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Functional magnetic resonance imaging (fMRI) studies of speech sound categorization often compare conditions in which a stimulus is
presented repeatedly to conditions in which multiple stimuli are presented. This approach has established that a set of superior temporal
and inferior parietal regions respond more strongly to conditions containing stimulus change. Here, we examine whether this contrast is
driven by habituation to a repeating condition or by selective responding to change. Experiment 1 directly tests this by comparing the
observed response to long trains of stimuli against a constructed hemodynamic response modeling the hypothesis that no habituation
occurs. The results are consistent with the view that enhanced response to conditions involving phonemic variability reflect change
detection. In a second experiment, the specificity of these responses to linguistically relevant stimulus variability was studied by includ-
ing a condition in which the talker, rather than phonemic category, was variable from stimulus to stimulus. In this context, strong change
detection responses were observed to changes in talker, but not to changes in phoneme category. The results prompt a reconsideration of
two assumptions common to fMRI studies of speech sound categorization: they suggest that temporoparietal responses in passive
paradigms such as those used here are better characterized as reflecting change detection than habituation, and that their apparent
selectivity to speech sound categories may reflect a more general preference for variability in highly salient or behaviorally relevant

stimulus dimensions.

Introduction

One popular approach to understanding the neural basis of per-
ceptual categorization is to use passive presentation paradigms
combined with the logic of habituation. In principle, measuring
passive brain responses permits researchers to eschew difficulties
with active categorization tasks, in which the degree to which
performance is dependent on working memory and decision
processes is difficult to ascertain. In habituation studies of speech
perception, responses to repeated presentations of the same
speech sound are compared with responses to trains of stimuli
containing sounds from different categories. When stronger re-
sponses are observed in the condition that includes stimuli from
multiple categories, it is interpreted as an index of sensitivity to
the differences between categories (Celsis et al., 1999; Zevin and
McCandliss, 2005). The logic of habituation suggests that this
pattern indicates a role for the identified regions in representing
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categories: if the response in a region diminishes with multiple
presentations of stimuli from the same class, that region must be
treating those stimuli as “the same” (Grill-Spector et al., 2006).

Specificity for speech has been explored in this paradigm by
comparing responses to linguistically meaningful variability with
responses elicited by acoustically matched nonlinguistic change
along the same dimensions (Joanisse et al., 2007), and by com-
paring overlearned native-language contrasts to less familiar
second-language contrasts (Jacquemot et al., 2003; Liu et al.,
2009). The results of these studies have led to an emerging con-
sensus that regions in and around the temporoparietal junction
(TPJ, i.e., supramarginal and posterior superior temporal gyri)
respond preferentially to conditions in which phonetically con-
trastive stimuli are presented.

Whether these responses actually reflect habituation to speech
categories is ambiguous for two reasons. First, these studies have
used physically identical stimuli in the “habituation” condition,
so that any observed habituation could be stimulus specific rather
than category specific. Second, direct contrasts cannot distin-
guish between diminished (habituated) responses when stimuli
are repeated and enhanced responses to stimulus change. Fur-
ther, although the results of these studies have typically been
interpreted in terms of habituation (but see Raizada and
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Figure 1.

Stimulus presentation and construction of hypothetical HRFs for experiment 1. Stimuli were presented in pairs during the silent interval between acquisition periods (TR, or repeat

time = 35). During blocked presentation, five pairs of stimuli were presented in one long (155) block. During sparse presentation, a single stimulus was presented at times corresponding to the time
at which the first stimulus in each block was presented in blocked presentation. To construct a HRF representing the hypothesis that each subsequent response to pairs of stimuli in blocked
presentation is identical to the first, we time-shifted the observed data from sparse presentation four times and added these together, as illustrated by the presentations shown in parentheses.

Poldrack, 2007), the anatomical locations typically overlap with
regions identified as sensitive to change in behaviorally relevant
stimulus features [although this response is often right lateralized
(for review, see Corbetta et al., 2008)]. The role these regions play
in speech perception is thus an open question, as is the nature and
degree of their specialization for speech (for review, see Hickok
and Poeppel, 2007; Obleser and Eisner, 2009).

Here we examine two aspects of the response to trains of stim-
uli similar to those used in previous habituation-based designs to
better understand their role in the perception of behaviorally
relevant variability in the speech signal. In experiment 1, we com-
pare the response to long trains of stimuli to a model based on
shorter trains of stimuli to directly test for habituation under
conditions when stimuli are drawn from the same phonemic
category. In experiment 2, we examine responses to variability in
speech sound categories in the context of variability in talker
identity, to test whether the observed specificity of these re-
sponses is related to a specialization for speech, or an orientation
toward the most behaviorally relevant dimension of stimulus
variability in a particular context.

Materials and Methods

Experiment 1

Overall design and predictions. To test whether responses to speech cate-
gorization in superior temporal and inferior parietal regions reflect ha-
bituation or change detection, we presented participants with long (10
stimulus) trains of acoustically varying stimuli drawn either from the
same phonetic category (the “repeating” condition, e.g., all stimuli in-
stances of the syllable /da/) or alternating between two categories (the
“alternating” condition, e.g., between the syllables /da/ and /ga/). We also
included separate runs in which shorter (two stimulus) trains were pre-
sented, to generate a hypothetical time series assuming an identical re-
sponse to each successive stimulus pair. This was then used to test
whether responses in conditions in which all stimuli were drawn from the
same category could be interpreted as consistent with habituation. If the
response to each successive presentation of stimuli from the same class
were reduced (i.e., habituation), we predict that the response to the re-
peating condition will be smaller than the constructed response. Con-
versely, if the response is selective for conditions of stimulus change, the
response in the alternating condition will be larger than the constructed
response.

Participants. Sixteen right-handed monolingual native English speak-
ers (eight female) participated in the study. All procedures, including
forms for written consent and $50 reimbursement, were approved by the
Weill Cornell Medical College Institutional Review Board.

Stimuli. Stimuli were 60 unique recordings of each of the syllables /da/,
/gal, /1a/, and /la/ made by a single native English speaker with variability
in intonation, duration, and amplitude resulting from normal list order
prosody. Recordings were made at 44,100 Hz (monaural) using Praat
speech processing software, and were not processed further, except to
divide them into individual files. This process retained variability in du-
ration, amplitude, and various other linguistic and paralinguistic prop-
erties of the stimuli that was orthogonal to stimulus category, ensuring
that responses to phonemic variability were not due to detection of vari-
ability in confounded acoustic properties.

Presentation parameters. Stimuli were presented over Resonance Tech-
nology Commander XG headphones using Paradigm experimental con-
trol software (Perception Research Systems). Two types of run (or
“session”) were conducted: one with blocked presentation, and one with
sparse presentation. The sparse presentation runs were used to generate a
constructed hemodynamic response function (HRF), as illustrated in
Figure 1.

In each of six blocked runs, stimuli were presented in trains of five
pairs during 15 s blocks. Pairs were presented during the silent intervals
of 3 s clustered acquisition periods, followed by 12 s of silence. In repeat-
ing blocks, stimuli were all drawn from the same phonemic category; in
alternating blocks, stimuli were drawn from two categories (/da/ + /ga/
or /1a/ + /la/). Alternation was pseudorandom: each pair of stimuli in
this condition contained one stimulus from each category, but the order
within a pair was randomly determined ahead of time. Each run com-
prised 18 blocks: three repeating blocks for each syllable by itself and
three alternating blocks for each pair of stimuli, presented in a pseudo-
randomized order.

Subsequently, we collected sparse presentation runs to collect data that
would permit us to estimate the response to a single pair of stimuli, and
subsequently construct a hemodynamic response reflecting the hypoth-
esis that each successive presentation of the same stimulus class elicits an
identical response. In each of two single-pair runs (always collected after
completing the blocked runs), pairs of stimuli were presented in the same
temporal distribution as the first pair of each block in the blocked con-
dition, i.e., a single pair of stimuli, followed by 24 s of silence.

Magnetic resonance imaging acquisition. Functional and anatomical
images were collected using a 3T Signa scanner with an eight-channel
phased-array headcoil (General Electric). Anatomical (MPRAGE) im-
ages were collected with 1.5-mm-thick sagittal slices and an in-plane
resolution of 0.938 X 0.938 mm. Functional images were collected using
the spiral in—out sequence (Preston et al., 2004). Fifteen slices were col-
lected oblique to the axial plane, parallel to the Sylvian fissure, with 5
slices above and 10 below the anatomical landmark. This prescription
was intended to permit optimal coverage of perisylvian regions of both
superior temporal (STG) and supramarginal (SMG) gyri, but also re-
sulted in incomplete coverage of superior aspects of SMG, and no cover-
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age in middle frontal, superior frontal, or motor areas. Functional data
were collected with a repetition time (TR) of 3000 ms, an echo time (TE)
of 68 ms, and a flip angle of 90°. Acquisition was clustered, resulting in an
~1.5 s silent interval during each scan when stimuli were presented. Slice
thickness was 3 mm, and in-plane resolution was 3.125 X 3.125 mm. In
each of both the blocked and single-pair runs, 167 volumes were col-
lected per run.

Magnetic resonance imaging data analysis. Functional data were ana-
lyzed using AFNI (Cox, 1996) (program names appearing in parentheses
below are part of the AFNI suite). Cortical surface models were created
with FreeSurfer (available at http://surfer.nmr.mgh.harvard.edu/), and
functional data projected into anatomical space using SUMA (Saad etal.,
2004; Argall et al., 2006) (AFNI and SUMA are available at http://afni.
nimh.nih.gov/afni).

Preprocessing. Anatomical and functional datasets for each participant
were coregistered using positioning information from the scanner and
the Ipc_align program to bring the oblique functional images into correct
alignment. Functional datasets were preprocessed to correct slice timing
(3dTshift) and head movements (3dvolreg), reduce extreme values
(3dDespike), and detrend linear and quadratic drift from the time series
of each run (3dDetrend). Percentage signal change also was calculated for
each run.

General linear models and contrasts. Time series data for six blocked
runs were analyzed with a general linear model (3dDeconvolve) com-
prising six regressors (one for each block type) and six regressors of no
interest (head movement parameters output from 3dvolreg). Stimulus
regressors were generated by convolving the timing of stimulus presen-
tation with a canonical hemodynamic response function (waver, using
the “WAV” model). Contrasts for main effects were then conducted by
collapsing the two alternating conditions (/da/ + /ga/ and /1a/ + /la/)
into an alternating regressor and four repeating conditions (/da/, /ga/,
/1a/, and /la/) into a repeating regressor, then combining these to esti-
mate a main effect of speech versus rest, and finally subtracting repeating
from alternating to generate the alternating > repeating contrast.

Surface reconstruction and projection of functional data into surface
space. The T1-weighted magnetic resonance imaging (MRI) structural
images for each participant were converted into MGH-HMR format,
cortical meshes were extracted from structural volumes, and the images
were inflated to a sphere (Dale and Sereno, 1993; Dale et al., 1999; Fischl
etal.,, 1999a,2004) and anatomically registered to a standard sphere using
FreeSurfer (Fischl et al., 1999b). Registered surfaces were imported into
SUMA (Saad et al., 2004) so that they could be used in the AFNI software
package (Cox, 1996). These surfaces were then converted to the mesh of
an icosahedron, thus standardizing each of the participant’s registered
surfaces to have the same number of corresponding nodes so that group-
based analysis could be conducted. Next, volumetric functional data
were mapped to these surface datasets, including both time series for
calculation of constructed hemodynamic response functions and corre-
lation analyses, as well as B-values from general linear tests to be used in
group t tests. An average of all participants’ surface datasets was also
created in Freesurfer and imported into SUMA and given the standard-
ized mesh, and this average brain was normalized to Talairach space.
Group-based t tests and correlation maps are displayed on this averaged
representation.

Group analyses. Group analyses were done on surface data (3dttest).
The resulting surface was mapped to a volume based on a mesh of the
averaged brain (3dSurf2Vol), resulting in a map with ¢ statistics for
each voxel for each condition and contrast. Activation maps were
obtained by first thresholding individual voxels at p < 0.005 (uncor-
rected), and then applying a subsequent cluster-size threshold based
on Monte Carlo simulations (AlphaSim), resulting in a corrected
threshold of p < 0.05.

Meta-analysis. We identified six studies that have published stereotac-
tic coordinates (five MRI, one PET) for regions that respond more
strongly to trains of stimuli drawn from different speech categories than
to stimuli drawn from the same category [with respect to the partici-
pants’ native language (Celsis et al., 1999; Tervaniemi et al., 2000;
Jacquemot et al.,, 2003; Dehaene-Lambertz et al., 2005; Zevin and
McCandliss, 2005; Joanisse et al., 2007)]. We generated activation likeli-
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hood estimation (ALE) maps based on these studies using a sphere size
with full-width at half-maximum diameter of 10 mm, using a voxelwise
threshold of p < 0.05 (corrected) based on 10,000 permutations and false
discovery rate correction, and a 100 mm? cluster size threshold [using
GingerALE 1.2, available at http://brainmap.org/ale/, which implements
methods from Turkeltaub et al. (2002) and Laird et al. (2005)].

Construction of hypothetical time series. To explore whether the alter-
nating > repeating contrast was driven by habituation, we constructed
hypothetical time series reflecting the assumption that the hemodynamic
response did not change with serial presentation of the same stimulus
class. To construct the hypothetical time series, data from the single-pair
runs were first extracted from each subject, and a mean response was
calculated. For comparison, a mean response to each condition in the
blocked runs was also calculated. Hypothetical time series were then
constructed from the single-pair data by iteratively shifting an empiri-
cally derived hemodynamic response to a single stimulus pair forward in
time four times, and adding the results to the initial measurement. The
result is a constructed response representing the predicted outcome if the
response to each successive stimulus pair exactly replicated the response
to the first. This hypothesis was tested with a 3 (condition: alternating,
repeating, constructed HRF) X 8 (time point) ANOVA with participants
as the random factor.

Rather than repeat this analysis for all identified activations, we con-
structed hemodynamic response functions based on anatomical regions
of interest (ROIs) selected on the basis of the meta-analysis. By this
criterion, only supramarginal gyrus contained enough active voxels to
justify including it in the analyses. For each participant, voxels were
identified that were active at p << 0.05 uncorrected for alternating >
repeating and fell within supramarginal gyrus, and these voxels used in
the time series analysis. This resulted in the inclusion of a mean of 25.6
(SD = 14.7) voxels per participant.

Simple correlation analysis. To test for functional connectivity, a sim-
ple correlation was computed based on the mean time series from a
seed volume selected by joint consideration of activation in this study
and the ALE meta-analysis. Motion parameters and global signal
change were first removed from the time series (3dSynthesize), and
these data then used in all subsequent steps. The average time series
was extracted from the seed volume, and correlated with activity in
every voxel in the dataset. For the purpose of group analysis, the R>
from the regression was converted to Fisher’s Z with normal distri-
bution. A group t test was then conducted (3dttest), following general
procedures for group analysis.

Experiment 2

Overall design and predictions. In this experiment, we explore the speci-
ficity of temporoparietal junction responses to speech sound categoriza-
tion by including a condition with highly salient nonlinguistic change
(voice alternating) in addition to phoneme alternating and repeating
conditions that replicate experiment 1. If change-related responses in
these regions are language specific, only the phoneme alternating
condition will activate them; if instead they are tuned more generally
to behavioral relevance, we predict equivalent or even greater re-
sponses in the voice alternating condition relative to the phoneme
alternating condition.

Participants. Twelve right-handed monolingual native English speak-
ers (seven female) participated in the study. All procedures, including
forms for written consent and $50 reimbursement, were approved by the
Weill Cornell Medical College Institutional Review Board.

Stimuli. Stimuli were 60 unique recordings of each of the syllables /da/,
/gal, /1a/, and /la/ made by two native English speakers (one male, one
female) using techniques described for experiment 1. Half of the
recordings were made in each voice. The male voice had a median F,
(fundamental frequency) of 106 Hz, and the female voice had a me-
dian F, of 161 Hz.

Presentation parameters. Stimuli were presented using the same
hardware and software as in experiment 1, in blocks of three types:
repeating (repeating talker, repeating phoneme), voice alternating
(same phoneme, changing talker), and phoneme alternating (chang-
ing phoneme, same talker). In each block, 10 stimuli were presented
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Table 1. Activations for the alternating > repeating contrast in experiment 1
Coordinates

BA Voxels Zvalue X y z
Superior parietal lobule 7 18 3.72 —16 =70 'y}
Inferior parietal lobule 40 12 3.25 —34 —46 48
Supramarginal gyrus 40 61 4.29 —32 =50 32
Superior temporal gyrus 376 5.55 —56 —32 12
Middle temporal gyrus 21 14 3.55 —56 4 —28
Temporal pole 13 20 4.06 —38 10 —10
Lingual gyrus 30 14 3.48 —10 —38 2
Inferior parietal lobule 40 53 439 34 —46 4
40 24 3.45 44 —56 42
Precuneus 31 21 3.29 8 —46 44
27 19 3.73 16 —38 2
Supramarginal gyrus 40 72 459 58 —20 20
40 15 3.48 58 —26 36
Superior temporal gyrus 22 33 3.89 62 —16 6
26 4n 44 —32 14
Insula 13 145 4.47 38 =20 6
13 26 4.48 38 -2 —10
14 3.67 38 16 2
Medial temporal pole 38 22 3.43 46 16 —24
Middle cingulate cortex 24 159 4.82 2 =22 36
Amygdala 19 3.38 22 4 —10
Parahippocampal gyrus 17 3.85 34 —26 -12

BA, Brodmann area. Volume is given in number of voxels (3.125 X 3.125 X 3).Zvalue, Peak value of inferential test
for alternating responses being greater than repeating. Coordinates (x, y, and z) for the most active voxel in
each cluster are given with reference to the Talairach atlas. All activations surpassing the critical value for
extent determined in AlphaSim (12 voxels) are reported.

Figure2.

according to Freesurfer parcellation of the average brain.

at the rate of 1 stimulus per second (continuous EPI acquisition was
used, obviating the need to time stimulus presentation to silent peri-
ods in the TR). After each 10 s block of stimuli, a 12.5 s rest period was
included. Stimuli were presented in six runs with four blocks of each
condition (voice alternating, phoneme alternating, and repeating)
presented in each run.

MRI acquisition. Functional and anatomical images were collected us-
ing a 3T Signa scanner with an eight-channel phased-array headcoil
(General Electric). Anatomical (MPRAGE) images were collected using
the same prescription as experiment 1. Functional images were collected
using the standard GE echo-planar imaging (EPI) sequence, with TR =
1.5, flip angle = 90°, TE = 30 ms. Twenty-five axial slices were collected

Whole-brain contrasts for experiments 1and 2. A, B, Brain activation for alternating > repeating in experiment 1 (4)
and voice alternating > repeating in experiment 2 (B). Blue outline indicates the anatomical location of left supramarginal gyrus
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at a resolution of 3.125 X 3.125 X 5 mm, permitting coverage of the
entire cerebral cortex and most of the cerebellum.

MRI data analysis. Preprocessing, regression analyses, and contrasts
were performed as in experiment 1, with the following exceptions.
First, because images were not acquired obliquely, lpc_align was not
necessary to coregister the functionals and anatomicals. Further, the
regression analyses were conducted for three conditions: repeating,
phoneme alternating, and voice alternating. Separate contrasts for
voice alternating > repeating and phoneme alternating > repeating
are reported.

Simple correlation analysis. Correlation analyses based on a seed
volume in SMG were conducted following the methods described for
experiment 1.

Results

Experiment 1

Whole-brain analyses

Activations for the alternating > repeating contrast are shown in
Table 1 and activation maps presented in Figure 2. Consistent
with previous research, regions in the temporoparietal junction
are more active for the condition involving phonemic variability
(alternating) relative to the condition in which stimuli are drawn
from the same phonemic category (repeating). Although stron-
ger and more extensive activity is observed in the left hemisphere,
substantial activation is also present in the right. Activations in
previous studies have largely been restricted to the left hemi-
sphere; this disparity is possibly related to the greater power of
the current study: By combining long
trains of repeating stimuli with behav-
iorally interleaved gradients, we may
have been more sensitive to right hemi-
sphere activations than previous studies
using shorter trains of stimuli (e.g., Jac-
quemot et al., 2003; Zevin and McCan-
dliss, 2005; Joanisse et al., 2007) and/or
sparser image acquisition schedules
(Celsis et al., 1999).

Meta-analysis

To guide selection of ROIs for further
analysis, we conducted a meta-analysis of
six existing studies that report Talairach
coordinates of peak activations for condi-
tions of phonetic change compared to ei-
ther repeating stimuli or nonphonetic,
acoustic change (see Materials and Meth-
ods). Four consistently activated regions
were identified, as shown in Table 2.

Time series analysis to test for adaptation
Time series constructed by concatenating
the response to a single pair of stimuli
with itself five times were compared to the
responses in the alternating and repeating
conditions. A 3 (condition) X 8 (time
points 1-8) ANOVA revealed a significant interaction between
condition and time point, F,, 5,0, = 2.11. As shown in Figure 3,
activity in the alternating condition is greater than activity in both
the repeating condition and the constructed response over TRs
3—6 (9-18 s after the onset of the block). Post hoc t tests revealed
that the mean overall activity for TRs 1-8 was greater in the
alternating condition than the repeating condition or the con-
structed responses (Z;, = 2.97 and Z,, = 2.25, respectively),
whereas the repeating condition did not differ from the con-
structed response (Z < 1).
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Table 2. Results of ALE meta-analysis including six studies of sensitivity to phonetic
change

Coordinates

BA Voxels X y z
Left angular gyrus 39 92 —-28 —52 29
Left supramarginal gyrus 40 76 —40 -33 20
Left middle temporal gyrus 22 41 —62 —-22 -10
Left middle frontal gyrus 8 30 —28 25 46

BA, Brodmann area. Volume is given in number of voxels (2 X 2 XX 2). Coordinates (x, y, and z) for the most active
voxel in each cluster are given with reference to the Talairach atlas.
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Figure 3.  Time series analysis of supramarginal gyrus. Shown are empirically derived

time series from the alternating (solid line) and repeating (dashed line) conditions and
constructed time series (dotted line) based on the response to single pairs of stimuli,
representing the hypothesis that responses do not change with successive presentations
of the same stimulus class. The constructed hemodynamic response closely fits the re-
sponse in the repeating condition, suggesting that no repetition suppression is observed
in this condition.

Experiment 2

Whole-brain analyses

Activations for the voice alternating > repeating and phoneme
alternating > repeating contrasts are shown in Tables 3 and 4 and
activations for the voice alternating > repeating contrast shown
in Figure 2. Results from the phoneme alternating > repeating
contrast, which most closely replicate the procedures of experi-
ment 1, do not show any activity in temporoparietal junction
regions. In contrast, responses in the voice alternating > repeat-
ing contrast were broadly similar to both experiment 1 and the
meta-analysis of studies of phonetic change.

ROI analyses

To determine whether there was any activity at all in the phoneme
alternating condition in regions identified as preferring voice al-
ternating to repeating, we extracted mean normalized parameter
estimates from each participant for the ROIs in SMG, angular
gyrus (AG), STG, middle temporal gyrus (MTG), and middle
frontal gyrus (MFG). These ROIs were selected based on consid-
eration of anatomical regions identified in the meta-analysis. As
shown in Figure 4, activity is not significantly different from the
repeating condition for the phoneme alternating condition, all Z
values <1.56, p values >0.12. Activity differs marginally between
the phoneme alternating and voice alternating conditions in the
STG/MTG (Z,,, = 3.21), MFG (Z;,, = 1.90, p = 0.06), AG
(Za1) = 1.83,p = 0.07), and SMG (Z,,, = 1.61,p = 0.11). Thus,
it appears that in the context of an experiment in which more
salient behavioral variability is included, responses to phonemic
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Table 3. Activations for voice alternating > repeating in experiment 2
Coordinates

BA Voxels Zvalue X y z
Inferior parietal lobule 40 32 431 —32 =52 44
Supramarginal gyrus 40 17 3.20 —52 —44 32
Superior temporal gyrus 40 37 4.10 —58 —28 18
Middle temporal gyrus 21 130 4.55 —58 -22 -0
22 19 3.94 —56 —46 2
Insula 13 16 4.53 -8 16 —6
Temporal pole 16 3.69 —46 10 —0
Middle frontal gyrus 9 75 431 —26 40 36
Inferior frontal gyrus 13 26 3.89 —40 16 8
Precuneus 7 57 4.64 —4 —170 38
7 25 439 —14 —64 50
Superior medial gyrus 9 20 3.73 -2 46 24
Angular gyrus 7 26 3.80 28 —58 48
Superior temporal gyrus 38 25 424 —50 —4 —6
22 48 38 58 —14 6
Middle temporal gyrus 37 148 431 58 —44 —4
Cuneus 18 47 4.49 2 —76 14
7 21 3.55 16 —76 38
Superior medial gyrus 8 n 4.90 2 20 50
Anterior cingulate cortex 22 44 3.69 10 38 14
24 17 425 2 28 6
Middle cingulate cortex 24 177 531 2 2 36

BA, Brodmannarea. Volume is given in number of voxels (3.125 XX 3.125 X 5).Zvalue, Peak value of inferential test
for voice alternating responses being greater than repeating. Coordinates (x, y, and z) for the most active voxel in
each cluster are given with reference to the Talairach atlas. All activations surpassing the critical value for extent
determined in AlphaSim (16 voxels) are reported.

Table 4. Activations for phoneme alternating > repeating in experiment 2
Coordinates

BA Voxels Zvalue X y z
Cuneus 7 20 4.50 =10 —74 30
Superior temporal gyrus 41 16 3.13 44 —28 14
Superior medial gyrus 6 33 4.08 2 20 54
9 24 415 2 50 30
Middle cingulate cortex 24 17 4.03 2 -8 38

BA, Brodmannarea. Volume is given in number of voxels (3.125 XX 3.125 X 5); Zvalue, Peak value of inferential test
for phoneme alternating responses being greater than repeating. Coordinates (x, y, and z) for the most active voxel
in each cluster are given with reference to the Talairach atlas. All activations surpassing the critical value for extent
determined in AlphaSim (16 voxels) are reported.

variability are greatly reduced in these regions, in that the re-
sponse to phonemic alternation is intermediate between the
voice alternating and repeating conditions.

Functional connectivity of the supramarginal gyrus

We measured functional connectivity for the supramarginal
gyrus by computing correlations with the mean time series in
the ROIs identified in each experiment. Heat maps of the
correlations are shown in Figure 5. In both experiments, we
observed no significant differences between conditions, indi-
cating that SMG participated in a stable functional network
despite its own activity being highly sensitive to experimental
conditions.

Strong positive correlations were observed in both experi-
ments throughout all of supramarginal gyrus, and in inferior
frontal gyrus, both bilaterally. Negative correlations are observed
in both studies in visual areas (precuneus, parahippocampal gy-
rus). Thus, the supramarginal gyrus forms part of a relatively
stable functional network including canonical language regions
and their right-hemisphere homologs. Negative correlations with
visual areas in both experiments could be due to the fact that
participants were watching movies during the passive presenta-
tion of auditory stimuli—so that behaviorally relevant change in
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Figure 4. ROl analyses of the voice alternating and phoneme alternating conditions in ex-
periment 2. Shown are (3 values for all three conditions in ROIs identified as active in voice
alternating > repeating in experiment 2 and consistent with anatomical regions identified in
the ALE meta-analysis.

Figure 5.

values = 38 voxels in experiment 1and 32 voxels in experiment 2).

the auditory stream may have resulted in brief redirection of
attention away from visual processing.

Some differences between experiments were also observed:
correlations are stronger overall in experiment 1, and positive
correlations are observed throughout the superior bank of the
superior temporal gyrus as well as in precentral and postcentral
gyri that are not observed in experiment 2. Negative correlations
throughout anterior superior temporal sulcus, middle temporal
sulcus, and the temporal pole, as well as posterior portions of the
inferior parietal lobe. The only correlations unique to experiment
2 were throughout middle and anterior cingulate cortex. Nega-
tive correlations with the STS in experiment 1 may be related to
focus on linguistic aspects of stimuli, consistent with the findings
that this region prefers highly intelligible and predictable speech
(e.g., Scott et al., 2000; Wise et al., 2001; Obleser et al., 2007). The
cingulate activity in experiment 2 may be related to the fact that
the relevant variability in that context was in the identity of the
speaker; these regions have been shown to be involved in encod-
ing self/other relationships (Chiu et al., 2008).

Correlations with left supramarginal gyrus in experiments 1and 2. 4, B, Correlation maps for ROls in left supramar-
ginal gyrus in experiments 1 (A) and 2 (B), at a voxelwise threshold of p << 0.005, corrected to p << 0.05 with AlphaSim (critical
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Discussion

We found that a set of regions in the posterior superior temporal
gyrus and inferior parietal lobe respond selectively to behavior-
ally relevant variability in stimulus properties during passive pre-
sentation of speech sounds. The temporal properties of responses
suggest that the observed activations reflect increased responding
during conditions of unpredictable stimulus change, rather than ha-
bituation to repeated presentation of sounds from the same cate-
gory. Further, selectivity to phonemic change is abolished when
more salient nonlinguistic variability (i.e., talker change) is included
in the experimental context. Together, these findings suggest that the
change detection function of regions identified in previous studies of
speech sound categorization is not the result of habituation, and is
not in itself a specialization for speech categorization.

Habituation, change detection and representation

The basis of habituation, as observed in functional MRI (fMRI),
is not well understood (see, e.g., Grill-Spector et al., 2006), al-
though most descriptions of the phenomenon link habituation
(albeit implicitly) to the notion of representation. That is, they
share the premise that the particular pattern of activity that is reliably
elicited by a stimulus (a neural representa-
tion), decreases in amplitude, spatial extent,
or duration with successive presentations of
the stimulus. In order for this to occur for
multiple exemplars of the same category, as
in the current study, the representation
must be sufficiently general to count as a
representation of the category itself.

This same logic is often applied to be-
havioral measures of habituation used to
study categorization in infants (Werker and
Tees, 1984; Kuhl et al., 1992). If experiment
1 had revealed a pattern consistent with ha-
bituation to multiple exemplars of the same
speech category, this would have been
strong evidence that the temporoparietal
junction is involved in representing those
categories. Instead, we found that the re-
sponse to the repeating condition was well
modeled by a hypothetical hemodynamic
response function constructed to simulate a
condition in which the response to each suc-
cessive stimulus of the same type is identical.
Although we found no evidence that supramarginal gyrus is specif-
ically tuned to speech categories, this does not mean that it cannot
serve as an index of language-specific categorization. To continue
the analogy with behavioral habituation studies, an infant’s in-
creased rate of sucking on a pacifier or visual orientation to-
ward a display of an interesting toy are not part of his or her
representation of speech categories, but can nonetheless be
used to indicate when a behaviorally relevant change was de-
tected. Thus, the fact that, in most studies, linguistically rele-
vant change elicits responses in SMG while other types of
change do not (as in, e.g., Jacquemot et al., 2003; Joanisse et al.,
2007) reveals something about what the listener treats as behav-
iorally relevant, even if it does not provide a localization of the
mechanisms by which the brain categorizes speech sounds.

Change detection can also be related to representation, as in
studies of an electrophysiological phenomenon, the mismatch
negativity (MMN) elicited in experiments very similar to the cur-
rent study. In MMN paradigms, the evoked response to a fre-
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quently repeated “standard” stimulus is compared to the
response to a relatively rare “deviant” stimulus. Between 100 and
250 ms, the response to the deviant stimulus is more negative,
and the subtraction of the standard from the deviant yields a
negative-going wave (for review, see Néitinen and Winkler,
1999), even when differences in the afferent patterns of stimuli
are taken into account by examining standard and deviant re-
sponses to the same stimulus (the “identity MMN”) (Pulvermiil-
ler and Shtyrov, 2006). The MMN is most often interpreted in
terms of change detection, specifically, the formation and updat-
ing of a model of the acoustic environment that predicts the
occurrence of a particular sound at a particular time.

This notion of representation—in terms of a continuously
updated predictive model of the auditory environment—is dif-
ferent from that intended in most studies of speech sound cate-
gorization. For example, many studies have shown an MMN to
deviations from the standard tone that vary in size monotonically
with the size of the acoustic difference between the standard and
deviant (Sams et al., 1985). The MMN can be related to catego-
rization depending on long-term memory, however [e.g., of pho-
netic categories (Winkler et al., 1999)]. Strong MMN:s are elicited
to unfamiliar speech contrasts, but the size of the response rela-
tive to the acoustic distance between contrasting stimuli is mod-
ulated by phonetic categorization such that large acoustic
differences can elicit a relatively small MMN if the stimuli used
are not categorized as members of native language categories
(Néidtdnen et al., 1997). In contrast, change detection responses to
speech in fMRI have not been observed to non-native (Jacquemot et
al., 2003) or noncontrastive (Joanisse et al., 2007) change.

The responses observed in the current study are distinct from
the MMN in other ways as well. Although the alternating condi-
tions in the current study are in some ways comparable to a
“deviant” condition in an MMN study—in that the stimulus class
changes—the randomness of presentation order in the alternat-
ing conditions makes it impossible to construct a model of the
environment that gives rise to deviance detection. In fact, designs
with similar presentation parameters to the alternating condition
do not give rise to an MMN response in electrophysiological
studies. Finally, there is some ambiguity in the literature with
respect to the anatomical location of the MMN generator(s),
suggesting that this response is not necessarily localizable to the
temporoparietal junction (Molholm et al., 2005; Baldeweg, 2007;
Schénwiesner et al., 2007). The notion that the TP]J is involved in
the detection of salient, behaviorally relevant events across mo-
dalities has a long history in cognitive neuroscience (e.g., Knight
et al., 1989; Yamaguchi and Knight, 1991). In addition, change
detection in TPJ is amodal (Downar et al., 2000) and task depen-
dent (Downar et al., 2001) in a manner that is inconsistent with
the MMN.

Thus, if we interpret them as TP] responses to stimulus
change, the responses observed in the current and related studies
cannot be interpreted as neural correlates of either habituation to
speech sound categories or the metabolic equivalent of the
MMN. Instead, they are more consistent with change detection
responses that are domain-general, amodal, and flexibly tuned to
the relative behavioral relevance of different dimensions of stim-
ulus contrast. This is perhaps not surprising, given that the re-
gions involved are not particularly selective for speech (see
Obleser and Eisner, 2009, for review), nor are they implicated in
studies that use multivariate pattern analysis to identify patterns
of activity that permit the discrimination of speech sounds from
one another based on brain activity (Raizada and Poldrack, 2007;
Formisano et al., 2008).
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Linguistic contrast as a special case of behavioral relevance
Various designs have been used to explore the specificity of
change detection responses to speech sound categorization. For
example, Joanisse et al. (2007) presented participants with stim-
uli from a synthesized /da/—/ga/ continuum, and compared re-
sponses to within- and between-category stimulus change while
controlling the magnitude of the acoustic change between condi-
tions. The results indicated that supramarginal gyrus was selec-
tively activated by acoustic changes that indicated a linguistic
contrast (i.e., the difference between /da/ and /ga/) relative to
changes that did not [i.e., two different exemplars of either /da/ or
/gal; see also Raizada and Poldrack (2007) for a more involved set
of analyses indicating enhanced change detection for stimuli that
cross a category boundary]. The pattern of results from previous
studies thus suggests some specificity for speech sound categori-
zation that requires explanation, even if we argue that the responses
themselves are not a specialization for speech processing.

One critical observation is that change detection responses to
speech sound categories have previously been elicited in studies
that conflated linguistic contrast with behaviorally relevant stim-
ulus variability. That is, an apparent specialization for speech
categories may have been observed because change from one
category to another was the most interesting thing that happened
in the context of the experiment. In the current study, responses
to phonemic contrast were examined both in a context in which
this was the most salient source of variability (experiment 1) and
in a context that contained more salient variability as well (exper-
iment 2). When the stimulus set included talker variability, re-
sponses to phonemic variability were essentially abolished.
Instead, regions previously identified as specialized for the per-
ception of speech contrasts responded strongly to talker variabil-
ity. Also consistent with the notion that engagement of the SMG
with language-specific stimulus properties is flexible, functional
connectivity of the SMG was observed to be task dependent with
respect to regions that can be described as part of the “ventral
stream” for speech perception (Rauschecker and Tian, 2000;
Hickok and Poeppel, 2007; Rauschecker and Scott, 2009). The
same analyses, however, indicate relatively stable connectivity of
the SMG with posterior STG and inferior frontal gyrus, consis-
tent with the notion of a “dorsal stream” for speech perception in
this framework, and its likely role in relating acoustic and motor
aspects of speech sounds. Specifically, we propose that change
detection occurs via a predictive mechanism involving the motor
system in which predicted behaviorally relevant stimulus features
are compared with the current description of the sensory state of
the listener in posterior superior temporal and inferior parietal
cortices (Skipper et al., 2007).

Conclusions

We have replicated the response to phonemic change in tem-
poroparietal regions observed in numerous studies of speech
sound categorization using fMRI, and demonstrated that these
responses are more consistent with change detection than with
habituation to phonemic categories. These regions appear to be
finely tuned to specific aspects of the speech signal when this is the
most salient source of variability in the acoustic environment: In
experiment 1, responses to phonemic change were measured
against a background of random variability in intonation pattern
present in both the alternating and repeating conditions. When
other forms of behaviorally relevant stimulus variability are in-
cluded, however, as in experiment 2, this apparent specificity
disappears. This pattern has consequences for how we under-
stand differences between conditions (or groups of participants)
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in studies using “dishabituation” designs. While it is clear that
these responses are influenced by language experience, they must
be seen as reflecting acquired behavioral relevance rather than
indicating a neural specialization for speech categorization in the
location of the observed response.
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