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Behavioral/Cognitive

Representations of Pitch and Timbre Variation in Human
Auditory Cortex

Emily J. Allen, “Philip C. Burton, ““Cheryl A. Olman, and “Andrew J. Oxenham
Department of Psychology, University of Minnesota, Minneapolis, Minnesota 55455

Pitch and timbre are two primary dimensions of auditory perception, but how they are represented in the human brain remains a matter
of contention. Some animal studies of auditory cortical processing have suggested modular processing, with different brain regions
preferentially coding for pitch or timbre, whereas other studies have suggested a distributed code for different attributes across the same
population of neurons. This study tested whether variations in pitch and timbre elicit activity in distinct regions of the human temporal
lobes. Listeners were presented with sequences of sounds that varied in either fundamental frequency (eliciting changes in pitch) or
spectral centroid (eliciting changes in brightness, an important attribute of timbre), with the degree of pitch or timbre variation in each
sequence parametrically manipulated. The BOLD responses from auditory cortex increased with increasing sequence variance along each
perceptual dimension. The spatial extent, region, and laterality of the cortical regions most responsive to variations in pitch or timbre at
the univariate level of analysis were largely overlapping. However, patterns of activation in response to pitch or timbre variations were
discriminable in most subjects at an individual level using multivoxel pattern analysis, suggesting a distributed coding of the two

dimensions bilaterally in human auditory cortex.
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ignificance Statement

changes in either dimension within the same cortical regions.

Pitch and timbre are two crucial aspects of auditory perception. Pitch governs our perception of musical melodies and harmonies,
and conveys both prosodic and (in tone languages) lexical information in speech. Brightness—an aspect of timbre or sound
quality—allows us to distinguish different musical instruments and speech sounds. Frequency-mapping studies have revealed
tonotopic organization in primary auditory cortex, but the use of pure tones or noise bands has precluded the possibility of
dissociating pitch from brightness. Our results suggest a distributed code, with no clear anatomical distinctions between auditory
cortical regions responsive to changes in either pitch or timbre, but also reveal a population code that can differentiate between
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Introduction

Pitch and timbre play central roles in both speech and music.
Pitch allows us to hear intonation in a language and notes in a
melody. Timbre allows us to distinguish the vowels and conso-
nants that make up words, as well as the unique sound qualities of
different musical instruments. Combinations of pitch and timbre
enable us to identify a speaker’s voice or a piece of music.
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Several studies have been devoted to elucidating the cortical
code for pitch; less attention has been paid to timbre. Bendor and
Wang (2005) identified pitch-selective neurons in the marmoset
cortex near the anterolateral border of primary auditory cortex
(A1), the rostral field, and anterolateral and middle lateral
nonprimary belt areas. These neurons responded selectively to a
specific fundamental frequency (F,, the physical correlate of
pitch), independent of the overall spectral content of the sound.
Anatomically analogous regions have been identified in antero-
lateral Heschl’s gyrus (HG) of humans that seem particularly
responsive to pitch (Gutschalk et al., 2002; Patterson et al., 2002;
Penagos et al., 2004; Norman-Haignere et al., 2013), while pos-
terior regions of HG, superior temporal sulcus (STS), and insula
have been found to be active in timbre processing (Menon et al.,
2002). Other studies have failed to observe distinct, or modular,
processing of pitch (Bizley et al., 2009; Hall and Plack, 2009). A
combined MEG/EEG study by Gutschalk and Uppenkamp
(2011) of cortical processing of pitch and vowels (which have
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Schematic diagrams of the stimuli. 4, Spectral representation of the stimuli used in this study (plotted on log—log axes). Changing the F, value results in changes in the frequencies of

the harmonics (represented by the vertical lines). Changing the CF of the filter results in changes in the spectral centroid of the sound and hence in changes in the amplitudes (but not frequencies)
of the harmonics. Lighter-colored arrows indicate that shifting in the rightward direction results in a sound with a higher pitch (increase in ;) or a brighter timbre (increase in spectral centroid).
B, Tone sequences with small and large step sizes. For the pitch sequences, the y-axis is F,, centered around 200 Hz; for the timbre sequences, the y-axis is spectral centroid, centered around 900 Hz.
C, Experimental block design layout. Thirty second pitch- and timbre-varying sequences are indicated in blue and green, respectively. Fifteen second silent gaps for a baseline measure are indicated
in gray. The presentation order of step sizes, indicated in white text, was randomized. All possible step sizes across both dimensions were included in each scan.

different timbres due to variations in spectral shape) found over-
lapping responses in anterolateral HG, suggesting a lack of spatial
distinction across these dimensions. However, conclusions re-
garding spatial location using MEG or EEG are necessarily lim-
ited, given their generally poor spatial resolution. In a single-unit
physiological study, Bizley et al. (2009) used stimuli that varied in
F, (corresponding to pitch), spectral envelope peak (correspond-
ing to brightness, an important dimension of timbre), and spatial
location, to identify neurons in the ferret auditory cortex that
were selective for one or more of these dimensions. They found a
distributed population code in the auditory cortices of ferrets
with over two-thirds of the units responding to at least two di-
mensions, most often, pitch and brightness. In summary, the
degree to which cortical representations of pitch and timbre are
spatially separated in the auditory cortex remains unclear.

Here we investigated whether variations in pitch and bright-
ness elicit activity in distinct regions of the temporal lobes during
a passive listening task, using functional magnetic resonance im-
aging (fMRI). A similar question was posed by Warren et al.
(2005). They found overlapping bilateral regions of activation in
the temporal lobes to sounds that varied in either F, or spectral
envelope shape, but found additional activation when spectral
envelope shape was varied along with alternations between har-
monic and noise stimuli. Based on their results, Warren et al.
(2005) suggested that the mid-portion of the right STS contains a
specific mechanism for processing spectral envelopes, the acous-
tic correlate of brightness, which extended beyond the regions
responsive to pitch or spectrotemporal fine structure. However,
Warren et al. (2005) did not attempt to equate their changes in
pitch or spectral shape in terms of perceptual salience, making the
direct comparisons difficult to interpret. In our paradigm, in-
spired by the experimental design of Zatorre and Belin (2001), we
generated sound sequences that varied in either F, (pitch) or
spectral peak position (brightness), where the changes in either
dimension were equated for perceptual salience. The range of the
sequence in the dimension of interest (pitch or brightness) was
parametrically varied, and the BOLD responses were measured.

Our hypothesis was that regions selective for pitch or brightness
should show increases in activation with increases in the variance
or range of pitch or timbre within each sequence, and that mod-
ular processing of the two dimensions would be reflected by spa-
tially distinct regions of the temporal lobe being selectively
responsive to changes in the two dimensions.

Materials and Methods

Participants. Ten right-handed subjects (mean age, 23.8 years; SD, 2.0;
five females and five males) were included in the analysis. An 11th subject
was discovered to have been left handed, and his data were subsequently
excluded from analysis. All subjects had normal hearing, which was de-
fined as audiometric pure-tone thresholds of 20 dB hearing level or better
at octave frequencies between 250 Hz and 8 kHz, and were recruited
from the University of Minnesota community. The musical experience of
the subjects ranged between 0 and 23 years. Three subjects had musical
experience of =2 years, while seven subjects had at least 9 years of
experience.

Stimuli and procedure. Tone sequences were 30 s in duration, contain-
ing 60 notes each. Each tone had a total duration of 300 ms, including 10
ms raised-cosine onset and offset ramps, and consecutive tones were
separated by 200 ms silent gaps. Stimuli were presented binaurally (di-
otically) at 85 dB SPL. The 30 s tone sequences were interspersed with 15 s
of silence to provide a baseline condition. Sequences were generated
from scales created with steps that were multiples of the average F, dif-
ference limen (DL) of 1.3% for pitch or the average spectral centroid DL
of 4.5% for timbre, as established in an earlier study (Allen and Oxen-
ham, 2014). This approach was used to equate for perceptual salience
across the two dimensions. All harmonics of the complex tone up to
10,000 Hz were generated and scaled to produce slopes of 24 dB/octave
around the center frequency (CF), or spectral centroid, with no flat band-
pass region. The F, values and spectral centroids in each sequence were
geometrically centered around 200 and 900 Hz, respectively (Fig. 1A). In
each sequence, the scale step size was selected to be 1, 2, 5, or 10 times the
average DL. Each scale consisted of five notes spaced apart by one scale
step. The note sequence on each trial was created by randomly selecting
notes (with replacement) from the five-note scale, with the constraint
that consecutive repeated notes were not permitted. Each level of varia-
tion (i.e., step size) was presented once per scan in random order (Fig.
1B). Each scan contained all step sizes across both dimensions. The pre-
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sentation order of the dimensions and step sizes was generated randomly
for each scan and for each subject separately. The scans were 6 min in
duration, and a total of six scans were run consecutively for each subject
(Fig. 1C).

Subjects listened passively to the stimuli while watching a silent
video. MATLAB (MathWorks) and the Psychophysics Toolbox (www.
psychtoolbox.org) were used to generate the stimuli and control the
experimental procedures. Sounds were presented via MRI-compatible
Sensimetrics S14 model earphones with custom filters.

Data acquisition. The data were acquired on a 3 T Prisma Scanner
(Siemens) at the Center for Magnetic Resonance Research (University of
Minnesota, Minneapolis, MN). Anatomical T,-weighted images and
field maps were acquired. The MPRAGE T, -weighted anatomical image
parameters were as follows: TR = 2600 ms; TE = 3.02 ms; matrix size =
256 X 256; 1 mm isotropic voxels. The pulse sequence for the functional
scans used slice-accelerated multiband echoplanar imaging (Xu et al.,
2013) and sparse temporal acquisition (Hall et al., 1999). The acquisition
parameters for the functional scans were as follows: TR = 6000 ms; time
of acquisition (TA) = 2000 ms; silent gap = TR — TA = 4000 ms; TE =
30 ms; multiband factor = 2; number of slices = 48; partial Fourier 6/8;
matrix size = 96 X 96; 2 mm isotropic voxels. A total of 60 volumes were
collected in each of the six scans. Slices were angled in effort to avoid
some of the motion from eye movement and covered the majority of the
brain. However, for most subjects the top of the parietal and part of the
frontal cortices were excluded.

Data analysis. Data were preprocessed using the Analysis of Functional
Neurolmages (AFNI) software package (Cox, 1996) and FSL 5.0.4
(http://fsl.fmrib.ox.ac.uk/). Statistical analyses and visualization were
performed with AFNT and SPSS (IBM). Preprocessing included distor-
tion correction using FUGUE in FSL, six-parameter motion correction,
spatial smoothing (3 mm FWHM Gaussian blur), and prewhitening.

For each subject, a general linear model (GLM) analysis was per-
formed that included regressors for each experimental condition (i.e.,
each of the four step sizes for pitch and timbre), six motion parameters,
and Legendre polynomials up to the fourth order to account for baseline
drift (modeled separately for each run). Each subject’s brain was trans-
formed into Montreal Neurological Institute (MNI) space (Mazziotta et
al., 1995). Beta weights (regression coefficients) for individual voxels
were estimated by the GLM for each condition for each subject, as were
contrasts comparing pitch, timbre, and step size conditions, and a con-
trast comparing all sounds to baseline.

Group-level analyses with subject as a random effect included a one-
sample ¢ test performed on the unmasked, unthresholded 3 weights for
each dimension (i.e., separately for pitch and timbre, averaged across all
step sizes) using the AFNI function 3dttest++. A paired ¢ test was per-
formed in the same manner, comparing the pitch condition to the timbre
condition.

To determine whether BOLD response increased linearly with increas-
ing step size, the Pearson product-moment correlation between BOLD
response to step size and a linear trend were computed in each voxel for
each subject, separately for pitch and timbre. These correlation coeffi-
cients were then Fisher z transformed and submitted to a one-sample ¢
test compared with zero, within a mask created by the union of all sub-
jects’ individual regions of interest (iROIs), to test the average correlation
for significance across subjects.

For all analyses in AFNI, in light of the inflated false-positive findings
by Eklund et al. (2016), smoothness values were obtained using the AFNI
3dFWHMX spherical autocorrelation function (acf) parameters at the
individual level and then averaged for the group level. These acf values
were then used in the AFNI 3dClustSim function (AFNI 16.1.27) to
obtain nearest-neighbor, faces-touching, two-sided cluster thresholds
via a Monte Carlo simulation with 10,000 iterations. This determined the
probability of clusters of a given size occurring by chance if each voxel has
a 1% chance of displaying a false positive. Based on these probabilities,
clusters smaller than those that would occur by chance >5% of the time
were filtered out of the results to achieve a cluster-level o = 0.05.

Multivoxel pattern analysis (MVPA) was performed using the Prince-
ton MVPA toolbox for MATLAB with the backpropagation classifier
algorithm for analysis (http://code.google.com/p/princeton-mvpa- tool-
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box/). To restrict the number of voxels in our analyses, we added a
functionally defined mask, based on our univariate analysis results, con-
taining voxels that were active for a particular subject during the sound
conditions (pitch or timbre). We then thresholded this starting voxel set
to contain only the 2000 most responsive voxels across both hemispheres
for each subject, making the number of voxels in each mask consistent
across subjects as well as reducing the number of voxels used for classi-
fication, in an attempt to improve classifier performance (De Martino et
al., 2008; Schindler et al., 2013). Functional volumes sampled within 5 s
of a transition between conditions were eliminated to account for the lag
in the hemodynamic response. Functional volumes during rest condi-
tions were also eliminated in order for the classifier to be trained exclu-
sively on the pitch and timbre conditions. Data were z scored, and each
run was treated as a separate time course to eliminate any between-run
differences caused by baseline shifts. An n — 1 (leave-one-out) cross-
validation scheme was used, with six iterations, accounting for the six
runs. Each iteration trained a new classifier on five of the six runs and
tested it on the remaining run. A feature selection function was used to
discard uninformative voxels, with a separate ANOVA run for each
iteration.

Results

Whole-brain analyses of pitch and timbre

Figure 2 shows BOLD activity at the group level separately for
pitch and timbre variation conditions contrasted with silence
with single-sample ¢ tests. Similar bilateral activation can be seen,
with the strongest activation occurring in and around HG for
both dimensions. A paired ¢ test revealed no significant differ-
ences (no surviving voxels) between the pitch and timbre
conditions at the group level, with a cluster threshold of 1072
microliters (134 voxels). At the individual level, only 2 of the 10
subjects showed any significant differences between the pitch and
timbre conditions (pitch-timbre), and neither of them had any
significant clusters within the auditory cortex. There was no con-
nection between these two subjects in terms of musicianship, as
one had 2 years of musical training, while the other had 16 years.

ROI analysis

Two auditory ROIs in the temporal lobes were functionally de-
fined in individual subjects (iROIs) based on the contrast of all
sound conditions versus baseline (silence), one in each hemi-
sphere. The average (*=SEM) cluster size of these iROIs was 2507
voxels = 135.4 [left hemisphere (LH), 2451 * 171.1; right hemi-
sphere (RH), 2564 *+ 217.7]. A two-tailed paired t test revealed no
significant difference in cluster size between hemispheres (¢4, =
0.60, p = 0.565).

Within each iROI, the subject 8 weights for acoustical dimen-
sion (pitch and timbre) at each step size were averaged across
voxels. A repeated-measures 2 X 2 X 4 ANOVA with average
BOLD response within each subject’s iROIs as the dependent
variable and factors of acoustical dimension (pitch and timbre),
hemisphere (right and left), and step size (1, 2, 5, and 10 times the
DL) showed no main effect of hemisphere (F(, o) = 1.2, p = 0.3)
or dimension (F, ¢y = 2.2, p = 0.172), indicating that the overall
level of activation in the ROIs was similar across hemispheres and
across the pitch and timbre conditions. There was, however, a
main effect of step size (F(;,,) = 14.7, p = 0.0001) as well as a
significant linear trend (F, oy = 31.5, p = 0.0001), indicating
increasing activity with increasing step size. No significant inter-
actions were observed, indicating that the effect of step size was
similar in both hemispheres (F;,, = 1.3, p = 0.302) and for
both dimensions (F;,,, = 1.2, p = 0.346). Figure 3 depicts the
mean 3 weight for each step size for pitch and timbre within each
of the left and right hemisphere ROIs.
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Figure2.

Group-level statistical maps of pitch (top) and timbre (bottom), pooled across all step sizes, both contrasted with silence. A cluster in each of right and left superior temporal gyri for pitch

[center of mass: right (R), 56, — 16, 8; left (L), —53, —22,9) and timbre (center of mass: R, 56, — 18, 9; L, —53, —24, 9) conditions, respectively. Color scale values range from —1to 1, in units
of percentage change relative to baseline. No voxels survive the contrast of pitch and timbre (pitch-timbre).

Correlations between BOLD and step size in pitch and timbre
The main purpose of the experiment was to identify regions that
were selectively sensitive to either pitch or timbre variations. We
reasoned that such regions would show increased activation with
increasing step size (and hence sequence range and variance) in
the relevant dimension. Results of the single-sample ¢ test of
Fisher z-transformed r coefficients compared with 0 within the
union of iROI masks, with a cluster threshold of 464 ul (58 vox-
els), are shown in Figure 4A. Results are limited to voxels within
the MNI template. In line with the linear trends in activation with
increasing step size observed in the analysis of iROI means, the
heatmap shows that voxels within the union mask were positively
correlated with step size in both the pitch and timbre dimensions.
In addition, there was no clear spatial separation between the
regions most sensitive to pitch changes and those most sensitive
to timbre changes, either within or between hemispheres. This
point is illustrated further with binary versions of each map in
Figure 4A overlaid to show which voxels the two maps have in
common (Fig. 4B). Previous studies found pitch to be repre-
sented in the anterior-lateral portion of Heschl’s gyrus (Patterson
et al., 2002; Penagos et al., 2004; Norman-Haignere et al., 2013);
however, the large degree of spatial overlap we found across these
dimensions does not strongly support the modular processing of
pitch or timbre within this region.

Surface-based analyses

To determine whether there were any significant differences be-
tween the spatial distributions of these correlation coefficients,
we identified the anterior-lateral and posterior-medial coordi-
nates of HG on a flattened patch of auditory cortex in each hemi-
sphere for each subject (Fig. 5). Right hemisphere coordinate
systems were mirrored in the medial-lateral dimension to align
with the left hemisphere. Fisher z-transformed correlations coef-
ficients and iROI masks were transformed to the cortical surface
(using AFNI 3dVol2Surf), using the “median” sampling option
to assign the median of the volume values found along the surface
normal to each surface vertex, and were aligned for each subject
to this new coordinate system.

Surface maps of the contrast between pitch and timbre illus-
trate that there was no systematic difference between representa-
tions of the two dimensions in the left (Fig. 6A) or right (Fig. 6B)
hemisphere. Contrast was computed as (rf,itch — Tombre)! (rf,itch +
Tembre)> Where each r represents the average (across subjects) cor-
relation between the BOLD signal and step size. Projections of the
data onto axes parallel to and orthogonal to HG also reveal nearly
complete overlap of pitch and timbre correlations.

Histograms of pitch/timbre contrast for left (Fig. 6C) and
right (Fig. 6D) hemispheres show that strong correlations with
timbre were more common than strong correlations with pitch.
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Figure 3.
hemisphere (left and right). Error bars indicate == 1 SEM across subjects.

This finding is also reflected in the steeper slopes for timbre rel-
ative to pitch in Figure 3. Therefore, while the spatial distribution
of pitch and timbre responses is largely overlapping, the BOLD
response shows stronger correlation with timbre scales, despite
the fact that the step sizes were perceptually matched to the pitch
step sizes.

As a final test of the spatial distribution of responses, a
weighted center of mass (COM) was calculated for each subject,
weighting each surface vertex by the square of the correlation
coefficient (i.e., accounted variance) for either pitch step sizes or
timbre step sizes (Fig. 6E). After Bonferroni correction for mul-
tiple comparisons, paired f tests indicated that the left hemi-
sphere showed a significant difference in the direction running
along (parallel to) HG, going from anterior-lateral to posterior-
medial in the cortex [ty = —3.9, p = 0.016 (p = 0.004, uncor-
rected)], but no difference in the direction running across
(perpendicular to) HG [#y, = 2.3, p = 0.18 (p = 0.045, uncor-
rected)]. The right hemisphere showed no significant differences
in either direction [along HG: t4) = —1.9, p = 0.36 (p = 0.09,
uncorrected); across HG: tg) = 2.4, p = 0.172 (p = 0.043, un-
corrected)]. The slight divergence between the location of strong
pitch and timbre correlations is also evident in the projection of
the pitch/timbre contrast running parallel to HG (Fig. 6A). The
weighted COM of timbre responses was more anterior and lateral
than pitch responses, but the overall spatial similarity of the pitch
and timbre responses and the very small difference between the
COMs suggest caution in interpreting this outcome. Overall, the
results do not provide support for the idea of a pitch region in the
anterior portion of the auditory cortex that is not responsive to
changes in other dimensions.
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Excitation-pattern analysis

The general similarity in responses to variations in pitch and
timbre suggested the possibility of a single representation, per-
haps based on the tonotopic organization within the auditory
pathways that begins in the cochlea. Changes in both the F; and
the spectral centroid produce changes in the tonotopic represen-
tation of sound. It may be that the activation differences mea-
sured by our fMRI study reflect tonotopy rather than the
extraction of higher-level features, such as pitch or timbre. We
tested this hypothesis by deriving the predicted changes in tono-
topic representation, based on the differences in the auditory
excitation pattern between successive notes produced by the
pitch and timbre sequences. The predicted changes in excitation
were derived using the recent model of Chen et al. (2011), which
itself is based on the earlier model of Moore et al. (1997) (for
review, see Moore (2014)). An example of the excitation patterns
generated by notes that differ in either F, or spectral centroid is
shown in Figure 7A.

The change in excitation from one note to the next (AE) was
quantified as the sum of the absolute differences in specific loud-
ness across frequency. The average change in excitation (AE)
between successive notes in the melody for each step size was
estimated by running simulations of sequences containing 1000
notes per step size. This enabled us to predict the average changes
in excitation at different step sizes for both dimensions.

The predictions show that the changes in excitation are larger
and vary more with step size for changes in spectral centroid than
for changes in F, (Fig. 7B). If BOLD responses simply reflected
the average changes in excitation based on tonotopy, rather than
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Figure4. A, B, Group-level correlation coefficient maps. A, Heat maps of positive mean Fisher’s z-transformed correlation coefficients (ZCOR) for pitch (top) and timbre (bottom), limited to voxels
within a union of all subjects’ iROI masks. No significant negative correlations were found. A cluster is shown in each hemisphere for pitch [peak: right (R), 52, —10, 6; left (L), —46, —24,10] and
timbre (peak: R, 48, —20,12; L, —52, —18, 6) conditions, respectively. B, Maps indicating which voxels the maps in A have in common. The significant correlation coefficients within the pitch map
(blue), the significant correlation coefficients within the timbre map (green), and the voxels these two maps have in common (red).

a response to the features of pitch and timbre (where step sizes
were equated for perceptual salience across the two dimensions),
then there should be a monotonic relationship between the
BOLD response and the predicted excitation change (AE). The
fact that the data do not fall on a single line, and instead separate
based on whether pitch or timbre was varying, suggests that the
BOLD responses are not simply a reflection of the tonotopic
changes in activation produced by the stimuli.

Multivoxel pattern analysis

Although the univariate analyses do not support the existence of
anatomically distinct pitch and timbre processing within audi-
tory cortex, this finding does not rule out the possibility that the
patterns of activity across the regions can still code for variations
in the two dimensions. As suggested in the single-unit study of
ferrets by Bizley et al. (2009), the same population of neurons
could be used to code for both dimensions (or more). To explore
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above demonstrates how small the spatial range is for the COMs. STG, Superior temporal gyrus.

this possibility, we used MVPA (for procedural details, see Mate-
rials and Methods).

Average classifier performance for predicting pitch versus
timbre conditions was 61.6% across subjects, which was signifi-
cantly above chance (50%), based on a two-tailed ¢ test (p =
0.015). For 8 of the 10 subjects, the classifier performed signifi-
cantly above chance (p < 0.0001) for accurately discriminating
pitch from timbre conditions, with performance from individual
subject data ranging from 55% to 86% correct. These results
suggest that there is a distinguishable difference in activation
patterns across voxels for these conditions.

To determine whether our results were strongly affected by
the masks used, we compared our functionally defined ROI
mask, based on our univariate analysis results, which was cluster
thresholded and limited to the 2000 most responsive voxels, to

results using other mask types, as follows: (1) an ROI mask not
limited to 2000 voxels, but thresholded at p = 0.01 and cluster
thresholded (resulting in a greater number of voxels); (2) a mask
containing voxels strongly correlated with step size (created with
correlation coefficient data from the correlations between BOLD
and step size in pitch and timbre section; p = 0.01, cluster thresh-
olded); and (3) a mask containing voxels strongly correlated with
step size, intersected with the 2000 voxel mask (further reducing
the number of voxels in each subject’s mask). Classifier perfor-
mance results across masks can be seen in Table 1. Paired ¢ tests
revealed no significant differences across mask types, suggesting
that the differences between voxels included in each mask type
did not have a strong effect on classifier performance and that
classifier performance remained reasonably consistent within
subjects.
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tions (Table 2), indicating that including
only the step sizes with the greatest per-
ceptual variation did not improve classi-
fier performance, perhaps due to the
reduced amount of data when only a sub-
set of step sizes was considered.

Discussion

In this study, we compared human corti-
cal processing of the auditory dimensions
of pitch and timbre. Conventional univar-
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Figure 7.

dimension. Lighter colors indicate larger step sizes. Error bars indicate =1 SEM across subjects.

Table 1. Princeton’s MVPA toolbox classifier performance (in percent)
distinguishing pitch from timbre conditions using four different masks

Step size
correlated

ROI mask voxel mask Mean

thresholded intersected Stepsize  dlassifier

t0 2000 ROl with2000 correlated performance (%)
Subject voxels mask voxel mask voxel mask for each subject SD
1 73 70 7N 68 70.5 2.08
2 45 43 47 38 43.25 3.86
3 49 53 50 47 49.75 2.50
4 55 52 51 57 53.75 2.75
5 65 63 66 64 64.5 1.29
6 69 72 69 63 68.25 3.77
7 56 56 61 60 58.25 2.63
8 86 80 70 74 71.5 7.00
9 56 56 55 56 55.75 0.50
10 62 66 60 63 62.75 2.50

Mean classifier 61.6 61.1 60 59 60.4 1.16
performance (%)
for each mask
SD 1217 1111 891 10.34 10.3

Values in bold indicate best classifier performance for each subject.

Finally, we examined classifier performance when comparing
only the largest step sizes. Given that the largest step sizes
produce the most salient perceptual changes, these may be the
easiest conditions for the classifier to differentiate. A repeated-
measures 3 X 2 ANOVA comparing the step sizes (all, 5 and 10,
or 10) and mask types (2000 voxel mask or standard mask)
showed no main effect of step sizes or mask type and no interac-

A, Excitation patterns for the highest and lowest steps of the largest step size (10X DL) for the pitch and timbre
conditions, respectively. Lighter colors indicate the higher pitch and brighter timbre, respectively. B, Scatter plot showing mean 3
weightacrossall 10 subjects at each step size, averaged across hemispheres as afunction of A£ withalinearregression line for each

iate analyses revealed no significant differ-
ences in terms of the regions dedicated to
processing variations in these two dimen-
sions, with the exception of a slight differ-
ence in the weighted center of mass of the
clusters of voxels whose responses were
correlated with step size in the direction
parallel to the HG (anterior-lateral to
posterior-medial) in the LH. These results
provide no evidence for modular and ex-
clusive processing of the two dimensions
in separate regions of auditory cortex, at
least on the coarse level of analysis avail-
able with fMRI.

While previous studies of pitch found
active regions in the anterior portion of
HG, bilaterally, providing converging ev-
idence that these regions are important
for pitch processing, we found broader bi-
lateral regions throughout the auditory
cortices that were responsive to pitch as
well as timbre variation. It is possible,
however, that had we contrasted our periodic stimuli with aperi-
odic stimuli, such as noise, we would have found elevated activa-
tion in anterior regions for pitch and timbre, consistent with
dipole locations found by Gutschalk and Uppenkamp (2011) us-
ing MEG. Instead, our results focus exclusively on the contrast
between pitch and timbre and suggest that the pitch-sensitive
regions in the aforementioned studies may not be uniquely ded-
icated to pitch processing.

Although our univariate results indicate that pitch and timbre
processing takes place in common anatomical regions of the au-
ditory cortices, their decodability using MVPA suggests that they
may engage distinct circuitries within these regions. In this re-
spect, our results are consistent with the conclusions of the single-
unit study in the auditory cortex of ferrets, which also suggested
population-based codes for pitch and timbre, with many neurons
showing sensitivity to changes in both dimensions (Bizley et al.,
2009).

We found evidence supporting our hypothesis that regions
selective for pitch or timbre show increases in activation with
increases in the size of the range covered within each sequence. In
other words, larger variations in either pitch or timbre within the
sequences led to larger changes in BOLD in both dimensions,
akin to the findings of Zatorre and Belin (2001) for spectral and
temporal variations.

It is worth considering how the use of melodies may have
affected our results. Our stimulus sets for both pitch and timbre
variations were presented in the form of tone sequences that
could be perceived as pitch melodies and timbre “melodies.” It
has been found that pitch, loudness, and brightness (i.e., timbre)
can all be used to identify familiar melodies, which suggests a
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Table 2. Classifier performance comparing all step sizes to step size 5 and 10 only,
and 10 only, across two ROl masks (ROl mask thresholded to 2000 voxels, and the
standard functional mask)

All step sizes

ROl mask
thresholded to ROI

Step sizes 5 and 10

ROI mask
thresholded to ROI

Step size 10

ROI'mask
thresholded to ROI

Subject 2000voxels  mask 2000voxels  mask 2000voxels — mask
1 73 70 7 Al n n
2 45 43 49 46 50 42
3 49 53 49 56 53 54
4 55 52 59 5 56 53
5 65 63 64 65 66 64
6 69 72 69 7170 70
7 56 56 59 53 55 58
8 86 80 88 79 88 80
9 56 56 54 55 56 49
10 62 66 60 69 61 68
Mean classifier 61.6 61.1 62.2 62.1 62.6 60.9
performance (%)
for each mask
SD 1217 1111 1 10.37 11.45 11.68

Values in bold indicate best classifier performance for each subject.

substrate for detecting and recognizing patterns of sound varia-
tions that generalizes beyond pitch (McDermott et al., 2008;
Graves et al., 2014). If the recognition of pitch and timbre melo-
dies is subserved by similar cortical circuits, it seems reasonable
to expect similar regions of activation. Further, melody process-
ing is considered a higher level of auditory processing, which may
be represented in nonprimary auditory cortical regions (Patter-
son et al., 2002). Thus, it is possible that the regions active in this
study include higher-level processing than basic pitch or timbre
processing, which might explain the spread of activation along
the superior temporal gyri. Contrary to expectations based on
higher-level processing, the activation we found was relatively
symmetric across hemispheres and covered large regions of He-
schl’s gyrus; other studies have found limited and more right-
lateralized processing of pitch melodies (Zatorre et al., 1994;
Griffiths et al., 2001).

In studies of auditory perception, pitch and timbre are
often treated as separable dimensions (Fletcher, 1934; Kraus et
al., 2009; McDermott et al., 2010). However, several studies
have also shown that the two can interact (Krumhansl and
Iverson, 1992; Warrier and Zatorre, 2002; Russo and Thomp-
son, 2005; Marozeau and de Cheveigné, 2007). A recent psy-
choacoustic study showed that pitch and brightness variations
interfered with the perception of the other dimension, and
that the interference effects were symmetric; in other words,
variations in pitch affected the perception of brightness as
much as variations in brightness affected pitch perception (Al-
len and Oxenham, 2014). The finding held for both musically
trained and musically naive subjects. The strong overlap in
cortical activation of the two dimensions found in the present
study may also reflect the perceptual difficulty in separating
the two dimensions. Although our study was not designed to
investigate potential differences between people with and
without extensive musical training, comparing a subset of
subjects with the most training (three subjects with 15, 16, and
23 years of training) with a subset of subjects with the least
training (three subjects with 0, 1, and 2 years of training) did
not reveal any significant differences or clear trends within
these groups either in terms of the degree of activation or the
correlation with melody range in either dimension.

Finally, one potential limitation of the study is that it involved
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a passive listening task. It is possible that the results may have
been different if subjects had been engaged in a task that involved
either pitch or brightness discrimination. Auditory attention has
also been found to modulate activity in the superior temporal
gyrus (Jancke etal., 1999). Attention to auditory stimuli has been
found to produce stronger activity throughout large areas in the
superior temporal cortex, compared with when attention is di-
rected toward visual stimuli (Degerman et al., 2006). When sub-
jects were instructed to discriminate between tones and identify
the brighter timbre, Reiterer et al. (2008) found activity in a bi-
lateral network including cingulate and cerebellum, as well as
core and belt areas of the auditory cortices. This same network
was active when subjects were performing loudness discrimina-
tion tasks, again highlighting the existence of overlapping neural
networks for processing sound. However, for timbre, Broca’s
area was also active, resulting in a left hemisphere dominance,
highlighting the connection between timbre discrimination and
processing of vowels in language. It may be that similar dissocia-
tions between pitch and timbre would become apparent in an
active version of the task undertaken in this study.
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