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Early Blindness Shapes Cortical Representations of Auditory
Frequency within Auditory Cortex

Elizabeth Huber,' Kelly Chang,'

Ivan Alvarez,2 Aaron Hundle,?

Holly Bridge,? and ““Ione Fine!

"University of Washington, Seattle, Washington 98195, and 2University of Oxford, Oxford 0X1 2]D, United Kingdom

Early loss of vision is classically linked to large-scale cross-modal plasticity within occipital cortex. Much less is known about the effects
of early blindness on auditory cortex. Here, we examine the effects of early blindness on the cortical representation of auditory frequency
within human primary and secondary auditory areas using fMRI. We observe that 4 individuals with early blindness (2 females), and a
group of 5 individuals with anophthalmia (1 female), a condition in which both eyes fail to develop, have lower response amplitudes and
narrower voxelwise tuning bandwidths compared with a group of typically sighted individuals. These results provide some of the first
evidence in human participants for compensatory plasticity within nondeprived sensory areas as a result of sensory loss.
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(Signiﬁcance Statement

early in life.

Early blindness has been linked to enhanced perception of the auditory world, including auditory localization and pitch percep-
tion. Here we used fMRI to compare neural responses with auditory stimuli within auditory cortex across sighted, early blind, and
anophthalmic individuals, in whom both eyes fail to develop. We find more refined frequency tuning in blind subjects, providing
some of the first evidence in human subjects for compensation within nondeprived primary sensory areas as a result of blindness
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Introduction

It has long been held that early blindness leads to enhanced per-
ception of auditory stimuli, and a number of behavioral studies
have linked early-onset blindness to superior pitch perception
(Gougoux et al., 2004; Wan et al., 2010; Voss and Zatorre, 2012).
However, the neural basis of any such enhancements is not
known. Heightened frequency discrimination as a result of blind-
ness early in life could potentially be mediated by compensatory
plasticity within deprived occipital cortex. Indeed, Kujala et al.
(1992) observed that neural responses to pure tones, measured
using EEG, were shifted posteriorly in a group of blind subjects,
and subsequent MEG measurements further suggested these re-
sponses might belocalized to occipital cortex (Kujala etal., 1995).
Using fMRI, Watkins et al. (2013) observed responses to pure
tones within area hMT ¥, an area typically associated with visual
motion perception, in a subset of individuals with anophthalmia.
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More recently, Huber et al. (2019) demonstrated that responses
with hMT " are selective for both auditory frequency and motion
as a result of early blindness.

Enhanced auditory performance as a result of blindness might
also be mediated by plasticity within auditory areas. Previous
MEG results in congenitally blind individuals suggested an ex-
panded tonotopic representation within a region identified as
primary auditory cortex (Elbert et al., 2002), with responses to
500 and 4000 Hz tones being separated more widely on the cor-
tical surface in blind relative to sighted individuals. An expanded
tonotopic map might permit a finer frequency resolution. In-
deed, expansion in the representation of specific auditory fre-
quencies has been linked to superior discrimination performance
after extensive training (Recanzone et al., 1993). However, a few
studies have reported an attenuated response to pure tone audi-
tory stimuli in the temporal lobe of early blind individuals (Gou-
goux etal., 2009; Stevens and Weaver, 2009; Watkins et al., 2013).
This has been interpreted as reflecting either increased “effi-
ciency” of processing within the intact modality (Gougoux et al.,
2009; Stevens and Weaver, 2009) or reduced participation in au-
ditory processing, perhaps due to function being “usurped” by
reorganized occipital cortex, as may occur for auditory motion
processing (Jiang et al., 2014; Dormal et al., 2015).

Here, we used fMRI and population receptive field (pRF)
modeling (Dumoulin and Wandell, 2008) in acoustic frequency
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Table 1. Subject demographics and clinical descriptions
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Subject no. Sex Location Stimuli Age (yr) Clinical description

EBO1 Male University of Washington Stationary/moving 32 Leber’s congenital amaurosis, low light perception

EB02 Female University of Washington Stationary/moving 38 Retinopathy of prematurity, no light perception in right eye, minimal peripheral light
perception in left eye, 3 months premature

EBO3 Female University of Washington Stationary/moving 55 Retinopathy of prematurity, low light perception until retina detached at age 25,
2 months premature

EB04 Male University of Washington Stationary/moving 52 Congenital glaucoma, no light perception

ANO1 Male Oxford Moving 36 Isolated bilateral anophthalmia

ANO2 Female Oxford Moving 39 Isolated bilateral anophthalmia

ANO3 Male Oxford Moving 26 Isolated bilateral anophthalmia

ANO5 Male Oxford Moving 30 Isolated bilateral anophthalmia

ANO6 Male Oxford Moving 3 Isolated bilateral anophthalmia

space (Thomas et al., 2015) to characterize the effects of blindness
on primary auditory cortex within a group of individuals with
early blindness, including a subset of individuals with anophthal-
mia, in whom the eyes fail to develop. In blind individuals, we see
evidence for a more refined representation of auditory frequency
within auditory cortex.

Materials and Methods

Participants

Table 1 provides subject details. Data were collected at two research
sites: the University of Washington (UW; Seattle) and Oxford Uni-
versity (Oxford, UK). At the UW, data were collected using two pro-
tocols (static and motion, described below). Four early blind
individuals (2 females) and four age-matched controls (static: 2 fe-
males; motion: 3 females) completed both the static and motion pro-
tocols. Two control subjects were repeated across protocols, whereas
the remaining control subjects completed one protocol or the other,
due to scheduling constraints.

At the University of Oxford, data were collected using the motion
paradigm with participants with anophthalmia (N = 5, 1 female) and
an age-matched control group (N = 9, 3 females). All subjects re-
ported normal hearing, and no history of neurological or psychiatric
illness.

At each site, the study was approved by the Institutional Review Board,
and all subjects provided written informed consent.

MRI

Overhead lighting was dimmed during MRI acquisition, and subjects
were instructed to keep their eyes closed throughout testing. Foam
padding was used to minimize head motion. A closed-circuit camera
system was used to monitor compliance, and all subjects successfully
followed instructions and kept eyes closed during all functional scans.

Acquisition protocol

UW data were collected using a 3T Achieva scanner (Philips) at the
UW Diagnostic Imaging Sciences Center using a 32-channel head
coil. In the static session, four functional scans were acquired using a
standard EPI sequence (36 slices, TR/TE = 2000/25 ms, flip angle =
80°, no slice gap). After discarding the first 5 timeframes, each scan
consisted of 255 volumes at an effective voxel size of 3.00 mm* iso-
tropic (FOV = 240 X 240 X 108 mm , matrix size = 80 X 80 X 36).
In the motion session, 4 functional scans were acquired using a stan-
dard EPI sequence (30 slices, TR/TE = 2000/25 ms, flip angle = 80°,
no slice gap). After discarding the first 5 timeframes, each scan con-
sisted of 144 volumes at an effective voxel size of 2.75 X 2.75 X 3.00
mm? (3 mm in-plane; FOV = 220 X 220 X 90 mm 3, matrix size =
80 X 80 X 30).

Oxford data were acquired with a 7T scanner (Siemens) at the
Oxford Centre for Functional MRI of the Brain using a 32-channel
head coil. In each session, six functional scans were acquired using a
multishot EPI sequence (64 slices, TR/TE = 2488/27.8, flip angle =
85°, no slice gap) with in-plane acceleration using parallel imaging
(GRAPPA factor = 2) (Griswold et al., 2002) and through-slice accel-

eration using multiband imaging (MB factor = 2) (Moeller et al.,
2010). Each scan consisted of 116 volumes at an effective voxel size of
1.2 mm? isotropic (FOV = 192 X 192 X 76.8 mm?, matrix size =
160 X 160 X 64).

Auditory stimulus creation

Auditory stimuli were generated in MATLAB (The MathWorks) using
the Psychophysics Toolbox (www.psychtoolbox.org) and custom
MATLAB software, and were delivered via insert earphones. Auditory
stimuli were delivered using MR-compatible Sensimetrics S14 earphones
(Sensimetrics) at both research sites.

All stimuli were presented at a sampling rate of 44.1 kHz. Auditory
calibration was performed using a standard, two-step procedure. We
began by compensating for frequency-specific distortions in the ear-
phone output, adjusting stimulus intensities to ensure flat frequency
transmission from 100 Hz to 8 kHz. Next, stimulus sound intensities
were adjusted according to a standard equal-loudness curve created
for insert earphones (ISO 226) to approximate equal perceived loud-
ness across frequency. Actual sound intensities (65-83 dB SPL) were
matched to the perceived loudness of a 1 kHz tone (reference fre-
quency) at 70 dB SPL. Acoustic noise from the scanner was attenuated
by expanding-foam ear-tips, as well as protective earmuffs placed
over the ear following earphone insertion. Subjects confirmed that all
tones were clearly audible, and of approximately equal loudness
across the frequency range.

Auditory stimulus and task

As described in Table 1, all 4 early blind UW subjects participated in both
the static and the motion protocols. All 5 Oxford anophthalmic subjects
only participated in the motion protocol.

Motion stimuli. Stimuli consisted of bandpass noise burst pairs cen-
tered at each of 7 frequencies (1003162 Hz, stimulus bandwidth of ~0.8
octaves), presented in pseudo-randomized blocks that lasted 2 s. The
auditory motion within each block was simulated using interaural
time difference and consisted of a pair of identical 1 s bursts (treated
as a single event) traveling at 30 m/s from left to right, or vice versa,
along a fronto-parallel plane 10 m in front of the listener. Subjects
were asked to monitor the stimulus frequency and report via button
press each time the same exact frequency-band noise burst pair was
repeated (1 — back, 10% of trials). The task ensured that the subjects
maintained attention for the duration of the scan. Catch trials were
included in all analyses.

Static stimuli. Stimuli were blocks of pure tone bursts, which varied in
auditory frequency (88—8000 Hz, sampled in half-octave steps). Each 2 s
stimulus block contained eight pure tone bursts of the same frequency.
Tone durations were alternated in pseudorandomized order, switching
durations at least 4 times during each 2 s block, resulting in a “Morse
code”-like pattern of long and short tones, which served to increase the
perceptual salience of the stimuli over the regular pattern of background
scanner noise (Da Costa et al., 2011; Thomas et al., 2015).

Each run consisted of a series of sequences of 3—4 ascending or de-
scending half-octave steps, with the starting frequency and sequence
(ascending vs descending) selected pseudo randomly at the beginning
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of each sequence. The pseudo randomization ensured that the distri-
bution of presented frequencies between 88 and 8000 Hz was uni-
form, and that there were equal numbers of ascending and descending
sequences. Subjects were asked to monitor the stimulus frequency
and report via button press each time the same exact frequency was
repeated (1 — back, 10% of trials). The task ensured that the subjects
maintained attention for the duration of the scan. Catch trials were
included in all analyses.

MR data preprocessing

Standard preprocessing of fMRI data was performed using BrainVoyager
QX software (version 2.3.1, Brain Innovation), including slice scan time
correction, 3D motion correction, and temporal high-pass filtering (cut-
off: 2 cycles). Parameters generated during motion correction were re-
corded to ensure that subject motion within a scan did not account for
pREF tuning parameters, as described below.

Functional data were aligned to the T1-weighted anatomical image
acquired in the same session (MPRAGE, 1 mm?) and resampled to 3
mm ” resolution. The BrainVoyager QX automatic segmentation routine
was used to reconstruct the cortical surface at the white-gray matter
border (with hand-editing to minimize segmentation errors) and the
resulting smooth 3D surface was partially inflated.

ROI selection

Auditory cortex borders were drawn generously based on purely anatomical
criteria to include all voxels within a contiguous region of auditory cortex
between the lateral border on the crown of the superior temporal gyrus, the
medial border within the fundus of the lateral sulcus, the posterior bor-
der of the supramarginal gyrus, and the anterior border of the most
anterior portion of the temporal lobe.

The primary auditory cortex (PAC) ROI was defined using a combi-
nation of anatomical and functional criteria (Thomas et al., 2015). For
simplicity, we refer here to the pair of tonotopic gradients comprising
hA1 and hR as PAC. In primates, the auditory core area contains up to
three tonotopic subdivisions, A1, R, and RT (Hackett et al., 1998; Hack-
ett, 2008), which have been localized to the medial two-thirds of Heshl’s
gyrus (Rademacher et al., 2001; Dick et al., 2012). Human neuroimaging
studies have identified at least two tonotopic gradients, presumed to be
the human homologs of areas Al and R (Formisano et al., 2003;
Humpbhries et al., 2010; Da Costa et al., 2011, 2015; Striem-Amit et al.,
2011; Langers and van Dijk, 2012; Moerel et al., 2012; Thomas et al.,
2015). We identified PAC as consisting of two mirror-symmetric tono-
topic gradients, meeting at a low-frequency reversal on the crown of
Heschl’s gyrus. Based on this tonotopic map and the underlying anat-
omy, for each subject, a PAC ROI was defined as a contiguous patch of
cortical surface spanning Heschl’s gyrus and containing both tonotopic
gradients. Anterior and posterior borders were drawn along the outer
high-frequency representations of the tonotopic maps, and lateral and
medial borders were conservatively drawn to include only the medial
two-thirds of Heschl’s gyrus. Although this ROI selection method cannot
isolate auditory core from auditory belts areas that share the same tono-
topic gradients, it does provide a consistent PAC definition for individual
subjects across distinct acquisition and stimulus types (Da Costa et al.,
2015; Thomas et al., 2015).

Large regions outside PAC also show evidence of frequency tuning.
However, because there is still uncertainty about how tuning profiles
relate to subdivisions of secondary auditory areas (Schonwiesner and
Zatorre, 2009; Barton et al., 2012; Moerel et al., 2014; Santoro et al.,
2017), we treat regions outside PAC as a single ROIL Our secondary
auditory areas ROI was simply defined as voxels within the auditory
cortex ROI that were not within PAC.

Population receptive field analysis

Preprocessed fMRI data were analyzed using methods described in detail
in Thomas et al. (2015). In brief, we assumed a Gaussian sensitivity
profile of unit amplitude on a log auditory frequency axis for each voxel.
Using custom software written in MATLAB, we found, for each voxel, the
center ( f;) and SD (o) of the Gaussian that when multiplied by the
stimulus over time and convolved with an HRF (see below) produced a
predicted time course that best correlated with the voxel’s measured time
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course. For each voxel, the best-fitting value of f, is interpreted as that
voxel’s preferred frequency, while the best-fitting value of o is inter-
preted as the tuning bandwidth.

Based on Boynton et al. (1996), we modeled the auditory HRF as a
gamma function, with initial parameters n = 3, tau (1) = 1.5, and delay
(8) = 1.8. We then used an iterative procedure to obtain individual HRF
estimates. For each subject, we iteratively looped three times between two
steps: (1) optimizing f, and o while holding HRF parameters fixed, (2)
optimizing 7and & while holding f, and o fixed. This HRF optimization
was only performed on a subset of the data, using voxels with an initial
fitted correlation value >0.25. Median 7and & parameters were used to
approximate each individual’s HRF across the entire auditory cortex
ROI. We then refit the pRF parameters ( f, and o) for all voxels within the
auditory cortex ROI, using these individually fitted HRF parameters.
After finding the best fitting values of f, and ¢, we used linear regression
to find the amplitude value, 4, that minimized the root mean square error
between predicted and obtained time courses.

After fitting, only voxels that met the following criteria were re-
tained for further analysis: (1) the correlation between the observed
fMRI time course and the time course predicted by the best-fitting
PRF (our goodness-of-fit index) was >0.20; (2) the center ( f;) of the
best fitting pRF fell within the range of tested values (44-16,000 Hz
for the static stimulus; and 50—6324 Hz for the motion stimulus); and
(3) the SD (o) of the best fitting pRF was >0.1 log (base 10) units and
<2 log units. For comparison, the presented frequencies in the static
condition were separated by 0.15 log units, and each motion band
center was separated by 0.25 log units. (4) Because amplitude values
were positively skewed, we identified pREF fits with outlying amplitude
values nonparametrically. We excluded voxels where the amplitude of
the best fitting pRF did not fall between (Q1 — 3 X IQR) and (Q3 +
3 X IQR), where Q1, and Q3 refer to the first and third quartiles, and
IQR s the interquartile range. Within PAC, acceptable amplitudes fell
between 0 and 6.1414 (6.8945% of voxels excluded). Within second-
ary cortex, acceptable amplitudes fell between 0 and 5.4163 (3.2319%
voxels excluded).

Statistical analyses

Estimating pRF fit significance. pRF model fits were compared against a
null model created using a randomized stimulus representation. In the
case of the static stimulus, to preserve the temporal structure within
individual stimulus blocks, we randomized the stimulus block order
while retaining the ascending or descending series structure within each
block. For each permutation, we calculated the false discovery rate based
on R > 0.2, u, 0, and o within acceptable ranges, as described in Mate-
rials and Methods. False discovery rates were calculated based on 100
permutations. Within auditory cortex, collapsed across all subjects and
datasets; this stimulus-label permutation generated a mean false discov-
eryrate of 11.2617% for a correlation threshold of r > 0.2. This threshold
excluded voxel responses that were clearly noise.

Group differences. Group differences were assessed using multifactor
ANOVA using MATLAB and the Statistics Toolbox (Release 2016a).
Datasets (UW static, UW motion, Oxford motion), group (blind vs
sighted), and hemisphere (when included) were treated as independent
variables. In all cases, we tested for the normality of the residuals with
visual inspection and the Shapiro—Wilk test for normality.

For ANOVAS containing all three datasets, we first performed explor-
atory analyses using the 4 early blind and 2 sighted subjects who partici-
pated in both the static and the motion conditions as separate subjects.
We then confirmed that the presence of these repeated subjects was not
statistically critical by performing separate ANOVAs on the motion da-
tasets only (which contained no repeated subjects). The results for the
motion dataset only analyses are reported whenever they differed from
those obtained using all three datasets.

Comparisons of pRF frequency distributions of across groups were
performed using a bootstrapping procedure, based on the y? test of
independence. This test compares the obtained frequency distributions
for each group with those that would be obtained if the frequency distri-
bution were independent of group assignment. Significance values were
obtained by comparing the real y? values with those obtained by boot-
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strapping simulated distributions, created using random assignment of
subjects across the two groups (1000 simulations).

Comparison across datasets. To minimize site-based differences, an
individualized HRF was estimated for each subject before pRF fitting, as
described above (Thomas et al., 2015). pRF model estimates of tuning
parameters f, and o are expected to be reasonably robust to differences in
SNR associated with collecting data at both Oxford and UW. Amplitude
values, a would be expected to differ significantly across different proto-
cols (motion vs static), MR imaging protocols or site.

Differences between motion and static stimuli could also potentially
influence estimates of f, and o. For the motion stimulus, we used a more
restricted stimulus set that spanned seven frequency bands, within a
range of frequencies for which interaural time difference cues are equally
strongly effective, so pRF estimates of f;, could only reliably be estimated
within a smaller frequency range. The reduced frequency range of the
motion stimulus would also be expected to increase uncertainty in the
estimate of o, especially for smaller values. Finally, it is possible that
interactions between motion sensitivity and frequency tuning could alter
pRF estimates across the two stimuli due to recruitment of different
neuronal populations.

Results

Figure 1 shows tonotopic maps in auditory cortex for 4 example sub-
jects. Tonotopic organization did not differ significantly across datasets:
for subjects who participated in both UW motion and UW static scans
the mean voxelwise cross-correlation (Pearson’s ) between the two da-
tasets was 0.7457 in PAC and 0.4874 in secondary AC, values similar to
previous studies examining replicability across different stimulus and
acquisition protocols on the same UW scanner (Thomas et al., 2015).
Tonotopic maps for all subjects and datasets are included in Fig. 1-1 to
Fig. 1-29.

Auditory cortex size

As described in the Introduction, previous MEG results have
suggested that early blindness may result in a 1.8-fold expansion
of early auditory areas (Elbert et al., 2002), although a reduction
in the number of frequency selective voxels in auditory cortex has
also been reported (Stevens and Weaver, 2009).

Webegan by examining PAC size by using all the voxels within
the hand-drawn PAC ROI as our dependent measure. Group
differences were assessed using an ANOVA with dataset, hemi-
sphere, and blindness as fixed effects and the number of voxels
within PAC as the dependent measure. This revealed an effect of
dataset (F, 44y = 17.45, p < 0.0001), but no effect of blindness
(F148) = 0.86, p = 0.3579), or hemisphere (F, 5 = 0.02,
p = 0.878). There was a significant interaction between blindness
and dataset (F, 44y = 3.71,p = 0.0319). A post hoc Tukey—Kramer
test showed that the UW static dataset resulted in a significantly
larger definition of PAC than both the UW motion and Oxford
motion datasets. This might be due to a difference in scanner
quality, voxel acquisition size, and/or stimuli (e.g., the wider fre-
quency range). No other interactions were significant.

We also assessed group differences in the number of voxels
which were successfully fit in PAC and secondary auditory
areas (R > 0.2, w, 0, and « within acceptable ranges, as de-
scribed in Materials and Methods). In the early blind/anoph-
thalmic group, the mean number of successfully fit voxels in
the UW Static, UW Motion, and Oxford motion conditions
were 191, 208.25, and 52.8, respectively. In the control group,
the mean number of voxels were 147.75, 167.5, and 113.33,
respectively. We found no evidence for an effect of blindness
on the number of frequency-tuned voxels within either PAC
or secondary auditory areas.

Within PAC, we once again found an effect of dataset (F, 45, = 9.97,
p = 0.0002), but no effect of blindness (F, 45, = 0.13, p = 0.7241) or
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hemisphere (F; 45y = 0.11, p = 0.7461). No other interactions were
significant. Within secondary auditory areas, we found an ef-
fect of dataset (F,45) = 7.06, p = 0.002), but no effect of
blindness (F(, 45y = 0.46 p = 0.5021) or hemisphere (F(, 45, =
0.19, p = 0.6681). No interactions were significant. For both PAC
and secondary auditory areas, post hoc Tukey—Kramer tests sug-
gested that the effect of dataset was driven by a smaller number of
voxels within PAC passing threshold for Oxford anophthalmic
individuals. This was likely due to an interaction between re-
duced signal-to-noise in the Oxford dataset (due to the smaller
acquisition voxel size) and lower pRF amplitudes in blind indi-
viduals, see below.

HRFs

A wide variety of studies have found metabolic differences in occip-
ital cortex between early blind and sighted individuals (Wanet-
Defalque et al., 1988; Veraart et al., 1990; De Volder et al., 1997;
Weaver et al., 2013; Coullon et al., 2015). To examine potential dif-
ferences in auditory cortex hemodynamics across blind and sighted
subjects, we performed a mixed-design ANOVA with dataset and
blindness as fixed effects and the time-to-peak of the estimated HRF
as the dependent measure. We found no main effect of dataset
(Fia04y = 0.08, p = 0.9197), no effect of blindness (F; ,4) = 0.21,p =
0.6479), and no significant interactions on the time-to-peak of the
hemodynamic function within the auditory cortex ROIL

Response amplitudes

As described in the Introduction, a number of studies report an
attenuated response to pure tone stimuli versus silence in the tem-
poral lobe of blind individuals (Gougoux et al., 2009; Stevens and
Weaver, 2009; Watkins et al., 2013) when comparing responses with
pure tones versus silence (GLM: sound versus silence).

As shown in Figure 24, C, we find that early blind and anoph-
thalmic participants have significantly smaller 3 weights than
sighted subjects, within both PAC and secondary auditory areas. For
individual subjects, see Fig. 2-1 and Fig. 2-2. Within PAC using a
mixed-design ANOVA with dataset, hemisphere, and blindness as
fixed effects and the GLM response to sound versus silence as the
dependent measure, we found no main effect of dataset (F, 45, =
1.56, p = 0.2197), an effect of blindness (F; 44, = 5.63, p = 0.0218),
no effect of hemisphere (F; 44) = 0.01, p = 0.9366), and no signifi-
cant interactions. Within secondary auditory cortical areas, we
found no main effect of dataset (F(, 45, = 0.92, p = 0.4039), a mar-
ginally significant effect of blindness (F; 45) = 3.66, p = 0.0618), no
effect of hemisphere (F; 44) = 0.05, p = 0.824), and no significant
interactions.

PRF model response amplitudes

One concern is that B weights for pure tones versus silence
might potentially reflect narrower tuning (as found for our
blind individuals, see below) rather than reduced responsive-
ness; narrower tuning would be expected to result in a smaller
region of cortex responding to any given narrowband stimu-
lus, thereby reducing measured activation in a GLM model.
An advantage of our pRF approach is that it separately repre-
sents tuning width and response amplitude. As shown in Fig-
ure 2B, D, pRF response amplitudes are smaller in blind versus
sighted subjects within both PAC and secondary auditory cor-
tex. For individual subjects, see Fig. 2-3 and Fig. 2-4, consis-
tent with the GLM analysis of sound versus silence. Group
differences in pRF amplitudes were assessed using an ANOVA
with dataset, hemisphere, and blindness as fixed effects and
pRF amplitude as the dependent measure. Within PAC, this
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A

100 Frequency (Hz) 3162
Figure1.  Tonotopicmapsinauditory cortex. pRFfrequency estimates (for successfully fitted voxels, see Materials and Methods)

are shown for the left hemisphere for 2 sighted subjects (A, B), and example individuals who were early blind (€) or anophthalmic
(D). Maps are shown for both the static (4, €) and the motion (B, D) stimulus. Black dashed line indicates the estimated boundary
of PAC for each subject. Black dotted line indicates the location of Heschl’s gyrus. To maximize visual similarity, given that the
motion stimulus had a smaller frequency range (100 3162 Hz) than the static stimulus (88 — 8000 Hz), the color map is restricted

to the frequency range of the motion stimulus. See also Figure 1-1to Figure 1-29.

revealed a main effect of dataset (F, 46, = 3.92, p = 0.0268), an
effect of blindness (F(; 46y = 12.8, p = 0.0008), no effect of
hemisphere (F(, 45y = 0.11, p = 0.7468), and no significant
interactions. A post hoc Tukey—Kramer test showed that the
UW static dataset resulted in a significantly smaller pRF re-
sponse amplitudes than the Oxford motion dataset. This could
be due to a difference in scanner quality, voxel acquisition size,
and/or stimuli.

Within secondary auditory areas, we found no main effect of
dataset (F(, 45) = 1.62, p = 0.2098), an effect of blindness (F 46 =
12.33, p = 0.001), no effect of hemisphere (F(, 45, = 0, p = 0.9544),
and no significant interactions.

Frequency distributions

The distribution of frequency preferences within PAC and second-
ary AC across early blind (red) and sighted subjects (gray) is shown
in Figure 3. Individual subjects are shown in Fig. 3-1 and Fig. 3-2. For
each dataset, a bootstrapped x? test of independence was used to
examine the relation between blindness and the number of voxels in
each frequency bin (6 bins for the motion datasets, 13 bins for the
static dataset), by assigning subjects randomly across groups. Using
this analysis, within PAC, we saw no effect of blindness on the dis-
tribution of frequency preferences for any of the three datasets: Ox-
ford motion, x? (6, N = 14) = 77.3865, p = 0.2710; UW motion, x>
(6, N=8) = 57.6207, p = 0.3330; and UW static, x> (13,N=8) =
117.6774, p = 0.3070. Within secondary AC, we similarly found no
effect of blindness on the distribution of frequency preferences: Ox-
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ford motion, X2 (6, N=14) =87.5279,p =
0.2110; UW motion, x> (6, N = 8) =
75.7219, p = 0.3590; and UW static, x* (13,
N = 8) =93.8221, p = 0.1870.

Previous work comparing scanner
sequences that differed in their acoustic
properties suggests that, although acoustic
scanner noise does not result in noticeable
systematic misestimation of frequency
values near the peak of the scanner noise,
it may reduce the number voxels that are
successfully fit by the pRF model, there-
by biasing the frequency distributions
(Thomas et al., 2015). We therefore per-
formed an additional post hoc x* analysis
of independence examining whether the
number of voxels falling inside or outside
the 350-2000 Hz frequency range associ-
ated with masking by acoustic noise in the
scanner was affected by blindness. Within
PAC, we saw an effect of blindness only
for the UW static dataset: Oxford motion,
x> (1, N = 1284) = 0.5618, p = 0.4535;
UW motion, x* (1, N = 1503) = 2.0701,
p = 0.1502; and UW static, x* (1, N =
1355) = 73.1261, p = 0.0000. Within sec-
ondary AC, we found an effect of blind-
ness for all three datasets: Oxford motion,
x> (1, N = 2062) = 11.3067, p = 0.0008;
UW motion, x> (1, N = 2257) = 12.6840,
p = 0.0004; and UW static, )(2 (I, N =
1898) = 10.8173, p = 0.0010. This result
might reflect a differential sensitivity to
masking effects from scanner noise
across blind and sighted populations.
However, given that this effect was more
consistently observed in secondary AC, it might also reflect a
distribution of frequency preferences in blind subjects that is
less heavily clustered toward frequencies in the 250-3000 Hz
range (see Discussion).

Tuning width
Tuning width for each voxel was characterized with Q as given by
the following formula:

__
FWHM

Q

where the FWHM is the estimated Gaussian profile from the pRF model
in frequency space. Figure 4 shows Q on the cortical surface in the same
example subjects as shown in Figure 1. See also Fig. 1-1 to Fig. 1-29.

To examine differences in tuning width across blind and
sighted subjects, we peformed an ANOVA with dataset, blind-
ness, and hemisphere as fixed effects and Q value as the depen-
dent measure. This was done using all successfully fitted voxels
for both PAC and auditory cortex.

Within PAC, we found a main effect of dataset (F, 4¢) = 27.28,
p < 0.0001), an effect of blindness (F, 46y = 8.1, p = 0.0066), no
effect of hemisphere (F(; 46, = 0.56, p = 0.4569), and no significant
interactions. A post hoc analysis showed that blindness resulted in
significantly larger Q values (narrower tuning) (Fig. 5).

Within secondary auditory areas, we found a main effect of
dataset (F(, 44, = 29.19, p < 0.0001), no effect of blindness (F(; 4y
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represent the location of Heschl's gyrus. See also Figure 1-1 o Figure 1-29.

= 3.55 p = 0.066), no effect of hemisphere (F(, 44, = 1.12, p =
0.2954), and no significant interactions. The larger Q size in
anophthalmic subjects for the Oxford motion stimulus was mar-
ginally significant in either PAC and was nonsignificant in secondary
auditory cortices, but may reflect a population difference that our
sample size was too small to reveal.

For both PAC and secondary auditory cortical areas, post hoc
Tukey—Kramer tests showed that the Oxford motion dataset re-
sulted in significantly larger Q values than either of the other two
datasets, as can be seen in Figure 5. This is likely due to the smaller
acquisition voxel size in this dataset because a smaller voxel pre-
sumably reflects a more homogeneous neural population of tun-
ing preferences (Dumoulin and Wandell, 2008).

Visual inspection and statistical analyses did not reveal any
consistent relationship between tuning width (Q values) and fre-
quency that was reliable across datasets, or reliably different
across blind and sighted subjects (see Fig. 5-1 and Fig. 5-2).

Estimated population tuning widths are presumably influ-
enced both by the breadth of underlying individual neural tuning
curves and by the dispersion of frequency preferences within each
voxel. For each voxel, we estimated “frequency dispersion” as the
median difference in center frequency between that voxel and all
adjacent voxels, normalized by the Euclidean distance in milli-
meters between the voxels on the cortical surface. Group differ-
ences were assessed using an ANOVA with dataset, hemisphere,
and blindness as fixed effects and dispersion within PAC as the
dependent measure. Within PAC, we found a main effect of da-
taset (F(, 45y = 71.73, p < 0.0001), an effect of blindness (F(, 45, =
5.79, p = 0.0203), no effect of hemisphere (F 45, = 0.21, p =
0.6527), and a significant interaction between dataset and blind-
ness (F(, 45y = 3.43,p 0.0411). No other interactions were signif-
icant. Within secondary auditory areas, we found a main effect of
dataset (F(,45, = 101.38, p < 0.0001), no effect of blindness

Heschl’s gyrus

Tuning width maps in auditory cortex. Q estimates (for successfully fitted voxels, see Materials and Methods) are shown for the left
hemispherefor2 sightedsubjects (4, B), and exampleindividuals who are early blind (€) and anophthalmic (). Maps are shown for both the static (4,
() and the motion (B, D) stimulus. Black dashed line indicates the estimated anterior/posterior boundary of PAC for each subject. Black markers
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(Fi1.46) = 0.39 p = 0.5353), no effect of
hemisphere (F(, 4, = 0.01, p = 0.9046),
and no significant interactions.

Finally, we examined whether differ-
ences in Q within PAC could be ex-
plained by differences in frequency
dispersion using multivariate linear re-
gression with dataset, hemisphere, fre-
quency dispersion, and blindness as
fixed effects and Q as the dependent
measure. As might be expected, fre-
quency dispersion was a strong predic-
tor of Q (b = —1.5799, p < 0.0001),
with high dispersion values predicting
low Q values. However, we still found
significantly higher Q values in blind in-
dividuals (b = 0.1446, p < 0.0001), even
after including frequency dispersion as
an independent factor.

Discussion

Here we examined whether blindness
early in life alters the representation of fre-
quency information within auditory cor-
tex. Using an adaptation of the population
receptive field model, we were able to dis-
entangle voxel level tuning widths from
response amplitudes. We find evidence
that early blindness results in narrower
bandwidths, reduced pRF amplitudes,
and may alter the distribution of frequency preferences within
auditory cortex. We did not see any effect of blindness on the size
or the hemodynamic responsivity of PAC and secondary AC.

Auditory cortex size

Here, we failed to find evidence for an expanded tonotopic rep-
resentation of PAC or secondary auditory areas as suggested by
previous MEG data (Elbert etal., 2002). One possibility is that the
apparent increase in source separation of high and low frequen-
cies in early blind subjects that was noted previously by Elbert et
al. (2002) was driven by differences in tuning bandwidth. Broader
bandwidths in sighted subjects would be expected to result in a
correspondingly larger cortical area of activation for any given
auditory frequency. This might, in turn, have reduced the appar-
ent source separation of high and low frequencies (Golubic et al.,
2011). Moreover, the known variability in cortical folding within
Heschl’s gyrus (Da Costa et al., 2011) would be expected to com-
plicate estimates of PAC size, especially given that dipole esti-
mates in the study by Elbert et al. (2002) were based on a best
fitting local sphere rather than individual anatomies. However, it
remains possible that a future study with a larger sample might
reveal subtle differences in the structure of PAC and/or secondary
AC. Indeed, Atilgan et al. (2017) recently reported reduced sur-
face area in subregions of secondary auditory cortex for congen-
itally blind subjects, along with evidence for greater bilateral
similarity between cortical thickness and surface area in both
early and late blind subjects throughout the entire superior tem-
poral plane.

Response amplitudes
A number of previous studies have reported an attenuated re-
sponse to pure tone stimuli versus silence in the temporal lobe of
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response to any given pure tone or band-
pass stimulus. It is known that secondary
auditory areas contain neurons that have
multidimensional tuning that reflect
complex spatiotemporal properties of the
stimulus (Schonwiesner and Zatorre, 2009; Moerel et al., 2013,
2018; Santoro et al., 2014, 2017; Allen et al., 2018; De Angelis et
al., 2018), and previous work suggests an increase in the propor-
tion of spatially tuned cells within anterior auditory association
areas in visually deprived cats (Korte and Rauschecker, 1993). An
advantage of our pRF approach is that it allows an independent
representation tuning width and response amplitude. Here, we
replicated previous findings showing reduced B weights, and
similarly found reduced pRF amplitudes as a result of early blind-
ness. We then separately examined frequency tuning bandwidth
in each group, as described below.

Figure5.

Frequency distributions

Previous work in monkeys has shown that frequency representa-
tions within PAC can be altered by experience (Recanzone et al.,
1992, 1993), with a shift toward trained frequencies. Given that
blind subjects rely on auditory frequency for a wider range of
tasks than sighted individuals, we thought it possible that we
might see a difference in frequency representations across the
two groups. In our initial analysis, we did not see evidence for
an alteration in the distribution of frequency preferences as a
result of blindness within either PAC or secondary auditory
areas. However, a post hoc analysis revealed fewer voxels falling
in the 350-2000 Hz range within PAC for the UW static data-
set, and for all three datasets within secondary AC. This result
might reflect a differential sensitivity to masking effects of
acoustic scanner noise across blind and sighted populations.
However, given that this effect was more consistently observed
in secondary AC, it might also reflect a distribution of fre-
quency preferences in blind subjects that is less heavily clus-
tered toward frequencies that fall in the 250-3000 Hz range,
perhaps driven by the use of auditory cues with broad spectral
content, such as acoustic echoes produced by mouth sounds
or a cane (Norman and Thaler, 2017).

Mean pRF tuning width for each dataset within PAC (A-C) and secondary auditory cortex (D—F) for left (LH) and right
(RH) hemispheres. Mean pRF size was calculated for each subject. Symbols represent group means with single SEMs calculated
across subjects. See also Figure 5-1to Figure 5-2.

Tuning width

Blind individuals had significantly narrower voxelwise tuning for
auditory frequency within both left and right PAC. We do not
believe that the narrowing in pRF tuning width within PAC
that we observed in blind individuals was due to differences in
the gradient of preferred frequency across the cortical surface.
As described above, both PAC/auditory cortex size and the
dispersion of frequencies within PAC were similar across both
subject groups, and visual inspection revealed no systematic
gradient differences. Nor, given the similarity in the measured
hemodynamic responses between our subject groups, do we
believe that these differences are due to group differences in
hemodynamic coupling. It seems more likely that our PAC
results either reflect (1) a narrowing in the tuning bandwidth
of individual neurons or (2) a more refined local organization,
such as a reduction in the amount of scatter in frequency
preference across a scale of <3 mm. Consistent with the no-
tion that these differences might reflect differences in neural
tuning within individual neurons, Petrus et al. (2014) have
shown that adult-onset visual deprivation over 6—8 d sharp-
ens the frequency tuning of individual neurons within Al in
the mouse. Moreover, the same brief period of visual depriva-
tion leads to more refined interlaminar connections (Meng et
al., 2015, 2017), highlighting the capability for rapid remod-
eling of auditory frequency representations, even after the clo-
sure of the canonical critical period.

We did not see differences is tuning bandwidth within sec-
ondary AC as a result of early blindness. However, we used
relatively simple stimuli and a simple Gaussian pRF model,
and these areas are known to have complex spectrotemporal
tuning functions (Schonwiesner and Zatorre, 2009; Barton et
al., 2012; Moerel et al., 2013, 2014, 2018; Santoro et al., 2014,
2017). Future work, using more naturalistic stimuli and more
complex analysis models, will be important for more fully
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characterizing the effects of blindness on auditory tuning in
these secondary areas.

In conclusion, here we provide some of the first evidence for
systematic changes in neural tuning within human auditory cor-
tex as a result of blindness. It remains to be seen whether the
changes described here reflect a developmental adaptation to
early blindness, the ongoing effects of visual deprivation, and/or
differential auditory demands that result from being blind. Fu-
ture work could examine these questions by addressing whether
adult-onset blindness, short-term visual deprivation, and/or au-
ditory training can alter frequency tuning within auditory cortex,
and whether, in adult sight-recovery subjects, the effects of long-
term visual deprivation on auditory cortex are reversed with the
reinstatement of vision.
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