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Categorical perception (CP) is a mechanism whereby non-identical stimuli that have the same underlying
meaning become invariantly represented in the brain. Through behavioral identification and discrimi-
nation tasks, CP has been demonstrated to occur broadly across the auditory modality, including in
perception of speech (e.g. phonemes) and music (e.g. chords) stimuli. Several functional imaging studies
have linked CP of speech with activity in multiple regions of the left superior temporal sulcus (STS). As
language processing is generally left-hemisphere dominant and, conversely, fine-grained spectral pro-
cessing shows a right hemispheric bias, we hypothesized that CP of musical stimuli would be associated
with right STS activity. Here, we used functional magnetic resonance imaging (fMRI) to test healthy,
ategorical perception

MRI
uperior temporal sulcus
usic perception
emispheric lateralization

ntraparietal sulcus

musically-trained volunteers as they (a) underwent a musical chord adaptation/habituation paradigm
and (b) performed an active discrimination task on within- and between-category chord pairs, as well as
an acoustically-matched, more continuously-perceived orthogonal sound set. As predicted, greater right
STS activity was linked to categorical processing in both experimental paradigms. The results suggest
that the left and right STS are functionally specialized and that the right STS may take on a key role in CP
of spectrally complex sounds.
. Introduction

Categorical perception (CP) is a phenomenon that occurs when
ignals that vary over a continuous physical scale are perceived as
elonging to a small number of discrete groups. CP can be consid-
red the converse of the default process of continuous perception,
n which signals are perceived along a smooth continuum and are
ot lumped into categories. Two hallmarks of CP are (a) distinct
ategories with obvious boundaries that can be observed during
abeling tasks and (b) a peak in discriminability between stimuli
ear a boundary, with complementary troughs far from boundaries
Liberman, Harris, Hoffman, & Griffith, 1957).

Formation and use of categories is thought to serve multiple

elated perceptual purposes. CP allows the perceptual system to
uickly abstract complicated information – in the realm of speech,
pectrally complex and rapidly changing acoustic signals – into
bins” for further downstream use. Put another way, the brain labels
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a speech sound as belonging to a certain phonemic category (e.g.
/da/ or /ta/) and then can build words from these phonemes, as
opposed to having to store and manipulate the much more complex
auditory representation relayed from the brainstem.

Relatedly, this process provides a theoretically simple solution
to the problem of acoustic variation between speech utterances.
In the context of a particular phoneme, individual speech utter-
ances vary considerably between speakers and, to a lesser extent,
from act to act performed by the same speaker. Because no two
voicing of a phoneme can be identical, though, linguistically, it
makes sense to treat them as such, CP provides the means for a
pre-conscious decision in favor of one of among a relatively small
number of categories. CP was initially thought to be specific to
speech processing (Mattingly, Liberman, Syrdal, & Halwes, 1971).
Liberman et al. (1957) detailed the presence of non-linear fea-
tures in subjects’ identification and discrimination abilities, which
show, respectively, how reliably a specific signal will be labeled
as having membership in a certain category and the degree to
which two neighboring signals along a certain portion of a con-

tinuous physical spectrum are differentiable. The theory that CP
is a product of learning/familiarity was given traction by studies,
beginning with Goto (1971), which showed that subjects perceived
phonemes from their first language significantly more categorically
than non-native speech contrasts (a well known example being the

dx.doi.org/10.1016/j.neuropsychologia.2011.01.008
http://www.sciencedirect.com/science/journal/00283932
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mailto:michael.klein@mail.mcgill.ca
mailto:michaeleklein@gmail.com
dx.doi.org/10.1016/j.neuropsychologia.2011.01.008


ropsychologia 49 (2011) 878–887 879

m
J

s
t
e
t
c
m
t
i
m
s
a
n
c
s
t
o
i
s
(
b
b
m
t

h
i
s
l
l
t
(
S
B
H
m
l
L
b
w
p
s
w
c
t
(
t
c
i
b
s
f
o
r
M

t
m
a
w
i
n
t
e

Table 1
Peak BOLD effects. All peaks are significant at the whole-brain level (p < 0.05, cor-
rected), except for the second right STS peak.

Region x y z t Contrast

Right STS 60 4 −8 5.66 Adapt1
Cerebellum −44 −48 −40 4.75 Adapt2
Left occipital −20 −92 30 4.62 Adapt1
Left IPS/inferior parietal lobule −44 −56 50 4.60 Adapt2
M.E. Klein, R.J. Zatorre / Neu

eaningful distinction between /l/ and /r/ in English, but not in
apanese).

Up until this point, the bulk of experiments looking at CP used
timuli that were exclusively linguistic and drew conclusions about
he phenomenon that were specific to the speech domain. How-
ver, studies in the 1970s and ‘80s broadened the literature from
he speech domain to the psychology of music, by looking at per-
eption of musical intervals and chords with regard to category
embership (with obvious examples being minor vs. major dis-

inctions). Musically, the frequency ratio between a base note and
ts third defines the two-note interval (or chord if there are three or

ore notes) as being “minor” or “major.” Burns and Ward (1978)
howed categorical perception of intervals, as seen in identification
nd discrimination plots. Subjects showed troughs in discrimi-
ation ability in locations that correlated with interval category
entres. While Burns and Ward’s study focused on melodic (i.e.
equential) note presentation, Zatorre and Halpern (1979) showed
hat the same phenomenon occurred in harmonic (i.e. simultane-
us) intervals. Additionally, the authors showed that CP of musical
ntervals was much more prevalent in trained musicians than in
ubjects who did not have significant musical training. Zatorre
1983) also addressed the putative existence of (and relationship
etween) “auditory” and “categorical” memory processing stages
y selectively interfering with only the former. The experimental
anipulation seemed to spare a “binary variable” that constituted

he categorical memory.
In the past few years, numerous functional imaging studies

ave examined the neural correlates of CP in subjects perform-
ng linguistic tasks, with results generally implicating the left
uperior temporal sulcus (STS). The left and right STS each are
arge regions, spanning posteriorly-to-anteriorly from y-values of
ess than −40 (MNI space) to near the temporal pole, respec-
ively, and encompassing large portions of Brodmann areas 21
inferior STS/middle temporal gyrus (MTG)) and BA22 (superior
TS/superior temporal gyrus (STG)) as well as smaller regions of
A38 and BA39 (temporal pole and angular gyrus, respectively).
ere, we refer to STS regions most proximal to Heschl’s gyrus as
iddle STS (mSTS) (y-values of approximately −25 to −5) and

abel the anterior STS (aSTS) and posterior STS (pSTS) accordingly.
iebenthal, Binder, Spitzer, Possing, and Medler (2005) compared
lood–oxygen-level dependent (BOLD) responses in subjects who
ere discriminating phonemes in addition to a warped, non-
honemic continuum of comparably complex sounds that did not
ound like English-language phonemes and could not be associated
ith pre-learned categories. Contrasting BOLD activity in the two

onditions highlighted two peaks in the anterior/middle and pos-
erior STS. An adaptation (i.e. short-interval habituation) paradigm
Joanisse, Zevin, & McCandliss, 2007) looked at BOLD activity con-
rasting conditions where oddball stimuli either did or did not
ross a categorical boundary. The authors found greater BOLD activ-
ty for the between-category condition in the left STS, positioned
etween the peaks found by Liebenthal et al. The general corre-
pondence of results between these two studies was notable, as the
ormer utilized an active discrimination task and the latter a non-
vert paradigm based upon a hypothesis of dishabituation/neural
ebound, a design more common to ERP/MEG studies (Zevin &
cCandliss, 2005) (Table 1).
Another recent study (Leech, Holt, Devlin, & Dick, 2009) showed

hat the left STS is likely involved more generally in CP and not
erely limited to speech categorization. Subjects were trained on
video game, wherein certain fast-transforming complex sounds

ere indicative of an imminent game-play action. Study partic-

pants did not report these “acoustically-complex, artificial, and
on-linguistic” stimuli as sounding speech-like. Because presen-
ation of the sounds preceded (and predicted) specific upcoming
vents and required behavioral responses, acquisition of these new
Right STS* 44 −26 −4 3.39 Disc3

* Observation of statistical significance via anatomically-segmented right STS
region-based analysis (p < 0.001 uncorrected).

non-linguistic categories would be helpful with game performance.
Participants who best learned these novel categories showed the
greatest pre- to post-training change in BOLD response in the left
pSTS, as observed during passive listening to these same stimuli.
Thus, the authors concluded that CP correlated with left STS activity
reflects auditory expertise in domains not limited to just language,
and is susceptible to learning.

The common thread between these imaging studies is the obser-
vation of significant BOLD activity in the left STS. The authors
generally support the theory that the left STS is strategically posi-
tioned in the midst of the auditory “ventral stream” (Rauschecker &
Tian, 2000), between more primary areas involved in the analysis
of physical features of speech/other complex sounds and higher-
order auditory cortex located in the left MTG and parts of the STS
located more anteriorly. Liebenthal et al. suggest that phonemic
recoding may be the earliest speech signal analysis that is lateral-
ized to the left and that the STS is the actual “point of transition” –
where sound starts to become speech. The implication here is that
the category maps, themselves, reside within the left STS and that
the observed BOLD signal, at least in part, reflects activity of the
neurons that comprise the maps.

While the above imaging experiments of speech perception, as
well as the study by Leech et al., make a very convincing case for a
major role of the left STS in CP, they paint an incomplete picture of
the phenomenon. The commonality between those studies is that
they look for a BOLD response following categorization of rapidly-
transforming, temporally-complex sounds. These findings cannot
necessarily be taken as having highlighted the neural basis of all
auditory categorical perception. Namely, they say little concern-
ing acoustic stimuli lacking dynamic spectral variation, of which
musical intervals are a prime example (and one that has already
been shown to be perceived categorically). The idea of quickly- vs.
slowly-varying auditory signals relates to theories of hemispheric
specialization, in particular that the left hemisphere is tuned for
perception of fast-changing signals (and thus is well-suited for
speech) while the right hemisphere is tuned for higher spectral res-
olution. This theory – that left and right hemispheres, respectively,
subserve these two parallel and complementary functions– was put
forward by Zatorre, Belin, and Penhune (2002) as well as Poeppel
(2003), whose argument was framed around putative “time inte-
gration windows” that are preferred by each of the two respective
cortices. In this vein, numerous studies have shown that the right
hemisphere is preferentially active for stimuli containing small
variations in spectral energy (Boemio, Fromm, Braun, & Poeppel,
2005; Hyde, Peretz, & Zatorre, 2008; Schonwiesner, Rubsamen, &
von Cramon, 2005; Zatorre & Belin, 2001). Thus, an imaging study
that seeks to highlight brain areas involved in categorization of
musical chords may implicate neural networks in the right tem-
poral lobe responsible for a more inclusive concept of categorical

perception. One can also make an alternate hypothesis that musi-
cal categories, such as minor and major, are mediated linguistically
and thus rely heavily on the left STS for their percepts as cate-
gories. However, as any such linguistic labeling is predicated upon
fine-tuned spectral analysis/extraction, it follows that some sort of
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re-categorical → categorical transformation must occur prior to
ssociations with lexical elements, and that such a transformation
s more likely to be primarily carried out by the right temporal lobe.

Here, we used fMRI to test the prediction that greater activity
n or near the right STS of highly-trained musician subjects would
e observed following presentation of stimuli comprised of chords
rom a larger number of musical categories. Such a finding would
a) suggest that there is something intrinsic to this brain region,
ilaterally, that allows for transformations from nonspecific raw
ignal into pre-defined, cortically-based category and (b) lend cred-
bility to theories that the relative strengths of the right and left
emporal lobes are grounded in a differential sensitivity to slowly-
nd quickly-evolving sounds, respectively. While the specifics of
ny such findings (i.e. right STS activity associated with musical
ategories in musically-trained subjects) might not generalize to
he population at large directly, observation of the predicted result
ould speak to a differential readiness/ability of the right vs. left

TS to take on such a role in CP of spectrally-complex sounds. In
ddition to looking at differences between minor/major 2-category
s. single-category conditions, we created a set of acoustically-
atched orthogonal sounds to serve as an additional experimental

ontrol (see Section 2.2). These orthogonal stimuli use absolute
itch cues and lack association with any learned musical cate-
ories. We predicted that, compared to the experimental triads,
hese orthogonal triads would be perceived in a less categorical

anner, as measured by identification and discrimination scores.
inally, seeking converging evidence of functional localization, we
mployed two discrete experimental protocols: (1) an adapta-
ion/oddball paradigm in which subjects were not asked to make
xplicit judgments related to category membership and (2) an
BX discrimination paradigm where overt, keyed responses were
equired.

. Methods

.1. Participants

We enrolled 35 participants in a behavioral pre-test. All subjects were right-
anded, age 18–50, and did not claim to possess absolute pitch abilities. All were
usicians with 4+ years of formal training on an instrument and claimed to be cur-

ently performing or practicing. All subjects gave informed consent to participate in
his study, in accordance with procedures approved by the Research Ethics Commit-
ees of the McConnell Brain Imaging Centre and the Montreal Neurological Institute.
ecause we were interested in maximizing the likelihood of measuring the neural
ubstrates of CP, following our pre-test, 19 of the 35 participants were excluded
rom further participation due to lack of sufficiently clear CP-like discrimination
unctions (see Section 2.3, for specifics of inclusion criteria). Additionally, two sub-
ects who met these criteria chose not to participate in the imaging study and four

ore were eventually excluded due to failure to comply with instructions during
canner sessions. Thus, the imaging data are from a final cohort of 10 participants.

.2. Stimuli

The behavioral pre-test involved two parallel sound sets, each containing 11
iscrete triads (see Fig. 1). We generated an experimental and an orthogonal set,
hich shared one common triad. All of the triads were composed of three simul-

aneous 500 ms sine-wave tones (i.e. harmonic triads) that were generated using
udacity software and were derived from equally-tempered semitones (in which
n octave lies 1200 cents above a starting frequency and each 100 cents signifies
1/2 tone shift). Sound intensity was adjusted to each subject’s comfort level and

very triad was presented using a 50 ms linear ramp-up/down. The experimental
ound set consisted of triads that ranged from true minor (middle note 300 cents
bove base note) to true major (middle note 400 cents above base note), in 10-cent
ncrements (i.e. 300, 310, . . ., 390, 400). For all triads in the experimental set, the
igh note (musically, the 5th) was positioned 700 cents above the low/base note.
ote that, for all triads in this set, the low and high notes were fixed at the same

requencies (G-natural at 392 Hz and the D-natural at 587.3 Hz) and only the mid-

le note varied, from B-flat (300 cents above G-natural/466.2 Hz) to B-natural (400
ents above G-natural/496.8 Hz).

The orthogonal stimuli set was constructed in parallel to the experimental set.
ur intent was to create a series of triads that did not span the categorical boundary
etween minor/major, while remaining as acoustically-related to the experimental
timuli as possible. As it is the ratio between the musical 1st and 3rd that deter-
hologia 49 (2011) 878–887

mines the minor or major quality of the triad, we kept this ratio fixed at 350 cents
(i.e. 1:∼1.22) for all triads in the orthogonal set. The 350-cent triad was chosen as it
represents the midpoint on the minor/major continuum and does not clearly belong
to either the former or latter category, as shown by identification ratings (see Section
3.1). As with the experimental set, the middle notes of these 11 triads ranged from
B-flat (466.2 Hz) to B-natural (496.8 Hz). However, in order to keep consistent a 350-
cent interval between low and middle tones, it was necessary to vary the frequency
of the low tone from triad to triad. This is in direct contrast to the experimental
set, where the frequency of the low tone was always fixed at 392 Hz. As the middle
tone varied from 466.2 Hz to 496.8 Hz, the low tone varied from 380.8 Hz (between
G-flat and G-natural) to 405.8 Hz (between G-natural and G-sharp). Likewise, the
high tone (5th), which was always positioned 700 cents above the base tone, varied
in the orthogonal sound set, from 570.6 Hz to 608 Hz. While all three tones vary in
frequency from triad to triad within this sound set, the frequency ratio between the
three tones is held constant. As a result, these orthogonal triads, unlike the experi-
mental triads, do not differ from one another along the minor/major dimension, but
instead differ on the basis of their absolute frequency. In order to keep a consistent
naming scheme, individual triads from both sound sets will be referred to on a scale
from 0 to 100 cents, which represents the distance above the low anchor triad from
either set. However, it is important to note that this distance refers either to pitch-
variation of the middle note (experimental triads) or of all three notes (orthogonal
triads), depending on the sound set.

For the pre-test, sounds presentation and data collection were conducted using
Max/MSP software (Cycling ‘74 Inc., http://www.cycling74.com) and Sennheiser
HD280 Pro headphones. In-scanner tasks were administered with Presentation soft-
ware (Neurobehavioral Systems, http://www.neurobs.com) and MR-Confon Peltor
Optimex magnetic resonance-compatible headphones.

2.3. Pre-test tasks

Subjects performed identification and discrimination tasks of both sound sets
as part of a behavioral pre-test, conducted inside a sound booth. Prior to performing
the identification task, subjects listened to repeating and alternating presentations
of the two endpoint-triads. These endpoint (a.k.a “anchor”) triads were the true
minor and major triads for experimental set identification, or the two analogous
triads if the subjects were performing the task on the orthogonal set. The order
of presentation was counter-balanced so that half of the subjects first heard the
experimental triads and half the orthogonal triads. During the fMRI portion of the
experiment, subjects performed a similar discrimination task, and also underwent
an adaptation/oddball paradigm.

2.3.1. Identification
After familiarization with the anchor triads, subjects were presented with trials

that contained a single triad that could come randomly from anywhere in the set.
They were then asked to rate that triad on a scale of 1–6: (1) subject is sure triad is
closer to low anchor, (2) subject thinks the triad is closer to the low anchor, but is
not positive, (3) subject is fairly unsure, but if pressed to guess, would place the triad
closer to the low anchor, (with (4), (5), and (6) the complementary choices for the
high anchor). Subjects had unlimited time to make their selections and, following
each choice, were given a 2-s silent period prior to presentation of the next triad.
Each of the 11 possible triads from a given set was presented 12 times in a pseudo-
random order.

2.3.2. Discrimination
Following the identification task, subjects performed an ABX discrimination task

on the same triad set. For each trial in this task, subjects heard three triads, each
separated from the next by 500 ms of silence. In this task, “A” could be any one of
the 11 possible triads; “B” would be a triad, 2 steps away from “A” (either up or down)
on the continuum; and “X” would be a repetition of either “A” or “B.” An example
from the experimental set would be presentation of a 30-cent triad (“A”), followed
by a 10-cent triad (“B”) and another 10-cent triad (“X”). After each presentation,
subjects were asked to click “1” if they believed X matched A or to click “2” if they
believed X matched B. In the above example, a response of “2” is correct. Following
each response, there was a 2-s silent period prior to the next trial. Subjects were
not provided with correct/incorrect feedback. There were an even number of X = A
and X = B trials as well as an even number of trials where A > B or B > A, in terms of
frequency/position in the stimuli set. Each of the 9 possible complementary triad
pairs from a given set was presented 12 times in a pseudo-random order. Each
subject performed two identification tasks and two discrimination tasks for each
triad set.

2.3.3. Inclusion criteria
In order to qualify for the fMRI portion of the study, a subject had to show a (a)

discrimination performance peak for the minor/major triad set that was 25%+ better

than the average of their within-category endpoints and (b) 50/70 cent discrimina-
tion rate that was not significantly lower than their peak performance (whether that
peak was found at 40/60, 60/80, etc.). The second criterion was included because, as
the large majority of subjects’ performance peaks were found at 50/70, this pair
was selected to become the between-category condition used in-scanner. 16 of
the initial 35 subjects met both of the above criteria. Of these 16, two subjects

http://www.cycling74.com/
http://www.neurobs.com/
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Fig. 1. Two triad sets. Experimental stimuli are represented horizontally. Moving from left to right, the triads become progressively more major (from 300 cents to 400 cents,
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each DISC block’s 16 trials, 4 contained triads from the 0/20 pair, 4 from the 80/100
pair, and 8 from the 50/70 pair.

2.4.3. Image collection and analysis
Images were acquired on a 1.5 T Siemens Sonata scanner. A high-resolution

(voxel = 1 mm3) T1-weighted scan was obtained for anatomical localization. Dur-
n 10 cent increments). This was done by varying the frequency of the middle note,
350 cents) is shared with the 2nd stimuli set. Orthogonal stimuli are represented
his is true for all three notes of the triads (as opposed to only the middle note, as
eld constant, these orthogonal triads do not differ from one-another in the minor/

eclined to participate in the fMRI section. Data from four further subjects who
ere scanned were excluded from the imaging analyses due to subjects’ failure to

omply with in-scanner instructions (i.e. required behavioral responses that were
bsent or inconsistent). Thus, our imaging data come from a final cohort of 10.

.4. In-scanner procedure

Each participant underwent an anatomical scan and two functional
maging runs. Each run consisted of eight blocks of triads: four each for
he adaptation (ADPT) and discrimination (DISC) protocols (see below for
etails of each protocol). For each protocol, two blocks contained triads from
nly the experimental sound set (EXP) and two contained triads from only
he orthogonal sound set (ORT). Run “A” was ordered DISCexp > ADPTexp >
ISCort > ADPTort > ADPTexp > DISCexp > ADPTort > DISCort. Run “B” was ordered
DPTort > DISCort > ADPTexp > DISCexp > DISCort > ADPTort > DISCexp > ADPTexp.
e used a counterbalanced design so that half the subjects underwent run “A”

hen “B” and half “B” then “A.”
Blocks were separated from one another by two silent trials where no sounds

ere played, followed by a “cue” trial, where subjects were told which protocol to
ollow in the upcoming block. Each run contained a total of 166 10-s trials: 76 from
he adaptation experiment (19 per block × 4 blocks); 64 from the discrimination
xperimental (16 per block × 4 blocks); 18 silent; and 8 cue. Trials using the middle-
requency triad pair of each stimuli set (50/70) were presented twice as often as
hose from either the low- or high-frequency pairs (0/20 and 80/100, respectively).
riad pairs from the pre-test, other than 0/20, 50/70, and 80/100, were not used
or the imaging experiment as we sought to contrast the most boundary-spanning
50/70) and least boundary-spanning (0/20 and 80/100) conditions.

.4.1. Adaptation paradigm
A single ADPT block contained 19 trials and used triads from only one of the two

ound sets. Each trial (see Fig. 2) was one of two types. Repeating type (REP) was
resented as A–A–A–A–A, where the same triad was presented 5X, with 500 ms
ilent gaps between sounds. Changing (“oddball”) type (CHG) was presented as
–A–A–A–B, where one triad was presented four times followed by a second triad

hat was presented once. As with REP, there were 500 ms silent gaps between
ounds. In any given trial, A and B were complementary triads from a pair (ex: if
= 70, B = 50). REP and CHG trials were presented with equal frequency and in a

andom order. Of each block’s 19 trials, 4 contained triads from the 0/20 pair, 4 from
he 80/100 pair, and 8 from the 50/70 pair.
The remaining 3 trials per block were employed for a separate purpose. The
daptation paradigm, itself, required no overt responses from subjects. However,
n order to ensure that they remained alert and were attentive to the sounds, we
ad subjects undergo each ADPT block under the guise of an overt “loudness” task.
ubjects were requested to make a key-press if a trial’s final triad was heard as being
uieter than the preceding 4. Thus, in addition to the 16 trials mentioned above (in
the frequencies of the bottom and top notes remain constant. The mid-most triad
ally. Moving from bottom to top, triads become progressively higher in frequency;
experimental set). Because the frequency ratio for the three notes of each triad is
dimension.

which all 5 triads were of equal intensity), 3 trials contained final triads that were
of 1/4 the amplitude of the first 4. While behavioral responses were checked for
compliance with the loudness task, we did not analyze fMRI data collected from
these trials. For this paradigm, subjects were not specifically instructed to listen for
whether the final triad was of different pitch quality than the first 4.

2.4.2. Discrimination paradigm
The in-scanner ABX discrimination task (see Fig. 2) was similar to that described

for the pre-test. As mentioned above, one difference was that subjects heard and
discriminated only the 0/20, 50/70, and 80/100 pairs from each set. A second dif-
ference was that, where the pre-test allowed for a response period of unlimited
duration, the fMRI task required a response before the onset of BOLD volume acqui-
sition. This period of relative quiet ranged between 3.8 and 4.8 s in duration and,
following presentation of triad X, subjects were asked to respond as “quickly as pos-
sible” by pressing one of two buttons on an MRI-compatible controller, depending
on whether they heard X as matching A (choice 1) or X as matching B (choice 2). Of
Fig. 2. Single trials from adaptation (top) and discrimination (bottom) experiments.
Each 10-s trial was comprised of 2.3 s for image acquisition following 7.7 s for sound
presentation and behavioral responses. Longer durations of stimuli during adapta-
tion trials were offset by the lack of a need for a response period. Trials occurred
in blocks containing only those of same type (e.g. discrimination of experimental
triads, adaptation using orthogonal triads, etc.).
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Fig. 3. Identification performance. Mean ratings are from a scale of 1 to 6, as pre-
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ented triads are perceived as resembling the low to high anchor triads of each sound
et, respectively. X-axis values represent cents above a minor triad as determined
y the middle note (experimental) or cents of each of the three notes above the

owest-frequency triad (orthogonal). Error bars show 95% confidence intervals.

ng two functional runs, one whole-head frame of 36 contiguous T2*-weighted
mages was acquired in ascending, interleaved fashion (TR = 10 s, 64X64 matrix,
oxel size = 8 mm3 (2 mm × 2 mm × 2 mm)). We used a sparse-sampling procedure
Belin, Zatorre, Hoge, Evans, & Pike, 1999): tasks were performed between the 2.3-s
cquisitions to prevent scanner noise from interfering with the auditory stimuli.
ound samples were presented near the beginning of the 7.7-s non-acquisition
indow. Relative timings between scan acquisitions and tasks were systematically

aried or “jittered” by up to ±500 ms to maximize the likelihood of obtaining the
eak of the hemodynamic response for each task.

All BOLD images were realigned with the third frame of the first run to correct
or motion artifacts. To increase the signal-to-noise ratio, images were smoothed
ith a 6-mm full-width at half-maximum (FWHM) isotropic Gaussian kernel. Image

nalyses were conducted utilizing the general linear model via fMRISTAT as outlined
y Worsley et al. (2002). Motion-correction parameters were used as covariates in
MRISTAT to further account for motion artifacts in the imaging results. In-house
oftware was used to non-linearly transform each subject’s images into standardized
pace using the MNI/ICBM 152 template, prior to conducting the group analyses
Collins, Neelin, Peters, & Evans, 1994; Mazziotta et al., 2001). Peaks from the full-
rain analysis were considered significant if above a threshold of t > 4.57, which was
orrected for multiple comparisons (p = 0.05). The program stat summary assessed
he threshold for significance by selecting the minimum among the values given
y a Bonferroni correction, random field theory, and the discrete local maximum
Worsley, 2005). We report peaks of neural activity if their voxel or cluster p-values
re <0.05. For a portion of our fMRI analysis, we pre-defined a region spanning the
ight STS. Within this predicted area we report any peaks that were significant above
n uncorrected threshold of p = 0.001. We performed the location-based analysis
ecause our primary prediction, based upon multiple streams of prior research,
ocused on this specific right temporal region. As the speech/language literature
as highlighted activity peaks over multiple areas in the left STS, we delineated
he entire right STS, spanning from the most posterior to most anterior regions of
he sulcus. The STS was manually segmented based upon anatomical landmarks:
a) from posterior to anterior for as long as the sulcus was clearly visible (near
ngular gyrus (Y = −46) to near temporal pole (Y = 6)); (b) dorsal/ventral from the
ost central/superficial point of the STG to that of the MTG; and (c) encompassing

he entire sulcus (superficial to white matter).

. Results

.1. Behavioral results

A two-way ANOVA performed on identification ratings from
ll 35 subjects during the pre-test (see Fig. 3) showed a signifi-
ant interaction effect between sound set and stimulus frequency
F = 8.848, p < 0.001). Tukey’s honestly significant difference (HSD)
ost hoc tests showed a significant difference in mean rating of the
xperimental vs. orthogonal triads at frequencies of 40, 50, 60, and

0 cents (p < 0.05 for all), but not at the left-most (0, 10, 20, and 30
ents) and right-most (80, 90, and 100 cents) ends of the functions.

For discrimination performance from all 35 subjects during the
re-test (see Fig. 4), a two-way ANOVA showed a significant inter-
ction effect between sound set and stimulus frequency (F = 5.154,
hologia 49 (2011) 878–887

p < 0.001). Tukey’s honestly significant difference (HSD) post hoc
tests showed a significant difference in discrimination performance
of the experimental vs. orthogonal triads at frequency pairs of 0/20,
10/30, 20/40, 30/50, 70/90, and 80/100 cents (p < 0.05 for all), but
not at the centre of the functions (40/60, 50/70, and 60/80 cents).
To confirm that the experimental triads were being perceived in a
categorical-like manner, further Tukey’s HSD post hoc tests showed
that peak discrimination performance of this sound set (50/70 com-
parison, 84% accuracy) was significantly better than at the 0/20 (56%
accuracy, p < 0.05) and 80/100 (56% accuracy, p < 0.05) endpoints.
Performance at the two endpoints did not differ significantly from
one another. The orthogonal triads were discriminated with a peak
accuracy of 85% (50/70) and endpoint accuracies of 69% (0/20 and
80/100).

In-scanner discrimination data (see Fig. 4) are from the final
cohort of 10 subjects. A two-way ANOVA showed a significant inter-
action effect between sound set and stimulus frequency (F = 29.385,
p < 0.001). Tukey’s honestly significant difference (HSD) post hoc
tests showed a significant difference in discrimination performance
of the experimental vs. orthogonal triads at frequency pairs of 0/20
as well as 80/100 cents (p < 0.05 for both), but not at 50/70 cents.
Once again, to confirm that the experimental triads were being
perceived in a categorical-like manner, Tukey’s HSD post hoc tests
showed that peak discrimination performance of this sound set
(50/70 comparison, 91% accuracy) was significantly higher than at
the 0/20 (48% accuracy, p < 0.05) and 80/100 (66% accuracy, p < 0.05)
endpoints. Unlike in the pre-test, in-scanner performance at the
0/20 endpoint was significantly below performance at the 80/100
endpoint (p < 0.05). These 10 subjects did not show a similar per-
formance pattern during the pre-test, discriminating experimental
triads at 91% (50/70), 59% (0/20), and 51% (80/100). The orthogonal
triads were discriminated in-scanner with a peak accuracy of 93%
(50/70) and endpoint accuracies of 85% and 90% (0/20 and 80/100,
respectively).

3.2. fMRI results

We analyzed a total of six contrasts: three for each experi-
mental paradigm. The contrasts were chosen to employ as much
parallelism as possible between the two paradigms. However, it is
important to note that certain elements do not exactly translate
across the experiments. The adaptation paradigm primarily looked
at oddball-related habituation effects across the two sound sets.
The discrimination paradigm was more closely tied to an active
behavior. Relatedly, because the observed in-scanner discrimina-
tion of major-category (but not minor-category) triads was better
than what was expected based upon pre-test behavioral results, we
chose to focus on the minor- and between-category discrimination
pairs for this second paradigm. This was done with the intent of
maximizing the chances of observing BOLD activity related to CP,
which was the primary goal of the study (also see Section 4). Sepa-
rately, in order to complement the right STS sub-analysis described
in the Section 2, a similar region-specific analysis was conducted
in the left STS, although we did not predict activity in the latter
area. No significant peaks were observed using the same threshold
criteria (p < 0.001 uncorrected).

3.2.1. Adaptation paradigm
The first contrast from our adaptation paradigm (Adapt1) com-

pared BOLD activity from all oddball experimental trials with
repeating experimental trials, after subtraction of the analogous

orthogonal volumes: [[EXPCHG − EXPREP] − [ORTCHG − ORTREP]]. A
significant peak was found in the right aSTS (x = 60, y = 4, z = −8;
t = 5.66, see Fig. 5).

The second contrast (Adapt2) looked at BOLD activity following
EXPCHG stimuli that crossed the minor/major categorical boundary
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ig. 4. Discrimination performance from pre-test (left) and scanner session (right)
pace of triads within a given sound set. X-axis values represent cents above a min
otes above the lowest-frequency triad (orthogonal). Error bars show 95% confiden
i.e. the 50/70 pair, between-category: “BW”) minus the analogous
RTCHG trials: [EXPCHG-50/70 − ORTCHG-50/70]. This contrast showed
peak that was significant at the whole-brain level in the left intra-
arietal sulcus (IPS)/inferior parietal lobule (x = −44, y = −56, z = 50;

ig. 5. BOLD peaks. Contrast Disc3 (left) from our discrimination protocol (right STS sub
xperimental triads minus discrimination of within-category (minor) triads (EXP50/70 − EX
ultiple categories (i.e. minor and major) vs. a single category. A peak (t = 3.39, right STS s

ontrast Adapt1 (centre) from our adaptation protocol compared BOLD activity following
EXP-REP), after subtraction of similar volumes from the orthogonal sound set ((ORT-CH
ut only when such a rebound taps into neural substrates that contain category informa
dapt2 (right) compared BOLD activity following presentation of boundary-spanning ex

ORT-CHG50/70). This comparison is also meant to isolate a rebound from adaptation, but
as observed in the left IPS/inferior parietal lobule (x = −44, y = −56, z = 50). All anatomic
imination scores are out of 1 (100% accuracy). X-axis shows position in frequency
ad as determined by the middle note (experimental) or cents of each of the three
ervals.
t = 4.60). A sub-threshold peak in a similar right-hemispheric region
was also observed (x = 52, y = −46, z = 44; t = 3.34).

The third adaptation paradigm contrast (Adapt3) looked at
between- and within-category experimental oddball conditions:

-analysis) compares BOLD activity following discrimination of between-category
P0/20). This comparison is meant to isolate activity arising following presentation of
ub-analysis) was observed in the right middle/posterior STS (x = 44, y = −26, z = −4).
presentation of all experimental oddball trials (EXP-CHG) with non-oddball trials
G) − (ORT-REP)). This comparison is meant to isolate a rebound from adaptation,

tion. A peak (t = 5.66) was observed in the right aSTS (x = 60, y = 4, z = −8). Contrast
perimental oddball trials (EXP-CHG50/70) with the analogous orthogonal volumes

only when associated with a second and distinct musical category. A peak (t = 4.60)
al underlays are from the nonlinearly-registered average of the 10 subjects tested.
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EXPCHG-50/70 − EXPCHG-0/20, 80/100]. No significant peaks were
bserved. This contrast was primarily conducted for congruence
ith Disc3 (below), a main contrast from the discrimination exper-

ment.

.2.2. Discrimination paradigm
Disc1, a discrimination paradigm contrast that was employed to

arallel Adapt1, did not show any significant peaks. This contrast
ompared activity following discrimination of all experimental tri-
ds with that of activity following discrimination of all orthogonal
riads: [EXP − ORT].

Disc2, which was constructed to parallel Adapt2, did not yield
ny significant peaks. While Adapt2 compared 50/70 oddballs
cross the two sound sets, Disc2 simply compared BOLD activity
ollowing discrimination of the experimental and orthogonal 50/70
airs: [EXP50/70 − ORT50/70].

The primary discrimination contrast, Disc3, compared
etween-category and within-category (minor) conditions
[EXP50/70 − EXP0/20]) and showed a significant peak within the
ight middle/posterior STS (x = 44, y = −26, z = −4; t = 3.39, sig-
ificant via right STS sub-analysis, see Fig. 5). We also note the
resence of a large, though sub-threshold, peak nearby in the right
TG (x = 50, y = −26, z = 14; t = 4.31).

. Discussion

.1. Behavioral performance

Overall behavioral performance of subjects, observed both dur-
ng the pre-test and in the scanner, yielded data that show all
he signs of classic CP functions. This categorical effect was much
tronger for the experimental than the orthogonal triads, suggest-
ng that the latter successfully functioned as an appropriate control.
dentification functions for the experimental and orthogonal triad
ets showed a significant interaction effect, with subsequent post
oc tests indicating that the differences came primarily from the
entre of the plots. Mean identification ratings at 40 and 50 cents
ere significantly closer to the low anchor for the experimen-

al vs. the orthogonal triads. The opposite was true at 60 and 70
ents, suggesting the experimental function showed more of the
quick transition” that is hallmark of a boundary region between
ategories. Subjects were required to respond in terms of a triad’s
closeness” to one anchor vs. the other based on a rating scale. The
rthogonal identification ratings, while less categorical than the
xperimental, did not take the form of a perfectly linear function as
riads increased in frequency. We believe that this finding reflects
nchoring effects, which likely are due either to a response bias (i.e.
ubjects’ tendency not to respond as “unsure”) and/or perceptual
actors involving auditory memory or volatility of the mental rep-
esentations of the anchor sounds (Acker, Pastore, & Hall, 1995).
egardless of any such effects, CP was demonstrably stronger in
he experimental identification function, thus providing evidence
hat we were using a proper orthogonal control.

Discrimination data confirmed the findings from identification.
lthough we used n = 10 for our in-scanner task, data were reported

rom all 35 pre-test subjects in order to show that observed CP
ffects were general to our entire sample of musicians. In order to
est distinguish the neural substrates of CP, the 10 best-performing
ubjects were scanned and analyzed, and in-scanner discrimina-
ion data from these subjects were also reported. Both data sets

howed a peaked, CP-like function for the experimental sounds
nd less CP-like functions for the orthogonal sounds: a result that
choed our identification findings. The experimental pre-test func-
ion showed within-category performances slightly above chance
56% accuracy), with the performance peak at the 50/70-cent com-
hologia 49 (2011) 878–887

parison (84% accuracy). This peak accuracy was almost identical
to that from the orthogonal stimulus function (85%), which also
occurred at the 50/70-cent comparison. As with identification, the
orthogonal plot does not appear as a purely continuous perceptual
function, which in this case would be a flat line. Instead, it con-
tains endpoint troughs, which likely are due to the same anchoring
effects spoken about above. It is of note that the discrimination
peaks of the two sound sets (91% and 93% for experimental and
orthogonal, respectively) are almost identical, suggesting that any
BOLD differences observed when contrasting these two conditions
are likely not a performance effect of the behavioral task.

The in-scanner behavioral functions follow the same general
pattern as those from the pre-test, with certain differences. First,
the three orthogonal triad pairs were discriminated with more con-
sistent (and higher) accuracy than during the pre-test, which is
likely an effect of practice/exposure. This same flattening of the
function was not observed for the experimental stimuli, which
appear to have been perceived even more categorically during the
scanner session. Both of these points speak to a likely dominance of
category-based processing: in other words, task-based short-term
practice effects could not compete with over-learned CP, which
has been acquired throughout participants’ entire lifetimes. While
some degree of the performance increase from pre-test to scanner
may be due to subjects being tested on only 6 triad pairs in the latter
sessions (a subset of the 18 pre-test pairs), this alone cannot fully
explain the differential changes observed between the experimen-
tal vs. orthogonal sound sets. A final difference was a performance
imbalance between discrimination of triads taken from the minor
and major ends of the continuum (48% and 66%, respectively),
which had been discriminated at essentially identical rates by the
n = 35 population at pre-test (56% for both). As stated in the results
section, this was not due to an issue with the n = 10 subsample,
which actually showed the reverse performance trend during the
pre-test (59% for minor, 51% for major). Because this last finding
was both unexpected and difficult to explain, we felt it appropriate
to use only minor-category fMRI trials for discrimination protocol
contrasts, as our main intent was to measure the neural correlates
of CP by comparing clear within- vs. between-category conditions.
Despite these small differences between pre-test and scanner ses-
sion data, we feel, as with identification, that the discrimination
results as a whole confirm that CP effects for the experimental
triads were demonstrably stronger, providing additional evidence
that the orthogonal triads functioned as a proper control for use in
imaging contrasts.

4.2. Right temporal activity

In the present study, our goal was to test whether regions in
the right STS are preferentially active for stimuli containing more
musical category information. As predicted, the right STS showed
such BOLD responses, which were present across both of our exper-
imental paradigms.

The first adaptation paradigm contrast (Adapt1) elicited a large
BOLD peak in the aSTS and Disc3 showed a significant peak in
the middle/posterior right STS (see Fig. 5; latter peak assessed
via the location-based analysis). Taken together, the peaks elicited
across both experimental paradigms suggest that observed activ-
ity in this right temporal region is a real effect. The large anterior
peak is located in a position that is roughly symmetrical to the
more anterior of two left STS peaks from Liebenthal et al. (2005)
(x = −60, y = −8, z = −3). Liebenthal et al. compared BOLD activity

following discrimination judgments of phonemes against a warped,
acoustically-matched set of non-speech-like sounds. Like the con-
trast used by Liebenthal, et al., Adapt1 compared both within- and
between-category experimental stimuli against stimuli from an
orthogonal control condition. Likewise, the more posterior right
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TS peak shows general correspondence with those of Liebenthal
t al. (x = −56, y = −31, z = 3), as well as Joanisse et al. (2007) (x = −66,
= −26, z = 7 and x = −64, y = −25, z = −7) (n.b. Peak locations listed

or Liebenthal et al. and Joanisse et al. are in Talairach coordinates,
hough discrepancy from MNI coordinates are minor).

Liebenthal et al. have proposed that phonemic recoding may be
he earliest kind of speech processing that is truly lateralized to the
eft temporal lobe. Liebenthal et al. and Joanisse et al.’s phonemic CP
esults provide evidence that the middle/anterior left superior tem-
oral region is where this recoding takes place, a conclusion that has
een supported by other imaging studies of phonemic perception
Hutchison, Blumstein, & Myers, 2008; Obleser, Zimmermann, Van

eter, & Rauschecker, 2007). The left pSTS training effect observed
y Leech et al. (2009) (x = −54, y = −37, z = −1), which dealt exclu-
ively with temporally-complex non-speech sounds, indicates that
his left hemispheric specialization may be more general in nature.
ooking to the more anterior STS, studies have implicated both the
eft and bilateral aSTS in higher-order speech processes that con-
ribute to phrase- or sentence-level comprehension (e.g. phonetic,
emantic, syntactic) (Davis & Johnsrude, 2003; Humphries, Willard,
uchsbaum, & Hickok, 2001; Narain et al., 2003). These ultra-
honemic processes, which lie farther down the putative “ventral
tream,” are also likely making use of certain types of speech cat-
gory information (e.g. noun vs. verb). Our results, which contrast
a) category-containing stimuli against stimuli perceived signifi-
antly less categorically, as well as (b) between-category stimuli
gainst within-category stimuli, show analogous right hemispheric
ctivity to the left temporal peaks of the speech literature. As our
ontrol stimuli were selected to be well-matched for spectral com-
lexity, we believe that the observed right STS BOLD signals are
ruly reflective of pitch-based categorical processing, which extends
rior findings that show a more general right auditory cortex bias
or fine-grained spectral processing (Hyde et al., 2008; Zatorre &
elin, 2001).

The ventral and dorsal streams make up the individual com-
onents of the “two-stream hypothesis” that was originally put
orward by Mishkin and Ungerleider (1982). The theory was ini-
ially formulated with respect to the visual system and argued for a
entral “what” pathway that handles identification of objects, as
ell as a dorsal “where” pathway that deals with objects’ loca-

ions in space. As part of the hypothesis, the ventral and dorsal
treams are thought to be primarily-mediated by the temporal
nd parietal lobes, respectively, with more abstract representa-
ions of objects existing further from primary sensory areas. This
heory has been extended to the auditory domain (Rauschecker

Tian, 2000), with more recent two-pathway models involving
bstraction beyond simple what vs. where components to encom-
ass sensory-motor aspects of processing (Hickok & Poeppel, 2007;
auschecker & Scott, 2009). Sensitivity to features of auditory
bjects has been linked to antero-ventral areas of right temporal
ortex (i.e. ventral stream) (Zatorre, Bouffard, & Belin, 2004) and,
enerally, the category-centric exploration of phoneme identifica-
ion/discrimination and resultant left STS findings fall under the
road heading of “ventral stream.”

The right STS activity observed in our discrimination paradigm
ay to some degree represent higher neural processing demands

ollowing exposure to a greater number of categories, as it was
bserved following discrimination of boundary-spanning triad
airs (2 categories), after contrasting with within-category minor
airs (1 category). However, employing an active discrimination
ask raises the possibility that the observed STS activity may reflect

ask-related use of any categorical information, as opposed to
pure” category percepts, themselves. This issue was addressed
ia our adaptation paradigm, where subjects were not instructed
o judge sounds for category/pitch quality. The Adapt1 contrast,
hich yielded the large right aSTS peak, grouped together 1- and 2-
hologia 49 (2011) 878–887 885

category experimental triad pairs, which were then compared with
all orthogonal pairs. We note that the two paradigms each have
different degrees of memory load and attentional requirements.
In the discrimination task, subjects paid more explicit attention
to the experimentally-relevant features of the triads, though they
were not instructed to listen specifically for the “quality” of sounds
(merely to compare/choose among them). While the orthogonal
AAAAX task (related to loudness) was easier and required differ-
ent and likely fewer attentional processes, it ensured that subjects’
focus was still on the auditory modality. Regarding memory load,
performance of both tasks likely utilized working memory as well
as echoic memory. If there were no musical categories, the ABX
task could be performed via echoic memory, without any need to
remember A (i.e. B either matches X or does not match X). For
within-category comparisons, the most successful strategy likely
involves a shift in focus toward sensory memory as soon as B is
heard (with the opposite being true of between-category compar-
isons). While the discrimination task is the more demanding of the
two, both tasks, in a sense, really only require one triad to be “kept in
mind” prior to presentation of X, with such tracking likely involving
a blend of memory-types.

It is of note that the Adapt1 adaptation contrast compared odd-
ball and repeating trials, after subtraction of the orthogonal from
experimental volumes. Based on the behavioral data, the orthogo-
nal triad pairs were even more discriminable than the experimental
pairs, so it is improbable that participants simply could not per-
ceive the orthogonal oddball (“change”) trials as sounding different
from repeating trials. It may be the case that observed anterior
activity follows equally from single- and multi-category stimuli,
but is less related to non-categorizable stimuli. This hypothe-
sis could explain the lack of such an anterior peak in the Disc3
discrimination contrast, which did not use a control from the less-
categorically-perceived sound set. It is of note that Liebenthal et al.’s
results, which include both middle/posterior and middle/anterior
STS peaks, were also from a contrast of both 1- and 2-category
experimental stimuli against category-free orthogonal stimuli. A
second possibility is that the aSTS may be involved in combining
category information relayed from the middle/posterior STS with
pre-categorical auditory information, thus making it most sensitive
to changes that are specific to already-binned objects.

We believe that the sum of these results provide evidence for a
role of the right STS in perception of spectrally-complex auditory
categories. As mentioned in Section 1, while these specific results
do not generalize beyond subjects with musical training who show
strong behavioral CP traits, they do suggest a predisposition of the
right STS to take on a larger role than the left. We feel that, most
likely, the functional results presented here arise via a combina-
tion of a specialization of right temporal lobe, present in a large
proportion of the general population, and a specific sort of train-
ing/learning that capitalizes on this hemispheric bias. Questions
remain, including the degree to which temporal regions respond
to single vs. multiple categories, as well as the degree to which
category representations are distinct or overlap with one another.
Taken as a whole, the body of literature strongly suggests that bilat-
eral ventral streams, and more specifically the left and right STS,
underlie auditory categorical perception. However, observation of
auditory category-related BOLD activity seems to be a subtle phe-
nomenon, with some studies yielding significant peaks only via a
large number of participants and a subset of contrasts (e.g. Lieben-
thal et al. scanned 25 subjects and observed significant STS activity
for a phonemic vs. non-phonemic contrast, but not for a between-

category vs. within-category contrast). Additionally, many auditory
CP studies employ temporal lobe-ROI analyses in addition to look-
ing at whole-brain activity (Hutchison et al., 2008; Joanisse et al.,
2007). Likewise, while we observed one very clear BOLD peak in the
right aSTS, the more posterior right STS peak was detected using a
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elatively liberal threshold for significance. However, our STS peaks
how general right/left location correspondence to those from the
peech literature. It may be the case that traditional “A minus B”
nivariate analyses of BOLD signal will often lack the sensitivity
eeded to differentiate between certain closely-related auditory
ategories, whether they are specific to music (e.g. minor vs. major),
peech (e.g. /ta/ vs. /da/), voice (male vs. female), etc. Recently,
here has been a movement toward using multivariate information-
ased approaches to the localization of brain function. By looking at
ultiple neighboring voxels simultaneously, a “searchlight” of the

rain may determine whether regionally-specific activity patterns
an successfully predict and classify future events (Kriegeskorte,
oebel, & Bandettini, 2006). It follows that categorical maps, while
istributed beyond individual voxels, may still be localizable to
natomically distinct regions (Staeren, Renvall, De Martino, Goebel,
Formisano, 2009). The study by Staeren et al. showed that activ-

ty in bilateral STS regions could be used as an effective predictor of
oth auditory object category (e.g. cat vs. guitar sounds) and fun-
amental frequency, with a significant degree of regional overlap
etween these two independent variables. These classifier-based
esults provide further evidence for a pivotal role of the STS in
erception of category, while also suggesting that observation of
istributed patterns of activity, though still regionally local, may be
ritical to the identification of more detailed and precise category
aps.

.3. Intraparietal sulcus

Bilateral activity in the IPS was observed in the second adap-
ation paradigm contrast, Adapt2, which compared oddball stimuli
hat crossed the minor/major boundary and the analogous oddballs
rom the orthogonal set. This was not a result that we had predicted:
either Liebenthal et al.’s nor Joanisse et al.’s phoneme studies had
eported significant BOLD activity in either IPS. This region deserves
dditional examination with regard to what role it may be play-
ng in CP of musical stimuli. The IPS is part of what has classically
een considered the “dorsal stream” (Culham & Kanwisher, 2001).
ome recent studies have suggested that the IPS may play a large
ole in dealing with the frequency relationships between stimuli.
inne et al. (2007) observed IPS recruitment to large pitch shifts in
ound discrimination tasks. Zarate and Zatorre (2008) and Zarate,

ood, and Zatorre (2010) showed that the IPS may play a major
ole in auditory feedback monitoring for vocal regulation follow-
ng pitch-shifts and, additionally, may interact with the right pSTS
o extract the directionality of such a pitch-shift. Another recent
tudy (Foster & Zatorre, 2009) showed that performance of a task
hat involved transposition of melodies correlated with BOLD activ-
ty in the right IPS. This latter finding points to a role of the IPS in the
ognition of relative pitch. Since interval categories are based upon
requency ratio relationships (and not the absolute frequency dis-
ance between two notes), it would follow that CP for chords may
referentially recruit neural networks that make use of interval
quality.” In other words, the IPS may be recruited when compar-
ng stimuli that differ in interval type (minor vs. major), but may
ot be utilized to as great an extent when such a quality is missing
e.g. in our orthogonal triads that differ in terms of absolute pitch
pace, but not in terms of “minor-” or “major-ness”). The above con-
rast from the adaptation protocol, which compares major/minor
nd orthogonal triad pairs of approximately equal discriminability
based on behavioral data), provides evidence for such recruitment.
t is of note that the discrimination paradigm contrast, Disc3, which

oes not compare relative vs. absolute pitch conditions, lacks sig-
ificant BOLD activity in either IPS. Thus it may be the case that
he IPS is preferentially recruited to help manipulate musical cate-
ory information, but is relatively less sensitive to which particular
ategory or categories are present at any given time. Musical cate-
hologia 49 (2011) 878–887

gories, including chords (minor, major, etc.) and intervals (3rd, 4th,
5th, etc.), differ along a spectrum that has a dimension of perceptual
“size” (e.g. a 5th is perceived as being a larger interval than a 3rd).
On the contrary, phonemes are not intuitively thought of in terms
of size, or any other linear dimension (i.e. /ta/ cannot be thought
of as larger than /da/) and hence lack inherent underlying order-
ing. The absence of analogy, in this particular dimension, between
musical and phonemic categories may explain the lack of observed
IPS activity in prior studies of speech categorization.

5. Conclusion

The present data provide evidence for the involvement of the
right STS in CP of spectrally-complex auditory stimuli. The results
support models of hemispheric specialization for differential spec-
tral resolution, as well as the role of a ventral stream as the basis of
CP of numerous stimulus types.
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