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Columnar arrangements of neurons with similar preference have
been suggested as the fundamental processing units of the cerebral
cortex. Within these columnar arrangements, feed-forward infor-
mation enters at middle cortical layers whereas feedback informa-
tion arrives at superficial and deep layers. This interplay of feed-
forward and feedback processing is at the core of perception and
behavior. Here we provide in vivo evidence consistent with a
columnar organization of the processing of sound frequency in
the human auditory cortex. We measure submillimeter functional
responses to sound frequency sweeps at high magnetic fields (7
tesla) and show that frequency preference is stable through cortical
depth in primary auditory cortex. Furthermore, we demonstrate
that—in this highly columnar cortex—task demands sharpen the
frequency tuning in superficial cortical layers more than in middle
or deep layers. These findings are pivotal to understanding mecha-
nisms of neural information processing and flow during the active
perception of sounds.

columns | tonotopy | fMRI | 7-Tesla | depth-dependent

uditory perception starts in our ears, where hair cells at

different places in the cochlea respond to different sound
frequencies. The spatially ordered arrangement of neural re-
sponses to frequencies (tonotopy) that arises from this trans-
duction mechanism is preserved in subcortical (1, 2) and cortical
stages of processing, where neuronal populations form multiple
tonotopic maps (3, 4). At the cortical level, tonotopic maps de-
scribe systematic changes along the surface. In the orthogonal
direction (i.e., perpendicular to the cortical surface), aggregates
of neurons with parallel axons have been reported (5, 6). These
anatomical observations of cortical microcolumns inspired in-
vasive electrophysiological investigations in cats (7), demonstrat-
ing that frequency preference is constant across cortical depth
(i.e., frequency columns). Since this early study, frequency col-
umns have been observed in a variety of animals (3, 8-10), and a
columnar organization has been suggested for other acoustic
properties (10, 11). Despite this anatomical and physiological evi-
dence from animal models, the role of cortical columns in auditory
perception is not understood (6, 12, 13). To unravel intra-
columnar computations, it is of fundamental importance to an-
alyze the transformation of information across cortical depths.
Differences in cell types and in patterns of input and output
projections suggest a distinct role of cortical layers in neural
information processing (5). In particular, behavioral demands
and ongoing brain states can modulate the functional properties
of layer 2/3 neurons, suggesting that supragranular neuronal
populations may be of fundamental relevance for the processing
of sensory information in a context-dependent manner (14).
Recordings in the primary auditory cortex of animals have shown
differences across layers in response latency (15, 16), in fre-
quency selectivity (i.e., tuning width) (8, 16), and in the com-
plexity of neuronal preference to acoustic information (i.e.,
receptive field) (17). However, the reports are not concordant
across species. Moreover, most of the knowledge regarding
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auditory columnar processing has been obtained in anesthetized
animals, making its relation to human behavior unclear.

To date, there is no functional evidence for a columnar or-
ganization and for the layer-dependent processing of sound
frequency in the human auditory cortex from either invasive or
noninvasive recordings. In this study, we address this question
noninvasively using high magnetic field (7 tesla) functional
magnetic resonance imaging (fMRI) at high spatial resolution
and specificity (18, 19). We acquired functional images in the
primary auditory cortex (PAC) of five healthy volunteers and
estimated the best frequency (BF) responses voxel-by-voxel.
Then, by analyzing the 3D spatial variations of these responses,
we identified the PAC regions with a stable arrangement of BF
across cortical depths. The term “column” has been used with
multiple meanings in the past (13). Here, we refer to columnar
region as the cortical region where the variation of frequency
with depth is significantly smaller compared with the frequency
variation orthogonal to depth (i.e., across the surface) (SI Text).
Further, we examined the functional differences across cortical
layers by estimating the cortical depth-dependent changes in
frequency tuning during an auditory and a control visual task.
We hypothesized that additional top-down processing en-
gaged by the auditory task would modulate the frequency
tuning of fMRI responses in the PAC in a cortical depth-
dependent manner. Finally, we simulated how the observed
changes of frequency tuning across layers and tasks may result
in behaviorally relevant changes of neuronal population-based
sound representations.

Significance

To the best of our knowledge, our data provide the first im-
aging evidence compatible with columnar processing of sound
frequency in the human auditory cortex. Our study depicts the
human auditory cortex with unprecedented spatial detail and
demonstrates the feasibility of acquiring submillimeter func-
tional images outside visual/motor cortices, setting the stage
for a wide range of research possibilities. Our results elucidate
the role of cortical layers in bottom-up and top-down pro-
cessing of sounds, and suggest that ongoing behavioral goals
shape population-based sound representations especially in
superficial layers of A1 columns. These results may inform and
improve computational models of auditory cortical processing
and may be relevant for understanding neurological conditions
that do not yet have an imaging “biomarker” (e.g., tinnitus).
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Fig. 1. lllustration of the anatomical segmentation procedure. Anatomical images (A) are segmented to identify the white matter (B) and gray matter
(C) in the region of interest [Heschl’s gyrus (HG)]. The white/gray matter boundary is used to reconstruct 3D surfaces [blue in E; with cortical curvature
(light gray, gyrus; dark gray, sulcus) in F]. The gray matter region is used to estimate the cortical thickness and obtain regularly spaced grids (n = 3; red,
green, and blue in D, F, and G) used to evaluate the distribution of functional responses orthogonally to the white/gray matter boundary (i.e., columnar

direction).

Results

Initial Identification of the Primary Auditory Cortex and High-
Resolution Cortical Sampling. Each volunteer underwent two
scanning sessions. In the first session, we acquired a tono-
topic functional localizer with a magnetic resonance (MR)
acquisition weighted by the effective transversal relaxation
time (T,*-weighted) covering the entire auditory cortex (SI
Text). Data from these measurements were used to obtain
large-scale tonotopic maps and to identify the most likely
location of the PAC in each individual. This information was
used for positioning the higher resolution functional mea-
surements in the second session. Furthermore, in the first
scanning session, we collected high-resolution (0.6 mm iso-
tropic) anatomical data [weighted by: longitudinal relaxation
time (T,-weighted; T,w); proton density (PD-weighted; PDw);
and the effective transversal relaxation time (T,*-weighted,
T,*w) (in three of the five subjects)]. The combination of T{w

Anatomical

F-Map

Subject 3

Subject 4

%
3
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Tonotopy
Contrast Auditory Task Visual Task Average

29
L

and PDw images resulted in unbiased anatomical images with
a good contrast between white matter and gray matter (20).
These images were used to obtain a precise definition of the
gray matter cortical ribbon (Fig. 1 A-C) and to derive a 3D
surface grid (Fig. 1D) enabling the sampling of an fMRI signal
at the white/gray matter boundary (Fig. 1E) and at different
relative cortical depths (Fig. 1F and SI Text). Points at dif-
ferent cortical depths on the grid follow the direction of
maximal cortical thickness variation (Fig. 1G). We refer to
this direction as the “columnar direction” of the grid. This
process was limited to the PAC region as localized by the
large-scale tonotopic responses and the high-resolution mye-
lin-related contrast (when available) that was obtained com-
bining T;w and T,*w images (21). This procedure resulted in
the segmentation of the most medial two thirds of the Heschl’s
gyrus (HG), in agreement with previous human postmortem
anatomical studies of the human PAC (22). In agreement with

Tonotopy Tonotopy

Low ngh
Frequency

he overall response to the sounds (F-Map; FDR corrected q < 0.05), intracortical anatomical contrast
task, visual task, and average) are projected on the individual surface reconstruction of the right
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Fig. 3. Single-subject columnar analysis. Tonotopic maps are computed in
the grid space of the right HG. Permutation testing is used to determine grid
locations with a significant (P < 0.05) columnar tonotopic arrangement
(Bottom Left). (Right) Mediolateral cuts through HG and displays the vertical
distribution of frequency preference in the columnar region. Arrows indicate
example locations with high similarity in BF across cortical depths within the
columnar region. For all other subjects, see Figs. S$2-S6 and Movies S1-S6.

previous literature (23), we estimated the average cortical
thickness of this region of interest to be 2.7 mm (SE across
participants = 0.06 mm).

Analysis of Tonotopic Responses Averaged Across Cortical Depths. In
the second session, we acquired high-resolution (0.8 mm iso-
tropic) functional images weighted by the transversal relaxation
time (T,-weighted). The high specificity of the T,-weighted
measurements came at the cost of a limited field of view (SI
Text). In fact, for all our participants, the functional data of the
second session were limited to a portion of the right auditory
cortex, which was defined, subject-by-subject, based on the data
acquired in the first session (SI Text). During the measurements,
participants listened to frequency sweeps (1,000 ms long, up-
wards and downward, each spanning a frequency range of 0.4
octaves, exponential change of frequency over time) centered at
six frequencies (0.2-6.4 kHz) while fixating on a centrally dis-
played cross. Per stimulation block, sweeps with one center fre-
quency were presented (eight sweeps per block with an intertrial
interval of 1 s). Additionally, within a block, the center frequency
of sweeps varied +0.1 octaves around the block’s center frequency.
As a result, sweeps across blocks did not overlap in their frequency
content. Both upward and downward sweeps were presented. The
fixation cross, which was white during silence, changed to either
blue or red together with sound presentation. During each run,
participants were asked to perform a visual or an auditory task (six
blocks per task). In the visual task, subjects had to indicate the
color change (blue vs. red) of the fixation'cross. In the auditory

16038 | www.pnas.org/cgi/doi/10.1073/pnas. 1507552112

task, subjects had to indicate the direction of the sweep (up vs.
down). In gerbils, learning to categorize up and downward
sweeps has been previously shown to induce changes in the
neuronal representations at the level of PAC neurons (24), and
we hypothesized that our task would also induce measurable
effects at the level of neuronal populations in the human PAC.

The functional data were analyzed to estimate the responses to
all conditions (six frequencies for each of the two tasks) using a
standard general linear model. For a first quality assessment, the
data were averaged across depths and projected on the surface
boundary between white matter and gray matter. In all subjects,
the sounds elicited significant [using a threshold (q) corrected for
multiple comparisons using false discovery rate; q(FDR) of <0.05]
responses in the right medial two thirds of HG and the adjacent
Heschl’s sulcus (HS). Furthermore, responses were present in the
portions of planum temporale and polare that were included in
the acquisition field of view (Fig. 2 and Fig. S1). The voxels’ BF
was determined as the frequency eliciting the strongest response
(4) for the two tasks separately. When examining the spatial layout
of BF (averaged across cortical depths) (Fig. 2 and Fig. S1), all
subjects showed a mirror-reversed topographical organization of
frequency preference (tonotopy) for both tasks. Specifically, a
region of low frequency preference was present on HG. Regions
preferring higher frequencies were located posteromedially and
anterolaterally to HG (4).

Mapping of the Cortical Depth-Dependent Organization for Frequency
Processing. After this initial analysis, we investigated whether fre-
quency preference was constant across cortical depths. We sam-
pled the single voxel functional responses to sounds of all six
center frequencies in the depth-dependent grid space, indepen-
dently for the two tasks. For each task, this analysis resulted in
frequency response profiles for each grid point in the range (0.2-
6.4 kHz). Per task, we estimated each grid point’s BF (the frequency
eliciting the strongest response) and, using a fitting procedure (S/
Text), the full width at half maximum (FWHM) of the frequency
response for that grid point. We obtained an estimate of tuning
width (TW) as the ratio between the grid point’s BF and the
FWHM. The tonotopic maps at different cortical depths were
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Fig. 4. Task-dependent modulation of tuning width across cortical depths.
Single-subject distributions are presented together with subjects’ mean TW
value (orange and cyan dots). The mean across subjects (Bottom Right) is
presented together with error bars indicating the SE across subjects. At su-
perficial cortical depths (0.25 relative cortical thickness), TW values were
significantly higher for the auditory task compared with the visual task, in-
dicating narrower tuning (P < 0.05; paired t test).
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Fig. 5. Effect of frequency tuning width sharpening on the population responses to upward and downward sweeps. The pattern of cortical depth-
dependent inputs to a columnar region of primary auditory cortex (5, 40) is summarized on the Left. For two different cortical depths (i.e., supragranular and
granular), the frequency response of different units is simulated as a Gaussian function with mean equal to the BF and full width at half maximum (FWHM =
BF/TW) equal to the value empirically estimated from our fMRI data. The task modulation (red, auditory task; blue, visual task) acts on the TW: i.e., sharpens
the frequency response in the supragranular but not in the granular layer. Average responses to upward and downward sweeps (circles and diamonds,
respectively) are represented using 2D multidimensional scaling. As a result of the sharpening, the Euclidean distance between upward and downward
sweeps during the auditory task increases at the population level in the supragranular layers.

submitted to an analysis that evaluated the gradient of frequency
change in three dimensions. From the tonotopic gradient, we
obtained a measure of “columnarity” as the ratio between the
components of the gradient parallel and orthogonal to the co-
lumnar direction (SI Text). The ratio R was distributed in the in-
terval (0.0004-1.8) for each individual subject. Across subjects, the
average median value of R was 0.2 (SE = 0.02). Values greater
than R = 1 indicate regions where the tonotopic map varied more
along the cortical surface than across cortical depths (the co-
lumnar direction). Note that this procedure may underestimate
columnarity in regions that present a stable frequency preference
within spatially extended patches on the cortical surface. In each
subject, we tested for significance of the frequency columnarity
ratio with permutation testing (SI Text). The analysis was repeated
for both tasks, and the regions that, after permutation testing,
resulted in a significant (P < 0.05 uncorrected) columnarity ratio
in at least one of the tasks were selected. We refer to these regions
as frequency columns. The average significant threshold of R
across our participants was 0.49 (SE = 0.0045). We found such
regions in the most medial portion of HG in all subjects (Fig. 3
and Figs. S2-S5). We demonstrated the reliability of these regions
by comparing measurements taken several days apart (Fig. S6)
and addressing potential confounds of the acquisition (Fig. S7). At
lower cortical depths, the columnar region in HG was character-
ized by high intracortical contrast related to myelin (measured
in vivo in three subjects) (Fig. S8), a characteristic of the primary
auditory cortex (21, 22).

To quantify the cortical distribution of frequency in highly
columnar regions of the PAC, we calculated on each partici-
pant’s cortical surface the iso-frequency contours corresponding
to the maximum frequency and to the frequencies one to four oc-
taves lower. We then measured the cortical area covered by re-
sponses spanning one octave (i.e., we calculated the surface area
within iso-frequency lines). Averaging across octave intervals and
subjects, we obtained an estimate of 16 mm® (+3 mm? SE),
per octave.

Task- and Layer-Dependent Modulations of Frequency Tuning. Within

the identified columnarly organized HG regions, we did not
observe significant changes in the overall fMRI response with

De Martino et al.

task. This result is possibly due to the relative simplicity of both
tasks: Behavioral performance was of 91% and 92% for the
auditory and visual tasks, respectively, with no significant dif-
ference across tasks and subjects. Furthermore, frequency pref-
erence did not show any significant change across the two tasks.
Instead, we observed a narrower tuning width during the
auditory task compared with the visual task (Fig. 4). At the group
level, the difference was significant (P < 0.05, paired ¢ test) at
superficial cortical depths only. This finding suggests that a se-
lective refinement of acoustic information occurs within a column
and that top-down information relevant to behavior acts primarily
in superficial layers and to a lesser degree in deeper layers. In fact,
in our experiment, narrower frequency tuning allowed better dis-
crimination at the neuronal population level between upward and
downward sweeps. A simulation of tonotopic responses with BF
and TW in the ranges obtained with our fMRI responses illus-
trates this effect (Fig. 5, Right and SI Text).

Discussion

Our results provide direct evidence of a stable arrangement of
frequency preference across depths of the human primary au-
ditory cortex (Fig. 5, Left). We analyzed the gradients of fre-
quency preference on the cortical surface and across cortical
depth in the right HG and adjacent HS in five healthy volunteers.
By doing, so we did not identify single discrete columnar entities,
but rather showed that the most medial portion of HG exhibited
significantly smaller variability of the population frequency pref-
erence in the direction orthogonal to the cortical surface com-
pared with the rest of the imaged field of view. We refer to this
region as a highly columnar region of the cortex. The identifica-
tion of the columnar region in single subjects was remarkably
stable across tasks even at several days of separation. Further, the
columnar locations exhibited higher cortical contrast related to
myelin in deep sections of the cortex, a characteristic of the PAC
(22). To achieve high spatial specificity and resolution, our func-
tional (T,-weighted) scans were acquired with field of view re-
striction and covered one hemisphere.

The presence of regions with almost constant frequency
preference across cortical depth reflects the relevance of fre-
quency processing in these cortical regions, but by itself it does

PNAS | December 29,2015 | vol. 112 | no.52 | 16039

NEUROSCIENCE

www.manaraa.com


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1507552112/-/DCSupplemental/pnas.201507552SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1507552112/-/DCSupplemental/pnas.201507552SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1507552112/-/DCSupplemental/pnas.201507552SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1507552112/-/DCSupplemental/pnas.201507552SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1507552112/-/DCSupplemental/pnas.201507552SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1507552112/-/DCSupplemental/pnas.201507552SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1507552112/-/DCSupplemental/pnas.201507552SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1507552112/-/DCSupplemental/pnas.201507552SI.pdf?targetid=nameddest=STXT

o
8
S
&
o
8
&
E
e
8
@
o
=
S
B
2
=3
3
3
3
<]
=
g
o
g
=
8
I
@
o
©
o
8
°
8
k-l
8
S
=
H
8
a

not reveal the nature of the computations that are performed
within these regions. To investigate the nature of these compu-
tations, we analyzed cortical depth-dependent changes induced
by different tasks. Previous literature has shown that fMRI can
detect layer-dependent signal changes using both T,*-weighted
and T,-weighted measurements (25-30). We analyzed the dif-
ferential changes induced by the auditory and visual tasks on the
frequency population tuning and selectivity. We were able to
show that population level frequency responses sharpen with
cortical depth when attending to the auditory stimuli. These
results provide strong evidence that acoustic information pro-
cessing in primary cortical areas is modulated by task demands, a
result that has been debated in the literature (31-34). Further,
we demonstrate that attention can selectively improve neural
processing of acoustic information within a column by sharpening
the receptive field in upper cortical (supragranular) layers (Fig. 5,
Center). At the neuronal population level, this effect results in
increased distance between the responses to upward and down-
ward sweeps (Fig. 5, Right). The sharpening of the tuning width
may be explained by the task-induced phase reset of frequency-
selective neuronal populations, which has been shown to have
the most pronounced effects in supragranular auditory layers
(35, 36).

Previous animal studies have shown that the shape of receptive
fields of primary auditory neurons can be modulated by a detection
(37) and discrimination (38) task compared with passive listen-
ing. Here, by asking participants to perform either a visual or
auditory task, we were able to modulate population frequency
responses and observe these changes noninvasively with fMRI.
These changes were visible despite the relatively weak manipu-
lation of attention (task performance was 91% and 92% for the
auditory and visual task, respectively). The effective relation and
relevance to behavior of this mechanism need to be further in-
vestigated: e.g., by manipulating parametrically the difficulty of
an auditory task.

Our study of frequency preference paves the way for in vivo
investigations into the fine-grained representation and process-
ing of acoustic properties in auditory cortex. Using complex
stimuli, such as dynamic ripples and natural sounds, it is possible
to derive the neuronal population preference to spectrotemporal
acoustic properties beyond frequency (39). Together with
those stimuli, the methods used here can be exploited to in-
vestigate cortical depth stability or laminar variability of neuro-
nal population tuning to other acoustic features, such as spectral
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