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Coullon GS, Jiang F, Fine I, Watkins KE, Bridge H. Sub-
cortical functional reorganization due to early blindness. J Neuro-
physiol 113: 2889-2899, 2015. First published February 11, 2015;
doi:10.1152/jn.01031.2014.—Lack of visual input early in life results
in occipital cortical responses to auditory and tactile stimuli. How-
ever, it remains unclear whether cross-modal plasticity also occurs in
subcortical pathways. With the use of functional magnetic resonance
imaging, auditory responses were compared across individuals with
congenital anophthalmia (absence of eyes), those with early onset (in
the first few years of life) blindness, and normally sighted individuals.
We find that the superior colliculus, a “visual” subcortical structure, is
recruited by the auditory system in congenital and early onset blind-
ness. Additionally, auditory subcortical responses to monaural stimuli
were altered as a result of blindness. Specifically, responses in the
auditory thalamus were equally strong to contralateral and ipsilateral
stimulation in both groups of blind subjects, whereas sighted controls
showed stronger responses to contralateral stimulation. These findings
suggest that early blindness results in substantial reorganization of
subcortical auditory responses.

blindness; cross-modal plasticity; medial geniculate nucleus; subcor-
tical pathways; superior colliculus

IN BLIND INDIVIDUALS, THE occipital cortex responds during basic
auditory tasks such as sound localization (Lessard et al. 1998;
Weeks et al. 2000; Gougoux et al. 2005), auditory motion
(Poirier et al. 2006; Bedny et al. 2010; Lewis et al. 2010; Jiang
et al. 2014), and detection of changes in sounds (Kujala et al.
2005), as well as during more complex linguistic-based tasks
requiring semantic processing and verbal memory (Burton et
al. 2002a,b; Roder et al. 2002; Amedi et al. 2003).

In contrast, although substantial rewiring of subcortical
connections can occur in response to developmental disruption
of sensory pathways (Frost 1981; Sur et al. 1988), few studies
have addressed whether blindness leads to changes in the
functional properties of subcortical pathways. Dynamic causal
modeling of data obtained in congenitally blind humans during
an auditory discrimination task did not indicate increased
thalamo-cortical connectivity between the medial geniculate
nucleus (MGN) and primary visual cortex (Klinge et al. 2010).
In the (ZRDCT-an) anophthalmic mouse, in which eyes never
develop, auditory stimulation elicited activity in the dorsal
lateral geniculate nucleus (LGN) and occipital cortex (Piché et
al. 2004; Chabot et al. 2008) that was not observed in neona-
tally enucleated or sighted mice (Tucker et al. 2001).
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One possible reason that differences in subcortical responses
between blind and sighted people have not yet been observed
is because it is relatively difficult to measure activity in these
small structures using functional MRI. A second possibility is
that subcortical reorganization of function may be limited to
anophthalmic individuals, whereas previous studies have fo-
cused on mixed populations of blind subjects that have primar-
ily consisted of individuals who became blind postnatally (i.e.,
early blind). In human bilateral anophthalmia, both eyes fail to
develop or development is arrested at a very early stage.
Therefore, unlike other causes of congenital blindness, the
anophthalmic visual pathway does not experience prenatal
retinal activity. As described above, early “visual” areas such
as the LGN and V1 have auditory c-Fos activity in anophthal-
mic but not neonatally enucleated mice (Chabot et al. 2007).
Previous imaging work in the human brain suggests that
reorganization at the cortical level may differ between anoph-
thalmic and early blind individuals; for example, in anophthal-
mia, the pericalcarine region (V1 in sighted subjects) appears
to be a “low level” auditory structure that does not distinguish
between language and backwards speech (Watkins et al. 2012),
while it does for early blind subjects (Bedny et al. 2011).

Here, we measured subcortical auditory responses to both
binaural and monaural stimulation in individuals with anoph-
thalmia as well as early blind subjects and sighted controls
using an auditory stimulus specifically designed to elicit robust
auditory responses in the auditory thalamus (Jiang et al. 2013).
We found evidence of subcortical reorganization in both blind
groups, suggesting that the lack of visual input early in life
does indeed alter functional response properties of both audi-
tory and the visual subcortical pathways.

MATERIALS AND METHODS
Participants

Due to subject availability, the data used in this article were
obtained using the same paradigm but at two separate sites. To control
for site differences, each group of blind people was compared with a
group of sighted controls scanned at the same site.

University of Oxford. Five bilateral anophthalmic participants were
recruited (mean age 29 yr, range 23-35 yr, 2 females). All had
participated in previous imaging studies (Bridge et al. 2009; Watkins
et al. 2012, 2013) and are referred to as cases 1, 2, 4, 5, and 6. The
data presented here were acquired 4—5 yr after the first study. Case 3
from that study was not scanned again. All anophthalmic participants
except one read Braille and had no neurological history beyond the
cause of their blindness (Table 1). Ten age-matched control partici-
pants with normal or corrected-to-normal vision were also recruited
(mean age 26 yr, range 23-37 yr, 7 females). This study was granted
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Table 1. Brief case descriptions of anophthalmic and early blind participants

Subject Gender Age Clinical Description

Ano 1 M 33 Bilateral anophthalmia associated with OTX2 mutation, mother carrier, delayed speech and motor development.
Ano 2 F 35 Isolated bilateral anophthalmia. No family history.

Ano 4 F 23 Isolated bilateral anophthalmia, right orbital cyst. No family history.

Ano 5 M 27 Isolated bilateral anophthalmia. No family history.

Ano 6 M 28 Isolated bilateral anophthalmia. No family history.

EB 1 F 63 Ruptured right eye at 2 mo, detached retina at 5 yr. No residual light perception.

EB2 F 59 Optic nerve virus infection at 1.5 yr, low residual light perception.

EB 3 M 46 Congenital blindness, caused by congenital glaucoma. Low residual light perception.

EB 4 M 60 Congenital blindness, caused by retinopathy of prematurity. No residual light perception.

EBS F 61 Congenital blindness, caused by cataracts. Low residual light perception and color in right eye.
EB6 M 31 Congenital blindness, caused by Leber’s congenital amaurosis. No residual light perception.
EB7 M 39 Congenital blindness, caused by congenital glaucoma. Low residual light perception in right eye.

Age is at time of scan. All participants except Ano I are Braille readers. Anophthalmic participants were scanned at the University of Oxford site and early
blind participants were scanned at the University of Washington site. M, male; F, female.

ethical approval by the Oxford University Central Ethical Committee,
and all subjects gave informed written consent before participation.

University of Washington. Seven blind participants were recruited
(mean age 51 yr, range 31-63 yr, 3 females). All subjects were blind
at birth or within the first 5 yr of life due to mixed etiologies and were
left with no or very low light perception (Table 1). This group is
referred to as “early blind” consistent with previous literature (Burton
et al. 2002b; Gougoux et al. 2005; Collignon et al. 2007). Eight
control participants with normal or corrected-to-normal vision were
also scanned at the same site (mean age 30 yr, range 23-39 yr, 5
females). All subjects gave written and informed consent before the
experiment, following procedures approved by the University of
Washington (UW).

MR Imaging Acquisition

University of Oxford. Images were acquired using a Siemens Verio
3-Tesla whole body MRI scanner and a 32-channel coil at the
Functional Magnetic Resonance Imaging of the Brain Centre (Uni-
versity of Oxford). Structural images were acquired at 1-mm isotropic
resolution using a T1-weighted MPRAGE sequence [repetition time
(TR) = 2,040 ms, echo time (TE) = 4.7 ms, flip angle = 8°, 192
transverse slices, and 1-mm isotropic voxels]. A total of six functional
runs were acquired using a sparse echo-planar imaging pulse sequence
[TR = 10 s, acquisition time (TA) = 2's, TE = 30 ms, flip angle =
90°, 36 transverse slices, and 3-mm isotropic voxels]. Transverse
slices were positioned to cover most of the brain (cerebellum, tem-
poral, and occipital lobes) although depending on head size, superior
portions of the parietal lobe were sometimes omitted.

University of Washington. Images were acquired using a Philips
3-Tesla whole body MRI scanner and an eight-channel coil at the UW
Diagnostic Imaging Sciences Center (DISC). Structural images were
acquired at 1-mm isotropic resolution using a T1-weighted MPRAGE
sequence (TR = 2200 ms, TE = 3.55 ms, flip angle = 8°, 160 sagittal
slices, and 1-mm isotropic voxels). The six functional runs were
acquired using a sparse echo-planer imaging pulse sequence (TR = 10
s, TA = 145, TE = 16.5 ms, flip angle = 76°, 32 transverse slices,
and 2.75 X 2.75 X 3 mm voxels). Again, slices covered as much of
the brain as possible, but in some subjects superior portions of the
parietal lobe were not scanned.

Auditory Stimuli

Auditory stimuli were presented to participants via MRI-compati-
ble earphones (model S14; Sensimetrics), and sound levels were
adjusted to a comfortable listening level. Sighted control participants
were scanned in darkness with eyes closed. Stimuli consisted of
scrambled musical segments (1 s each), extracted using MATLAB

(Mathworks) from three songs: God Shuffled His Feet (Crash Test
Dummies), Will O’ the Wisp (Miles Davis), and Saeta (Miles Davis).
The first song contained lyrics, and the second two were music only.
These scrambled segments were presented binaurally, monaurally to
the right ear, or monaurally to the left ear. The intensity in the binaural
condition was scaled by —6 dB in each ear relative to the monaural
conditions to equate total sound amplitude across monaural and
binaural conditions. Equating the amplitude in this way reduces
differences in loudness across conditions.

Each 10-s trial consisted of either scrambled segments (binaural,
monaural left, or monaural right) or silence for 8 s, followed by 2 s
when no stimuli were presented and an MR volume was acquired (Fig.
1). One advantage of this “sparse sampling” technique is that it
minimizes masking of the auditory stimulus by acoustic scanner noise.
A second advantage is that, because of the hemodynamic delay in the
blood oxygen-level dependent (BOLD) signal (which is ~4-5 s to
peak response in Al), each volume acquisition measures the BOLD
response to auditory stimuli with minimal contribution of scanner
acoustic noise to the BOLD response. Furthermore, as a result of
reduced magnetic saturation, the signal-to-noise for each individual
volume is higher than during continuous acquisition (Hall et al. 1999).

The presentation order of conditions was fixed for all subjects
(binaural, monaural right, monaural left, and silence, repeated 8
times in a run). A total of 32 trials were presented in each of the
6 scans (each scan lasted ~6 min). Each scan contained scrambled
segments from only one of the three songs. The order of songs was
fixed for all participants: scans one and four sampled segments
from God Shuffled His Feet (Crash Test Dummies), scans two and
five sampled from Will O’ the Wisp (Miles Davis), and scans three
and six sampled from Saeta (Miles Davis).

Attentional Task

During all music conditions, a 1-s musical segment was sometimes
repeated consecutively. Participants were required to respond when-

AUDITORY STIMULI CONDITIONS
Binaural Monaural R Monaural L

<3| ||«
VOLUME ACQUISITION

TIME |_| |_| |_| |_|

8s 2s 8s 2s 8s 2s 8s 2s

Fig. 1. Auditory stimulation using sparse sampling to minimize scanner
acoustical noise: 8-s auditory stimulus (binaural, monaural right, monaural left,
and silence) followed by 2 s for volume acquisitions.

Silence
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ever this occurred (one back task), and responses were recorded on a
MRI-compatible response box. The task was only used to maintain
participant attention.

Data Analysis

MRI analysis. Functional MRI data processing was performed
using FEAT (FMRI Expert Analysis Tool) Version 6.00, part of FSL
(FMRIB’s Software Library: www.fmrib.ox.ac.uk/fsl). Preprocessing
of functional images included motion correction using MCFLIRT
(Jenkinson et al. 2002), nonbrain removal using BET (Smith 2002),
and high-pass temporal filtering (50s). No spatial smoothing was
applied to prevent distortion in the small thalamic regions of interest.
A general linear model was applied, with explanatory variables for
binaural, right-ear and left-ear stimulation. Functional images were
initially registered to each participant’s T1-weighted structural image
(BBR) for subject-specific analysis and then registered to TI-
weighted MNI-152 (Montreal Neurological Institute) 2-mm standard
space using nonlinear registration (FNIRT) for group analyses. Higher
level analyses were performed using fixed-effects analysis for an
average of each participant’s six runs and mixed-effects for group
comparison. For whole brain inspection, each subject’s statistical
maps showing BOLD activity during any of the three music condi-
tions (binaural, monaural right, and monaural left) relative to baseline
were thresholded at z = 2.5 (Gaussianized T/F) and projected onto
native T1-weighted 1-mm space. For group whole brain comparisons,
statistical maps were thresholded at z = 2.8 (Gaussianized T/F, cluster
corrected, P < 0.05) and projected onto MNI 2-mm standard space.

Region of interest analysis. The two cortical regions of interest,
primary visual cortex (V1) and primary auditory cortex (Al), were
derived from the Juelich histological atlas as implemented in FSL
with fslview (version 3.2.0). Al was the combination of TEI1.0,
TE1.1, and TE1.2 (Morosan et al. 2001). Cortical probabilistic defi-
nitions were thresholded at 30%. Anatomical definitions of the lateral
and medial geniculate nuclei were also derived from Juelich histolog-
ical atlas, with the probabilistic maps thresholded at 15% (because of
its more variable location across subjects in the atlas, a lower thresh-
old was used to ensure we captured activation in our participants in
this region).

Due to the known variability in the location of the auditory
thalamus between participants and hemispheres (Rademacher et al.
2002), it was defined for each participant in their native space based
on BOLD activation to any of the three auditory conditions (binaural,
monaural right, and monaural left). The activation overlapped with the
expected location of the MGN (based on the Juelich Histological
Atlas) and was defined separately for the left and right sides by
increasing statistical thresholds until reaching a volume of ~100
mm?>, which is the approximate size of the MGN (Winer 1984).

The inferior colliculus was not reliably activated in each subject,
and therefore, individual functional masks could not be made. Instead,
the inferior colliculus was defined anatomically based on each sub-
ject’s T1-weighted 1-mm structural scan and divided at the midline
into right and left regions of interest. The superior colliculus was
defined using the same method.

To determine the magnitude of activation evoked by the auditory
stimulus, percent BOLD signal change was extracted from these
cortical and subcortical regions of interest. Percentage BOLD signal
change during each of the three auditory conditions relative to the
silent baseline was calculated using Featquery, and statistical analyses
were performed using SPSS software (IBM, SPSS Version 20 for
Mac). Repeated-measures ANOVAs and two-tailed Student 7-tests
(independent and paired samples) were performed to investigate
differences in percent BOLD signal change during the three auditory
conditions (binaural, monaural ipsilateral, and monaural contralateral)
relative to baseline. Results were considered statistically significant at
P < 0.05. Homogeneity of variance was assessed using Mauchly’s
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test of sphericity; if significant, the Greenhouse-Geisser correction
and adjusted degrees of freedom were reported.

RESULTS

We begin by showing whole brain responses in blind and
sighted subjects, followed by a discussion of findings of the
reorganization evident within visual subcortical (superior col-
liculus and LGN) and auditory subcortical (inferior colliculus
and the auditory thalamus) pathways. Finally, we report corti-
cal responses within Al and V1.

Whole Brain Responses to Sound in Blind and Sighted
Subjects

Figure 2 shows examples of the responses in single partic-
ipants to all auditory stimulation conditions combined (binau-
ral, monaural right, and monaural left). As expected, all major
auditory structures responded to our stimuli in both sighted and
blind groups. The example subjects (Fig. 2A, anophthalmic;
Fig. 2B, early blind; Fig. 2C, Oxford control; Fig. 2D, UW
control) showed extensive, highly significant activation in the
auditory cortex, auditory thalamus, and inferior colliculus.
However, in the example anophthalmic (Fig. 2A) and early
blind (Fig. 2B) participants, there is additional, significant
activation in the occipital cortex, including both pericalcarine
and extrastriate regions.

Group activity maps revealed a pattern very similar to the
example subjects described above. Figure 3 shows the activa-
tion from a mixed-effects analysis performed separately for
each group (Fig. 3A, anophthalmic; Fig. 3B, early blind; Fig.
3C, Oxford controls; Fig. 3D, UW controls). Group statistical
maps show clear activation in the auditory cortex, thalamus,
and colliculi for all subject groups. As predicted from previous
studies, anophthalmic and early blind groups show additional
occipital activation.

The Superior Colliculus Shows Responses to Auditory
Stimuli in Blind Individuals

Group data comparing responses within all four subject
groups to all three auditory conditions within the region of the
superior colliculus are shown in Fig. 4. Figure 4A shows
responses that are greater in the anophthalmic group compared
with Oxford controls, and Fig. 4B shows responses that are
greater in the early blind group compared with UW controls.
Both blind groups show greater auditory activity than their
respective sighted controls in the expected location of the
superior colliculus.

The superior colliculus was then defined anatomically for
individual subjects using the T1l-weighted 1-mm structural
scan. Since there was no significant difference between the left
and right superior colliculus activation in any condition, data
were collapsed across the left and right hemispheres. Percent-
age BOLD signal change within this region during the three
auditory stimulation conditions is shown in Fig. 5 for anoph-
thalmic subjects and their sighted controls (Fig. 5A) and early
blind subjects and their sighted controls (Fig. 5B). Both blind
groups showed significantly higher activity in the superior
colliculus relative to their sighted controls [main effect of
group: F(1,24) = 5.08, P = 0.034]. The enhancement of
auditory responses was greatest in the binaural condition, but
differences between the three conditions did not reach signif-
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Fig. 2. Example activation across all auditory
stimulus conditions (binaural, monaural ipsi-
lateral, and monaural contralateral) for an
anophthalmic (A), early blind (B), and
sighted control participants [C: Oxford site;
D: University of Washington (UW) site].
Statistical maps are thresholded voxelwise at
z = 2.5 for visualization purposes.

Auditor
Thalamus
Za NS

icance (main effect of condition: P = 0.053). There were no
significant differences in BOLD responses between the left and
right superior colliculi or between scan sites (Oxford and UW)
nor was there a significant interaction between group and
condition.

The LGN Shows No Evidence for Cross-Modal Plasticity

The anatomical definition of the LGN from the Juelich
histological atlas was also used to examine whether there were
any novel responses in this structure in blind participants. We
found no response in the LGN for any subject group for our
paradigm (see Fig. 6). Thus, for the auditory stimuli we used,
we found no evidence of cross-modal plasticity in the LGN for
either anophthalmic or early blind participants.

The Auditory Thalamus Shows Increased Ipsilateral Activity
as a Result of Blindness

With the use of methods previously validated by Jiang et al.
(2013), the auditory thalamus was defined functionally in each
subject’s native space based on activation across all auditory
stimulation conditions. When converted into MNI standard
space, the mean coordinates (and SD) for the central voxel
within the auditory thalamus across all subjects were X = —15
(1.64), Y = =27 (1.71), Z = —5 (2.31) in the left hemisphere
and X = +16 (1.59), Y = =27 (1.82), Z = —5 (2.29) in the
right hemisphere. These match previous reports of MGN co-
ordinates located with structural imaging (Rademacher et al.
2002; Devlin et al. 2006), with functional imaging (Griffiths et
al. 2001), and from post mortem brains (Morel et al. 1997;
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Niemann et al. 2000). No differences in these central coordi-
nates were found among participant groups.

To further confirm our localization of the MGN, functional
definitions were overlaid with probabilistic anatomical defini-
tions of the MGN and LGN from the Juelich histological atlas
implemented in FSL (thresholded at 15%; Fig. 6). Almost all of
the functionally defined auditory thalamus (red) fell within the
anatomically expected location of MGN (blue border) and very
little fell within the anatomically expected location of neigh-
boring LGN (green border). This provided further confirmation
that our functionally defined auditory thalamus activity was
centered on the anatomical definition of MGN for all subject
groups.

No difference between left and right auditory thalamus
activation was found for any condition or group, so data were
collapsed across left and right monaural presentations to give
ipsilateral and contralateral monaural stimulation. Responses
within the functionally defined auditory thalamus to the three
auditory stimulation conditions are shown in Fig. 7. Data from
participants scanned at Oxford and UW are presented in Fig. 7,
A and B, respectively. A four-way ANOVA [hemisphere X
auditory condition X group (sighted or blind) X site] indicated
significantly higher BOLD responses at the Oxford site com-
pared with UW [F(1,24) = 12.46, P = 0.002]. There were no
significant differences between binaural and contralateral au-
ditory conditions in any group; sound amplitude was normal-
ized to match loudness across binaural and monaural condi-
tions so no differences related to loudness were expected. In
sighted subjects, the largest responses were to binaural and
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Colliculi

z2=28

contralateral stimulation with significantly lower activation
levels to ipsilateral stimulation [main effect of condition:
F(1.58,37.9) = 16.52, P < 0.001]. This pattern of responses is
predicted from the known anatomical pathways, which are
partially crossed at this stage in the auditory system. In con-
trast, neither blind group showed an attenuated response to the
ipsilateral stimulation [group X condition interaction: F(1.58,37.9) =
3.53, P = 0.037]. Within-group paired #-tests revealed that
contralateral activation was significantly higher than ipsilateral
activation in the sighted groups [Oxford: #8) = 7.9, P <
0.001; UW: «7) = 5.79, P < 0.001], but responses to ipsilat-
eral and contralateral stimulation were not significantly differ-
ent in the blind subject groups. Independent #-tests between

A Anophthalmics > Oxford Controls B
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Fig. 3. Group activation [in Montreal Neu-
rological Institute (MNI) 2-mm standard
space] combined across all auditory stimulus
conditions for anophthalmic (A), early blind
(B), and sighted control subjects (C: Oxford
site; D: UW site). Group statistical maps
(mixed effects) are thresholded at z = 2.8 (P <
0.003).

x=-4;y=-28;z=-8

conditions confirmed that the blind groups showed signifi-
cantly higher activation than the sighted groups during ipsilat-
eral stimulation only [#(26) = 2.35, P = 0.027].

The Inferior Colliculus Shows a Mixed Pattern of Results

The inferior colliculus was defined anatomically for individ-
ual subjects using the T1-weighted 1-mm structural scan. Mean
percent BOLD signal changes are shown in Fig. 8.

The results reported here for the inferior colliculus should be
interpreted with caution given that eliciting robust inferior
colliculus activity was difficult. The stimulus we used was not
specifically designed for this area, and in some individual

Early Blind > ‘UW Controls

Fig. 4. Contrasts of anophthalmia > Oxford
sighted group (A) and early blind > UW
sighted group (B) in all 3 auditory conditions
show auditory activity in the expected loca-
tion of the superior colliculus in blind sub-
jects. Group statistical maps (mixed effects)
are thresholded at z = 2.5.
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Fig. 5. Mean %blood oxygenation-level de-
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Superior colliculus

[0)
pendent (BOLD) signal change within the g 1 A EOxford Controls o6, B EEWI C;:'_mé)ls
superior colliculus during each of the audi- < g Anophthalmics 0.5 arly Blin
tory stimulation conditions (binaural, con- 8 0.4
tralateral, and ipsilateral). Results are sepa- 1 0.6
rated by scan site (A: Oxford site; B: UW 8 0.4 0.3
site). Error bars represent means = SE. Note o 0.2
the y-axis scale difference between the 2 sites g 0.2 0.1
reflecting the overall reduced response in the &

UW data. g 0 0 T
Sf 0.2 Binaural Contralateral Ipsilateral -0.1 Binaural Contralateral Ipsilateral

subjects we could not identify activity in the inferior colliculus.
The overall magnitude of BOLD responses was lower for
anophthalmic subjects compared with Oxford controls, al-
though this did not reach significance [main effect of group at
the Oxford site only: F(1,12) = 3.31, P = 0.094]. This

Juelich MGN

Fig. 6. Functional definitions for all subjects
(red) are superimposed on the location of
anatomically defined medial geniculate nu-
cleus (MGN; blue) and lateral geniculate
nucleus (LGN; green). A: anophthalmic
group. B: early blind group. C: Oxford con-
trol group. D: UW control group.

difference might possibly be due to a greater distribution of
processing across the inferior and superior colliculi in the
anophthalmic individuals, although for UW subjects the oppo-
site pattern of results was observed. However, three sighted
subjects from the UW site demonstrated very little activity in

Auditory Thalamus
N (in group)

Juelich LGN
100%

100%
||

Juelich LGN Juelich LGN
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Auditory thalamus
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Fig. 7. Mean %BOLD change extracted from

qg)’ 2 A [] Oxford Controls 1.2 B CJUW Controls the )al(ljdit_ory thal;lm}ls IEA: O();ford site; Blz uw
© Anophthalmics i site) during each of the auditory stimulation
S " P 1 B Early Biind conditionsg(binaural, contralateer and ipsilat-
9 15 0.8 eral). Error bars represent means = SE. In
) the auditory thalamus, both control groups
m 1 0.6 show an attenuated response to ipsilateral
g 0.4 auditory stimulation, a pattern not found in
S 05 either blind group. Note the y-axis scale dif-
S 0.2 ference between the 2 sites reflecting the
g 0 overall reduced response in the UW data.
o Binaural Contralateral Ipsilateral Binaural Contralateral Ipsilateral

the inferior colliculus, thus reducing the control means for the
UW site.

The general pattern of contralateral bias in the inferior
colliculus in anophthalmic subjects (see Fig. 8) is similar to
that seen in the auditory thalamus, in that the anophthalmic
subjects show the same magnitude of responses for contralat-
eral and ipsilateral ear stimulation rather than the attenuated
ipsilateral responses seen in sighted controls.

Al Shows Reduced Contralateral Bias and VI Shows
Cross-Modal Plasticity as a Result of Blindness

Primary auditory (A1) and visual (V1) cortices were defined
in MNI 2-mm standard space using the Juelich histological
atlas as implemented in FSL. The responses of Al and V1 to
the auditory stimulation are shown in Fig. 9. For Al, the
BOLD responses from the UW site were once again signifi-
cantly lower than those from the Oxford site [main effect of
site: F(1,24) = 10.02, P = 0.004].

Across all groups, in Al there was a significant effect of
stimulation condition [F(2,28) = 28.83, P < 0.001]. The blind
groups again failed to show the control pattern of attenuated
ipsilateral responses, but this effect was not as strong as for the
auditory thalamus and did not quite reach significance (group X
condition interaction: P = 0.056). Within-group paired-sam-
ples r-tests showed that the contralateral activation was signif-
icantly higher than ipsilateral activation in the sighted groups
[Oxford: #8) = 6.04, P < 0.001; UW: #«(7) = 4.63, P = 0.002],
but the difference between ipsilateral and contralateral condi-
tions was not significant in either of the blind groups [anoph-
thalmia: #(4) = 0.6, P = 0.58; early blind: #5) = 1.11, P =
0.32]. There was no difference between hemispheres for any
condition or group at either scan site (Oxford and UW).

As expected from previous studies, in the expected location
of V1, sighted participants did not show significant activation
for any of the three auditory conditions, whereas the blind
groups showed robust activation across all three conditions.
Both blind groups had significantly greater BOLD signal

Inferior colliculus

change than sighted subjects [main effect of group: F(1,24) =
15.74, P < 0.001]. Interestingly, although there were no main
effects of hemisphere or scan site on mean BOLD signal in V1,
the activation in anophthalmic subjects was slightly left later-
alized whereas in the early blind subjects it was slightly right
lateralized resulting in a significant hemisphere by site inter-
action [F(1,24) = 5.79, P = 0.024]. However, within each of
these two blind groups the levels of activity in the right and left
hemispheres were not significantly different. Additionally,
there was no significant effect of stimulation condition in the
responses of the blind groups.

DISCUSSION

We examined whether visual deprivation in early life (pre-
and postnatal) alters subcortical responses to auditory stimula-
tion in addition to the well-established cortical changes. Using
a stimulus designed to elicit robust auditory thalamus activity,
we found that the absence of visual input early in human
development leads to changes in subcortical response proper-
ties within both visual and auditory pathways. Specifically, our
data suggest that the superior colliculus is recruited for audi-
tory processing in both anophthalmic and early blind individ-
uals. Furthermore, auditory pathways show a reduced con-
tralateral bias; auditory-evoked responses in subcortical and
possibly cortical structures ipsilateral to the stimulated ear
were higher in blind subjects compared with sighted controls.

Eliciting Subcortical Activity Using a Complex Auditory
Stimulus

A variety of methods have been used to localize and measure
responses within the MGN (Guimaraes et al. 1998; Giraud et
al. 2000; Griffiths et al. 2001; Harms and Melcher 2002;
Krumbholz et al. 2005). The complex sound stimulus (scram-
bled music) we used was previously shown to reliably elicit
responses within the auditory thalamus (Jiang et al. 2013). We
chose this particular stimulus because it appears to elicit much
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stronger responses in the auditory thalamus at the individual
level compared with dynamic rippled noise (Jiang et al. 2013)
and contains both speech and nonspeech components. Neurons
within the three subdivisions of the MGN (ventral, dorsal, and
medial) respond to a range of natural and artificial sounds with
varying spectral and temporal features in nonhuman primates
(Symmes et al. 1980; Allon and Yeshurun 1985; Bartlett and
Wang 2011). In particular, the MGN appears to respond well to
complex and speech-like stimuli with low predictability (von
Kriegstein et al. 2008; Diaz et al. 2012). Our auditory stimuli
consisted of speech and nonspeech music scrambled into short
segments; these segments ensure low predictability while sam-
pling various spectrotemporally complex features found in
speech. In addition, as an ecologically valid stimulus it is
perhaps better suited to maintaining participant attention. Fi-
nally, the sound vs. the silent rest contrast was chosen because
we were primarily interested in eliciting robust subcortical
responses to auditory stimulation, rather than characterizing
more subtle functionally specific responses between different
types of auditory stimuli. Using this stimulus, we saw signif-
icant bilateral auditory thalamus activation in 26/28 individual
participants.

A series of studies have suggested that auditory noise (Dev-
lin et al. 2003) and “speech-like” stimuli containing fast
temporal modulations may be preferentially processed in left
auditory structures (Zatorre and Belin 2001; Schonwiesner et
al. 2007), while musical stimuli or spatial or motion informa-
tion may be preferentially processed in the right hemisphere
(Zatorre et al. 2002; Krumbholz et al. 2005), although this
lateralization may depend on context (Brechmann and Scheich
2005; Shtyrov et al. 2005; Schonwiesner et al. 2007). In this
study, similar to Jiang et al. (2013), we consistently saw larger
responses to contralateral compared with ipsilateral stimuli in
sighted subjects, but we saw no evidence of any hemispheric
specialization. This may be because the stimuli that we used
contained a combination of auditory-noise, music-like, and
speech-like features.

The Superior Colliculus Shows Responses to Auditory
Stimuli in Blind Individuals

The superior colliculus is known to have multimodal input
even in sighted animals (Meredith and Stein 1986; Covey et al.
1987; Jiang et al. 1997; King et al. 1998), and these nonvisual
responses may be larger in the absence of visual input. Elec-
trophysiology studies with dark reared rats (Vidyasagar 1978)
and visually deprived cats (Rauschecker and Harris 1983)
found significant increases in the mean number of somatic and
auditory responsive cells in the superior colliculus. This in-
crease was found in intermediate and deep layers of the
superior colliculus in visually deprived rats (Vidyasagar 1978)
and across all layers in visually deprived cats (Rauschecker and
Harris 1983). Consistent with these animal studies, our data
suggest recruitment of the superior colliculus for auditory
processing in anophthalmic and early blind subjects; both blind
groups showed significantly greater BOLD responses in the
superior colliculus, defined anatomically, compared with the
sighted groups.

One possibility, given the animal data, is that the reorgani-
zation observed here occurs within the colliculus itself. Several
groups have reported low level auditory responses within the
occipital cortex, including auditory motion (Poirier et al. 2006;
Saenz et al. 2008; Bedny et al. 2010; Jiang et al. 2014) and,
more recently, a tonotopic map of auditory frequency in visual
motion area hMT+ (Watkins et al. 2013). It is possible that
these responses might be mediated by connections with the
superior colliculus, either directly or via the pulvinar, as
discussed extensively with relation to blindsight (Cowey
2010). A second possibility is that the responses we see in the
superior colliculus are the result of descending feedback from
cortex, as described further below.

The LGN Shows No Evidence for Cross-Modal Plasticity

Based on the mouse model of anophthalmia (Piché et al.
2004; Laemle et al. 2006; Chabot et al. 2007, 2008), one might
expect to see a recruitment of the LGN for auditory processing.
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However, we found no significant modulation of neural activ-
ity within the anatomical location of LGN as a result of early
blindness. This could be due to a number of factors: humans
may differ from the mouse model, the LGN might not respond
to the particular auditory stimulus that we used, or atrophy of
the LGN [as has been demonstrated in congenital blindness
(Cecchetti et al. 2015) and anophthalmia (Bridge et al. 2009)]
might have precluded detection of an evoked auditory re-
sponse. Scanning this region at higher field strength using other
auditory stimuli (e.g., stimuli containing information about
spatial position) may yet reveal cross-modal plasticity in this
area.

In sighted individuals, retinal input projects separately to
the superior colliculus and LGN, and both pathways then
project to striate cortex. The superior colliculus receives
feedback projections from layers 5 and 6 of V1 (Nhan and
Callaway 2012), while striate feedback to LGN is from
layers 4—6 (Ichida and Casagrande 2002). One possibility is
that cross-modal plasticity is driven by subcortical reorga-
nization that is limited to the superior colliculus. Alterna-
tively, if cross-modal responses are due to feedback projec-
tions from V1, then the restriction to the superior colliculus
suggests that distinct cell types within the layers must used,
since feedback comes from the same layers. A further
possibility is that feedback is from extrastriate areas such as
hMT+, which projects to LGN via V1 (Jones et al. 2012),
while there are direct projections from hMT+ to the supe-
rior colliculus (Fries 1984).

The Auditory Thalamus Shows Increased Ipsilateral Activity
as a Result of Blindness

In the auditory pathway, inputs from the ear cross to the
contralateral brainstem at the level of the superior olivary
nucleus (Langers et al. 2005). However, some information
stays in the ipsilateral brainstem pathways while some infor-
mation reaching the contralateral side crosses back at the level
of the inferior colliculus. As a consequence, subcortical and
cortical auditory responses are stronger in the hemisphere
contralateral to the stimulated ear in both animal models
(Langers et al. 2005; Schnupp et al. 2011) and humans (sub-
cortex: Langers et al. 2005; cortex; Woldorff et al. 1999;
Suzuki et al. 2002). This contralateral bias is clearly replicated
in our sighted data, within both the MGN and Al. In contrast
to our sighted subjects, both anophthalmic and early blind
subjects showed a similar magnitude of auditory thalamus
BOLD responses to ipsilateral stimulation as for contralateral
or binaural stimulation. This effect was significant in the
auditory thalamus and was marginally significant within Al.

This reduction in the contralateral bias in the blind subcor-
tical auditory pathway suggests that the visual system may
have a role in shaping the contralateral bias. In the ferret, this
contralateral bias develops at the cortical level ~1 mo after the
onset of hearing, suggesting that it requires exogenous input
and consists of a boosting of the contralateral response rather
than a suppression of the ipsilateral one (Mrsic-Flogel et al.
2006). One possibility is that this contralateral bias is driven by
the development of cross-modal correspondences between vi-
sual (which are exclusive to the contralateral visual field) and
auditory maps.
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It is again not clear whether the reduction in the contralateral
bias that we observe within the auditory thalamus occurs
within subcortical structures and is passed forward to cortex, or
whether this reorganization is observable as a consequence of
descending feedback from cortex. In the case of descending
feedback, the lack of a contralateral bias in the auditory
thalamus might simply be a reflection of the absence of a
contralateral bias in cortex. Although we found that the en-
hancement of ipsilateral responses in blind compared with
sighted subjects seemed to be weaker in Al than in the MGN,
feedback projections are presumably selective and thus might
result in a selective boosting of MGN ipsilateral responses. A
third potential source of this reduced contralateral bias is
feedback from pericalcarine cortex to the auditory thalamus in
blind individuals. Projections from the MGN to the primary
visual cortex have been found in bilaterally enucleated oppo-
sums (Karlen et al. 2006), and it is possible that these projec-
tions are reciprocal. Differentiating between these (and other)
possibilities is an interesting avenue for future work.

The Inferior Colliculus Shows a Mixed Pattern of Results

Across most subcortical and cortical structures we found a
very similar pattern of results for blind and anophthalmic
subjects. The exception was the inferior colliculus, where
anophthalmic subjects appear to show reduced inferior collicu-
lus activation relative to the Oxford controls as well as the
early blind and sighted controls scanned at UW. This result
should be treated with caution, given the difficulty of eliciting
robust activity in this small subcortical structure. However, this
potential difference may reflect differences in processing be-
tween anophthalmic and early blind individuals. Higher reso-
lution scanning and an auditory stimulus (perhaps containing
spatial information) specifically designed to elicit strong activ-
ity in this structure could be used to further investigate this
potential group difference.

Study Limitations

The anophthalmic and early blind participants in the current
study differed in age and were scanned at different sites with
different scanners and head coils. As a result we were not able
to directly compare activation patterns across anophthalmic
and early blind subjects, so each group was compared with
sighted control subjects scanned at the same site. Furthermore,
both groups were relatively small for the types of group
comparisons presented here.

Further limitations include the variety of causes of blindness
in the early blind group (common in such studies of blindness)
and age differences between the early blind and controls at the
UW site. In particular, sighted controls at UW were signifi-
cantly younger than the early blind subjects. This is a concern,
given that previous studies have shown that increased age
reduces BOLD responses in auditory cortex (Cliff et al. 2013).
We found a similar result in auditory cortex, where responses
in the older early blind group show an overall reduction in
magnitude compared with the younger UW control group.
However, the main findings described in this article are un-
likely to be due to age differences since they were observed in
anophthalmic (who were age-matched to their sighted controls)
as well as early blind subjects.
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Summary

In conclusion, we describe for the first time subcortical
reorganization of function in the human brain as a result of
absent visual input occurring early in development. Changes
included an apparent recruitment of the superior colliculus for
auditory processing and increased ipsilateral BOLD activity in
the auditory thalamus. Future work is needed to determine the
full extent of functional reorganization within subcortical
structures and how these changes contribute to enhanced pro-
cessing in cortex.
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