auditory objects. For
the analysis of pitch, human functional imaging studies (Griffiths,
2005; Griffiths et al., 2001) have identified a sensory representa-
tion of time- and frequency-domain properties in the ascending
pathway to primary auditory cortex (PAC) (Griffiths et al., 2001),
while a neural correlate of the percept of pitch has been demon-
strated in non-primary auditory cortex (Patterson et al., 2002;
Penagos et al., 2004). Here we investigate whether an operationally
equivalent process can be identified for VTL analysis. By that we
mean an area before PAC responding to the sensory information
corresponding to VTL and an area after PAC responding to the
percept of changes in VTL.

We manipulated the VTL and GPR of a set of syllables by using
the signal processing package referred to as STRAIGHT (Kawa-
hara and Irino, 2005; Kawahara et al., 1999). Although VTL within
one speaker is relatively constant, speakers can modify their VTL a
little by lip rounding and by raising or lowering the larynx. Both
effects change the positions of the formant frequencies and so alter
the perceived size of the speaker. The variability introduced by
these factors reduces the correlation between formant frequency
and height in adults, and when the range of heights is limited and/
or the sample size is relatively small, the correlation can be
unreliable (Gonzalez, 2004; Rendall et al., 2005). We therefore
manipulated the stimuli within a broad range of VTL and GPR
values, which were defined previously in an orthogonal space
(Smith et al., 2005).

We hypothesized the existence of a neural substrate for the
sensory representation of the acoustic effect of vocal tract length
early in the auditory pathway, and subsequent cortical substrates
that are candidate areas for the perceptual analysis of the size of the
speaker’s vocal tract. Analysis of VTL information requires a time-
stabilized auditory image (Irino and Patterson, 2002), and therefore
cannot be extracted prior to the analysis of pitch information. The
extraction of pitch information is not completed before the inferior
colliculus (IC) (Griffiths et al., 2001; Langner and Schreiner, 1988).
Accordingly, we hypothesized that the earliest sensory representa-
tion of VTL could occur one step after the IC, at the Medial
geniculate body (MGB). Previous studies have shown regions
sensitive to the vocal aspects of speech in bilateral STS (Belin et al.,
2000; von Kriegstein and Giraud, 2004). These studies have used
natural voice stimuli, which vary across various dimensions, such as
phonetic idiosyncrasies and talking speed, as well as GPR and VTL.
Here we modulated only the two latter aspects of voice processing,
and thus we expect to find that the regions activated are a subset of
the voice selective regions previously described. The VTL
information is represented in the spectral profile of the auditory
image, and previous studies suggest that planum temporale (PT)
and anterior superior temporal sulcus (aSTS) are involved in the
analysis of spectral envelopes (Warren et al., 2005). Accordingly,
we hypothesized that PT and aSTS are likely candidates for the
processing of the VTL contribution to the perception of speaker
size. Furthermore, as described above, our behavioral data (Smith
and Patterson, 2005) show that GPR information influences the
perception of speaker size through VTL information. Thus, VTL
processing is not entirely independent of pitch processing. We
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hypothesized therefore that activation in regions or subset of
regions responsive to VTL information will be modulated by
changes in GPR.

Material and methods
Subjects

Seventeen subjects (12 right handed, 5 left handed; 5 female, 12
male; aged 19-41 years) participated in the study. All subjects
gave informed consent, and the experiment was carried out with
the approval of the Institute of Neurology Ethics Committee,
London. No subject had any history of audiological or neurological
disorder, and all had normal structural MRI brain scans.

Stimuli

The stimuli were taken from a set of 180 syllables used in a
previous study (Ives et al., 2005). There were 90 consonant-vowel
and 90 vowel-consonant syllables recorded from one speaker with
16-bit resolution and a 48-kHz sample rate. The level of the
syllables was normalized such that the RMS value of the vowel
region was set to a common value; this approximately equates the
loudness of the syllables. The position of the syllable within their
file was also adjusted so that the perceptual-center (P-center)
occurred at the same time relative to file onset. This P-center
adjustment ensured that when a set of the syllables is played in a
sequence, the syllables are perceived to proceed at a regular pace; an
irregular rhythm produces an unwanted distraction. The algorithm
for finding the P-centers focuses on vowel onsets; the details are
described in Marcus (1981) and Scott (1993). After P-center
correction, the syllable file was padded with silence out to 683 ms,
the duration of the longest syllable. The original speaker had a GPR
of between 112 Hz and 130 Hz which is typical for an average adult
male. The height of the speaker was 173 cm which gives a VTL of
about 15.2 cm (Fitch and Giedd, 1999).

Digital resynthesis was carried out using STRAIGHT (Kawahara
and Irino, 2005; Kawahara et al., 1999) to produce stimuli with
specified values of GPR and VTL. STRAIGHT analyses voiced
speech into a sequence of glottal pulse times and a sequence of pitch-
synchronous spectral frames, and then after independent manipu-
lation of the GPR and VTL sequences, it resynthesizes the speech
with the new values. Utterances recorded from a man can be
transformed to sound like a women or a child. The combinations of
GPR and VTL were all derived from the perceptual space
characterized previously by Smith et al. (2005). The VTL ranged
from 10.1 to 21.7 cm; the GPR ranged from 50 to 158 Hz. The classic
data of Peterson and Barney (1952) for men, women, and children
are characterized by a set of three ellipses centered at VTL and GPR
values of: 15.2 + 1.3 cm and 131 + 19 Hz (men); 13.2 £ 1.2 cm and
223 +27 Hz (women); and 11.3 £ 1.3 cm and 264 + 25 Hz (children).
The ellipses are shown in Fig. 1 of Smith et al. (2005). Each of the
stimulus files produces the perception of a person speaking a specific
syllable, despite the fact that the range of VTLs included values that
would be associated with speakers having sizes beyond the normal
range in the human population. Extending the range of VTL and
GPR beyond that normally experienced has very little effect on
vowel recognition (Smith et al., 2005). This has been interpreted to
mean that the sensory decoding mechanism includes a generic
normalization process and that the mechanism does not depend on

learning from experience. Examples of the stimuli are available on
our webpage (http://www.mrc-cbupdn.cam.ac.uk/cnbh/).

Experimental design

The experiment was carried out in two sessions using stimuli
from different regions of the GPR-VTL space. In one session,
three high GPR values (120, 138, 158 Hz) were combined with
three short VTLs (10.1, 11.3, 12.7 cm) to produce nine
combinations of GPR and VTL. In the other session, three low
GPR values (50, 57, 66 Hz) were combined with three long VTLs
(16.9, 19.2 and 21.7 cm) to produce another nine combinations of
GPR and VTL. The values of VTL were chosen to produce equal
magnitude changes between the different values, as were the
values of GPR. The two conditions in which VTL varied had the
largest range of perceived size due to the higher influence of VTL
on the size percept in comparison to GPR. Between these two
conditions, there was no overall difference in perceived change in
size because both VTL and GPR varied randomly and thus were
on some trials congruent (e.g., GPR decreases as VTL increases;
eliciting a larger range of size percept than if GPR were fixed) and
on some trials not congruent (e.g., GPR increases as VTL
increases; eliciting a smaller range of size percept than if GPR
were fixed). During each session, subjects listened to sequences of
syllables within which GPR and VTL either remained fixed or
varied randomly, in a 2 x 2 factorial design. Stimuli were
presented in triplets, i.e., the same stimulus was presented three
times in a row. The changes between triplets occurred in a random
order in all conditions.

A control condition with bursts of broadband noise was also
included. The bursts had the same onsets and offsets as the syllables
and they were matched for rms level. Thus, the five stimulus
conditions were (i) fixed VTL, fixed GPR (VTLfGPRf); (ii)
changing VTL, fixed GPR (VTLcGPRY); (iii) changing GPR, fixed
VTL (VTLfGPRc); (iv) changing GPR, changing VTL
(VTLcGPRe); (v) broadband noise bursts. Conditions were pre-
sented in randomized order. Subjects were asked to pay attention to
the sound sequences. To help maintain alertness, they were required
to make a single button press at the end of each sequence by using a
button box positioned beneath the right hand. There was no active
auditory discrimination task.

The stimuli were delivered using a custom electrostatic system at
70 dB SPL. Each sound sequence was presented for a period of 8.2
or 8.6 s, after which brain activity was estimated by the fMRI blood
oxygen-level-dependent response at 1.5 T (Siemens Sonata,
Erlangen, Germany) by using gradient echo planar imaging in a
sparse acquisition protocol (Belin et al., 1999; Hall et al., 1999) (time
to repeat/time to echo, TR/TE: 13,500/50 ms). 182 brain volumes
were acquired for each subject in two sessions (36 volumes for each
condition/session and two volumes preceded by silence at the
beginning of the session). Each brain volume comprised 48
transverse slices with an in-plane resolution of 3 x 3 mm covering
the entire brain.

Each subject was assessed immediately after scanning in a
separate behavioral experiment. The purpose of the behavioral
experiment was to screen the participants for their ability to detect
the changes in GPR and VTL used in the imaging experiment. In a
two-alternative forced choice psychophysical task, subjects were
presented with syllable sequences in which either VTL or GPR was
varied with the same values used during scanning. Subjects
detected pitch change with a mean accuracy of 76% and VTL
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change with a mean accuracy of 69%. The detection of the two
types of change did not differ significantly ( = —1.03, df = 14, P <
0.3, two-tailed).

Image analysis

Imaging data were analyzed using statistical parametric
mapping implemented in SPM2 software (http//:www.fil.ion.ucl.
ac.uk/spm). Scans were realigned and spatially normalized (Friston
et al.,, 1995a) to MNI standard stereotactic space (Evans et al.,
1993) and spatially smoothed with an isotropic Gaussian kernel of
8 mm full-width-at-half-maximum. Statistical parametric maps
were generated by modeling the evoked hemodynamic response
for the different stimuli as boxcars convolved with a synthetic
hemodynamic response function in the context of the general linear
model (Friston et al., 1995b). The first two scans of each session
were discarded from the first analysis. In a supplementary analysis,
they were modeled as a separate silent baseline to get a crude
estimate of activation of auditory regions. Population-level
inferences concerning BOLD signal changes between conditions
of interest (syllable minus noise, changing VTL and/or GPR minus
fixed GPR and VTL, changing minus fixed VTL, changing minus
fixed GPR and the interaction between VTL and GPR, and in the
supplementary analysis syllable minus silence) were based on a
random effects model that estimated the second level ¢ statistic at
each voxel. For each contrast, responses were considered
significant at P < 0.001, uncorrected, if the location of the activity
was in accordance with prior hypothesis. The MGB was localized
as described previously (Griffiths et al., 2001).

Results

Subjects listened to sequences of syllables within which GPR
and VTL either remained fixed or varied randomly in a 2 x 2
factorial design. They were also presented with a baseline, noise
condition. When the activity produced by the experimental
stimuli was contrasted with the activity to the noise baseline,
they elicited activity bilaterally in STS (0.05 FWE corrected; Left
hemisphere maximum at —66, —28, 0, Z = 6.49, voxels activated
in cluster 312; Right hemisphere maximum at 66, —10, —8 Z =
6.37, voxels activated in cluster 292). The main effects for the
experimental conditions allowed explicit testing of the key a
priori hypotheses about the existence of a sensory representation
of VTL in the ascending pathway after IC, and a neural correlate
of perceived size in cortex beyond PAC. Furthermore, we
assessed the influence of GPR on VTL processing by means of
an interaction. Statistical parametric maps for the contrasts of
interest are presented in Fig. 2 (subcortical structures) and Fig. 3
(cortical structures) and coordinates of local activation maxima
are presented in Table 1.

In the ascending auditory pathway, the main effect of changing
VTL was increased activation in the left medial geniculate body
(MGB) (Table 1, Fig. 2). The main effect of VTL change produced
no significant differential activation in primary auditory cortex
(PAC). There was no significant main effect of GPR change, and
no significant interaction between VTL and GPR either in the
MGB or in the PAC.

Both VTL and GPR influence the perception of speaker size,
and isolated changes in either acoustic property can produce a
change in the perceived size of the source if the change is sufficiently

subcortical
VTL

Fig. 2. Subcortical processing of the acoustic effect of vocal tract length.
The group statistical parametric map for the contrast between changing and
fixed VTL (thresholded at P < 0.001 uncorrected) has been rendered on a
coronal section of the group mean normalized structural MRI volume. The
arrow points to activation in the left medial geniculate body. VTL, vocal
tract length. R, right hemisphere.

large. When the conditions in which there is a perception of speaker
size differences (i.e., all conditions in which VTL and/or GPR were
changing) were contrasted with the conditions in which both VTL
and GPR were fixed ((VTLcGPRf + VTLcGPRe + VTLfGPRc) —
(VTLfGPRY)), they elicited activation bilaterally along STS (Table
1). Changing VTL on its own and changing GPR on its own both
produced main effects on the activation in different subsets of the
activation located in anterior STS/STG (Table 1, Fig. 3). For the
main effect of changing VTL ((VTLcGPRf + VTLcGPRe) —
(VTLfGPRf + VTLfGPRc)), the activation was left lateralized,
whereas for the main effect of changing GPR ((VTLcGPRe +
VTLfGPRc) — (VTLcGPRf + VTL{GPRY)), the activation was
bilateral. For the main effect of changing GPR, additional activation
occurred in left posterior STG.

GPR interferes with the perception of VTL on a behavioral level
(Smith and Patterson, 2005). In order to identify the cortical correlates
where a concurrent change in GPR interferes with VTL processing,
we analyzed the interaction of changing VTL and GPR. Specifically,
we sought cortical areas that were activated in response to a change in
VTL, more when GPR was fixed than when it was changing
((VTLeGPRf — VTLeGPRc) — (VILfGPRf — VTLfGPRc)). The
effect ofa VTL change when GPR is fixed was greater in left anterior
STS/STG and left posteromedial PT (Table 1, Fig. 3, top panel). The
reverse interaction (i.e., cortical areas that are activated in response to
a change in VTL, more when GPR was changing than when it was
fixed (VTLcGPRc — VTLcGPRf) — (VTLfGPRc — VTLfGPRY))),
produced no significant activation.

Discussion

We have demonstrated anatomically distinct regions for the
analysis of acoustic information that contributes to the perception
of speaker size in subcortical and cortical structures in the human
brain. The main effect of VTL change on activity, as early in the
auditory pathway as the MGB, is in accordance with consider-
ations of sensory signal processing: the extraction of VTL
information from the sensory signal requires a time-stabilized
representation of the stimulus like the auditory image. Although
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Cortical
interaction

Fig. 3. Cortical correlates of processing VTL and GPR as components of auditory size. Group statistical parametric maps for the interaction between VTL and
GPR and the main effects of VTL change and GPR change (thresholded at P < 0.003 for display purposes) have been rendered on sagittal (left) and coronal
(right) sections of the group mean normalized structural MRI volume. VTL, vocal tract length. GPR, glottal pulse rate. R, right hemisphere.

earlier regions respond to timing information, it has been suggested
that time stabilization is completed at IC (Griffiths et al., 2001;
Langner and Schreiner, 1988). The MGB is the logical substrate for
analysis of VTL differences as it is the next processing stage in the
auditory pathway. The data are consistent with a primary
mechanism in the human auditory system for representation of a
sensory cue for auditory size that does not require other auditory
associations, such as pitch or visual information about body size
(Irino and Patterson, 2002). Our study covered a broad range of
vocal tract lengths, extending from a vocal size corresponding to a
height of 1.1 m to a vocal size corresponding to a height of 2.4 m.
The activity in MGB across this broad range supports the view that
the initial stage of size processing does not depend on learned
associations, but rather on an early and generic mechanism for
processing the scale of the sound (Smith et al., 2005). Activity in
MGB is independent of any concurrent change in GPR, suggesting
that the representation of VTL information is not influenced by
GPR perception at this early stage of processing. This is consistent
with the hypothesis that MGB is engaged in the analysis of the
sensory effect of VTL changes rather than their eventual effect on

perceived size. We do not assume that the MGB is specifically
active in response to the size aspect of the signal, but that it
responds to the specific physical properties of the sound. Thus, it
would respond to an acoustic effect of size change even if there
were no perceptual correlate of size change.

We cannot exclude the possibility that there is activity in
response to VTL changes occurring earlier than MGB because our
method was not optimized for detecting activity changes below
MGB; that is, we did not use cardiac gating to reduce signal
dropout due to brainstem movement. Accordingly, a supplemen-
tary analysis, using the first two scans during which no sounds
were presented, as a silent baseline, showed that even with such
reduced power, contrasting all conditions against a silence baseline
revealed significant activity in primary auditory cortex (P < 0.001
uncorrected), and a trend to significance in the left MGB (P <
0.005 uncorrected, right MGB P < 0.03, uncorrected). In contrast
to that, the IC did not show any differential activation against the
silent baseline (P > 0.05 uncorrected), which may relate to the
absence of cardiac gating in addition to the limited power for this
contrast.
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Table 1

373

Local activation maxima for the main effects of VTL change and GPR change ((VTLcGPRc + VTLcGPRf + VTLfGPRc) — (VTL{GPRY)), of VTL change
alone ((VTLcGPRe + VTLcGPRf) — (VTLfGPRc + VTLfGPRY)), of GPR change alone ((VTLcGPRc + VTLfGPRc) — (VTLcGPRf + VTLfGPRY)), and the
interaction of VTL and GPR ((VTLcGPRf — VTLcGPRc) — (VTLfGPRf — VTL{GPRc)) in the auditory pathway and auditory cortical regions

VTL and GPR VTL GPR Interaction
X y z VA c x y z VA c x v z VA c x v z Z cl
Subcortical
MGB Left - — - - - -20 =30 2 353 4 - - - - - = - - - -
Cortical
PT Left - - - - - - - - - - - - - - - =52 =32 18 4.6l 57
Heschl’s Left —40 -26 2 323 4 - - - - - - - - - - = - - - -
Right 44 —18 2 327 4 - - - - - - - - - - - - - - -
STG/STS
Anterior/ Left —-58 -4 —4 396 94 —-56 4 —-10 329 3 -5 -2 —14 393 33 —-50 -4 -8 505 118
middle —46 0 —12 35 scl
Right 54 2 —10 471 200 - - - - - 46 2 —14 376 68 52 4 -8 355 10
62 2 —12 3.65 scl
60 —10 -2 3.64 scl
Middle/ Left —60 —-22 —4 414 41 - - - - - =58 =20 0 321 2 —62 —-44 12 367 10
posterior  Right 64 —16 6 414 12 - - - - - - - - - - - - - - -
56 —44 8 326 4 - - - - - - - - - - - - - - -

x, y, z are the MNI coordinates of the local maxima (in millimeters). Statistical threshold is P < 0.001 uncorrected. MGB, medial geniculate body; STG,
superior temporal gyrus; PT, planum temporale; Z, Z score; scl, subcluster; cl, activated voxels in the cluster.

Processing of VTL information in MGB was left-lateralized in
this experiment. Lateralization at this level has been found in a
previous fMRI experiment in which the right (but not the left
MGB) was shown to respond to temporal regularity in regular-
interval noise (Griffiths et al., 2001). In the current experiment, this
lateralization was not an explicit a priori prediction but was shown
to be a robust effect in a random effects analysis, suggesting that it
is a property of the population from which the group is drawn.
Left-lateralized activation of MGB could be driven by corticofugal
connections from left-lateralized cortical areas that process
syllables. MGB and cortex are highly interconnected and both
regions are active simultaneously during most of their response
(Miller et al., 2002). On the other hand, lateralization of auditory
responses to complex (speech) sounds can also occur as early as
MGB in other species (for example, anaesthetized guinea pig (King
et al., 1999)): such findings are difficult to explain on the basis of
top-down influences from centers concerned with speech.

Detailed behavioral studies using the same stimuli as those used
here demonstrate that size judgments are influenced by GPR (Smith
and Patterson, 2005). We take these results as an indication that VTL
processing is not entirely independent of pitch processing.

Using fMRI, we have demonstrated an interaction between the
brain activation produced by changing VTL and GPR in left PT and
anterior STS. The effect of VTL change is greater when GPR is
fixed, rather than when both parameters are changing. VTL is a
specific aspect of vocal timbre perception. Although it is not
impossible to perceive timbre differences independently from each
other, these two factors have been shown to interact (Krumhansl
and Iverson, 1992; Marozeau et al., 2003; Melara and Marks, 1990).
Important to the interpretation of our results are the experiments
done by Krumhansl and Iverson (1992) on the dependency of
timbre processing with sequences of tones of changing or fixed
pitches and timbres. In experiment three of their study, they find that
variations in timbre do not prevent pitch from being coded relative
to surrounding pitches of the sequence while variations in pitch
prevent timbre from being coded relatively to the surrounding

timbres. They conclude that within a sequence of changing timbres
timbre is perceived relatively only if pitch is fixed in this sequence.
The effect we find here for sequences changing in VTL (voice
timbre) only when GPR (pitch) is fixed might be a manifestation of
the different coding for timbre in fixed pitch sequences.

Manipulations of the effect of vocal tract length are by its nature
always associated with a shift in the spectral centroid of the spectral
envelope, i.c., the average frequency weighted by amplitude is
different for differently sized vocal tracts. In the human brain, there
are several regions around and near Heschl’s gyrus organized in a
frequency-specific fashion, i.e., different frequencies are coded
within different areas of one region. Although the sensitivity of
fMRI is so low that to show this so-called tonotopy usually sounds
need to differ in frequencies by several octaves (Talavage et al.,
2000, 2004), changes in VTL could theoretically lead to respon-
siveness in these regions. Not only changes in VTL, however, but
also different speech sounds lead to changes in the spectral centroid.
An /a/ spoken by the same speaker has a different spectral centroid
than an /i/. By always contrasting conditions with varying speech
sounds, we have thus controlled for regions which are responsive to
frequency shifts only. We assume that regions responsive to VTL
are sensitive to the change in spectral envelope as a whole brought
about by the formant frequency shift and/or the reduction in decay
duration.

We have argued previously that PT is involved in the
computation of spectro-temporal ‘templates’ before the routing of
auditory information into different cortical processing streams
(Griffiths and Warren, 2002). It may be that PT is also involved in
the normalization of the time-stabilized tonotopic representation of
the sound. The implication is that PT may be the center that
segregates the acoustic information concerning source size and
pitch from syllable type; that is, the center makes speech
recognition robust to changes in GPR and VTL.

There was activation as a function of the interaction of VTL and
GPR in PT and anterior STS, in accordance with our a priori
anatomical hypothesis. A previous study demonstrated bilateral PT
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activation and right-lateralized mid-STS activation as a substrate
for the abstraction of spectral envelope shape, a generic property of
acoustic sources (Warren et al., 2005). The changes in spectrum in
the current experiment are more subtle than in the previous work
(Warren et al., 2005) and require stabilization in time for accurate
analysis. The lateralization may be restricted to speech stimuli; it
may be that cortical processes for the perception of auditory size
per se are not lateralized. It will be of considerable future interest to
determine whether the analysis of resonator-size information is
lateralized in the perception of non-speech sounds like musical
instruments and animal calls.

Our findings are consistent with a hierarchical scheme for the
analysis of size information in natural sounds such as voices. The
initial normalization of the sensory signal could occur at the level
of MGB in the ascending auditory pathway, while the subsequent
cortical analysis of VTL information engages a network including
posteromedial PT and anterior STS. The interaction with GPR at
the cortical level suggests that these areas are the neural correlate of
perceived changes in VTL.

We suggest three directions for future studies. (1) It will be of
interest to determine whether the processing stages for size
information in speech are generic for processing of resonator
scale, and thus extend to the analysis of size of other auditory
objects like animals and musical instruments. (2) Resonance scale
has more than one effect on sounds and it will require more
experiments to break down the different effects on the acoustic
stimulus, e.g., shifts in the spectral envelope as well as decay
duration. (3) Further work is required to demonstrate the neural
correlate of the perception of size.
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