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OR I G INA L ART I C L E
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Abstract
A sound of interest may be tracked amid other salient sounds by focusing attention on its characteristic features including its
frequency. Functional magnetic resonance imaging findings have indicated that frequency representations in human primary
auditory cortex (AC) contribute to this feat. However, attentional modulations were examined at relatively low spatial and
spectral resolutions, and frequency-selective contributions outside the primary AC could not be established. To address these
issues, we compared blood oxygenation level–dependent (BOLD) responses in the superior temporal cortex of human listeners
while they identified single frequencies versus listened selectively for various frequencieswithin amultifrequencyscene. Using
best-frequency mapping, we observed that the detailed spatial layout of attention-induced BOLD response enhancements in
primary AC follows the tonotopy of stimulus-driven frequency representations—analogous to the “spotlight” of attention
enhancing visuospatial representations in retinotopic visual cortex. Moreover, using an algorithm trained to discriminate
stimulus-driven frequency representations, we could successfully decode the focus of frequency-selective attention from
listeners’ BOLD response patterns in nonprimaryAC. Our results indicate that the humanbrain facilitates selective listening to a
frequency of interest in a scene by reinforcing the fine-grained activity pattern throughout the entire superior temporal cortex
that would be evoked if that frequency was present alone.

Key words: attention, auditory cortex, frequency, MVPA, tonotopy

Introduction
Identifying a sound of interest amid other salient sounds benefits
from paying selective attention to one or more distinctive fea-
tures of that sound including its frequency content or rhythm.
When listeners are cued to a specific audio frequency, they be-
comemost sensitive to that frequency and neighboring frequen-
cies, suggesting that frequency-selective attention involves the
operation of a “listening band,” that is, an attentional bandpass
filter in the auditory system that is centered on the attended

frequency (Scharf et al. 1987). Consistent with the general idea
of an attentional filter, numerous neuroscientific studies have
shown that selective attention to a target sound may enhance
that sound’s representation in human auditory cortex (AC) (Hall
et al. 2000; Rinne et al. 2005; Ahveninen et al. 2006; Degerman
et al. 2006; Bidet-Caulet, Fischer, Bauchet, et al. 2007; Bidet-
Caulet, Fischer, Besle, et al. 2007; Krumbholz et al. 2007; Altmann
et al. 2008; Elhilali et al. 2009; Xiang et al. 2010; Besle et al. 2011;
Mesgarani and Chang 2012; Nourski et al. 2015). However,

© The Author 2016. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com

Cerebral Cortex, May 2017;27:3002–3014

doi:10.1093/cercor/bhw160
Advance Access Publication Date: 26 May 2016

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/article/27/5/3002/3056382 by U

niversiteit M
aastricht user on 01 April 2021

http://www.oxfordjournals.org


comparatively, little is known about the specific role of frequency
representations in the human brain for frequency-selective at-
tention in auditory scenes, that is, situations where a particular
target sound needs to be separated from and tracked amid con-
current sounds based on its frequency content.

So far, 2 human studies have used functionalmagnetic reson-
ance imaging (fMRI) to assess cortical frequency representations
noninvasively at the neuronal population level and found fre-
quency-selective attentional enhancement, that is, that selective
auditory attention enhances blood oxygenation level–dependent
(BOLD) responses in primary AC regions representing the at-
tended sound’s frequency (Paltoglou et al. 2009; Da Costa et al.
2013), consistent with fMRI findings on pitch imagery (Oh et al.
2013). Magnetoencephalography studies further showed that at-
tention to a tone in noise may enhance long-latency auditory-
evoked magnetic fields originating from the superior temporal
cortex in a manner thought to reflect adaptation of population-
level frequency tuning (Kauramaki et al. 2007; Okamoto et al.
2007, 2009; Ahveninen et al. 2011). Together with more detailed
animal invasive electrophysiology studies showing frequency-
selective attentional modulation of primary AC neurons (Fritz,
Elhilali, David, et al. 2007; Fritz, Elhilali, Shamma, 2007; Lakatos
et al. 2013), these findings indicate that frequency-selective at-
tention in a scene involves a filtering mechanism that operates
selectively on primary AC frequency representations.

A limitation of the previous human studies is that the key fea-
tures of the observed attentional modulation, that is, its spatial
and spectral distribution, could not be studied in detail because
of methodological limitations: Analyses were performed on cor-
tical responses averaged across voxel populations within pri-
mary AC, providing only coarse, aggregated information on the
spatial pattern of the attentional modulations. In addition, audi-
tory tasks were limited to only 2 attentional targets (frequency
bands), providing rather limited information on the spectral spe-
cificity of the attentional modulations. Finally, evidence for a fre-
quency-selective attentional mechanism in human nonprimary
AC could not be obtained, although neuroimaging studies ob-
served frequency representations in this region (Talavage et al.
2004; Humphries et al. 2010; Woods et al. 2010; Striem-Amit
et al. 2011; Moerel et al. 2012; Nourski et al. 2014). Considering
that listeners in the 2 aforementioned fMRI studies could identify
the target sound based on not only its frequency, but also its lo-
cation or rhythm, and that other fMRI studies failed to observe
frequency-selective attentional enhancement in primary AC
(Petkov et al. 2004; Woods et al. 2009), there is need for further
characterization of frequency-selective attentional modulation
in the human superior temporal cortex.

Toaddress thispoint,we studied in2 fMRI experiments the link
between frequency-selective attention and frequency representa-
tions (as assessed by the BOLD response) atmultiple stages of cor-
tical sound processing (primary and nonprimary AC) and across
multiple attentional states (attention to one of 3 simultaneously
presented frequency bands or attention away from these bands).
We first mapped out cortical BOLD responses evoked by auditory
stimuli containing single frequency bands or by the listener’s
paying selective attention to these specific bands in a schematic
triple-band scene containing no spatial or rhythmic cues. We
then compared the resulting bottom-up stimulus-driven and
purely top-down attention-driven response maps to characterize
in detail (i.e., across individual cortical voxels and across the 3 tar-
get frequencies) the putative spatial andspectral patterns of atten-
tional modulation in primary AC and nonprimary AC.

We observed that attentional modulation 1) closely follows
the tonotopic layout of stimulus-driven BOLD responses in

primary AC, 2) reshapes the frequency response of primary AC
in a manner consistent with a bandpass filter, and 3) modulates
(or enforces) spatially distributed frequency representations, not
only in primary AC, but also in nonprimary AC. While our first 2
findings (1 and 2) characterize the previously reported frequency-
selective attentional modulation in primary AC (Paltoglou et al.
2009; Da Costa et al. 2013) with increased spatial and spectral de-
tail, our third finding (3) provides novel evidence for the existence
of frequency-selective attentional modulation in auditory areas
beyond the primary AC. We argue that selective attention to a
particular frequency in a scene operates in human superior tem-
poral cortex by (1 and 2) directing a “spotlight” toward the tono-
topic primary AC region tuned to the attended frequency and (3)
overlaying higher order AC areas with a frequency-specific, non-
tonotopic, spatially distributed pattern of modulation.

Materials and Methods
Participants and Stimuli

Fifteen healthy paid volunteers (8 females, ages: 21–42 years) par-
ticipated in the fMRI study after providing their written informed
consent. Auditory stimuli are described in Figure 1A and provided
as exemplary Supplementary Audio Files. They were presented
diotically via a soundcard (Sound Blaster X-Fi Xtreme Audio)
with 16-bit resolution and 44.1 kHz sampling frequency. For de-
tails, see Supplementary Materials and Methods.

Design and Tasks

Figure 1 further visualizes the experimental designs (Fig. 1B,C)
and trial design (Fig. 1D). The “stimulation experiment” was
used to identify sensory frequency representations, whereas
the “attention experiment” served to assess frequency-specific
attentional modulations. In the stimulation experiment, listen-
ers were stimulated with one of 3 frequency bands (Fig. 1B) and
judged the overall pitch of the melody as “low,” “middle,” or
“high.” Conversely, in the attention experiment (Fig. 1C), the tri-
ple-band stimulus (the sum of the individual bands from the
stimulation experiment, Fig. 1A) was presented and kept con-
stant across attention conditions while variations were induced
exclusively in the listener’s focus of frequency-selective
attention.

The manipulation of frequency-selective attention was im-
plemented using detection tasks requiring the listener to pay at-
tention to either a specific frequency band (auditory attention
task) or away from auditory input (visual control task). For the
auditory attention task, listeners were instructed to attend exclu-
sively to the frequency band that was specified by a visual cue (a
letter) and to report via button press whether a gap was present
or absent in that band. Gaps were introduced on half of the trials
of each condition by omitting the fourth last tone from a given
band, with equal probability across bands (Fig. 1A exemplifies a
gap in the low band). For the acoustically matched visual control
task, listeners were instructed to ignore the auditory stimulus,
track covertly the position of the visual cue, which was moving
horizontally throughout the stimulus interval (Fig. 1D), and re-
port the side (left or right) towhich the cue’s largest displacement
occurred relative to a central fixation cross. The purpose of this
control task was to establish a baseline for auditory attention
by drawing participants’ attention away from the auditory stimu-
lation while keeping them in a stable alert state.

Participants were instructed to keep their gaze focused on a
fixation cross throughout the experiment to reduce visual input
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differences across conditions. In addition, on null trials, onwhich
no auditory stimuluswas presented, participantswere instructed
to rest and performno task. Stimulus presentation and button re-
sponse collection were controlled using Presentation 17.1 soft-
ware, and trials were triggered by MR image acquisitions. For
details, see Supplementary Materials and Methods.

Procedures

All experimental procedures were approved by the local ethics
committee (Ethische Commissie Psychologie) of the Faculty of Psych-
ology and Neuroscience of Maastricht University. In an initial
training session, participants adjusted the relative sound levels
of the frequency bands in an attempt to match the difficulty of
the auditory attention task across frequency bands, given a fixed
peak intensity of the overall stimulus. The obtained individual
settingswere applied in the subsequent fMRI session,which is de-
scribed next. Each repetition (fMRI run) of the stimulation experi-
ment comprised 10 trials per condition (low, middle, high) and
10 null trials in random order (overall duration: 8.9 min). For the
attention experiment, each run contained 12 trials per condition
(low, middle, high, visual) and 8 null trials (overall duration:
12.4 min). Furthermore, trials of the same attention condition
were clustered into blocks of 6 preceded by a null trial during
which the attentional cuewas presented to specify the upcoming
attention condition. Blocks and trials within blocks were pre-
sented in random order. Overall, an fMRI session comprised an
anatomical scan (duration: 5 min) followed by 3 runs of each ex-
periment in alternating order, starting with the attention experi-
ment. After the fMRI session, participants gave a written report
of the mental strategies they followed during the gap detection
task. For details, see Supplementary Materials and Methods.

Imaging

Brain imageswere collectedwith aSiemens Prismafit 3 TMRI scan-
ner (SiemensMedical Systems, Erlangen,Germany) equippedwith
a 64-channel receive head–neck coil. BOLD signal changeswere re-
corded using a gradient-echo echo-planar imaging sequence
(echo time: 28 ms, acquisition time: 1000 ms, flip angle: 70°, band-
width: 1786 Hz/pixel, field of view: 200 × 200 mm2,matrix size: 100
× 100, GRAPPA acceleration factor: 2, slice thickness: 2 mm, result-
ing in a voxel size of 2 × 2 × 2 mm3). Images were acquired accord-
ing to a sparse clustered protocol (irregular repetition time: 1000,
1000, 11 000 ms, etc.); thus, 3 consecutive functional volumes
were acquired on each trial followed by a long silent interval
(Fig. 1D), enabling one to separate the auditory stimuli from scan-
ner noise (Hall et al. 1999) as in previous human fMRI tonotopy
studies (Langers et al. 2014). During each functional run, 120 vo-
lumes (stimulation experiment) or 168 volumes (attention experi-
ment) were collected, in addition to 3 dummy volumes that were
not analyzed. Each volumecomprised 16 axial continuous slices (i.
e., no inter-slice gap) centered on the Sylvianfissures and covering
the superior temporal cortices (Fig. 3A). Structural T1-weighted
images optimized for gray–white matter contrast were obtained
using a magnetization-prepared rapid-acquisition gradient-echo
pulse sequence (voxel size: 1 × 1 × 1 mm3, echo time: 2.21 ms, repe-
tition time: 2250 ms, inversion time: 900 ms).

Statistical Analysis

All measures described below were obtained separately for each
subject and then submitted to second-level (random-effects)
group analyses using nonparametric statistical tests (Friedman
ANOVAs andWilcoxon signed-rank tests based on the χ2 statistic
andW-statistic, respectively) and a significance criterion α = 0.05.
The family-wise error rate was controlled at α where indicated
using the Bonferroni correction.

Data Analysis

The sensitivity index, d′, was obtained by extracting hit rates and
false alarm rates while correcting for possible ceiling cases

Figure 1. Design of stimuli, experiments, and trials. (A) A schematic spectrogram

of an auditory stimulus from the attention experiment. Amelody was transposed

to 3 nonoverlapping frequency ranges labeled as “low,” “middle,” and “high.”

Acoustic parameters were set to support attentional selection of the frequency

bands based on their frequency alone. Auditory stimulus examples are

provided as Supplementary audio files. (B) The different conditions in the

stimulation experiment. The center frequency of the auditory stimulus was

varied (low, middle, or high) while participants judged its pitch. (C) The design

of the attention experiment. In contrast to the stimulation experiment, the

auditory stimulus contained multiple alternating bands and remained

unchanged, and only the frequency band on which participants performed an

attention-demanding task was varied (low, middle, or high; or none for the

control task). (D) Two consecutive trials from the attention experiment. Task

trials began with the simultaneous presentation of a fixation cross, visual

attentional cue, and auditory stimulus. The cue—a letter that was horizontally

relocated throughout the stimulus interval—specified the attention condition:

Participants tracked either a specific frequency band (letter L/M/H) to detect a

gap in it or the cue itself (letter V) to detect the side of the fixation cross to

which its largest displacement occurred (control task). Subsequently, 3 fMRI

volumes were acquired, participants responded, and visual feedback on

response correctness was provided. Trials in the stimulation experiment were

designed identically, except that no attentional cue was presented and 3

response buttons were used. BOLD response simulations (red curve; see

Supplementary Materials and Methods) suggested that our measurements

captured primarily BOLD responses evoked by the task and stimuli (black curve)

rather than scanner noise (gray curve).
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(Brown and White 2005) and then subtracting the z-transformed
corrected rates (Macmillan and Creelman 1991). Trials of the gap
detection task on which listeners made an error were considered
as attentional lapses and excluded from the fMRI data analysis
(on average 9.9 ± 1.7% of the 108 auditory attention trials; for
low,middle, and high frequency: 2.2 ± 0.6, 4.2 ± 0.8, and 3.5 ± 0.7%,
respectively). fMRI data preparation involved application of
standard preprocessing steps and weighted averaging of the 3
functional volumes acquired within each trial; for details, see
Supplementary Materials and Methods. From the structural MR
images, gray–white matter borders were extracted, from which
individual cortical surfaces were reconstructed.

Definition of Regions of Interest
Individual regions of interest (ROIs) were defined within each
cerebral hemisphere by partially inflating the reconstructed cor-
tical surfaces and drawing manually on them the putative areal
borders of primary AC and superior temporal cortex. These bor-
ders were estimated by authors B.S. and L.R. based on common
macroanatomic criteria (gyri, sulci); for details, see Supplemen-
tary Materials and Methods and Figure 3B and see Supplemen-
tary Figure 1. Subsequent analyses were applied separately to
each of the defined ROIs.

An advantage of our primary AC definition is that it takes into
account individuals’ cortical anatomy in the region of Heschl’s
gyri, which is highly variable across both subjects and hemi-
spheres (Campain and Minckler 1976). To compare our approach
with amore standardized approach based on a probabilistic cyto-
architectonic atlas (Morosan et al. 2001), the cytoarchitectoni-
cally defined primary area Te1 (assembled areas Te10, Te11,
Te12) was warped into Talairach space as the collected MR
images, a probability threshold was set (Rademacher et al.
2001), andTe1 voxels resembling the individual’s temporal cortex
were extracted (i.e., voxels resembling frontal cortex and white
matter were discarded; these voxels were abundant depending
on the individual and probability threshold set). Next, for each
ROI, the degree to which the ROI separated the retained portion
of Te1 (target voxels) from the rest of the superior temporal cortex
(nontarget voxels) was quantified using d′. ROI voxels overlap-
pingwith target voxels were considered as hits, whereas ROI vox-
els overlapping with nontarget voxels were considered as false
alarms. The d′ values associated with the 2 ROIs were then com-
pared statistically. This was done for various probability thresh-
olds (Fig. 3C).

Best-Frequency Mapping
In the first 2 analyses, frequency representations were as-
sessed using an approach based on best-frequency (BF) mapping
(Formisano et al. 2003); see Figures 4A and 5A. Sensory BF maps
were obtained by first extracting maps of the sound-evoked
BOLD response (obtained by comparing with null trials) for
each stimulation experiment condition and then labeling (or
color coding, for visualization purposes) each voxel according
to its BF, that is, the condition that evoked the strongest response.
Attentional modulation was assessed from the attention experi-
ment as the ratio between the BOLD response in the given audi-
tory attention condition and the BOLD response in the visual
control condition, expressed on a dB scale. Thus, positive values
of this quantity reflect BOLD response enhancement, whereas
negative values reflect BOLD response attenuation, relative to
nonauditory (i.e., visual) attention in the absence of auditory
stimulus changes.

The aim of the first analysis was to characterize the detailed
topography of attentional modulation in the superior temporal

cortex (Fig. 4A top). Analogous to the sensory BF maps described
above, attended BF maps were obtained by extracting cortical
maps of attentional modulation for each auditory attention con-
dition and then labeling each voxel according to its BF, that is, the
condition that evoked the strongest positive attentional modula-
tion. To assess the congruency between sensory frequency repre-
sentations and attentional modulations, a map-similarity index
was defined. First, the proportion of voxels showing the same
BF in both maps was extracted (referred to as observed propor-
tion). Secondly, a null proportion resembling chance level was
extracted after permuting (i.e., distorting the topography of) the
sensory BF map; this step was repeated 5000 times. Thirdly,
the similarity index was computed as the observed proportion
minus the average of the permutation-based null proportions. Fi-
nally, this index was compared statistically against zero, thereby
testing the congruency between the sensory and attended BF
maps. These steps were applied separately to each ROI.

BOLD Response Modulation Analysis
The aim of the second analysis was to characterize the effect of
attentional modulation on the shape of the frequency response
of the superior temporal cortex, that is, the strength, nature
(enhancement vs. attenuation), and frequency selectivity of at-
tentional modulation in this region (Fig. 5A). First, spatially aver-
aged, sensory BF channels were defined from the obtained
sensory BF map by pooling voxels exhibiting the same BF. Sec-
ondly, for each of the obtained BF channels (or “sub-ROIs”) and
each auditory attention condition, attentional modulation was
extracted. Thirdly, BF-channel × auditory attention condition
combinations were averaged that were associated with the
same spectral distance, a measure describing the mismatch be-
tween the channel’s BF and the attended frequency (Atiani
et al. 2009). Finally, frequency selectivity was tested by assessing
attentional modulation as a function of spectral distance, that is,
whether attentional modulation scaled with how well the chan-
nel’s BF matched the attended frequency. These steps were ap-
plied separately to each ROI.

Multivoxel Pattern Analysis
In the third analysis, the congruency between sensory and at-
tended frequency representations was further assessed with
multivoxel pattern analysis (MVPA), an approach that does
not rely on BF alone and is more sensitive than conventional
univariate (voxel-by-voxel) analyses as it takes into account in-
tervoxel dependencies (Mur et al. 2009). Single-trial data from
the stimulation experiment were used for classifier training,
that is, for estimating the function that mapped the BOLD re-
sponse patterns to the corresponding frequency-specific condi-
tions. Single-trial data from the attention experiment was used
for consecutive testing, that is, to assess the generalization per-
formance of the trained classifier. In addition to these between-
experiment classifications, conventional within-experiment
classifications were conducted based on a leave-one-run-out
procedure. The chance level was estimated empirically as the
median of 200 accuracy values obtained iteratively after shuf-
fling the frequency labels on each iteration. The classifier
used was a support vector machine with a linear kernel and a
penalty parameter C = 1 (Chang and Lin 2011). MVPA was ap-
plied to the whole set of voxels within each ROI (i.e., no search-
light approach).

Outcomes from the decoding were summarized as the per-
centage of correctly decoded test trials (an overall accuracymeas-
ure) and d′ (a decision criterion-free discrimination performance
measure). Contingency tables (Fig. 6C) were built by counting for
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each auditory attention condition (rows) the number of trials
for which the classifier reported a specific frequency (columns).
For display purposes only, this number was expressed as a per-
centage of the row sum (i.e., of the total number of trials in the at-
tention condition) to correct for potentially unbalanced trial
numbers induced by rejecting trials containing attentional
lapses. d′ was computed for each frequency by first extracting
the table column associated with that frequency and then taking
the cell on the table diagonal as the number of hits and the sum
of the 2 other cells within that column as the number of false
alarms. Overall, d′ was computed from the sums of the fre-
quency-specific hits and false alarms.

Control Experiment Outside MR Scanner

A behavioral control experiment and fMRI debriefings were con-
ducted with the aim to rule out the possibility that participants
achieved their good performance in the attention experiment
during fMRI by using mental strategies other than paying sus-
tained selective attention to the cued frequency band (e.g., by re-
stricting their attention only to the end of the stimuli [Thompson
et al. 2011]). We recruited 10 control participants who matched
our fMRI participants in terms of age and gender asmuch as pos-
sible. They underwent the same initial training session, but then
performed the gap detection task in 2 blocks of 54 trials, with 1
block involving no attentional cue. Blocks and trialswithin blocks
were presented in random order. Statistical group comparisons
were done using the Wilcoxon rank-sum tests based on the W-
statistic.

Results
Behavioral Results

Figure 2A shows behavioral results from the stimulation experi-
ment: Listeners were able to judge pitch almost perfectly (overall
accuracy: 98.0 ± 0.4%, d′: 4.52 ± 0.1), with no significant difference
between frequency bands [χ2(2) = 3.62, P = 0.16]. Figure 2B shows
results from the attention experiment: Listeners were able to de-
tect the gap with high accuracy in all bands (overall accuracy:
90.0 ± 1.8%, d′: 2.34 ± 0.2), with higher sensitivity for the flanker
bands than the middle band (low vs. middle: W = 117, z = 3.24,
corrected P = 0.0036; middle vs. high: W = 19, z =−2.33, corrected
P = 0.060). Overall performance differed substantially across

the 2 experiments (difference in overall d′: 2.18 ± 0.22, W = 120,
z = 3.38, P = 0.00036), indicating that the task in the attention ex-
periment was much more demanding.

To corroborate that listeners in the attention experiment in-
deed paid selective attention to the frequency band specified by
the attentional cue, we repeated this experiment outside the MR
scanner in another group of listeners while varying the avail-
ability of the cue. Consistent with outcomes from uncertain-
frequency detection experiments (Creelman 1960), results in
Figure 2C show thatwhen listenerswere kept naïve about the tar-
get frequency band by not providing them with an attentional
cue, they were overall much less able to detect a gap in that
band (W = 55, z = 2.75, corrected P = 0.0089; comparison with the
fMRI group: W = 63, z = 3.14, corrected P = 0.0051). These results,
together with listeners’ written introspective reports from de-
briefings, imply that they achieved their good performance in
the fMRI experiment by exploiting the attentional cue and paying
sustained selective attention to the target frequency band. In the
control task, detection performance was 75.8 ± 2.9%, suggesting
that participants paid attention to the visual stimuli in this
condition.

Definition of Primary and Nonprimary Auditory Cortical
Regions

To enable investigation of attentional modulation at distinct
auditory cortical processing stages, we first defined primary AC
as themiddle andmedial portions of Heschl’s gyrus (hereafter re-
ferred to as PAC), and nonprimary AC as plana polare et temporale,
that is, as the superior temporal cortex excluding PAC (hereafter
referred to as STC−); see Materials and Methods. The resulting 2
nonoverlapping ROIs are shown in Figure 3B and Supplementary
Figure 1. Figure 3C illustrates the degree to which each ROI sepa-
rated the cytoarchitectonically defined probabilistic primary area
Te1 (Morosan et al. 2001) from the nonprimary superior temporal
cortex for a range of probability thresholds. The latter parameter
quantifies the reliability of area Te1 to resemble primary AC
across individual brains, with larger values indicating a more
confined andmore reliable area Te1 (Rademacher et al. 2001). Re-
sults show that PAC was a significantly better identifier of Te1
than STC—at all probability thresholds (all corrected P < 0.0034),
suggesting that the obtained ROIs indeed resembled distinct pro-
cessing stages.

Figure 2. Behavioral results. The boxplots show listeners’ average pitch judgment performance (A) and gap detection (B) performance inside the MR scanner, for each

frequency band (red, green, blue) and pooled across bands (black). (C) Overall gap detection performance outside the MR scanner when the attentional cue was

present or absent, and for reference inside the scanner when the cue was present (same as B rightmost). These results indicate that listeners could effortlessly

identify pitch in the stimulation experiment and paid selective attention to the frequency band that was specified by the attentional cue in the attention experiment.

*P < 0.01, **P < 0.001, n.s., nonsignificant. Horizontal lines depict lower quartile, median, and upper quartile (from bottom to top); circles represent individual points

outside this range; and notches indicate 95% confidence intervals about the median.
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Figure 3. Definition of primary and nonprimary auditory cortical regions. The rectangle in (A) illustrates the positioning of the fMRI slices on an anatomical image from 1

participant. Thewhite outlines in (B) illustrate, for each cerebral hemisphere, the locations of the 2nonoverlappingROIs (small region: PAC, large region excluding PAC: STC

−) on an inflated representation of the cortical gray–whitematter boundary averaged across participants. Single-subject data are provided in Supplementary Figure 1. The

boxplots in (C) show that on average, PAC (black)was a significantly better identifier of the cytoarchitectonically defined probabilistic primary area Te1 (Morosan et al. 2001)

than STC− (gray), irrespective of the probability threshold used to define Te1. This indicates that PAC was more representative of primary AC than STC−.

Figure 4. Topography of BOLD response enhancement induced by frequency-selective attention. (A) Our approach for investigating the detailed topography of attentional

enhancement induced by frequency-selective attention. (B and C) Outcomes averaged across participants. Single-subject data are provided in Supplementary Figure 2. (B)

(Upper part) The topography of attentional BOLD response enhancement in the left and right superior temporal cortex. Analogously, (B) (lower part) illustrates the

topography of observed conventional sensory BF representations. In both cerebral hemispheres, attentional modulation exhibited a topography that matched well the

tonotopic organization of AC identified by the sensory BF representations (compare upper and lower parts of B). Boxplots in (C) that the similarity index (a measure of

overlap between 2 BF maps, explained in A) was significantly larger than zero in PAC (upper plot) but not in STC− (lower plot), indicating that the topographies of

attentional enhancement and sensory BF representation in primary AC were congruent well above chance. These results show that BOLD response enhancement

induced by frequency-selective attention follows the detailed tonotopic layout of stimulus frequency-driven BOLD responses in primary AC. *P < 0.05, n.s., nonsignificant.
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Topography of BOLD Response Enhancement Induced
by Frequency-Selective Attention

Having established a primary region (PAC) and a predominantly
nonprimary region (STC−), we next conducted 3 analyses aimed
to characterize the link between frequency-selective attention
and sensory frequency representations at each putative process-
ing stage.

In the first analysis, we obtained the detailed topography of
subject-specific cortical BOLD response enhancements induced
by frequency-selective attention and tested whether this topog-
raphy matched the sensory-driven tonotopic layout of superior
temporal cortex (Fig. 4A and Materials and Methods). As de-
scribed in the Materials and Methods section, we obtained BF
maps from the attention experiment to visualize spatial varia-
tions in maximum attentional enhancement that were induced
by shifts in frequency-selective attention, not acoustic input
changes. Figure 4B (top) shows the resulting attended BF maps
averaged across listeners; for single-subject data, see Supple-
mentary Figure 2. Themaps revealedmultiple delimited regions:
patches neighboring PAC in the anterior and posterior direction
(in plana polare et temporale) typically exhibited the strongest
modulation when the listener focused on the high frequency,
whereas patches neighboring PAC in the lateral direction (antero-
lateral Heschl’s gyrus and superior temporal gyrus) showed the
strongest modulation for attention to the lower frequencies.
This average spatial layout was visible in both cerebral hemi-
spheres. Overall, it was similar to the topography of conventional
sensory BF maps obtained from the stimulation experiment
(Fig. 4B bottom), which revealed a clear tonotopic organization
in PAC and nearby regions as expected (for a review, see Saenz
and Langers 2014).

To validate this informal observation, we assessed the
congruency of attended and sensory BF maps within each
ROI using the similarity index (Fig. 4A and Materials and
Methods). We observed that the average proportion of PAC
voxels exhibiting a congruent BF was 34.8 ± 0.74%, whereas
for STC voxels, this proportion was 33.2 ± 0.54%. Results in Fig-
ure 4C show that across listeners, the similarity index was in-
deed reliably larger than zero, indicating above-chance
topographic congruency in PAC (upper plot: similarity index
1.83 ± 0.67%, W = 99, z = 2.19, P = 0.014), but not in STC− (lower
plot: similarity index 0.43 ± 0.48%, W = 83, z = 1.28, P = 0.10),
with no significant difference between ROIs (W = 87, z = 1.51, P
= 0.066) or between BF regions within each ROI [PAC: χ2(2) =
3.73, P = 0.15; STC−: χ2(2) = 3.60, P = 0.17]. In sum, these spatial
results show that BOLD response enhancement induced by
frequency-selective attention in a scene follows the detailed
tonotopic layout of sensory frequency-evoked BOLD responses
in primary AC.

Frequency Selectivity of Attentional BOLD Response
Modulation

While the results so far detail the spatial cortical layout of atten-
tional enhancement induced by frequency-selective attention in
a scene, they provide only limited information about the effect of
paying selective attention to (or away from) a particular fre-
quency band on the shape of the cortical frequency response.
To address this issue, we assessed in the second analysis atten-
tional modulation within spatially averaged BF channels (Fig. 5A
and Materials and Methods) as a function of the attended fre-
quency and the channel’s BF.

Figure 5. Frequency selectivity of attentional BOLD responsemodulation. (A) Our approach for investigating the nature, strength, and frequency selectivity of attentional

modulation in sensory BF channels. (B and C) Outcomes (median ± SEM) averaged across participants for region PAC. Outcomes for STC− are shown in Supplementary

Figure 3. In (B), attentional BOLD response modulation is plotted as a function of the BF channel (a voxel population responding preferentially and uniformly to a

specific sensory frequency), separately for each auditory attention condition (i.e., for each row of the modulation matrix in A). In (C), attentional modulation is plotted

as a function of spectral distance, a measure quantifying how much the channel’s BF matches the attended frequency. These results show a frequency-specific

reshaping of the frequency response of primary AC by frequency-selective attention, revealing frequency-selective BOLD response enhancements of up to

approximately 0.6 dB and no significant suppression relative to nonauditory attention. *P < 0.05, n.s., nonsignificant.
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Results in Figure 5B show that auditory attention-induced
modulations of BF channels in PACwere predominantly positive,
indicating BOLD response enhancement rather than attenuation,
relative to nonauditory (visual) attention. The frequency re-
sponse of PAC (i.e., the function relating attentional modulation
to the channel’s BF) revealed a characteristic peak for the low,
middle, and high BF channel under auditory attention to the
low, middle, or high frequency band (respectively), indicating
a frequency-selective attentional reshaping of the frequency
response of human primary AC as observed previously based
on a smaller number of target frequencies (Da Costa et al. 2013).

To verify this informal observation, we assessed attentional
modulation as a function of spectral distance, a measure quanti-
fying the mismatch between the channel’s BF and the attended
frequency (Fig. 5A and Materials and Methods). Results in
Figure 5C show that spectral distance had a systematic effect
on attentional modulation [χ2(2) = 10.13, P = 0.0063]: channels
tuned to the attended frequency underwent the strongest modu-
lation, on average 0.58 dB. Modulation of these “attended chan-
nels” was significantly larger than zero (0 × Δf: W = 91, z = 1.73,
P = 0.042), and a similar effect was found for the adjacent chan-
nels (1 × Δf: W = 90, z = 1.68, P = 0.047), but no such effect was
found for more distant channels (2 × Δf: W = 68, z = 0.43, P = 0.34).
This frequency selectivity of attentional modulation was ob-
served exclusively in PAC, not in STC− (see Supplementary
Fig. 3A and B and Results). In sum, these spectral results show
that frequency-selective attentional reshaping of the frequency
response of human primary AC involves selective enhancement

of attended frequency-evoked BOLD responses by up to approxi-
mately 0.6 dB, but no significant suppression of unattended fre-
quency-evoked BOLD responses, relative to nonauditory (visual)
attention. This pattern is consistent with the operation of an at-
tentional bandpass filter in human primary AC (see Introduction)
that uses amplification rather than attenuation.

Informational Content of Cortical Frequency
Representations

While the results so far characterize the link between frequency-
selective attention in a scene and sensory frequency representa-
tions in primary AC, they allow no firm conclusion regarding
nonprimary AC, probably because the applied BF approach failed
to capture the more complex neuronal frequency tuning com-
monly observed in this region (Moerel et al. 2012; Nourski et al.
2014; Santoro et al. 2014) (see Supplementary Fig. 3C and Results).
To circumvent this issue, we assessed frequency representations
in our third analysis with MVPA, an approach that does not de-
pend on single BFs alone (Fig. 6A and Materials and Methods).
We first trained a classifier to discriminate sensory frequency
representations, defined here as the spatially distributed BOLD
response patterns that we observed in the different stimulation
experiment conditions. We then tested whether the trained
classifier could successfully decode the listener’s focus of
frequency-selective attention fromattended frequency represen-
tations, defined here as the patterns observed in the different
auditory attention conditions of the attention experiment.

Figure 6. Informational content of cortical frequency representations. (A) Our MVPA approach for investigating the cortical encoding of the listener’s focus of frequency-

selective attention based on spatially distributed sensory frequency representations. (B and C) Outcomes averaged across participants for both ROIs (left: PAC, right: STC−).
The boxplots in (B) summarize the classifier’s unbiased decoding performance as assessed with d′ for each attended frequency band (red, green, blue) and pooled across

bands (black), relative to the chance level (gray horizontal line). These results show that, after learning to identify sensory frequency representations (i.e., the BOLD

response patterns evoked by the different sensory frequencies), the classifier could successfully decode the flanker frequency that the listener was paying attention

to, based on the accompanying BOLD response patterns in each PAC and STC−. The contingency tables in (C) illustrate for each auditory attention condition (rows) the

proportion of trials (median across participants) for which the classifier decoded a specific frequency (columns) from PAC (left table) and STC− (right table), using a

grayscale. Cells where the proportion of decodings was above chance (>33.33%) are indicated by crosses. The tables reveal that the decoding was biased toward the

middle band. In sum, these results indicate that sensory frequency representations in primary AC and nonprimary AC, as assessed with fMRI and MVPA, encode the

frequency that the listener is paying selective attention to. *P < 0.05, **P < 0.005, n.s., nonsignificant.
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Results from this between-experiment classification show
that the classifier could successfully decode the attended fre-
quency from the measured BOLD response patterns, not only in
PAC (which was expected based on our BF-based results), but
also in STC−. Averaged across listeners, the observed decoding
accuracy was 36.36 ± 0.87% (PAC) and 37.37 ± 1.26% (STC−). As in
many previous MVPA studies, these overall accuracies differed
much less from the chance level (33.33%) compared with listen-
ers’ behavioral performance; yet above-chance decoding per-
formance could be reliably observed across listeners: Statistical
group results in Figure 6B show that the classifier’s unbiased de-
coding performance was significantly above chance in each ROI
(PAC: overall d′: 0.11 ± 0.04 > 0, W = 106, z = 2.58, P = 0.0049; STC−:
overall d′: 0.13 ± 0.05 > 0,W = 99, z = 2.18, P = 0.014) with no signifi-
cant difference between ROIs (W = 50, z = −0.19, P = 0.57). Closer
inspection of decoding of individual frequency bands revealed
that these overall above-chance results were dominated by
the flanker bands (low or high band), that is, the classifier was
less sensitive (it made more false alarms and/or misses) for
the middle band than the flanker bands. Although this differ-
ence in unbiased decoding performance did not reach statistic-
al significance [PAC: χ2(2) = 5.73, P = 0.057; STC−: χ2(2) = 2.53,
P = 0.28], further analysis of decoding accuracies (Fig. 6C) re-
vealed that the classifier misclassified selective attention to
the flanker bands significantly more often as attention to the
adjacent (middle) band than as attention to the other flanker
band in each ROI (PAC: difference = 23.0 ± 4.4 trials, W = 102, z =
3.077, P = 0.0010; STC−: difference = 18.2 ± 4.1 trials, W = 102, z =
3.077, P = 0.0010). This indicates that the classifier was biased,
that is, it had a strong tendency to report specifically themiddle
band, implying that its low sensitivity to this band (see un-
biased decoding performance) reflects primarily an inflated
number of false alarms.

In sum, these results show that frequency-selective atten-
tion in a scene induces spatially distributed BOLD response pat-
terns congruent with those evoked by the corresponding
sensory frequency alone, not only in primary AC, but also
in nonprimary AC. They further indicate that more distant
attended auditory frequencies are associated with more dis-
criminable cortical representations, as observed in previous
classification studies on spatially distributed sensory fre-
quency representations in human superior temporal cortex
(Nourski et al. 2014; Schonwiesner et al. 2015). Noteworthy,
we also observed significant above-chance decoding perform-
ance in conventional within-experiment classifications (i.e.,
when data used for training and decoding were limited to a sin-
gle experiment; see Supplementary Results), underscoring the
validity of our decoding approach.

Discussion
Our fMRI results characterize the link between frequency-select-
ive attention in an auditory scene and frequency representations
throughout the human superior temporal cortex. First, the spa-
tial results show that frequency-selective attentional BOLD re-
sponse enhancement follows the tonotopic organization of
sensory frequency representations in human primary AC. Sec-
ondly, the spectral results underscore that frequency-selective
attentional BOLD response modulation reshapes the frequency
response of primary AC analogous to an attentional bandpass fil-
ter primarily based on amplification. Finally, the decoding results
reveal that frequency-selective attentional BOLD response
modulation enforces frequency representations not only in pri-
mary AC, but also in higher auditory areas.

Tonotopy of Frequency-Selective Attentional
Enhancement

By investigating attentional modulation throughout the entire
superior temporal cortex, across individual voxels, and across 3
target frequencies, we were able to show that attentional modu-
lation follows the detailed tonotopy of human primary AC. This
finding is consistent with previous animal electrophysiology
findings (Atiani et al. 2009) and extends human fMRI studies ob-
serving this spatial congruency with lower spatial detail (i.e.,
within large pooled voxel populations) (Paltoglou et al. 2009; Da
Costa et al. 2013; Oh et al. 2013). Our observation of cortical tono-
topy of attentionalmodulation has at least 3 implications: First, it
extends animal findings showing that frequency-selective atten-
tion modulates frequency-specific AC neuronal populations and
their receptive fields (Fritz, Elhilali, David, et al. 2007; Fritz, Elhilali,
Shamma, 2007; Lakatos et al. 2013; O’Connell et al. 2014) to the
human AC (Da Costa et al. 2013). Secondly and relatedly, it sup-
ports the more general notion that feature-selective auditory at-
tention modulates the representation of attended sensory
features in human AC (Ahveninen et al. 2006; Krumbholz et al.
2007; Altmann et al. 2008; Paltoglou et al. 2009; Woods et al.
2009; Da Costa et al. 2013; Oh et al. 2013; Lee et al. 2014) rather
than constituting an independent processing stage (Näätänen
1992; Petkov et al. 2004). Finally, it indicates that frequency-se-
lective attention may act as a spatial filter in early processing
stages in human AC, that is, as an attention-controlled, large
“spotlight” directed toward the specific tonotopic frequency re-
gion that is relevant for the current task, as proposed earlier
based on animal findings (Fritz et al. 2010). This idea parallels
fMRI findings on visuospatial attention in retinotopic maps
of the primary visual cortex (Tootell et al. 1998; Brefczynski
and DeYoe 1999), suggesting a generic mechanism for feature-
selective attention in human primary topographic cortex.

Using avoxel-wise BFapproach in nonprimary AC,we initially
failed to replicate our spatial result in primary AC, although vis-
ual inspection suggested some congruency not only in our pri-
mary region but also in immediately neighboring regions.
Based on supplementary frequency-selectivity analyses (see
Supplementary Fig. 3C and Results), this initial null result can
be attributed to a failure of our BF approach to capture frequency
representations in nonprimary AC. Neuronal populations in this
higher order region typically exhibit more complex frequency
tuning curves (Moerel et al. 2012; Nourski et al. 2014; Santoro
et al. 2014) that may have captured more than single “best” fre-
quency band in our attention experiment, a point on which we
elaborate below.

Attentional Bandpass Filtering in Human Primary AC

Together with previous studies in animals (Fritz et al. 2003, 2005;
Fritz, Elhilali, David, et al. 2007; Fritz, Elhilali, Shamma, 2007;
Atiani et al. 2009; Lakatos et al. 2013; O’Connell et al. 2014) and
humans (Da Costa et al. 2013), our results on attentional reshap-
ing provide converging support for the existence of an attentional
bandpass filter that operates on tonotopic frequency representa-
tions at a primary cortical processing stage or possibly earlier
stages (Suga et al. 1997; Perrot et al. 2006). Compared with related
human fMRI studies, our spectral results build on a larger sample
and a more rigorous approach that prevents potentially con-
founding effects of attention to irrelevant sound features or scan-
ner noise. Moreover, our results reveal the frequency response of
the proposed filter based on a larger number of target frequencies
and attentional states, highlighting that attentional filtering of
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sound-evoked BOLD responses in human primary AC can take
the formof a bandpass filter (rather than a low- or high-pass filter
alone, as was shown before) that operates primarily based on
amplification.

Our bandpass filter interpretation builds on our observation
that attentional modulation is a function of spectral distance in
primary AC: representations of frequencies that were closer to
the attended frequency underwent stronger attentional BOLD re-
sponse enhancement, as observed in animal electrophysiology
work (Atiani et al. 2009). Noteworthy, we observed enhancement
of frequency representations as far as 1.9 octaves away from the
attended frequency, implying that the proposed filter integrates
several critical bands. This fairly broad tuning could reflect that
listeners occasionally failed to completely ignore the outputs of
peripheral auditory filters centered off the target frequency
(Moore et al. 1996) when attempting to segregate the target fre-
quency. While we analyzed only trials with correct responses,
such presumed failures might have resulted in attentional co-
modulation of nontarget frequency representations (Alain and
Arnott 2000; Shinn-Cunningham 2008), especially for the fre-
quencies immediately neighboring the target frequency, because
perceptual segregation ofmore nearby frequencies tends to build
up more slowly (Bregman 1978; Carlyon et al. 2001). In this view,
the observed frequency-selective attentional BOLD response en-
hancement could hint to a neural basis for auditory stream seg-
regation based on spectral cues (Wilson et al. 2007; Hill et al. 2011;
Wiegand and Gutschalk 2012).

Indeed, the attentionalmodulationpatterns observedhere and
elsewhere (Bidet-Caulet, Fischer, Bauchet, et al. 2007; Bidet-Caulet,
Fischer, Besle, et al. 2007; Xiang et al. 2010)fit the notionof a neural
contrast-matched filter in humanAC. According to thismodel ori-
ginally derived fromanimal studies (Fritz et al. 2003, 2005; Fritz, El-
hilali, David, et al. 2007; Fritz, Elhilali, Shamma, 2007), feature-
selective attention in a scene operates by enhancing the cortical
contrast between the attended feature and unattended features
to facilitate perceptual segregation. More recent findings have in-
dicated that this contrast may arise from a counter-phase oscilla-
toryentrainment across differently tunedprimaryAC regions, that
is, representations of an attended/unattended frequencymaysyn-
chronize/desynchronize their neuronal excitability with the
rhythm of the attended sound (Lakatos et al. 2013; O’Connell
et al. 2014; Kayser et al. 2015).

Our observation of a general BOLD response amplification in
primary AC induced by auditory attention versus visual attention
agrees with previous human neuroimaging findings (Woodruff
et al. 1996; Grady et al. 1997; Jancke et al. 1999; Johnson and
Zatorre 2005; Rinne et al. 2005; Degerman et al. 2006; Paltoglou
et al. 2009) and motivates our interpretation that attentional
bandpass filtering in this region relies mostly on amplification
of sound-evoked BOLD responses, rather than attenuation. How-
ever, as discussed below (section Limitations), our fMRI results do
not preclude that frequency-selective attention can involve sup-
pression of neural responses to unattended frequencies (lateral
inhibition or sideband suppression) when, for example, com-
pared with passive listening or assessed with electrophysiology
(Bidet-Caulet, Fischer, Bauchet, et al. 2007; Bidet-Caulet, Fischer,
Besle, et al. 2007; Besle et al. 2011; Lakatos et al. 2013; O’Connell
et al. 2014).

Frequency-Selective Attention Recruits Sensory
Frequency Representations in Nonprimary AC

By exploiting the high sensitivity of MVPA, wewere able to estab-
lish a link between frequency-selective attention and (spatially

distributed) frequency representations in human nonprimary
AC. Similar to our spatial results reported above, our fMRI decod-
ing results show that frequency-selective attention in a scene
overlays AC with a frequency-specific modulation pattern, that
is, it induces a (cortically distributed) BOLD responsemodulation
pattern that matches the response pattern evoked by the at-
tended sensory frequency alone. Importantly, our decoding ap-
proach enabled us to extend this outcome to nonprimary AC
and thus emphasize that frequency representations at each pro-
cessing stage of AC (primary and nonprimary) can encode the
focus of frequency-selective attention. This novel evidence for
the existence of frequency-selective attention modulation of fre-
quency representations in human nonprimary AC lines up with
previous human findings on feature-selective attentional modu-
lation (Ahveninen et al. 2006; Krumbholz et al. 2007; Altmann
et al. 2008) and spatially distributed sound/task representations
(Formisano et al. 2008; Staeren et al. 2009; Bonte et al. 2014) in
nonprimary AC.

Besides this conceptual advance, our study provides a pos-
sible methodological contribution to future studies of sensory
feature representations and feature-selective attention. Our de-
coding approach enables not only to capture sensory feature re-
presentations arising from neuronal populations with complex
(multipeaked) feature tuning curves, but also to detect with
high sensitivity whether these representations are modulated
under feature-selective attention. This may render our approach
an attractive alternative to conventional “best” (maximum) re-
sponse-based approaches that fail to capture multipeaked fea-
ture tuning curves.

Limitations

Our interpretation requires a few cautionary remarks. First, while
we succeeded in visualizing and characterizing large-scale cor-
tical patterns of attentional modulation based on the BOLD re-
sponse, we cannot disambiguate whether these modulations
reflect increased neuronal gain (Hillyard et al. 1973; Woldorff
et al. 1993), increased neuronal selectivity (Fritz et al. 2003,
2005; Fritz, Elhilali, David, et al. 2007; Fritz, Elhilali, Shamma,
2007; Jaramillo and Zador 2011; David et al. 2012), neuronal oscil-
latory phase entrainment (Besle et al. 2011; Lakatos et al. 2013;
O’Connell et al. 2014), or combinations thereof (Kauramaki et al.
2007; Okamoto et al. 2007, 2009; Ahveninen et al. 2011), because
the measured BOLD signals likely reflect a mixture of excitatory
and inhibitory neuronal activity (Logothetis and Wandell 2004).
Further experimentation using our paradigm with more direct
measures of neural activity will be necessary to resolve questions
regarding underlying neuronalmechanisms. Moreover, although
we compared individual ROIs with a standardized, cytoarchitec-
tonically defined probabilistic map of primary AC, we cannot ex-
clude that these ROIs contained a fraction of nonprimary tissue
and primary tissue, respectively, as there exists currently no un-
equivocal definition of human primary AC in vivo (Moerel et al.
2014), or that the observed effects originate from lower level
structures. In future studies, inclusion of additional individual
anatomical constraints based on myeloarchitecture mapping
and subcortical structures in the imaging volume (Dick et al.
2012; De Martino et al. 2015) may help reduce these ambiguities.

Conclusion
Our fMRI study shows that goal-oriented frequency-selective at-
tention in an auditory scene may operate by enforcing the fine-
grained large-scale spatial activity pattern that would be evoked
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throughout the entire superior temporal cortex by the attended
frequency if that frequency was present alone. Spatially distribu-
ted frequency representations at multiple (tonotopic and nonto-
notopic) AC processing stages appear to play pivotal roles in this
regard, contributing to auditory phenomena such as selective
perception of audio frequencies, the “listening band,” and per-
ceptual segregation of sounds in auditory scenes. An interesting
question for further research is howprimary andnonprimary fre-
quency representations are modulated under selective attention
to more complex sounds, such as speech, that contain multiple
salient frequencies and preferentially activate nonprimary AC
regions.

Supplementary Material
Supplementary material can be found at: http://www.cercor.
oxfordjournals.org/.
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