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bstract—Auditory feedback plays an important role in nat-
ral speech production. We conducted a functional magnetic
esonance imaging (fMRI) experiment using a transformed
uditory feedback (TAF) method to delineate the neural
echanism for auditory feedback control of pitch. Twelve

ight-handed subjects were required to vocalize /a/ for 5 s,
hile hearing their own voice through headphones. In the
AF condition, the pitch of the feedback voice was randomly
hifted either up or down from the original pitch two or three
imes in each trial. The subjects were required to hold the
itch of the feedback voice constant by changing the pitch of
riginal voice. In non-TAF condition, the pitch of the feedback
oice was not modulated and the subjects just vocalized /a/
ontinuously. The contrast between TAF and non-TAF con-
itions revealed significant activations; the supramarginal
yrus, the prefrontal area, the anterior insula, the superior
emporal area and the intraparietal sulcus in the right hemi-
phere, but only the premotor area in the left hemisphere.
his result suggests that auditory feedback control of pitch is
ainly supported by the right hemispheric network. © 2007

BRO. Published by Elsevier Ltd. All rights reserved.

ey words: auditory feedback control, pitch control, vocal-
zation, transformed auditory feedback method, functional

agnetic resonance imaging.

erception of one’s own speech plays an important role in
uent speech production. Pitch and sound pressure are
ither involuntarily or voluntarily controlled through audi-
ory feedback while talking. Auditory feedback is also in-

Correspondence to: A. Toyomura, Research Institute for Electronic
cience, Hokkaido University, Kita 12 Nishi 6, Kita, Sapporo, 060-
812, Japan. Tel: �81-11-706-3360; fax: �81-11-706-3663.
-mail address: toyomu@es.hokudai.ac.jp (A. Toyomura).
bbreviations: BA, Brodmann’s area; DAF, delayed auditory feedback;

MRI, functional magnetic resonance imaging; MEG, magnetoen-
f
ephalography; PET, positron emission tomography; TAF, trans-
ormed auditory feedback.

306-4522/07$30.00�0.00 © 2007 IBRO. Published by Elsevier Ltd. All rights reser
oi:10.1016/j.neuroscience.2007.02.023

499
ispensable for language acquisition of children or second
anguage learning of adults. In order to quantitatively eval-
ate the role of the auditory feedback while talking, a
ransformed auditory feedback (TAF) method has been
eveloped (Kawahara et al., 1996; Burnett et al., 1998;
oude and Jordan, 1998; Toyomura and Omori, 2005).
ith this method, subjects are required to vocalize while

earing an artificially TAF voice through headphones.
ompensations within 500 ms to hold pitch level against
uctuation were clarified for the first time using this method
Kawahara et al., 1996; Burnett et al., 1998). However, a
etailed elucidation of the neural basis for auditory feed-
ack control of pitch has not been reported.

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

In the present study, we conducted an fMRI experiment
o delineate the neural mechanism for auditory feedback
ontrol of pitch when vocalizing a vowel, /a/. Subjects were
sked to perform a TAF task in an MRI scanning room; the
itch of feedback voice was altered during continuous vocal-

zing of an /a/ sound while subjects were required to hold the
itch of the feedback voice constant (TAF condition). The
ubjects had to change the pitch of their own voice to keep
he altered pitch at the original level when the pitch was
uddenly modulated. In the non-TAF condition, the pitch of
he feedback voice was not modulated and the subjects just
ocalized /a/ continuously. In both TAF and non-TAF condi-
ions, the overt oral articulation mechanism was expected to
e equivalent. Under the TAF condition, the pitch control
ased upon auditory feedback was expected to work selec-

ively and more strongly than under the non-TAF condition.
hus, a comparison between these conditions could be ex-
ected to extract the brain regions involved in the auditory
eedback control of pitch.
ved.
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EXPERIMENTAL PROCEDURES

ubjects

welve right-handed subjects (2 female; age range: 19–37; mean:
7.1) participated. None had a history of speech, voice disorders
r had trained as a singer. Written informed consent was obtained
rom all subjects and the study was approved by the Committee of
edical Ethics, Graduate School of Medicine, Hokkaido Univer-

ity.

xperimental design

e used a sparse image acquisition protocol (Hall et al., 1999) to
void the scanning noise of the MRI system (a Signa Echo-Speed
.5 T system (GE, Schenectady, NY, USA)) during vocalizing and

maging artifacts due to vocalizing. During a scanning mechanical
oise-free period (6 s), the subjects wearing an MRI-compatible
eadphones and microphone set (Hitachi Advanced Systems Cor-
oration, Tokyo, Japan) were required to vocalize /a/ for 5 s
ccording to a visual instruction presented on a screen between
ach of two consecutive scanning periods. There were two con-
itions. In the TAF condition, the pitch of the feedback voice was
andomly shifted up or down 2 semitones or less from the original
itch during the period. The subjects were required to hold the
itch of the feedback voice constant. For example, when the pitch
f the feedback voice shifted upward, the subjects had to shift their
itch down accordingly. In the non-TAF condition, the feedback
oice was fed back to subjects without any pitch-shift. The sub-
ects were merely asked to vocalize /a/ during the 5-s period. Fig.

ig. 1. Examples of pitch trajectory (F0) when a subject performed
nder (1) TAF and (2) non-TAF conditions. Pitch trajectory of (a)
ubject’s own voice, (b) feedback voice ((1) TAF condition). Arrows
ndicate feedback perturbations. In the non-TAF condition, the pitch
rajectory of a subject’s own voice and the feedback voice are the
ame.
shows examples of the pitch trajectories of subjects’ voices and a
eedback voices in the TAF and non-TAF conditions. The visual
nstruction was presented at the center of the screen against a
hite background. Each subject performed the TAF condition
hen a two-headed black arrow was presented, while they per-

ormed the non-TAF condition when a black cross was presented.
he auditory feedback pitch was modulated by using an effector
RFX-2000, Zoom Corporation, Tokyo, Japan). To avoid any in-
uence from scanning noises during the scanning period, a low
ass filter was applied. To reduce any effects of bone-conduction,
ink noise at 70 dB SPL was generated by an analyzer (PAA-2,
honic Corporation, Tampa, FL, USA) and mixed into the feed-
ack voice using a sound mixer (MG10/2, Yamaha Corporation,
amamatsu, Japan). Prior to the scanning, the subjects practiced

he tasks until they became proficient. There were three runs for
ach subject; one run consisted of eight blocks of five trials. The
rst five trials were always TAF trials and the next five trials were
on-TAF trials. Overall, the subject vocalized 120 times (60 times
or each condition) in the experiment. The pitch shift occurred two
r three times in a single trial.

mage acquisition and processing

ine parallel axial slices (thickness 5 mm, gap 2.5 mm) were
cquired using echo planar imaging with a sparse image acquisi-
ion protocol (64�64 matrix, field of view 24�24 cm, TR 9s, TE 40
s, TA 2.67s, flip angle 90°). T1-weighted images (corresponding

o nine axial slices, thickness 5 mm, gap 2.5 mm, 256�256 matrix,
eld of view 24�24 cm, TR 500 ms, TE 14 ms) served as an
natomical reference for the functional images. Data were ana-

yzed using SPM99 (Wellcome Department of Cognitive Neurol-
gy, London, UK). The data were realigned, coregistered with
tructural data, spatially normalized to the Montreal Neurological
nstitute standard stereotactic space, and smoothed with an iso-
ropic gaussian kernel of 8 mm full width at half maximum. Task
pecific effects were estimated with a general linear model. For
andom effects analyses, a contrast image between tasks was
enerated for each subject and used for inter-subject compari-
ons. The statistical threshold was set at P�0.00001 for the voxel
evel, uncorrected for multiple comparisons.

RESULTS

ontrasting the TAF and non-TAF conditions, larger areas
ere activated in the right than the left hemisphere. Fig. 2
nd Table 1 show activation maps and the coordinates of
ctivations. In the right hemisphere, significant activations
ere observed in the supramarginal gyrus, the prefrontal
rea (Brodmann’s area, BA9), the anterior insula, the su-
erior temporal area, and the intraparietal sulcus
P�0.00001, uncorrected). In the left hemisphere, only the
remotor area showed significant activation. Even at a
igher threshold of P�0.05, corrected at the voxel level,
ignificant activations were still observed in the same re-
ions, except for in the right intraparietal sulcus.

DISCUSSION

n this study we compared brain activities during vocaliza-
ion with (TAF condition) and without (non-TAF conditions)
itch control based upon auditory feedback. The activation
rea in common between our experiment and fMRI exper-

ments under DAF (Hirano et al., 1997; Hashimoto and
akai, 2003) and distorted speech feedback (McGuire et
l., 1996; Fu et al., 2006) is the right superior temporal

rea. This area is also a part of voice sensitive area (Belin
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t al., 2000; Kriegstein and Giraud, 2004; Belin 2006 for a
eview).

The differences between TAF and non-TAF conditions
ere mainly observed in the right hemisphere. This was
robably due to the experimental manipulation being in
itch. Although, we are not able to specify to what extent

hese differences are attributable to acoustical ones (input)
etween the conditions, we speculated that the activation

n the right intraparietal sulcus depends on the acoustical
ifferences between the conditions. This area was acti-
ated neither during the DAF task (Hirano et al., 1997;
ashimoto and Sakai, 2003) nor under distorted speech

eedback (McGuire et al., 1996; Fu et al., 2006). The
egion is known as one for attention processing (Bremmer
t al., 2001). Levanen et al. (1996) showed that the right
arietal region is related to auditory changes detected
sing MEG. They suggested that a stronger involvement of
he right than the left hemisphere in pitch change detection
easured by mismatch field (Levanen et al., 1996). If

hese facts are considered, the right intraparietal sulcus
as activated in the present study because occasional
itch changes recruited a bottom-up attentional system
hereas DAF and distorted speech were applied without a
reak.

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

ig. 2. Activations under the TAF condition compared with the non-TA
or multiple comparisons. (a) Right and left lateral view. (b) Axial view
emporal area. L, left; R, right. Note that all activated areas except the r
as applied.

able 1. Coordinates of activations for contrasta

egion Side x y z Z score

upramarginal gyrus R 62 �22 22 5.68
refrontal area R 56 14 32 5.34
nterior insula R 36 30 �2 5.29
remotor area L �52 8 38 4.92
uperior temporal area R 52 �10 �2 4.89

ntraparictal sulcus R 32 �42 44 4.73

Stereotactic coordinates (x, y, z) in the Montreal Neurological Insti-
ute space are shown for each voxel with a local maximum of Z values
n the contrasts indicated (P�0.00001, k�30, uncorrected for the
soxel level).
n the lateral superior temporal area with a greater activa-
ion in the right than the left hemisphere. A similar pattern
f activation was seen when subjects read aloud, but the
ords they heard were spoken by someone else (McGuire
t al., 1996, PET study). Recently, Fu et al. (2006) using
MRI reported that the right superior area ({x, y, z}�{53,
13, 9}) was more activated for undistorted self voice than
istorted self voice. Further the right superior area ({61,
26, �2},{53, 4, 4},{61, �33, 4}) was more activated when

ubjects were able to recognize their distorted voice as
heir own than when they were not (Fu et al., 2006).
ilateral superior temporal areas without significant hemi-
pheric difference were also activated during a DAF con-
ition (Hirano et al., 1997; Hashimoto and Sakai, 2003).
onsidering these findings, the activation in the right su-
erior temporal area in the present study is closely related
o pitch change perception of one’s own voice.

Hashimoto and Sakai (2003) also reported the activa-
ion of bilateral supramarginal gyrus with a DAF effect.
uenther (2006) discussed the role of supramarginal gy-

us in somatosensory feedback control, using a speech
roduction model (DIVA model) which is similar to a feed-
orward and feedback control model in the motor system
Kawato, 1999). However, this area is not a voice sensitive
ne (Belin et al., 2000; Kriegstein and Giraud, 2004; Belin
006 for a review). The right supramarginal gyrus thus
ppears to be involved in feedback control of pitch rather
han in voice perception itself.

A significant activation in the right prefrontal area (BA9)
as observed in the present study. It has been reported

hat this area is activated during neither a DAF task (Hirano
t al., 1997; Hashimoto and Sakai, 2003) nor under dis-
orted speech feedback (McGuire et al., 1996; Fu et al.,
006). However, this area is activated during pitch discrim-

nation for speech sounds (Zatorre et al., 1992). Zatorre
t al. (1992) presented subjects with a pair of consonant–
owel–consonant successively in each trial. The second
yllable had a higher fundamental frequency in the half of
he pair and a lower frequency in the other. When the

on at a threshold of P�0.00001, k�30, uncorrected at the voxel level
) shows activations at the right anterior insula and the right superior
arietal sulcus were activated when a threshold of P�0.05 (corrected),
F conditi
(z��3

ight intrap
ubjects were asked to judge whether the pitch of the
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econd stimulus was higher than the first, significant stron-
er activations in the right prefrontal cortex (BA45/46, BA9)
ere observed compared with when the subjects were
sked to just alternate key presses. They suggested that
he right prefrontal cortex is related to auditory working
emory (Colombo et al., 1990; Zatorre and Samson,
991; Romanski and Goldman-Rakic, 2002). Since we

nstructed our subjects to hold the pitch of the feedback
oice constant in the TAF condition, the subjects had to
etain the original pitch level. Although BA9 in the right
emisphere was activated in both studies, the BA45/46 in
he right prefrontal cortex showed significant activations
nly in the study of Zatorre et al. (1992) but not in ours.
atorre et al. (1992) presented the stimuli discretely (mean

nter-stimulus interval 300 ms), thus the duration of the
etention was longer in their study than ours. Hence acti-
ation of BA45/46 might be recruited only when a longer
etention time is required.

The right anterior insula was activated in the present
tudy. In the previous study, the left insula is related
o coordination of speech articulation (Dronkers, 1996,
esion-based study; Kuriki et al., 1999, MEG study; Wise et
l., 1999, PET study; Gunji et al., 2003, MEG study), while
he right anterior insula is recruited when singing (Riecker
t al., 2000; Zarate and Zatorre, 2005). Zarate and Zatorre
2005) showed that the right anterior insula, the anterior
ingulate cortex, the superior temporal sulcus, the inferior
rontal lobe, the supplementary motor area and the puta-
en exhibited greater activation when subjects compen-

ated for the pitch shift while they were singing. Among
hese activation areas, the right insula, the putamen and
he superior temporal sulcus activated only when subjects
ere singers. Although the subjects in our experiment
ere non-singers, the right insula exhibited significant ac-

ivation. Other areas were not activated in the present
tudy. There are several possible reasons for this discrep-
ncy. First, pitch control during singing and that during
imple vocalizing could be different. Second, the threshold
f statistical significance might be different between the
wo studies. Third, the number of trials might cause the
ifference in adaptation and signal-to-noise ratio. The sub-

ects in the present study vocalized as many as 120 times.
ince Zarate and Zatorre (2005) did not report the statis-

ical significance level and the number of trials or a detailed
xperimental method, we are not able to specify the rea-
on(s) for the discrepancy here.

The left premotor area was also activated in the
resent study. The left premotor area has been shown to
e related to speech perception and production (Wilson
t al., 2004). However, it should be noted that the coordi-
ates for speech production and perception were located
ore posterior than that for the present study (see their

upplementary Table 1). On the other hand, Yokoyama et
l. (2006) reported robust and extended activation of the

eft premotor activation while Japanese subjects read vi-
ually presented sentences. They were late bilinguals for
nglish and both Japanese and English sentences were
hown to activate this area more strongly than three nouns

resented in a row (control stimuli). Their coordinate for the
remotor area ({�46, 8, 30}) is very similar to that in the
resent study. This activation might be thus related to
ental manipulation such as pitch compensation rather

han speech perception and production.

CONCLUSION

n summary, the supramarginal gyrus, the prefrontal area,
he anterior insula, the superior temporal area and the
ntraparietal sulcus in the right hemisphere and the premo-
or area in the left hemisphere were shown to be involved
n auditory feedback control of pitch. The right hemisphere
ominance is in line with previous neuroimaging research
n voice perception (Kriegstein and Giraud, 2004; Belin,
006).
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