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Abstract—Auditory feedback plays an important role in nat-
ural speech production. We conducted a functional magnetic
resonance imaging (fMRI) experiment using a transformed
auditory feedback (TAF) method to delineate the neural
mechanism for auditory feedback control of pitch. Twelve
right-handed subjects were required to vocalize /a/ for 5 s,
while hearing their own voice through headphones. In the
TAF condition, the pitch of the feedback voice was randomly
shifted either up or down from the original pitch two or three
times in each trial. The subjects were required to hold the
pitch of the feedback voice constant by changing the pitch of
original voice. In non-TAF condition, the pitch of the feedback
voice was not modulated and the subjects just vocalized /a/
continuously. The contrast between TAF and non-TAF con-
ditions revealed significant activations; the supramarginal
gyrus, the prefrontal area, the anterior insula, the superior
temporal area and the intraparietal sulcus in the right hemi-
sphere, but only the premotor area in the left hemisphere.
This result suggests that auditory feedback control of pitch is
mainly supported by the right hemispheric network. © 2007
IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: auditory feedback control, pitch control, vocal-
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magnetic resonance imaging.

Perception of one’s own speech plays an important role in
fluent speech production. Pitch and sound pressure are
either involuntarily or voluntarily controlled through audi-
tory feedback while talking. Auditory feedback is also in-
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dispensable for language acquisition of children or second
language learning of adults. In order to quantitatively eval-
uate the role of the auditory feedback while talking, a
transformed auditory feedback (TAF) method has been
developed (Kawahara et al., 1996; Burnett et al., 1998;
Houde and Jordan, 1998; Toyomura and Omori, 2005).
With this method, subjects are required to vocalize while
hearing an artificially TAF voice through headphones.
Compensations within 500 ms to hold pitch level against
fluctuation were clarified for the first time using this method
(Kawahara et al., 1996; Burnett et al., 1998). However, a
detailed elucidation of the neural basis for auditory feed-
back control of pitch has not been reported.

Non-invasive brain imaging studies have recently re-
vealed vocalization-related brain regions, for example the
superior temporal area, the insula, and the cerebellum, by
using functional magnetic resonance imaging (fMRI) (Riec-
ker et al., 2000; Fu et al., 2006), magnetoencephalography
(MEG) (Kuriki et al., 1999; Houde et al., 2002; Guniji et al.,
2003) and positron emission tomography (PET) (Wise et
al., 1999; Schulz et al., 2005). With regard to auditory
feedback, some studies have investigated brain activation
during delayed auditory feedback (DAF) tasks (Hirano et
al., 1997; Hashimoto and Sakai, 2003) or a TAF task when
subjects were singing (Zarate and Zatorre, 2005). For
example Hashimoto and Sakai (2003) found that the acti-
vation in the superior temporal area was correlated with
the degree of DAF effects.

In the present study, we conducted an fMRI experiment
to delineate the neural mechanism for auditory feedback
control of pitch when vocalizing a vowel, /a/. Subjects were
asked to perform a TAF task in an MRI scanning room; the
pitch of feedback voice was altered during continuous vocal-
izing of an /a/ sound while subjects were required to hold the
pitch of the feedback voice constant (TAF condition). The
subjects had to change the pitch of their own voice to keep
the altered pitch at the original level when the pitch was
suddenly modulated. In the non-TAF condition, the pitch of
the feedback voice was not modulated and the subjects just
vocalized /a/ continuously. In both TAF and non-TAF condi-
tions, the overt oral articulation mechanism was expected to
be equivalent. Under the TAF condition, the pitch control
based upon auditory feedback was expected to work selec-
tively and more strongly than under the non-TAF condition.
Thus, a comparison between these conditions could be ex-
pected to extract the brain regions involved in the auditory
feedback control of pitch.
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Fig. 1. Examples of pitch trajectory (FO) when a subject performed
under (1) TAF and (2) non-TAF conditions. Pitch trajectory of (a)
subject’s own voice, (b) feedback voice ((1) TAF condition). Arrows
indicate feedback perturbations. In the non-TAF condition, the pitch
trajectory of a subject’s own voice and the feedback voice are the
same.

EXPERIMENTAL PROCEDURES
Subjects

Twelve right-handed subjects (2 female; age range: 19-37; mean:
27.1) participated. None had a history of speech, voice disorders
or had trained as a singer. Written informed consent was obtained
from all subjects and the study was approved by the Committee of
Medical Ethics, Graduate School of Medicine, Hokkaido Univer-
sity.

Experimental design

We used a sparse image acquisition protocol (Hall et al., 1999) to
avoid the scanning noise of the MRI system (a Signa Echo-Speed
1.5 T system (GE, Schenectady, NY, USA)) during vocalizing and
imaging artifacts due to vocalizing. During a scanning mechanical
noise-free period (6 s), the subjects wearing an MRI-compatible
headphones and microphone set (Hitachi Advanced Systems Cor-
poration, Tokyo, Japan) were required to vocalize /a/ for 5 s
according to a visual instruction presented on a screen between
each of two consecutive scanning periods. There were two con-
ditions. In the TAF condition, the pitch of the feedback voice was
randomly shifted up or down 2 semitones or less from the original
pitch during the period. The subjects were required to hold the
pitch of the feedback voice constant. For example, when the pitch
of the feedback voice shifted upward, the subjects had to shift their
pitch down accordingly. In the non-TAF condition, the feedback
voice was fed back to subjects without any pitch-shift. The sub-
jects were merely asked to vocalize /a/ during the 5-s period. Fig.
1 shows examples of the pitch trajectories of subjects’ voices and

feedback voices in the TAF and non-TAF conditions. The visual
instruction was presented at the center of the screen against a
white background. Each subject performed the TAF condition
when a two-headed black arrow was presented, while they per-
formed the non-TAF condition when a black cross was presented.
The auditory feedback pitch was modulated by using an effector
(RFX-2000, Zoom Corporation, Tokyo, Japan). To avoid any in-
fluence from scanning noises during the scanning period, a low
pass filter was applied. To reduce any effects of bone-conduction,
pink noise at 70 dB SPL was generated by an analyzer (PAA-2,
Phonic Corporation, Tampa, FL, USA) and mixed into the feed-
back voice using a sound mixer (MG10/2, Yamaha Corporation,
Hamamatsu, Japan). Prior to the scanning, the subjects practiced
the tasks until they became proficient. There were three runs for
each subject; one run consisted of eight blocks of five trials. The
first five trials were always TAF trials and the next five trials were
non-TAF trials. Overall, the subject vocalized 120 times (60 times
for each condition) in the experiment. The pitch shift occurred two
or three times in a single trial.

Image acquisition and processing

Nine parallel axial slices (thickness 5 mm, gap 2.5 mm) were
acquired using echo planar imaging with a sparse image acquisi-
tion protocol (64 X64 matrix, field of view 24xX24 cm, TR 9s, TE 40
ms, TA 2.67s, flip angle 90°). T1-weighted images (corresponding
to nine axial slices, thickness 5 mm, gap 2.5 mm, 256 X256 matrix,
field of view 24xX24 cm, TR 500 ms, TE 14 ms) served as an
anatomical reference for the functional images. Data were ana-
lyzed using SPM99 (Wellcome Department of Cognitive Neurol-
ogy, London, UK). The data were realigned, coregistered with
structural data, spatially normalized to the Montreal Neurological
Institute standard stereotactic space, and smoothed with an iso-
tropic gaussian kernel of 8 mm full width at half maximum. Task
specific effects were estimated with a general linear model. For
random effects analyses, a contrast image between tasks was
generated for each subject and used for inter-subject compari-
sons. The statistical threshold was set at P<<0.00001 for the voxel
level, uncorrected for multiple comparisons.

RESULTS

Contrasting the TAF and non-TAF conditions, larger areas
were activated in the right than the left hemisphere. Fig. 2
and Table 1 show activation maps and the coordinates of
activations. In the right hemisphere, significant activations
were observed in the supramarginal gyrus, the prefrontal
area (Brodmann’s area, BA9), the anterior insula, the su-
perior temporal area, and the intraparietal sulcus
(P<0.00001, uncorrected). In the left hemisphere, only the
premotor area showed significant activation. Even at a
higher threshold of P<0.05, corrected at the voxel level,
significant activations were still observed in the same re-
gions, except for in the right intraparietal sulcus.

DISCUSSION

In this study we compared brain activities during vocaliza-
tion with (TAF condition) and without (non-TAF conditions)
pitch control based upon auditory feedback. The activation
area in common between our experiment and fMRI exper-
iments under DAF (Hirano et al., 1997; Hashimoto and
Sakai, 2003) and distorted speech feedback (McGuire et
al., 1996; Fu et al., 2006) is the right superior temporal
area. This area is also a part of voice sensitive area (Belin
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Fig. 2. Activations under the TAF condition compared with the non-TAF condition at a threshold of P<<0.00001, k>30, uncorrected at the voxel level
for multiple comparisons. (a) Right and left lateral view. (b) Axial view (z=—3) shows activations at the right anterior insula and the right superior
temporal area. L, left; R, right. Note that all activated areas except the right intraparietal sulcus were activated when a threshold of P<<0.05 (corrected),

was applied.

et al., 2000; Kriegstein and Giraud, 2004; Belin 2006 for a
review).

The differences between TAF and non-TAF conditions
were mainly observed in the right hemisphere. This was
probably due to the experimental manipulation being in
pitch. Although, we are not able to specify to what extent
these differences are attributable to acoustical ones (input)
between the conditions, we speculated that the activation
in the right intraparietal sulcus depends on the acoustical
differences between the conditions. This area was acti-
vated neither during the DAF task (Hirano et al., 1997;
Hashimoto and Sakai, 2003) nor under distorted speech
feedback (McGuire et al., 1996; Fu et al.,, 2006). The
region is known as one for attention processing (Bremmer
et al., 2001). Levanen et al. (1996) showed that the right
parietal region is related to auditory changes detected
using MEG. They suggested that a stronger involvement of
the right than the left hemisphere in pitch change detection
measured by mismatch field (Levanen et al., 1996). If
these facts are considered, the right intraparietal sulcus
was activated in the present study because occasional
pitch changes recruited a bottom-up attentional system
whereas DAF and distorted speech were applied without a
break.

McGuire et al. (1996) introduced continuous distortion
of a subject’'s speech feedback (by pitch shift) while the
subjects read aloud. The effect of distortion was observed

Table 1. Coordinates of activations for contrast®

Region Side  x y z Z score
Supramarginal gyrus R 62 -22 22 5.68
Prefrontal area R 56 14 32 5.34
Anterior insula R 36 30 -2 5.29
Premotor area L —52 8 38 4.92
Superior temporal area R 52 -10 -2 4.89
Intraparictal sulcus R 32 —42 44 4.73

2 Stereotactic coordinates (x, y, z) in the Montreal Neurological Insti-
tute space are shown for each voxel with a local maximum of Z values
in the contrasts indicated (P<0.00001, k>30, uncorrected for the
voxel level).

in the lateral superior temporal area with a greater activa-
tion in the right than the left hemisphere. A similar pattern
of activation was seen when subjects read aloud, but the
words they heard were spoken by someone else (McGuire
et al., 1996, PET study). Recently, Fu et al. (2006) using
fMRI reported that the right superior area ({x, y, z}={53,
—13, 9}) was more activated for undistorted self voice than
distorted self voice. Further the right superior area ({61,
—26, —2},{53, 4, 4},{61, —33, 4}) was more activated when
subjects were able to recognize their distorted voice as
their own than when they were not (Fu et al., 2006).
Bilateral superior temporal areas without significant hemi-
spheric difference were also activated during a DAF con-
dition (Hirano et al., 1997; Hashimoto and Sakai, 2003).
Considering these findings, the activation in the right su-
perior temporal area in the present study is closely related
to pitch change perception of one’s own voice.

Hashimoto and Sakai (2003) also reported the activa-
tion of bilateral supramarginal gyrus with a DAF effect.
Guenther (2006) discussed the role of supramarginal gy-
rus in somatosensory feedback control, using a speech
production model (DIVA model) which is similar to a feed-
forward and feedback control model in the motor system
(Kawato, 1999). However, this area is not a voice sensitive
one (Belin et al., 2000; Kriegstein and Giraud, 2004; Belin
2006 for a review). The right supramarginal gyrus thus
appears to be involved in feedback control of pitch rather
than in voice perception itself.

A significant activation in the right prefrontal area (BA9)
was observed in the present study. It has been reported
that this area is activated during neither a DAF task (Hirano
et al., 1997; Hashimoto and Sakai, 2003) nor under dis-
torted speech feedback (McGuire et al., 1996; Fu et al,,
2006). However, this area is activated during pitch discrim-
ination for speech sounds (Zatorre et al., 1992). Zatorre
et al. (1992) presented subjects with a pair of consonant—
vowel—consonant successively in each trial. The second
syllable had a higher fundamental frequency in the half of
the pair and a lower frequency in the other. When the
subjects were asked to judge whether the pitch of the
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second stimulus was higher than the first, significant stron-
ger activations in the right prefrontal cortex (BA45/46, BA9)
were observed compared with when the subjects were
asked to just alternate key presses. They suggested that
the right prefrontal cortex is related to auditory working
memory (Colombo et al., 1990; Zatorre and Samson,
1991; Romanski and Goldman-Rakic, 2002). Since we
instructed our subjects to hold the pitch of the feedback
voice constant in the TAF condition, the subjects had to
retain the original pitch level. Although BA9 in the right
hemisphere was activated in both studies, the BA45/46 in
the right prefrontal cortex showed significant activations
only in the study of Zatorre et al. (1992) but not in ours.
Zatorre et al. (1992) presented the stimuli discretely (mean
inter-stimulus interval 300 ms), thus the duration of the
retention was longer in their study than ours. Hence acti-
vation of BA45/46 might be recruited only when a longer
retention time is required.

The right anterior insula was activated in the present
study. In the previous study, the left insula is related
to coordination of speech articulation (Dronkers, 1996,
lesion-based study; Kuriki et al., 1999, MEG study; Wise et
al., 1999, PET study; Guniji et al., 2003, MEG study), while
the right anterior insula is recruited when singing (Riecker
et al., 2000; Zarate and Zatorre, 2005). Zarate and Zatorre
(2005) showed that the right anterior insula, the anterior
cingulate cortex, the superior temporal sulcus, the inferior
frontal lobe, the supplementary motor area and the puta-
men exhibited greater activation when subjects compen-
sated for the pitch shift while they were singing. Among
these activation areas, the right insula, the putamen and
the superior temporal sulcus activated only when subjects
were singers. Although the subjects in our experiment
were non-singers, the right insula exhibited significant ac-
tivation. Other areas were not activated in the present
study. There are several possible reasons for this discrep-
ancy. First, pitch control during singing and that during
simple vocalizing could be different. Second, the threshold
of statistical significance might be different between the
two studies. Third, the number of trials might cause the
difference in adaptation and signal-to-noise ratio. The sub-
jects in the present study vocalized as many as 120 times.
Since Zarate and Zatorre (2005) did not report the statis-
tical significance level and the number of trials or a detailed
experimental method, we are not able to specify the rea-
son(s) for the discrepancy here.

The left premotor area was also activated in the
present study. The left premotor area has been shown to
be related to speech perception and production (Wilson
et al., 2004). However, it should be noted that the coordi-
nates for speech production and perception were located
more posterior than that for the present study (see their
supplementary Table 1). On the other hand, Yokoyama et
al. (2006) reported robust and extended activation of the
left premotor activation while Japanese subjects read vi-
sually presented sentences. They were late bilinguals for
English and both Japanese and English sentences were
shown to activate this area more strongly than three nouns
presented in a row (control stimuli). Their coordinate for the

premotor area ({—46, 8, 30}) is very similar to that in the
present study. This activation might be thus related to
mental manipulation such as pitch compensation rather
than speech perception and production.

CONCLUSION

In summary, the supramarginal gyrus, the prefrontal area,
the anterior insula, the superior temporal area and the
intraparietal sulcus in the right hemisphere and the premo-
tor area in the left hemisphere were shown to be involved
in auditory feedback control of pitch. The right hemisphere
dominance is in line with previous neuroimaging research
on voice perception (Kriegstein and Giraud, 2004; Belin,
2006).
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