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Functional Correlates of the Anterolateral Processing
Hierarchy in Human Auditory Cortex

Mark Chevillet,> Maximilian Riesenhuber,? and Josef P. Rauschecker!
Laboratories of !Integrative Neuroscience and Cognition and 2Computational Cognitive Neuroscience, Department of Neuroscience, Georgetown University
Medical Center, Washington DC 20057

Converging evidence supports the hypothesis that an anterolateral processing pathway mediates sound identification in auditory cortex,
analogous to the role of the ventral cortical pathway in visual object recognition. Studies in nonhuman primates have characterized the
anterolateral auditory pathway as a processing hierarchy, composed of three anatomically and physiologically distinct initial stages: core,
belt, and parabelt. In humans, potential homologs of these regions have been identified anatomically, but reliable and complete func-
tional distinctions between them have yet to be established. Because the anatomical locations of these fields vary across subjects,
investigations of potential homologs between monkeys and humans require these fields to be defined in single subjects. Using functional
MRI, we presented three classes of sounds (tones, band-passed noise bursts, and conspecific vocalizations), equivalent to those used in
previous monkey studies. In each individual subject, three regions showing functional similarities to macaque core, belt, and parabelt
were readily identified. Furthermore, the relative sizes and locations of these regions were consistent with those reported in human
anatomical studies. Our results demonstrate that the functional organization of the anterolateral processing pathway in humans is largely
consistent with that of nonhuman primates. Because our scanning sessions last only 15 min/subject, they can be run in conjunction with
other scans. This will enable future studies to characterize functional modules in human auditory cortex at a level of detail previously
possible only in visual cortex. Furthermore, the approach of using identical schemes in both humans and monkeys will aid with estab-

lishing potential homologies between them.

Introduction
Convergent evidence indicates that sound recognition in the ma-
caque is mediated by an anterolaterally directed cortical pathway.
This pathway forms an anatomical hierarchy: projections extend
from auditory core cortex via anterolateral belt to rostral parabelt
and ventrolateral prefrontal cortex (Romanski et al., 1999; Kaas and
Hackett, 2000; Hackett et al., 2001). This hierarchy is also expressed
functionally; whereas core neurons respond selectively to pure tones
(Merzenich and Brugge, 1973), belt responses require band-passed
noise (BPN) (Rauschecker et al., 1995; Petkov et al., 2006; Kusmierek
and Rauschecker, 2009), and parabelt neurons respond to more
complex sounds such as species-specific vocalizations (Poremba et
al., 2003; Petkov et al., 2008; Kikuchi et al., 2010). Ventrolateral pre-
frontal areas respond strongly to vocalizations (Romanski and
Goldman-Rakic, 2002; Averbeck and Romanski, 2006) and possibly
task-related aspects of sounds (Cohen et al., 2009).

This anatomical hierarchy is thought to be conserved across
species: human core [corresponding to Brodmann area (BA) 41

Received March 22, 2011; revised May 6, 2011; accepted May 11, 2011.

Author contributions: M.C., M.R., and J.P.R. designed research; M.C. performed research; M.C. analyzed data;
M.C,, MR, and J.P.R. wrote the paper.

This work was funded by the National Science Foundation (BCS-0519127 and OISE-0730255 to J.P.R. and BCS-
0749986 to M.R. and J.P.R.), the National Institute of Neurological Disorders and Stroke (R01-NS-052494 to J.P.R),
and the Tinnitus Research Initiative (to J.P.R.).

Correspondence should be addressed to Dr. Josef P. Rauschecker, Georgetown University Medical Center, New Research
Building, Room WP-19, 3970 Reservoir Road NW, Washington, DC 20057. E-mail: rauschej@georgetown.edu.

DOI:10.1523/INEUR0SCI.1448-11.2011
Copyright © 2011 the authors ~ 0270-6474/11/319345-08515.00/0

(Hackett et al., 2001)] and belt and parabelt regions (Sweet et al.,
2005) are reliably identified using the same techniques as in the
monkey. Functionally, human core and belt have been dissoci-
ated using stimulus preferences defined in the macaque
(Wessinger et al., 2001). However, while more anterolateral re-
gions of human auditory cortex are known to respond well to
species-specific vocalizations (i.e., human speech and voices)
(Binder et al., 2000; Scott et al., 2000; Belin et al., 2000; Leaver and
Rauschecker, 2010), a clear functional delineation of belt and
parabelt in humans has not yet been performed. Demonstration
of such a boundary would argue for at least three discrete pro-
cessing stages in human auditory cortex, an important step
toward assessing potential homologies between human and
macaque. Furthermore, the inability to delineate belt from para-
belt regions in humans restricts our ability to interpret other
human neuroimaging data. For example, several studies demon-
strate selectivity for several types of speech sounds in anterolat-
eral auditory regions (Obleser et al., 2006; Joanisse et al., 2007;
Leaver and Rauschecker, 2010), but at present it is unclear
whether these regions belong to belt or parabelt.

Besides the fact that a clear belt/parabelt boundary has not
been established in humans, it is also well known that the ana-
tomical locations of auditory subregions vary widely between
individuals (Penhune et al., 1996; Morosan et al., 2001; Radem-
acher etal., 2001; Sweet et al., 2005). When investigating process-
ing in these subregions, then, using a functional localization
scheme would assure data to be functionally consistent across
studies. Human visual cortex studies routinely identify regional
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boundaries by means of visual field map-
ping (Engel et al., 1997; Sereno et al., 2001;

>

Wandell et al., 2007). In auditory cortex, ,.\6
however, frequency gradient reversals can T
demarcate cochleotopic areas only at the =<
same hierarchical level (Merzenich and oy
Brugge, 1973), but not between levels. The §
latter boundaries correlate instead with o
. )
bandwidth and spectrotemporal complex- e

ity (Rauschecker et al., 1995). Thus, we pre-
dicted the borders between core, belt, and
parabelt could be functionally localized in
single human subjects using spectrotem-
poral stimulus preferences defined in the
macaque.

o9)

Materials and Methods

Subjects. The Georgetown University Institu-
tional Review Board gave approval for all ex-
periments, and subjects gave written informed
consent before participating. A total of 13 sub-
jects participated in this investigation (18-36
years of age, 5 males). All subjects were right
handed, reported no history of hearing prob-
lems or neurological illness, and spoke Ameri-
can English as their native language.

Stimuli. Pure-tone (PT), BPN, and white
noise (WN) stimuli were generated using
MATLAB (MathWorks). PT and BPN stimuli
had center frequencies of 500, 2000, and 8000
Hz, and BPN stimuli had a bandwidth of 1 oc-
tave. Limiting the species-specific vocalization
category to vowel (VOW) stimuli allowed all
three sound classes to be well matched in dura-
tion and temporal dynamics. Additionally,
VOW stimuli provide a logical progression in
spectral complexity in that they contain com-
binations of BPN, analogous to BPN contain-
ing combinations of PT (Fig. 14). VOW
stimuli were isolated from a database of re-
cordings available online (Hillenbrand et al.,
1995). The vowel portions of these waveforms
were identified, and sections that were largely
steady state were selected on the basis of visual
inspection. All stimuli were root-mean-square
normalized in amplitude and were presented as a short block (i.e., 166 ms
of sound followed by 166 ms of silence, repeated for 3 s). Six subjects were
presented with PT, BPN, and VOW stimuli; seven subjects were presented
with PT, BPN, VOW, and WN stimuli.

Data acquisition. All MRI data were acquired at the Center for Func-
tional and Molecular Imaging at Georgetown University on a 3.0 tesla
Siemens Trio Scanner using whole-head echo-planar imaging sequences
(flip angle = 90°, TE = 30 ms, FOV = 205, 64 X 64 matrix). In six
subjects, a single-channel circularly polarized head coil was used, and in
the remaining seven subjects, a 12-channel head coil was used. A sparse
sampling paradigm (Edmister et al., 1999) was used in which image
acquisition is clustered into a portion of the total repetition time (TR =
7500 ms; TA = 2000 ms). Stimuli were presented during the remaining
silent portion of the TR (5500 ms), starting 1000 ms after the offset of a
volume acquisition. Following functional scans, high-resolution (1 X
1 X 1 mm?) anatomical images (MPRAGE) were acquired. Auditory
stimuli were presented through STAX electrostatic earphones at a com-
fortable listening volume (~65-70 dB) worn inside ear defenders giving
~26 dB attenuation. One stimulus block was presented on each trial.
While in the scanner, subjects were asked to perform a passive listening
task in which they simply attended to the presented stimuli. This task was
chosen over an oddball task to maintain the short scan duration. Each

Figure1.
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VOW

BPN

Three functionally discrete regions identified in human auditory cortex using BOLD imaging and sounds with different
spectral complexity. 4, Example stimuli used. Subjects were presented with PT, BPN, and species-specific vocalization (VOW) stimuli, based
onthe ability to differentiate core, belt, and parabelt using these stimulus classes in previous nonhuman primate studies. B, Random-effects
group analysis (n = 13). A hierarchy of three functionally separable regions is clearly visible in each hemisphere. PT activation (blue) was
centered on Talairach coordinates [48, —20, 7] and [—45, —24, 8]. Adjacent voxels responded to BPN but not PT (yellow), and further
regions of cortex responded to VOW, but not BPN or PT. Minimum ¢ value for all conditions is 9.8.

condition was presented 30 times in random order, for a total of 120
volumes (PT, BPN, VOW, and SIL conditions), or 150 volumes (PT,
BPN, VOW, WN, and SIL conditions).

Data analysis. Data were analyzed using BrainVoyager QX 2.1.0 (Brain
Innovation), SPSS, and Matlab (The MathWorks). Functional images were
first coregistered to their corresponding anatomical images, and then both
sets of images were spatially normalized to the Talairach atlas. The first two
volumes (14 s) of each functional run were discarded, and the remaining
images were preprocessed for motion correction, linear trend removal, and
spatial smoothing using an 8 mm Gaussian kernel. Whole-head statistical
maps were calculated for each subject individually using fixed-effects general
linear models and then submitted to a second-level random-effects group
analysis. Activation for each individual condition is reported relative to the
baseline value, defined as the average value for each voxel over all acquisi-
tions. All statistical thresholds are corrected to p < 0.05 based on cluster
extent, using a Monte-Carlo simulation of the data (1000 iterations).

Results

Group analysis identifies three functionally discrete regions
in auditory cortex

In a random-effects group analysis, we included scans from all 13
subjects for PT, BPN, and VOW. To visualize the activation pat-
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tern evoked by each stimulus condition, we produced activation
maps for each condition relative to baseline. Because statistical
maps vary with the chosen statistical threshold, we chose to set
our threshold such that the volume of activation to the PT con-
dition was consistent with values reported for auditory core
(~1800 mm” averaged across hemispheres) in previous human
anatomical studies (Penhune et al., 1996; Rademacher et al.,
2001). This chosen threshold was restricted to be at least p << 0.05,
though it ultimately was much more restrictive. This approach
has also been used in several recent functional neuroimaging
studies of nonhuman primates (Petkov et al., 2006, 2008; Kayser
et al., 2008).

We then applied the same threshold to activation maps for
BPN and VOW. To determine whether a functional hierarchy as
identified previously in nonhuman primates could be identified,
we created regions of interest (ROIs) based on logical combina-
tions of PT, BPN, and VOW responses (Fig. 1B). First, since
auditory core cortex is known to respond well to PT, we defined
the set of all PT-responsive voxels to be auditory core. These
voxels, shown in blue in Figure 1B, were located primarily in
bilateral Heschl’s gyri, in good agreement with anatomical expec-
tations based on coordinates (Penhune et al., 1996; Rivier and
Clarke, 1997). We also calculated the overlap of these voxels with
cytoarchitectonic probability maps of three areas (Te 1.0, Te 1.1,
Te 1.2), which together are thought to represent BA 41 (consis-
tent with definitions for human “core”) (Hackett et al., 2001),
and are distributed with the Anatomical Toolbox for SPM (Mo-
rosan et al., 2001; Rademacher et al., 2001; Eickhoff et al., 2005,
2007). We found that as much as 76% of our group-defined PT
responsive voxels overlapped with the conjunction of the three
maps. More specifically, 75% were still found to overlap with the
conjunction of only regions Te 1.0 and Te 1.1. Very few PT-
responsive voxels extended into region Te 1.2, arguing that this
subfield may be more consistent with belt than core (see Discus-
sion). In a second ROI definition, we included all voxels re-
sponding to BPN, and then removed any voxels shared with PT
activation (thus already assigned to auditory core cortex). This
logical combination (BPN NOT PT) is the behavior to be ex-
pected from “belt” regions. These voxels were located in cortex
adjacent (both medial and lateral) to our defined auditory core
cortex ROL Finally, we created a third region consisting of those
voxels that responded to VOW, and then excluded all voxels
already assigned to one of the other ROIs [VOW NOT (BPN OR
PT)]. This response profile represents the behavior expected
from rostral “parabelt” regions, in particular those responsive to
VOW. These voxels were located in cortex adjacent to the belt
ROIL. Rather than expanding symmetrically, however, these vox-
els were located primarily anterior, lateral, and ventral to the
adjacent “belt” ROL

We further tested whether this progression from simple to
complex selectivity in the anterolateral direction was significant
by running statistical comparisons directly between the condi-
tions in our group study. Figure 2 shows the results of contrasts
for both BPN > PT and VOW > BPN, and the sizes and coordi-
nates for the resulting clusters are reported in Table 1. These
contrasts yielded large significant activations at p < 0.05. As can
be seen in the series of slices, the BPN > PT contrast (yellow)
yields activation primarily restricted to both the medial and lat-
eral extents of Heschl’s gyrus in each hemisphere. This activation
overlaps our PT-responsive region in the previous analysis. This
indicates that complex stimuli such as BPN can evoke greater
activation in core than PT stimuli. We interpret this to indicate
that more neurons in core, each responding to select frequencies
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BPN > PT - VOW > BPN

A progression from simple to complex selectivity in the anterolateral direction. A
BPN > PT contrast (yellow) yielded activation largely restricted to areas adjacent to the medial
and lateral extents of Heschl’s gyrus in each hemisphere. The VOW > BPN contrast yielded
significant activation in anterolateral aspects of the superior temporal gyrus. The two contrasts
share little overlap (orange). Thresholds were p << 0.05 for both contrasts, and the sizes and
Talairach coordinates of the resulting clusters are reported in Table 1.

Figure 2.

Table 1. Activation volume and location for contrasts in the group random-effects
analysis

Contrast Size (mm?) X y z
BPN > PT 3046 —38 —25 12
3934 47 =21 12
VOW > BPN 11,928 —56 -19 3
11,884 53 =17 2
VOW > WN 1940 —56 =15 3
265 56 —6 —4
168 48 —24 1

The threshold for all contrasts is p << 0.05 corrected, with a minimum of 5 contiguous voxels. For BPN > PT and
VOW > BPN contrasts, n = 13, and for VOW > WN,n = 7.

contained in the BPN, are recruited by the spectrally wider BPN.
Additionally, the VOW > BPN contrast (red) yields activation
further lateral, anterior, and ventral to the BPN > PT contrast,
also seen in the coordinates listed in Table 1. The two contrasts
share very little overlap (orange).

Hierarchical organization is consistent across subjects

While the group analysis supports the existence of a tiered hier-
archy and a general progression from dorsomedial to anterolat-
eral auditory cortex, it is well known that the specific anatomical
locations of auditory cortical fields vary widely across subjects
(Penhune et al., 1996; Rademacher et al., 2001; Sweet et al., 2005).
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This raises the question of whether the group analysis is represen-
tative of the functional hierarchy also in individual subjects. We
therefore reanalyzed our data, localizing ROIs selective for the
different sound classes in each subject individually, followed by a
group analysis of the ROI parameters to test whether the relative
functional organization was consistent across subjects.

To identify the auditory hierarchy in individual subjects, we
created maps similar to the group analysis of Figure 1 B for each of
our 13 subjects. The statistical threshold was set independently
for each subject using the same criterion as for the group (i.e.,
~1800 mm” averaged for the PT condition across hemispheres).
Thresholds were set via minimum ¢ statistic, and the values for
each subject are reported in Table 2. For each subject, the chosen
t statistic corresponded to at least p < 0.05, but for most subjects
the threshold was much more restrictive. Three representative
examples of these maps are shown as a series of axial sections in
Figure 3. In the resulting images, bilateral activation was observed
in each subject for all three experimental conditions. Visual in-
spection of these maps confirmed that the functional organiza-
tion in all imaged subjects qualitatively matched that of Figure
1 B, but significant variability in locations
and size can be seen across subjects. To
quantify these individual datasets, we first
calculated activation volume as a function
of stimulus condition and hemisphere for
each subject. For those cases in which
more than one cluster per hemisphere was
observed, volume was recorded as the
sum over all clusters within each hemi-
sphere. The resulting values for each sub-
ject are reported in Table 2, and the
average values are plotted in Figure 4 A.
Repeated-measures ANOVA indicated a
significant main effect of stimulus condi-
tion (p < 0.001). Post hoc paired t tests
confirmed highly significant (p < 0.001)
differences in activation volumes between
all three stimulation conditions. While
there was no main effect of hemisphere,
post hoc paired ¢ tests indicated a signifi-
cant (p < 0.01) difference between hemi-
spheres for PT, but not for BPN or VOW.
For PT, the left-hemisphere volume was
greater than the right-hemisphere vol-
ume, consistent with previous anatomical
(Penhune et al., 1996; Rademacher et al.,
2001) and functional (Wessinger et al.,
2001) results. Inspection of Table 2 also
confirms that the activation volume be-
tween conditions increases from PT to
BPN to VOW in both hemispheres for all
subjects.

Next, we quantified the spatial overlap between these activa-
tion patterns by calculating the percentage of active voxels shared
between each of the stimulus conditions. Because no significant
main effect of hemisphere was observed in the preceding analysis,
data were collapsed across hemispheres. In each subject, we de-
fined three ROIs, one for each of the three testing conditions and
containing all voxels active for the condition. Importantly, here
we include all voxels responding to each condition, and do not
apply any of the logical operations described for Figure 1. The
matrix shown in Figure 4B reports the percentage of voxels
within each of these regions of interest (indicated on the horizon-

Figure 3.

Subject 1

R
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Table 2. Activation volume in each subject increases with increasing spectral
complexity

Threshold PT-LT  PT-RT  BPN-LT BPN-RT VOW-LT VOW-RT WN-LT WN-RT
Subject (mint)  (mm3) (mm3) (mm3) (mm3 (Mmm3) (Mm3  (mm?) (mm?)

1 8.7 2125 1487 5706 5851 7573 7300 NA NA

2 8.4 1814 1802 5654 4579 8817 7189 NA NA

3 45 1726 1924 5337 7993 11,501 12,284 NA NA

4 6.7 2279 1444 4822 3531 6729 5899 NA NA

5 9.4 792 2777 2189 4052 5890 8063 NA NA

6 4.4 2077 1600 4869 4861 14,467 13,393 NA NA

7 9.9 3021 586 3896 1524 8302 2764 3200 2386

8 10.1 2747 862 3039 743 8440 4916 4199 3460

9 3.0 1456 2056 10,329 13,871 21,403 27,006 9898 12,572
10 7.6 2346 1262 6585 3156 7543 4891 9137 5757
n 55 2816 754 3679 1140 9350 6308 2685 2327
12 5.2 2341 1135 2643 2653 6913 6161 2456 2958
13 44 2360 1226 5784 6923 9113 14192 5016 5398
Mean 6.7 2146 1455 4964 4683 9695 9259 5227 4980
SE 0.7 166 165 582 974 M55 1763 159 1368

The threshold for each subject was chosen such that the volume of their average PT activation across hemispheres
was consistent with average human auditory core volumes reported in previous anatomical studies.

Subject 10 Subject 13

/ e \

Functional organization in individual subjects. The three functionally differentiable regions identified in the group
were also consistently identified in all 13 subjects in each hemisphere. Three representative subjects are shown here. Thresholds
varied by subject and are reported in Table 2.

tal axis) that are also activated by the stimulus condition indi-
cated on the vertical axis. Thus, the far left column of this matrix
indicates that a very high percentage of PT-responsive voxels are
also activated by both BPN and VOW stimuli, as might be pre-
dicted for auditory core. The middle column indicates that only a
low percentage of BPN-responsive voxels responded to PT (bot-
tom), as predicted for belt areas, whereas a very high percentage
of these voxels were also activated by VOW stimuli (top). Finally,
the far right column shows that PT and BPN stimuli activated
only small subsets of VOW-responsive voxels (bottom and mid-
dle). This pattern of responses strongly supports the conclusion
that these areas form a functional hierarchy: early stages are acti-
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Figure4. (Quantification of single-subject analysis. 4, Activation volume by stimulus condition across subjects. B, Quan-
tification of the spatial overlap between stimulus conditions. Matrix values indicate the percentage of voxels within the
region of interest displayed along the horizontal axis that are also activated by the conditions shown along the vertical axis.
Dark colors indicate a low percentage of overlap between conditions (i.e., few active voxels in common), while light colors
indicate a high percentage of overlap. C, Average location of active voxels for each condition across subjects (medial—
lateral coordinates are reported as absolute values because both hemispheres were collapsed). *p << 0.05, **p < 0.01,
**%p < 0.001.
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Figure5.  Benefits of functional localization inindividual subjects compared to group analysis. A, In three example subjects, the
mismatch between PT activation defined by the group analysis and the single-subject is apparent. B, Fraction of voxels in single-
subject ROIs that are also present in the group-defined ROI. Minimum t value was 9.8 for the group, and single-subject values are
as listed in Table 2.
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vated by both simple and complex stimuli
(the latter containing simple features that
can drive neurons in these early areas),
whereas activation of later stages requires
sufficiently complex stimuli.

Finally, we determined whether the
stimulus condition had a significant effect
on the location of activation in individual
subjects. For each subject, we calculated
the mean Talairach coordinates over all
voxels activated by each stimulus condi-
tion. Absolute values were used for
x-coordinate locations to account for the
sign difference across hemispheres. These
values are plotted in Figure 4C. Repeated-
measures ANOVA with factors for stimulus
condition, hemisphere, and coordinates in-
dicated significant main effects of stimulus
condition (p < 0.05) and coordinates (p <
0.05). No significant main effect was ob-
served for hemisphere nor for the interac-
tion condition X hemisphere. The data
were then collapsed across hemisphere, and
post hoc paired t tests confirmed that the lo-
cation of VOW activation was significantly
more lateral (p < 0.05), rostral (p < 0.01),
and ventral (p < 0.05) to the location of PT
activation. No significant displacement was
observed between PT and BPN conditions
in any direction, reflecting the fact that BPN
responses were observed surrounding PT
responses on all sides. These results are con-
sistent with the assumption that a ventral
auditory processing stream extends from
auditory core areas of cortex via anterior au-
ditory belt to anterior and lateral aspects of
the superior temporal gyrus (i.e., rostral
parabelt).

While the relative functional organiza-
tion across subjects is largely consistent
with the results of our group random-
effects analysis, we noted a wide variation
in the absolute locations of the ROIs
across subjects. Examples of this discrep-
ancy are shown in Figure 5A in a series of
slices for the same subjects as in Figure 3.
This illustrates that the group ROI cap-
tures only a small portion of the variability
of ROIs across subjects. To quantify how
well group-defined and individual ROIs
matched, we calculated for each subject
the fraction of voxels in the individually
defined ROIs that were also present in the
group ROIs for the PT, BPN, and VOW
conditions (Fig. 5B). The resulting matrix
shows an average 24% overlap between
each subject’s ROI and the group ROI for
PT, 51% for BPN, and 56% for VOW.
These results show that using a localizer-
based approach when studying higher-
level auditory processing in humans can
provide an up to fourfold improvement in
accounting for interindividual variability.
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Figure 6.  Organization based on spectral complexity. In an additional control experiment
activation by WN was compared with activation by PT, BPN, and VOW. The results demonstrate
that the regional differences do not merely depend on increasing bandwidth, but depend in-
stead on spectral complexity, similar to the monkey. Activation volume across subjects (n = 7)
for each stimulus condition is shown. Minimum ¢ values for each subject are those listed in Table
2.%p < 0.05, **p < 0.01, ***p < 0.001.

Organization reflects sensitivity to spectral combinations, not
just increasing bandwidth

While our stimuli were chosen to increase in spectral complexity
to demonstrate hierarchical processing, they also displayed a sim-
ple increase in spectral bandwidth. This leaves open the possibil-
ity that any increases in activation volume we observed for PT,
BPN, and VOW were simply a result of increasing bandwidth,
rather than increasing spectral complexity. If this were correct,
further increasing bandwidth to WN should yield maximal acti-
vation. In a control experiment, we tested this possibility by add-
ing WN stimuli, which have maximal bandwidth but minimal
spectral complexity. In a random-effects group analysis of the
seven subjects presented with WN stimuli, the VOW > WN con-
trast yielded significant (p < 0.05) activation in anterolateral
auditory cortex. The resulting cluster sizes and coordinates are
listed in Table 1. These clusters are similar in location to those of
the VOW > BPN contrast.

We then conducted single-subject analyses of these scans in-
cluding WN, and the results are shown in Figure 6. After quanti-
fying the volume of activation by stimulus condition in each
individual subject, repeated-measures ANOVA confirmed a sig-
nificant effect of stimulus condition (p < 0.001). Again we found
no significant effect of hemisphere, so data were collapsed across
hemisphere. As in Figure 4 A, activation volume increased from
PT to BPN to VOW. By contrast, WN stimuli activated a signifi-
cantly smaller volume than VOW stimuli (p < 0.05, post hoc
paired t test). These results demonstrate that the findings above
do not simply reflect a monotonic increase in preferred band-
width from PT to WN, but more likely reflect increases in pre-
ferred spectral complexity that are relevant for the extraction or
identification of particular types of sound.

Discussion

Building on previous work that demonstrated similar anatomical
organization between macaque and human auditory cortex
(Hackett et al., 2001; Sweet et al., 2005), we investigated whether
common functional organization could be identified in the two
species as well. In a sparse-sampling fMRI study, we presented
human subjects with the same sound classes typically associated
with the core, belt, and parabelt regions in studies of the ma-
caque: PT, BPN, and species-specific vocalization (VOW). We
found that PT elicited activation primarily within the caudome-
dial extent of Heschl’s gyrus. BPN bursts also activated this re-
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gion, as well as adjacent rostromedial and dorsolateral cortex.
Finally, VOW activated both of the preceding regions, as well as
anterolateral regions in the superior temporal plane (“planum
temporale”), superior temporal gyrus, and superior temporal
sulcus. We found this organization to be robust and consistent in
both group and single-subject analyses.

The activations we report are more restricted in their extent
through the superior temporal lobe than have previously been
reported in macaques for similar stimuli (Poremba et al., 2003).
This is due to our use of statistical thresholds beyond the custom-
arily used p < 0.05 (corrected for multiple comparisons). While
we expected to observe the strongest responses to PT in core, it is
possible for PT to still evoke (smaller) activations in other re-
gions. This was our motivation in scaling the threshold for each
subject such that their PT activation volume matched anatomical
expectations.

Opverall, the locations and sizes of the regions identified by our
functional analyses are in good agreement with those reported for
human core, belt, and parabelt in recent anatomical studies
(Hackett et al., 2001; Sweet et al., 2005). Additionally, we found
that 75% of our PT-responsive voxels (which we define as core)
overlapped with areas Te 1.0 and Te 1.1 (Morosan et al., 2001),
but very few with area Te 1.2. This result adds support that this
area is more consistent with the human belt, rather than core,
which has been argued both anatomically (Wallace et al., 2002)
and functionally (Hall et al., 2006).

Given the observed anisotropy in VOW activation, which fa-
vors anterior and lateral directions, we infer that this activation
more specifically represents the rostral subdivision of the para-
belt described previously in the monkey (Hackett et al., 1998). By
contrast, BPN activation was more symmetrical between medial
and lateral belt, consistent with findings in the macaque
(Kusmierek and Rauschecker, 2009). The lack of any significant
left-hemisphere lateralization for our speech stimuli (VOW) was
somewhat surprising, though compatible with a recent meta-
analysis of fMRI studies using speech sounds (Turkeltaub and
Coslett, 2010). The authors reported equivalent bilateral activity
for sublexical speech segments with left lateralization only being
driven by tasks requiring explicit attention to phonology. Thus,
the lack of any left lateralization for VOW stimuli in the present
data may be explained by the passive listening task used.

In addition to being speech sounds, the VOW stimuli we pre-
sented are also human voices. This raises the question of how the
extent of our VOW-selective responses compare to the “temporal
voice areas” (TVAs) documented in previous results (Belin et al.,
2000). As could be expected, the results of our VOW > BPN
contrast are in good agreement with the locations of the TVA
bilaterally [Talairach coordinates in our study were [—56, —19,
3] and [53, —17, 2] compared with [54, —13, 4] and [—60, —23,
6] (Belin et al., 2000)]. Additionally, both sets of coordinates
from Belin et al. (2000) fall within our reported parabelt region.
We interpret this agreement to reflect the increased spectrotem-
poral complexity required to activate further anterolateral re-
gions of auditory cortex, with the condition that this complexity
is relevant for vocal communication.

Expanding on prior work (Wessinger et al., 2001), we demon-
strated a series of hierarchically related auditory cortical fields in
the human. Early stages of this hierarchy are activated by both
simple and complex stimuli, whereas activation of later stages
requires stimuli containing sufficiently complex combinations of
features. In such a scheme, neurons in primary and primary-like
core areas of auditory cortex (while narrowly tuned to specific
frequencies) are not necessarily exclusively responsive to tonal
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stimuli alone but respond to more complex sounds as well, as
long as these sounds contain energy within the neurons tuning
range (Rauschecker and Tian, 2004). Including WN stimuli in
some of our scans contributed an important control condition by
showing that WN stimuli activate a smaller cortical volume than
VOW stimuli. This demonstrated that the increases in activation
volume observed were due to spectral complexity rather than a
simple increase in the number and range of frequencies present.
This selectivity of higher-order areas is due to nonlinear integra-
tion in frequency and time (“combination sensitivity”) (Suga et
al.,, 1979; Margoliash and Fortune, 1992; Rauschecker and Scott,
2009).

In the present study, potential functional correlates of core,
belt, and rostral parabelt regions were identified robustly in single
subjects using a relatively short duration scan (~15 min), making
the paradigm suitable as a functional localizer for studies with
other types of complex stimuli. The need for auditory functional
localization methods is evident from the existing literature
(Formisano et al., 2003; Petkov et al., 2006; Fedorenko et al.,
2010), and highlighted by the variability in ROI size and location
in individual subjects that was not well captured by the group
analysis. This variability in functional location severely limits the
ability of auditory fMRI studies to investigate the sound recogni-
tion process at different levels of auditory processing. Our para-
digm overcomes this limitation and will enable future studies to
characterize functional modules in human auditory cortex at
each stage of the auditory hierarchy, a level of detail previously
possible only in visual cortex. Furthermore, the approach of us-
ing identical schemes in both humans and monkeys will aid with
establishing potential homologies between them. In the case of
monkeys, however, our human speech sounds (VOW) would
presumably be replaced with conspecific vocalizations (perhaps
coos, which exhibit spectrotemporal complexity beyond BPN
similar to VOW).

The direct contrasts between conditions (i.e., BPN > PT,
VOW > BPN, and VOW > WN) ensure that the progression of
selectivity we report is statistically significant. However, when
localizing the core, belt, and parabelt regions in individual sub-
jects, we still prefer to define these based on the logical combina-
tions shown in Figures 1 and 3. The reason is that we expect the
“boundary” to have some finite width. Defining the boundary
using only significantly different voxels will necessarily ignore
voxels that are in between regions where responses are in transi-
tion from one sound class to the next. This method is comparable
to that used to define the core/belt boundary in electrophysiology
studies from our laboratory (Tian et al., 2001; Kusmierek and
Rauschecker, 2009), dividing regions logically based on a prefer-
ence index.

Several previous studies have attempted to map auditory
fields via tonotopic or cochleotopic organization (Formisano et
al., 2003; Talavage et al., 2004; Humphries et al., 2010). While
such studies have indeed been able to confirm the existence of
multiple cochleotopic areas in the auditory cortex of humans, the
monkey literature would suggest that these areas may correspond
to subfields within one level, e.g., core (i.e., A1, R, and RT) or belt
(AL, ML, CL), but cannot distinguish boundaries between adja-
cent levels of the hierarchy. The boundaries between hierarchical
levels are instead predicted to correlate with differences in pre-
ferred bandwidth, or perhaps spectral complexity (Rauschecker
et al., 1995). The work of Wessinger et al. (2001) provided early
evidence for a core/belt boundary in the human. Our present
results confirmed this finding, and provided a fundamentally
new contribution by defining a belt/parabelt boundary. It would
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be useful in future studies to combine tonotopic mapping with
our established method of bandwidth/complexity mapping to
identify individual subregions within each level of the hierarchy.

While our results define auditory cortical fields based on vary-
ing spectral complexity, the structure and function of auditory
cortex must also reflect temporal complexity. This was not tested
in the present study since our stimuli were intentionally chosen to
be steady state, allowing stimulus durations to be precisely con-
trolled across conditions. However, similar hierarchical organi-
zation reflecting temporal complexity has indeed been previously
reported (Patterson et al., 2002). Combining all aspects of com-
plex sounds, both spectrally and temporally, should deliver a
complete picture of functional mapping in at least the initial
stages of auditory processing in humans.
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