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Previous studies report that human middle temporal complex
(hMT+) is sensitive to auditory motion in early-blind individuals.
Here, we show that hMT+ also develops selectivity for auditory
frequency after early blindness, and that this selectivity is main-
tained after sight recovery in adulthood. Frequency selectivity was
assessed using both moving band-pass and stationary pure-tone
stimuli. As expected, within primary auditory cortex, both moving
and stationary stimuli successfully elicited frequency-selective re-
sponses, organized in a tonotopic map, for all subjects. In early-
blind and sight-recovery subjects, we saw evidence for frequency
selectivity within hMT+ for the auditory stimulus that contained
motion. We did not find frequency-tuned responses within hMT+
when using the stationary stimulus in either early-blind or sight-
recovery subjects. We saw no evidence for auditory frequency
selectivity in hMT+ in sighted subjects using either stimulus. Thus,
after early blindness, hMT+ can exhibit selectivity for auditory
frequency. Remarkably, this auditory frequency tuning persists in
two adult sight-recovery subjects, showing that, in these subjects,
auditory frequency-tuned responses can coexist with visually
driven responses in hMT+.
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Compensatory cross-modal reorganization is often thought to
respect the functional modularity observed in nondeprived

cortex. For example, in people who lose vision early in life, re-
gions associated with visual object processing are implicated in
the processing of haptic and auditory information about objects
(1, 2); the ventral visual word-form area responds during Braille
reading (3, 4); and regions within the occipital dorsal stream,
whose activity is linked to visual spatial processing in sighted
subjects, are engaged when blind subjects perform tasks involving
the spatial attributes of auditory and tactile stimuli (5, 6).
Consistent with this notion of “functional constancy” (7),

several fMRI studies have demonstrated novel responses to au-
ditory motion in human middle temporal complex (hMT+) after
early blindness (8–10) and sight recovery (7). These responses
contain information about the direction of auditory motion (10)
and can be used to predict perceptual decisions about motion
direction, suggesting that hMT+ may support enhanced perfor-
mance on auditory motion tasks (11, 12).
In normally sighted individuals, including nonhuman primates,

it has been shown that neurons within MT and the medial su-
perior temporal area, and the human analog hMT+, have com-
plex receptive fields with properties that include tuning for
spatial frequency, retinotopic location, orientation, and binocu-
lar disparity, as well as direction of motion and speed (13–22).
These tuning properties are thought to be critical for interpreting
the motion of objects in 3D space (13, 16–18).
If hMT+ in early-blind individuals is functionally analogous to

hMT+ in sighted individuals, we could expect to observe selec-
tivity for features like auditory frequency, in addition to selectivity
for direction of auditory motion, reflecting complex neural re-
ceptive fields in the auditory domain. Watkins et al. (23) previously

found that, within an area defined as hMT+ based on anatomical
criteria, two of five anophthalmic subjects showed significant re-
sponses to stationary pure-tone stimuli compared with a silent
baseline. The frequency that elicited the largest response varied
across voxels, leading the authors to suggest the potential existence
of tonotopic organization in hMT+. However, this study did not
examine whether frequency selectivity was statistically reliable, and
their reliance on a purely anatomical definition of hMT+ makes it
likely that their region of interest (ROI) included regions outside
hMT+ (7, 24). It is also possible that these responses to pure-tone
stimuli in hMT+ might be limited to anophthalmic individuals, in
whom underdevelopment of the eyes prevents both visual stimu-
lation and spontaneous retinal waves during prenatal develop-
ment, resulting in a more extreme developmental deprivation of
the visual cortex. Indeed, differences between anophthalmic and
early-blind individuals have been noted previously in studies ex-
amining visual cortex recruitment during language tasks (25).
Here, we used fMRI to measure auditory frequency tuning in

auditory and occipital cortex in two sight-recovery subjects
(SR01, SR02), four early-blind individuals (EB01–EB04), and six
age-matched sighted controls (SC01–SC06). See Table 1 for
subject details and demographics. Sight-recovery subjects afford
a unique opportunity to localize hMT+ functionally, since they
show robust visual as well as cross-modal auditory motion re-
sponses (7). To assess frequency tuning, we estimated a population
receptive field (pRF) that characterizes the blood oxygen level-
dependent (BOLD) response as a function of auditory frequency

Significance

When individuals lose a sense early in life, widespread neural
reorganization occurs. This extraordinary plasticity plays a
critical role in allowing blind and deaf individuals to make
better use of their remaining senses. Here, we show that area
hMT+, selective for visual motion in sighted individuals, re-
sponds to auditory frequency as well as auditory motion after
early blindness. Remarkably, auditory frequency tuning per-
sisted in two adult sight-recovery subjects, despite their re-
covered ability to see visual motion. Thus, auditory frequency
selectivity coexists with the neural architecture required for
visual motion processing. In blind individuals, selectivity for
auditory motion and frequency seems to exist within a con-
served neural architecture capable of supporting analogous
computations in the visual domain should vision be restored.

Author contributions: F.J. and I.F. designed research; E.H. performed research; E.H. and
F.J. analyzed data; and E.H. and I.F. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.
1To whom correspondence should be addressed. Email: ehuber@uw.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1815376116/-/DCSupplemental.

Published online April 29, 2019.

www.pnas.org/cgi/doi/10.1073/pnas.1815376116 PNAS | May 14, 2019 | vol. 116 | no. 20 | 10081–10086

N
EU

RO
SC

IE
N
CE

PS
YC

H
O
LO

G
IC
A
L
A
N
D

CO
G
N
IT
IV
E
SC

IE
N
CE

S

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1815376116&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:ehuber@uw.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1815376116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1815376116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1815376116


for each voxel (26, 27), using both stationary pure-tone and moving
band-pass stimuli.

Results
Since it is impossible to obtain a functional definition of visual
hMT+ in early-blind individuals, our initial analysis relied on a
purely anatomical definition of hMT+, based on the Jülich
probabilistic atlas thresholded at 25% (as in ref. 23; SI Appendix,
Methods). We found no difference in the volume of hMT+ across
early-blind and sight-recovery subjects vs. sighted controls using
parametric [t (10) = 1.62, P = 0.14] or nonparametric (Wilcoxon
rank sum, P = 0.31) tests (see Table 2 for individual data).
Moreover, because sulcal and gyral landmarks informed the an-
atomical ROIs (28), the hMT+ location was approximately con-
sistent across the subject groups with reference to cortical folding.
As described in SI Appendix, Methods, we used a voxel-level

encoding model (pRF) to find the center (f0, best frequency) and
SD (σ) of the Gaussian function in log frequency space that best
predicted the measured time course within each voxel. To assess
whether voxels showed frequency tuning, we used a stringent
leave-one-out cross-validation procedure, in which we repeatedly
found the best-fitting center and SD values for the pRF model using
all but one scan for each subject, and then calculated the correlation
between predicted and obtained time courses for the left-out scan.
Voxels with a mean cross-validated correlation coefficient of r > 0.2
across folds were considered to have frequency tuning.
For visualizing tonotopic maps and for analyses examining

how pRF parameters varied across blind and sighted subjects, we
used pRF estimates based on the full set of runs and a noncross-
validated correlation threshold of r > 0.2; it should be noted that
this corresponds to a slightly more inclusive criterion than a
cross-validated correlation threshold of 0.2.
Fig. 1A shows example stationary and moving auditory stimuli.

Fig. 1B shows example measured and predicted time courses for
representative frequency-tuned voxels, selected to span the range
of data quality included in subsequent analysis, within primary
auditory cortex (PAC) and hMT+ for sight-recovery subject
SR01, for a single scan with the moving auditory stimulus. We
first tested whether a significant number of voxels within hMT+
show frequency tuning for the auditory stimulus that contained
motion. Fig. 2A shows the distribution of cross-validated corre-
lation values obtained for sighted control subjects (red bars).
Only 0.26% of voxels showed correlation values above 0.2 (see
Table 2 for individual data). Fig. 2B shows results for a ran-
domized stimulus representation, which serves as a null model
for sight-recovery and early-blind subjects. To preserve the
temporal structure within individual stimulus blocks, we ran-
domized stimulus-block order while retaining the ascending or
descending frequency series structure within each block (SI Ap-
pendix, Methods). Data from sight-recovery (purple) and early-
blind subjects (blue) were fit using this randomized stimulus. A
correlation threshold of r > 0.2 generated a mean false-positive
rate of 5.20% with an upper 5% confidence bound of 5.35%. We

classified an hMT+ ROI as having significantly more voxels
tuned for frequency than would be expected by chance if the
percentage of frequency-tuned voxels was higher than this upper
5% confidence bound.
Fig. 2C shows results for sight-recovery subjects within an

anatomically defined ROI. Using the Jülich definition of hMT+,
both hemispheres in SR01 contained a higher percentage of
frequency-tuned voxels than expected based on the upper 5%
confidence limit of our permutation analysis. Neither hemisphere
of SR02 contained a higher percentage of frequency-tuned voxels
than the upper 5% confidence limit of our permutation analysis.
Fig. 2D shows results for early-blind subjects, again using an an-
atomical ROI. In four of eight hemispheres, a higher percentage
of voxels showed frequency tuning than was expected based on the
upper 5% confidence limit of our permutation analysis. See Table
2 for individual sight-recovery, early-blind, and sighted subjects in
terms of both percentages and cortical volume.
For any given individual, an hMT+ ROI defined using the Jülich

probabilistic ROI using a 25% threshold is expected to contain a
significant proportion of voxels that do not fall within hMT+. Thus,
one important advantage of including sight-recovery subjects in our
subject pool is that it is possible to identify hMT+ in these subjects
more accurately by using a visual motion localizer.

Table 1. Subject demographics and clinical descriptions

Subject Sex Age, y Clinical description

SR01 Male 62 Blinded in chemical accident at age 3.5 y; vision partially restored (postoperative acuity 20:1,000) after a corneal
stem cell replacement in the right eye at age 46 y

SR02 Female 62 Congenital blindness due to retinopathy of prematurity and cataracts; vision partially restored (postoperative
acuity 20:400) after cataract removal in the right eye at age 43 y

EB01 Male 32 Leber’s congenital amaurosis; low light perception
EB02 Female 38 Retinopathy of prematurity; no light perception in right eye; minimal peripheral light perception in left eye;

3 mo premature
EB03 Female 55 Retinopathy of prematurity; low light perception until retina detachment at age 25 y; 2 mo premature
EB04 Male 52 Congenital glaucoma; no light perception

Table 2. Volume of hMT+ ROIs and percentage showing
frequency tuning

Subject
MT

definition

MT size, cm3
Tuned:

moving, %
Tuned:

stationary, %

LH RH LH RH LH RH

SR01 Functional 5.51 4.56 16.46 12.44 0 0
SR02 2.13 5.88 3.19 12.74 0 0
SR01 Jülich 1.86 4.49 43.90 32.32 0 0
SR02 1.68 4.11 0 3.31 0 0
EB01 5.4 1.86 23.53 4.88 0 0
EB02 1.41 5.76 0 0.39 0 0
EB03 3.7 1.68 54.60 8.11 0 5.41
EB04 1.5 3.95 0 8.05 0 0
SC01 4.54 1.45 0 0 0 0
SC02 5.47 1.2 0.41 0 0 0
SC03 2.45 1.2 0.93 0 NA NA
SC04 2.45 2.06 0.00 0 NA NA
SC05 1.57 4.04 NA NA 0 0
SC06 3.9 1.66 NA NA 0 0

Rows represent individual subjects. For sight-recovery subjects, we report
results for both functional and anatomical (Jülich) definitions of hMT+. Col-
umns represent stimuli (moving vs. stationary) and hemisphere. Permutation
tests using stimulus label randomization (see main text) suggested that our
threshold of r > 0.2 corresponds to a mean false-positive rate of 5.20% with
an upper 5% confidence bound of 5.35%. Percentages above the 5% con-
fidence limit of this false discovery rate are shown in bold. LH, left hemi-
sphere; NA, not available; RT, right hemisphere.

10082 | www.pnas.org/cgi/doi/10.1073/pnas.1815376116 Huber et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1815376116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1815376116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1815376116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1815376116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1815376116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1815376116


Responses to this visual motion localizer closely overlapped
auditory frequency-tuned responses within hMT+ (Fig. 3). With
this more accurate functional definition of hMT+, both hemi-
spheres in SR01 and the right hemisphere of SR02 (Table 2)
showed a higher percentage of voxels with frequency tuning than
the upper 5% confidence limit of our permutation analysis.

Both sight-recovery subjects showed typical visual motion
perception, given their acuity, and were able to correctly report
the direction of moving random-dot fields. Percent coherence
thresholds for sight-recovery subjects reporting the direction of
motion of a random-dot kinematogram did not differ from those
of sighted controls (25% and 24% for SR01 and SR02, re-
spectively, and 22.6% ± 8.6%, for n = 4 control subjects). As for
the fMRI visual motion localizer, these visual stimuli were full
contrast, with a single dot subtending 1°. Thus, auditory fre-
quency tuning with hMT+ not only persists after sight recovery,
but also coexists with functional visual motion perception.
For the stationary stimulus, only one early-blind individual

(EB03) showed more frequency-tuned voxels within hMT+ than
predicted by the upper 5% confidence limit of our permutation
analysis (Table 2). Thus, selectivity for frequency seems to de-
pend on the presence of motion in the stimulus, but not on the
use of a motion-related task.
As shown in Fig. 4, hMT+ best-frequency values spanned

much of the tested frequency range in both sight-recovery subjects
(also see Fig. 3) and in two of the four early-blind subjects. Voxels
were clustered within a narrower frequency range for one other
early-blind subject (EB04), and, as described above, one early-
blind subject (EB02) had very few voxels with frequency tuning.
We next tested whether the cross-modal recruitment of hMT+

in blind subjects involves a biased distribution of auditory fre-
quencies, which might suggest a specialized role for hMT+ in
analyzing specific sound categories. Both in sight-recovery and in
early-blind subjects, the distribution of frequencies did not differ
significantly between hMT+ and PAC. Bootstrapped χ2 tests of
independence revealed no significant difference between the
distribution of frequency values in hMT+ and auditory cortex
either for sight-recovery subjects [χ2 (6, 2) = 175.02, P = 0.086]
or for early-blind individuals [χ2 (6, 4) = 79.91, P = 0.54]. We
interpret this null result cautiously, given the sample size and the
restricted frequency range of the moving stimulus. However, we
do not see any evidence for a trend toward greater representa-
tion of a specific frequency band, and therefore we suggest that
the distribution of frequencies represented within hMT+ may be
roughly similar to the distribution found in PAC.
Finally, to examine whether hMT+ showed tonotopic organi-

zation, we asked whether best-frequency centers showed a sys-
tematic progression across the cortical surface, beyond what
might be expected from the spatial blurring of the BOLD signal.
Because there is significant variability in individual anatomies in
the middle occipital region, we examined tonotopic organization
at the individual level. We first defined a generous anatomical
ROI that spanned the middle occipital gyrus (MoG) and included
each individual subject’s anatomical hMT+ ROI. We then pro-
jected (i) unthresholded pRF centers (estimated using the full set
of runs) from each subject’s hMT+ ROI and (ii) curvature values
from the MoG ROI into a 2D grid to visualize pRF centers on a
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Fig. 1. (A) Schematic representation of stimuli used for tonotopic mapping. For
the stationary stimulus (Left) each 2-s frequency block contained eight pure tone
bursts (50 or 200 ms). For the moving stimulus (Right), each 2-s block contained a
pair of 1-s bursts that both traveled in the same direction, as implied by the ar-
rows. Motion direction varied pseudorandomly across trials. Motion along the
frontoparallel plane was simulated using ITDs. (B and C) Example time courses for
frequency-tuned voxels within PAC (B) and hMT+ (C). The center Inset shows the
locations of the PAC and hMT+ ROIs from which the voxels were selected. The
measured voxel time course for a single scan is plotted in black; the predicted
time-course (based on model fits carried out on separate scans) for each voxel is
plotted in orange. Three voxels are shown for each ROI: onewith a cross-validated
correlation value just over 0.2 (representing the time course of voxels that just
pass correlation threshold), one with a cross-validated correlation of 0.3 (close to
the median of voxels included in our analysis), and one with a cross-validated
correlation value close to 0.6 (representing the upper end of our cross-validated
correlation values). Fitted pRF parameters [center frequency (f0), σ (s), and cor-
relation (r)] are given for each voxel, above the corresponding time-course.
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flat map, as shown in Fig. 5, Upper. We then selected pRF centers
either along the gyrus (green solid line) or orthogonal to the gyrus
(green dashed line). If pRF centers followed a spatially ordered,
tonotopic arrangement relative to the MoG, then the distribution
of frequency centers should differ for parallel vs. orthogonal pRF
centers. As shown in Fig. 5, Lower, the distribution of frequency
centers relative to the MoG (i) varied across subjects and (ii) was
not distinct for parallel vs. orthogonal directions. This analysis
would, of course, be insensitive to tonotopic organization along
certain other directions (e.g., 45°). However, visual inspection of
the data shown in Fig. 5 fails to suggest any hint of systematic
organization along any other direction across subjects. Results
were similar for various levels of thresholding.
One advantage of the pRF method is that it provides an es-

timate of tuning width for each voxel. Fig. 6 shows tuning width
estimates, obtained using the moving stimulus, for sight-recovery,
early-blind, and sighted subjects in both PAC and hMT+. Tuning
widths in PAC were narrower in sight-recovery and early-blind
individuals than in sighted subjects (Wilcoxon rank sum test,
P = 0.046). This effect was also significant when only early-blind
subjects were included in the blind group (Wilcoxon rank sum test,
P < 0.001). Tuning widths in hMT+ in early-blind and sight-
recovery subjects were generally similar to those found within
PAC, although bandwidths within hMT+ varied less clearly with
stimulus frequency. We note, however, that the moving stimulus
contained only five frequency bands, so it was not designed to
optimally estimate tuning bandwidth as a function of frequency.
Given this, and the relatively small number of subjects, this finding
of narrower bandwidths should be considered provisional.
It has previously been shown that PAC can be accurately and

consistently defined using either pure tones or complex, natu-
ralistic stimuli (29–34). Consistent with these studies, we found
that the moving and stationary stimuli produced a tonotopic map
for all subjects within auditory cortex, as shown in SI Appendix,
Fig. S1. SI Appendix, Table S1 gives the proportion of frequency-
tuned voxels within PAC for each subject using the moving
stimulus, as estimated using our cross-validated threshold of 0.2.
Across all subjects, the median percentage of voxels that passed
this threshold was 34.74%. This can be considered an upper limit
for the sensitivity of our cross-validated pRF analysis.
We did not find a significant difference in the number of

voxels fit above threshold either within or outside PAC (within
belt and parabelt regions) using the moving vs. stationary stim-
ulus (Wilcoxon rank sum test for the number of voxels fit above

threshold in PAC, moving vs. stationary, P = 0.56; Wilcoxon rank
sum test for belt + parabelt, P = 1).
As shown in Fig. 4, distributions for frequency within PAC

were highly similar across subject groups: Bootstrapped χ2 tests
of independence (SI Appendix, Methods) revealed no effect of
early blindness on the distribution of frequency tuning within
PAC. Bootstrapping results were similar, regardless of whether
analyses included sight-recovery subjects [early-blind + sight-
recovery vs. controls: χ2 (6, 6) = 15.03, P = 0.76] or were re-
stricted to subjects with ongoing visual deprivation [early-blind
vs. controls: χ2 (6, 4) = 7.76, P = 0.94].

Discussion
To compensate for their loss of vision, blind individuals rely more
heavily on auditory information to track the movement of objects in
space. Here, we assessed frequency tuning within hMT+ in two
sight-recovery subjects, four early-blind subjects, and six age-matched
sighted controls. Within PAC, we observed similar tonotopic maps
for auditory frequency in all subjects, regardless of whether a sta-
tionary pure-tone stimulus or a moving band-pass stimulus was used.
Within visually defined hMT+, for the moving stimulus, we saw
evidence for frequency tuning both in sight-recovery subjects and in a
subset of the early-blind subjects. We saw no evidence for frequency
tuning within hMT+ in the sighted controls.
Our failure to find frequency tuning using the stationary stim-

ulus is unlikely to have been driven by the difference in spectral
composition between the two stimuli (pure tones vs. 0.8-octave
band-pass stimuli): Within auditory cortex, both stimuli reliably
elicited responses in both PAC (which is thought to be narrowly
tuned for frequency) and parabelt regions (which are thought to
be more broadly tuned). Thus, our results suggest that the pres-
ence of motion in the stimulus may be necessary to drive responses
in frequency-tuned regions of hMT+. However, we note that our
results do not depend on the use of a motion-related task, since
subjects performed a one-back task on stimulus frequency.
We note that our results likely underestimate the true preva-

lence of frequency tuning within hMT+ in these subjects. First,
auditory fMRI is intrinsically noisy, which places an upper limit
on correlations between model predictions and data from a
single scan. For comparison across subjects, fewer than 35% of
voxels within PAC were fit above a threshold of r = 0.2 using a
cross-validated analysis. Second, the large anatomical hMT+ ROI
was defined based on a 25% probabilistic threshold. Thus, an
individual voxel is only expected to overlap the true anatomical
location of hMT+ 25% of the time. Based on these two factors
alone, even if hMT+ showed similar frequency tuning to PAC,
across subjects we would expect only ∼9% of voxels to satisfy our
correlation threshold and genuinely be within hMT+. Across

<100 Hz

>4000 Hz

8

-8

-3
3

Auditory Frequency SR02Auditory Frequency SR01
16.46% 12.44% 3.19% 12.74%

LH RH LH RH

Fig. 3. (Upper) BOLD responses to the visual motion localizer in SR01 and
SR02 (false discovery rate adjusted P < 0.05). (Lower) Best-frequency maps
plotted on the cortical surface in SR01 and SR02 estimated using the audi-
tory moving stimulus. Functionally defined hMT+ is shown with a white
dashed outline. For visualization, pRF estimates were based on the full set of
runs, with a threshold of r > 0.2 (not cross-validated). The percentage of
voxels showing frequency tuning (defined as having a cross-validated cor-
relation threshold above r > 0.2) within this functionally defined hMT+ ROI
are reported in the Upper Left of each frequency-tuning map. Each Inset
spans ∼9 cm. LH, left hemisphere; RH, right hemisphere.

Frequency (Hz)

hMT+

EB

PAC

SC
SR

# 
of

 V
ox

el
s

45
35
25
15

5
100     316     1000     3162

350

250

150

50

450

100     316     1000     3162

A B

Fig. 4. (A) The distribution of auditory frequency tuning within hMT+ ROIs
in early-blind (EB; blue) and sight-recovery (SR; purple) subjects. Because no
voxels passed a cross-validated threshold of r > 0.20 in the sighted group, no
sighted controls (SC; red) are plotted. (B) The distribution of auditory fre-
quency tuning within PAC ROIs in early-blind (blue), sight-recovery (purple),
and sighted controls (red).

10084 | www.pnas.org/cgi/doi/10.1073/pnas.1815376116 Huber et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1815376116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1815376116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1815376116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1815376116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1815376116


sight-recovery and early-blind subjects, ∼14% of voxels within the
hMT+ ROI showed frequency tuning.
It has been suggested that, in early-blind individuals, hMT+

may play a role analogous to that of the planum temporale in
sighted individuals (12). In early-blind individuals, the recruit-
ment of hMT+ for auditory motion processing has been shown
to coincide with a loss of auditory motion selectivity in the pla-
num temporale (12, 35), suggesting a developmental process in
which cortical regions compete for a given functional role. In
sighted individuals, the planum temporale is selective for audi-
tory motion (e.g., refs. 12, 36, and 37) and exhibits auditory
frequency preferences at a voxelwise level, but lacks clear
tonotopic organization (38). As described above, we observed a
very similar pattern of auditory frequency response preferences
for blind subjects in hMT+, which may reflect an underlying
similarity in the organization of inputs to and/or computations
carried out within hMT+ in blind individuals and in planum
temporale in sighted individuals.
Although this work establishes the presence of frequency se-

lectivity within hMT+ using a simple model of frequency tuning,
it is worth noting that the auditory receptive fields within hMT+
may well be spectrotemporally complex, as is the case for much
of human auditory cortex. Future work will be needed, both to
characterize auditory receptive field properties within hMT+
and to understand how the recruitment of hMT+ might help
early-blind subjects segregate moving auditory objects within
complex auditory environments.
Despite severe deprivation amblyopia due to loss of vision

early in life (caused by corneal scarring in his single remaining eye
in SR01, and untreated bilateral cataracts in SR02), both sight-
recovery subjects showed robust visually driven responses in
hMT+, making it possible to obtain a precise functional definition
of hMT+ in both individuals. Although hMT+ has a relatively
consistent position in relation to sulcal patterns, the stereotaxic
location and size of hMT+ varies across subjects (39), and the
close proximity of regions selective for tactile and auditory motion
(7, 24) makes a purely anatomical definition problematic. Thus,
the inclusion of sight-recovery subjects provides critical evidence
that the frequency tuning observed in these individuals does in-
deed overlap with regions selective for visual motion.
As described elsewhere (40–42), SR01 had normal visual ex-

perience up to age 3.5 y, at which stage his visual motion pro-
cessing should have been fairly mature. Thus, it appears that

congenital or very early blindness is not required for auditory
frequency tuning to emerge: The mechanism underlying the re-
cruitment of visual hMT+ for processing auditory motion and
frequency must retain plasticity until at least age 3 y.
Finally, these results suggest that after cross-modal plasticity has

occurred within hMT+, it is not disrupted by the resumption of visual
motion responses. Both individuals with recovered sight showed re-
sponses to auditory motion and frequency tuning in hMT+ that re-
sembled those of early-blind subjects. One possible explanation for
this “functional flexibility” may be that, in blind individuals, auditory
motion processing is accomplished within a conserved neural archi-
tecture that can continue to support computations relevant for pro-
cessing visual motion, if vision is ever restored.

Methods
Participants. Two sight-recovery subjects (both age 61 y, onemale), four early-
blind subjects (ages 33 to 56 y, two males; cause and onset of blindness given
in Table 1), and six age-matched sighted subjects participated in two sessions
of MRI. Subjects reported normal hearing and no history of neurological or
psychiatric illness. All subjects gave informed consent, and all procedures,
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including recruitment and testing, followed the guidelines of the University
of Washington Human Subjects Division and were reviewed and approved
by the University of Washington Institutional Review Board.

Stimuli and Task. Frequency selectivity was assessed using two kinds of stimuli:
(i) stationary pure tones and (ii) a moving band-pass stimulus traveling
smoothly along the frontoparallel plane. For both stimulus types, subjects
performed a one-back task on the center frequency, responding via button
press each time a stimulus block repeated the exact frequency of the pre-
vious block (10% of trials). Details of stimulus creation and sound system
calibration are provided in SI Appendix, Methods. Center frequencies for the
moving stimulus were selected to occupy the middle to lower end of the
audible range to maximize the efficacy of the interaural time difference
(ITD) cue, since sensitivity to ITDs is highest in the range of 700 to 1400 Hz for
both pure tones (43, 44) and complex stimuli with carrier frequencies up to
roughly 3,900 Hz (45).

MRI Acquisition and Preprocessing. All subjects participated in two scanning
sessions, one for the stationary stimulus, and one for the moving stimulus.
Sight-recovery subjects also participated in a separate visual motion localizer
scan as described in SI Appendix, Methods. All preprocessing and anatomical

ROI selection was carried out using BrainVoyager QX software (version 2.3.1;
Brain Innovation B.V.). Additional details of MRI acquisition, data pre-
processing, and ROI selection are provided in SI Appendix, Methods.

pRF and Statistical Analysis. Preprocessed fMRI data within the anatomical
ROIs were analyzed usingmethods described in greater detail in Thomas et al.
(27) and in SI Appendix, Methods. Briefly, for each voxel, we assumed a 1D
Gaussian sensitivity profile on a log auditory frequency axis. Using custom
software written in MATLAB, we found, for each voxel, the center (f0, best
frequency) and SD (σ) of the Gaussian that, when multiplied by the stimulus
over time after convolution with a canonical hemodynamic response func-
tion (46), produced a predicted time course that best correlated with the
measured time course within each voxel. Quality of model fits was quanti-
fied using a leave-one-scan-out cross-validation procedure, as described in SI
Appendix, Methods. Within each ROI, pRF model fits were compared with a
null model created using a randomized stimulus representation. Group
differences in model parameters were assessed using a nonparametric ap-
proach, as also described in SI Appendix, Methods.
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