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The functional organization of human primary visual and auditory cortices is influenced by sensory experience and exhibits

cross-modal plasticity in the absence of input from one modality. However, it remains debated whether the functional

architecture of the prefrontal cortex, when engaged in social cognitive processes, is shaped by sensory experience. The present

study investigated whether activity in the medial prefrontal cortex underlying self-reflective thinking of one’s own traits is

modality-specific and whether it undergoes cross-modal plasticity in the absence of visual input. We scanned 47 sighted

participants and 21 congenitally blind individuals using functional magnetic resonance imaging during trait judgements of

the self and a familiar other. Sighted participants showed medial prefrontal activation and enhanced functional connectivity

between the medial prefrontal and visual cortices during self-judgements compared to other-judgements on visually but not

aurally presented trait words, indicating that medial prefrontal activity underlying self-representation is visual modality-specific

in sighted people. In contrast, blind individuals showed medial prefrontal activation and enhanced functional connectivity

between the medial prefrontal and occipital cortices during self-judgements relative to other-judgements on aurally presented

stimuli, suggesting that visual deprivation leads to functional reorganization of the medial prefrontal cortex so as to be tuned by

auditory inputs during self-referential processing. The medial prefrontal activity predicted memory performances on trait words

used for self-judgements in both subject groups, implicating a similar functional role of the medial prefrontal cortex in

self-referential processing in sighted and blind individuals. Together, our findings indicate that self-representation in the

medial prefrontal cortex is strongly shaped by sensory experience.
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Introduction
Neural plasticity enables the human brain to change its functional

architecture through different sensory experiences in order to

adapt to environmental pressures (Bavelier and Neville, 2002;

Pascual-Leone et al., 2005). Studies of humans with visual or audi-

tory deprivation have shown increasing evidence for modulations

of function of the primary visual and auditory cortices by sensory

experience. The occipital cortex that is commonly involved in visual

processing in sighted humans is activated by heard sounds/words

(Burton et al., 2002; Gougoux et al., 2009) and by Braille reading

in blind individuals (Sadato et al., 1996; Büchel et al., 1998;

Burton et al., 2002). Moreover, the occipital activity in early

blind individuals predicts behavioural performances on auditory
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tasks such as sound localization (Gougoux et al., 2005) and

verbal-memory (Amedi et al., 2003). Similarly, auditory depriv-

ation results in recruitment of the primary auditory cortex in the

processing of vibrotactile stimuli (Levanen et al., 1998) and sign

language (Nishimura et al., 1999) in deaf humans. The findings

indicate that sensory experiences substantially shape the functions

of primary sensory cortices to adapt to the processing of visual,

auditory or tactile information.

However, observations regarding whether the functional organ-

ization of cortical structures involved in high-level social cognition

are shaped by sensory experiences are inconsistent. The paracin-

gulate cortex responds to both visual and auditory signals that

indicate others’ intention to communicate (Kampe et al., 2003).

The mirror neuron system in the premotor cortex, which responds

both during performing an action and viewing others performing

the same action (Rizzolatti and Sinigaglia, 2010), is activated by

sounds produced by actions in both sighted and congenitally blind

individuals (Ricciardi et al., 2009). The temporoparietal junction

that underlies inference of others’ beliefs when reading and hear-

ing stories in sighted subjects also engages in belief reasoning

when early blind participants hear stories (Bedny et al., 2009).

Thus, it appears that these brain regions engage in social cognitive

processing of others regardless of sensory modality and develop

independently of visual experience. Apart from first-person visual

experiences, hearing people talk about mental states may be a

critical source of evidence about others’ minds and result in devel-

opment a similar neural network underlying the understanding of

others’ mental states in sighted and congenitally blind adults

(Bedny et al., 2009).

In contrast, evidence exists for modality specificity of the frontal

activity involved in cognitive processes related to the self. Spatial

localization of visual and auditory stimuli referenced to the self is

dissociated in the superior and inferior regions of the middle front-

al gyrus (Bushara et al., 1999). Hearing one’s own name activates

the left middle frontal cortex (Carmodya and Lewis, 2006), which

is, however, not engaged when seeing one’s own name (Sugiura

et al., 2008). The results raise the possibility that functions of the

frontal cortex engaged in self-related cognitive processes may be

modality-specific and thus are influenced by modified sensory ex-

perience. Nevertheless, this has not been demonstrated by exam-

ining neural activity recorded from the same subject to visual and

auditory stimuli that match in content.

The current work addressed this issue by assessing if neural

activity in the medial prefrontal cortex related to self-concept rep-

resentation (Northoff and Bermpoh, 2004) is modality-specific and

shaped by sensory experiences. We employed a self-referential

task that requires trait judgements of oneself and others (Rogers

et al., 1977), and can be conducted in both visual and auditory

modalities. It has been shown that the medial prefrontal activity

increases to trait judgements of the self compared to trait judge-

ments of others (Kelley et al., 2002; Lieberman et al., 2004;

Mitchell et al., 2006; Zhu et al., 2007) and increases more to

highly self-descriptive trait words than less self-descriptive trait

words (Macrae et al., 2004; Moran et al., 2006), suggesting an

important role of the medial prefrontal cortex in self-concept rep-

resentation. However, previous studies only showed self-related

medial prefrontal activity to visually presented stimuli and left it

open as to whether such activity is visual modality-specific, and if

so, whether visual deprivation leads to reorganization of medial

prefrontal cortex function so as to be tuned to auditory modality

during self-referential processing. To our knowledge, only one

brain imaging study has employed aural stimuli for trait judgement

tasks (Johnson et al., 2002). This study showed increased activa-

tion in the contrast of self-judgements versus general knowledge

judgements in the medial prefrontal cortex, which was associated

with the processing of general personal knowledge. However, it

did not report the results of the contrast of self-judgements versus

other-judgements, leaving it an open issue as to whether the

medial prefrontal cortex engages in self-referential processing of

aurally presented stimuli.

According to the theory that self-concept is constructed as

abstract symbolic knowledge (Sedikides and Skowronski, 1997;

Kihlstrom et al., 2003), the neural activity underlying self-concept

representation should bear arbitrary relations to sensory input.

However, there has been evidence that self-concept originates in

processes of sensory perception that distinguish between self and

non-self (Gibson, 1979; Butterworth, 1992) and visual input dom-

inates information from other modalities in defining the primitive

sense of self, such as the agency of an action and ownership of

body parts (Bodvinik and Cohen, 1998; Lenggenhager et al.,

2007). If such primitive self-concept provides a basis for the repre-

sentation of one’s own traits, one may hypothesize that the medial

prefrontal activity related to self-concept representation would be

stronger to stimuli delivered through the visual rather than auditory

modality. In addition, the medial prefrontal activity underlying

self-representation should be taken over by the auditory modality

in blind individuals for whom the auditory, rather than the visual,

input dominates the distinction between self and non-self and thus

may play a key role in the construction of one’s self-concept.

To test these hypotheses, Experiment 1 scanned sighted partici-

pants using functional MRI during judgements of visually and

aurally presented statements about one’s own traits, a familiar

other’s traits, and word valence. Similar to the previous studies

(Kelley et al., 2002; Lieberman et al., 2004; Mitchell et al.,

2006; Zhu et al., 2007), the contrast of self-judgements versus

other-judgements revealed neural activity underlying self-concept

representation and the contrast of other-judgements versus

valence-judgements identified neural activity associated with the

processing of others’ personal knowledge (Fig. 1). As Experiment

1 showed that the medial prefrontal activation associated with

self-representation was specific to the visual modality, Experiment

2 further scanned congenitally blind individuals and sighted

controls during self-, other- and valence-judgements of aurally

presented stimuli to assess if lack of visual experience leads to

functional reorganization of the medial prefrontal cortex so as to

respond to auditory input during self-referential processing.

Materials and methods

Subjects
Twenty-five sighted participants were recruited in Experiment 1.

Two sighted participants were excluded from data analysis due
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to excessive head movement. The remaining 23 sighted individuals (11

males, 12 females; age range: 18–28 years, mean age = 22.0 years)

were included in functional MRI data analysis. One of the subjects was

left-handed, the others were right-handed. All sighted participants re-

ported no history of neurological or psychiatric diagnoses and had

normal or corrected-to-normal vision.

Twenty-one congenitally blind individuals and 22 sighted control

participants were recruited for Experiment 2. Two blind and three

sighted control participants were excluded from data analysis due to

excessive head movement. Data from the remaining 19 congenitally

blind participants (11 males, 8 females; age range: 18–28 years, mean

age = 25.2 years) and 19 sighted control participants (9 males, 10 fe-

males; age range: 19–28 years, mean age = 23.2 years) were included in

functional MRI data analysis. One blind participant was left-handed and

the others were right-handed. All the participants had no history of

neurological or psychiatric diagnoses. The causes of blindness included

retinopathy of prematurity (n = 7), cataracts (n = 5), retrolental fibro-

plasia (n = 1), genetic retinal pigmentation (n = 2), nystagmus (n = 1),

microphthalmia (n = 1) and congenital glaucoma (n = 2). Informed con-

sent, approved by a local ethics committee, was provided prior to the

study. Informed consent was obtained verbally from blind participants.

Stimuli and procedure
In Experiment 1, stimuli used during the scanning procedure consisted

of three types of statements in Chinese delivered through either

a liquid crystal display projector onto a rear projection screen,

which was viewed with an angled mirror positioned on the head-coil,

or a magnetic resonance-compatible pneumatic headphone system

(22.05 kHz, 16 bit quantization, stereo, GoldWave Project). Visual sti-

muli consisted of short sentences written in white on a black back-

ground and auditory stimuli consisted of short-sentences read by a

female. Each stimulus consisted of a statement about the self, a

gender-matched Chinese athlete (Xiang Liu for male subjects and

Xuan Liu for female subjects), or the valence of trait words. The state-

ments delivered through the visual and auditory modalities were iden-

tical in content. Subjects were asked to make yes/no responses to

self-judgements (e.g., ‘I am brave’), other-judgements (e.g., ‘Liu

Xiang is lazy’) and valence-judgements (e.g., ‘smart is a positive

word’) by pressing one of the two buttons with the right index or

middle finger. Prior to entering the scanner, participants were given

practice trials to familiarize themselves with the tasks.

Each type of judgement was presented in a single session, using a

block design. In each scan, each subject finished six functional scans

with six sessions (i.e. auditory/visual self-judgements, auditory/visual

other-judgements and auditory/visual valence-judgements). Different

sessions in each scan were presented visually and aurally in a random

order, resulting in 54 statements (six sessions of nine statements) in

each condition. A 6 s prompt screen with ‘The experiment is about to

start, please concentrate on the task’ preceded each scan. Each session

of 31s started with a 4 s instruction (instructions were presented on the

screen for visual session and through headphones for auditory session),

followed by nine trials. Each trial consisted of a 2 s statement, followed

by a 1 s central fixation. The judgement tasks were intervened by rest

sessions of 10 s during which participants viewed a white fixation on a

black screen.

A total of 444 trait adjectives were selected from established

personality trait adjective pools (Liu, 1990), each of which consisted

Figure 1 Experimental design and stimuli used in Experiment 1. A block design was used. Blue epochs represent visual sessions in which

stimuli were presented on a screen and pink epochs represent aural sessions in which stimuli were presented through a headphone.

The contents of visual and auditory stimuli were identical. Each session consisted of nine trials and was preceded by a 4 s instruction

and followed by a 10 s rest fixation cross. The visual and aural sessions of self-, other- and valence-judgements were presented in a

random order. Each scan lasted for 260 s.
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of two Chinese characters. Half of the words were positive adjectives,

and the remaining ones were negative. Three hundred and twenty-

four adjectives were randomly chosen to be used in 324 judgement

statements for the functional scans and were randomly assigned to six

lists of 54 words. The assignment of the lists to each condition was

counterbalanced across subjects. Three lists of words were randomly

chosen to be aurally delivered and the other three lists were visually

presented. Each of the Chinese characters in the instructions and each

statement subtended a visual angle of 0.34� � 0.45� (width�height)

at a viewing distance of 80 cm.

After the scanning procedure, participants were given visual and

auditory recognition memory tests. Subjects were presented with

60 old trait words (20 trait words from each judgement task) randomly

chosen from visual or aural sessions and 60 new trait words. The order

of visual and auditory memory tests was counterbalanced across

subjects. Each word was presented individually for 2 s and participants

indicated whether the presented word was old or new by a button

press.

The stimuli and procedures in Experiment 2 were similar to those

used in Experiment 1, except that only auditory sessions were

included. Participants finished three scans, with two sessions of each

condition in each scan. Sighted participants were masked with an

eyepatch to block out visual input during the scanning procedure.

After the scanning procedure, both blind participants and sighted con-

trols performed the memory test on aurally presented trait words.

Imaging procedure
A GE 3 T scanner with a standard head coil was used to acquire blood

oxygen level dependent (BOLD) gradient echo-planar images

(64�64� 32 matrix with 3.75� 3.75� 4 mm3 spatial resolution,

repetition time = 2000 ms, echo time = 30 ms, flip angle = 90�, field of

view = 24�24 cm) while subjects were performing the trait judgement

tasks. A high-resolution T1-weighted structural image (256�256�

128 matrix with a spatial resolution of 0.938�0.938�1.4 mm3, repe-

tition time = 7.4 ms, echo time = 3 ms, inversion time = 450 ms, flip

angle = 20�) was subsequently acquired.

Imaging analysis
SPM2 (the Wellcome Trust Centre for Neuroimaging, London, UK)

was used for data analysis. The functional images were corrected for

head movements. Six movement parameters (translation; x, y, z and

rotation; pitch, roll, yaw) were included in the statistical model. The

anatomical image was coregistered with the mean realigned image

and then normalized to the standard T1 Montreal Neurological

Institute (MNI) template. The normalizing parameters were applied

to the functional images, which were resampled to 2 mm of isotropic

voxel size and spatially smoothed using an isotropic Gaussian kernel of

8 mm full-width half-maximum. The image data were modelled using

a box-car function. Statistical analyses in SPM2 used a hierarchical

random-effects model with two levels. In the first level of each subject,

the onsets and durations of each session were modelled using

a General Linear Model according to the condition types. All seven

conditions (auditory/visual self-judgements, auditory/visual other-

judgements, auditory/visual valence-judgements and rest) were

included in the model. A box-car function was used to convolve

with the canonical haemodynamic response in each condition. The

design matrix also included the realignment parameters to account

for any residual movement-related effect.

A region of interest analysis was first conducted in Experiment 1

to examine the involvement of the medial prefrontal cortex in

self-referential processing of visually and aurally presented stimuli in

sighted participants. The medial prefrontal cortex was defined using

a priori functionally-defined region of interest {a sphere with a radius

of 5 mm centred at MNI coordinates 8, 56, 9 [Brodmann area (BA) 10]

based on an entirely independent data set that also compared self-

and other-judgements in Chinese participants} (Zhu et al., 2007).

The parameter estimates of signal intensity in association with differ-

ent judgement tasks were calculated from sighted participants

and subjected to a repeated-measures analysis of variance (ANOVA)

with Modality (visual versus auditory) and Judgement (self-judgement

versus other-judgement or other-judgement versus valence-

judgement) as independent within-subjects variables.

Random effects analyses were also conducted based on statistical

parameter maps from each individual participant to allow population

inference. Contrasts of self- versus other-judgements and other- versus

valence-judgements on visual and auditory stimuli were calculated. In

order to identify brain regions that differentiated self- and

other-judgements across different modalities, whole-brain statistical

parametric mapping analyses were calculated to confirm the inter-

action between Modality (visual versus auditory)� Judgement

(self-judgements versus other-judgements) by calculating the contrast

1 �1 �1 1 (visual self-judgements, visual other-judgements, auditory

self-judgements and auditory other-judgements). Similarly, to identify

brain regions that differentiate other- and valence-judgements across

different modalities, the interaction between Modality (visual versus

auditory)� Judgement (other-judgement versus valence-judgement)

was confirmed by calculating the contrast 1 �1 �1 1 (visual

other-judgement, visual valence-judgement, auditory other-judgement

and auditory valence-judgement). Activations shown in the

random-effects analyses were identified using a cluster level threshold

at P50.05 (corrected for multiple comparisons).

A psychophysiological interaction analysis (Friston et al., 1997) was

performed in order to identify brain regions that showed significantly

increased covariation (i.e. increased functional connectivity) with the

medial prefrontal activity related to self-judgements compared to

other-judgements. The coordinates of the peak voxel from the con-

trast of self- versus other-judgements were used to serve as a land-

mark for the individual seed voxels. The region of interest in each

individual subject was defined as a sphere with 5-mm-radius centred

at the peak voxel in the medial prefrontal cortex. The time series of

each region of interest were then extracted, and the psychophysio-

logical interaction regressor was calculated as the element-by-element

product of the mean-corrected activity of this region of interest and a

vector coding for differential task effects of self-judgements versus

other-judgements. The psychophysiological interaction regressors re-

flected the interaction between psychological variable (self-judgement

versus other-judgement) and the activation time course of the medial

prefrontal cortex. The individual contrast images reflecting the effects

of the psychophysiological interaction between medial prefrontal

cortex and other brain areas were subsequently subjected to

one-sample t-tests. The results of the group analysis identified brain

regions in which the activity systematically showed increased correl-

ations with the medial prefrontal activity during self-judgements com-

pared to other-judgements. Given the prior hypothesis of visual

specific medial prefrontal activity, a voxel-wise threshold of

P50.001 and a spatial extent threshold of k = 100 were used to

identify brain areas that showed significant functional connectivity

with the seed region of interest.

In Experiment 2, region of interest analyses were first conducted to

examine the differential medial prefrontal cortex involvement in

self-referential processing of aurally presented stimuli in blind and

sighted control participants. The medial prefrontal cortex was defined
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in the brain regions that engaged more strongly in self-referential pro-

cessing of visually than aurally delivered stimuli in sighted participants

in Experiment 1. The parameter estimates of signal intensity linked

to different judgement tasks were calculated and subjected to

ANOVA with Judgement (self-judgement versus other-judgement or

other-judgement versus valence-judgement) as an independent

within-subjects variable and Group (blind participants versus sighted

controls) as a between-subjects variable. Random effects analyses

were also conducted to calculate contrasts of self-judgements versus

other-judgements on auditory stimuli. Psychophysiological interaction

analysis was conducted to examine brain areas that showed increased

functional connectivity with the medial prefrontal cortex during

self-judgements compared to other-judgements in the blind group

who showed medial prefrontal cortex activity in the contrast of

self-judgements versus other-judgements.

Results

Experiment 1: Brain imaging of
sighted participants
The response accuracy of valence judgements was higher for visu-

ally than aurally presented stimuli [88 versus 82%, F(1,22) = 8.45,

P = 0.008]. A 2 (Modality: visual versus aural)� 3 (Judgment: self-,

other-, and valence-judgments) ANOVA of the corrected recogni-

tion scores (the proportion of hits minus false alarms) showed a

significant main effect of Modality [F(1,22) = 6.965, P = 0.015],

suggesting that subjects remembered better trait words delivered

through the visual than auditory modalities (Supplementary

Table 1). There was also a significant main effect of Judgment

[F(2,44) = 5.273, P = 0.009]. However, the interaction of

Modality� Judgment was not significant (F51). To examine the

self-reference effect in memory performance, we conducted a 2

(Modality: visual versus aural)� 2 (Judgment: self- versus other-

judgments) ANOVA, which showed a significant main effect of

Judgment [F(1,22) = 11.25, P = 0.003], suggesting that subjects

remembered better trait words associated with self-judgments

than those with other-judgments.

To test if the medial prefrontal cortex is differentially involved

in self-referential processing of trait words presented through

visual and auditory modalities, a region of interest analysis was

first conducted. Signal intensity of parameter estimates associated

with different judgement tasks was calculated in the ventral region

of the medial prefrontal cortex, which was previously shown

to be involved in self-trait judgements in an independent

study (MNI coordinates x, y, z: 8, 56, 9; Zhu et al., 2007). The

ANOVA with Modality (visual versus auditory) and Judgement

(self-judgement versus other-judgement) as independent

within-subjects variables showed a significant interaction of

Modality� Judgement [F(1,22) = 12.616, P = 0.002, Fig. 2A).

Post hoc t-tests confirmed that self-judgements significantly

increased the medial prefrontal activity relative to other-

judgements on visually presented stimuli [t(1,22) = 3.704,

P = 0.001] but not on aurally presented stimuli [t(1,22) = 1.040,

P = 0.310]. However, a 2 (Modality: visual versus auditory)� 2

(Judgement: other-judgement versus valence-judgement)

ANOVA did not show a significant interaction of Modality�

Judgement [F(1,22) = 0.655, P = 0.427], though the main effects

of Judgement [F(1,22) = 44.646, P50.001] and Modality

[F(1,22) = 7.730, P = 0.011] were significant, suggested that the

Figure 2 Results of region of interest and random effect analyses in Experiment 1. (A) The results of the region of interest analysis. The

region of interest in the medial prefrontal cortex (mPFC) is illustrated in an echo-planar image template. Signal intensity of parameter

estimates of the medial prefrontal cortex associated with self-, other- and valence-judgement tasks in the visual and aural sessions are

shown separately. (B) The results of the random effects analysis. The contrast of self- versus other-judgements on visually presented

stimuli showed activation in the ventral medial prefrontal cortex and anterior cingulate cortex. (C) Signal changes in the medial prefrontal

cortex associated with self-, other-, and valence-judgments. (D)The results of the random effects analysis. The contrast of self- versus

other-judgements on aurally presented stimuli failed to show any activation. (E) The results of the interaction analysis. The comparison of

the two contrasts (self- versus other-judgements of visually and aurally presented stimuli) showed significantly enhanced activation in the

medial prefrontal cortex and anterior cingulate cortex.
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medial prefrontal activity was greater to other-judgements than to

valence-judgements and was greater to aural than visual stimuli.

The results indicated that medial prefrontal cortex activity related

to self-referential processing was specific to the visual modality

whereas the medial prefrontal activity associated with the process-

ing of others’ personal knowledge did not differ significantly

between the two modalities.

A whole-brain statistical parametric mapping analysis was con-

ducted to further confirm the differential medial prefrontal activity

associated with self-referential processing of visually and aurally

presented stimuli. The contrast of self-judgements versus

other-judgements of visually presented stimuli revealed significant

activation in the ventral medial prefrontal cortex extending to the

anterior cingulate cortex (x, y, z: 8, 56, 10 and 6, 42, 24, BA 10,

32 and BA 24, Z = 3.61, Fig. 2B and 2C). However, the contrast of

self-judgements versus other-judgements of aurally presented

statements failed to show any significant activation even under

a voxel-wise threshold of P50.001 and an extend threshold of

50 voxels (Fig. 2D). An interaction analysis that compared the

two contrasts (self-judgement versus other-judgement of visually

versus aurally presented stimuli) was also conducted to confirm

differential involvement of the medial prefrontal cortex in

self-referential processing in the two modalities. This showed

significant activation in the medial prefrontal cortex and anterior

cingulate cortex (x, y, z: 8, 56, 12 and 4, 44, 24, BA 10, 32 and

BA 24, Z = 3.53, Fig. 2E). No cortical regions showed greater

activity to other-judgements than to self-judgements on either

visually or aurally delivered stimuli. The results of all contrasts

are listed in Supplementary Table 2.

As the results suggested that the medial prefrontal activity

underlying self-referential processing was visual modality-specific,

we reasoned that there might be enhanced functional connectivity

between the medial prefrontal cortex and visual cortex during

self-referential processing of visually delivered statements. This

was tested using the psychophysiological interaction analysis,

which confirmed increased functional connectivity between the

medial prefrontal cortex and bilateral occipital cortex during

self-judgements compared to other-judgement (x, y, z: 22, �88,

�16 and �18, �88, �16, BA 18, Z = 3.77 and 3.60, a voxel-wise

threshold of P50.001 and an extend threshold of 100 voxels,

Fig. 3A). To examine in more detail the relationship between

the occipital cortex, which showed enhanced functional connect-

ivity with the medial prefrontal cortex, and the visual cortex

that was initially activated by the visual stimuli, we calculated

the contrast of valence-judgements versus rest. This identified

the visual areas that were activated by visual stimuli in bilateral

occipital cortices (x, y, z: 38, �82, �12 and �22, �90, �12, BA

17, 18, Z = 6.28 and 6.39, Fig. 3B). These were then superimposed

with the occipital cortex observed in the psychophysiological inter-

action analysis. As can be seen in Fig. 3C, the regions of the

occipital cortex that showed enhanced functional connectivity

with the medial prefrontal cortex were located inside bilateral

visual areas that were initially activated by the visual stimuli (the

overlapped regions are depicted in purple), suggesting coherent

neural responses in the medial prefrontal cortex and visual areas

during self-referential processing.

To estimate whether sensory input also modulates neural activ-

ity associated with the processing of others’ personal knowledge,

we calculated contrasts of other-judgements versus valence-

judgements on visually and aurally presented statements. We

found a set of regions that showed higher activity to other-

judgements than to valence-judgements on visually delivered

stimuli. These include the dorsal medial prefrontal cortex (x, y,

z: 4, 58, 16, BA 9, 10, Z = 5.57), posterior cingulate cortex

(x, y, z: 4, �52, 28, BA 23, 31, Z = 5.30) and bilateral middle

and superior temporal gyri (right: x, y, z: 52, 2, �18, BA 22,

Z = 5.13; left: x, y, z: �44, �8, 2, BA 42, Z = 5.34, Supplementary

Fig. 1A). Similarly, the contrast of other-judgements versus

valence-judgements on aurally presented stimuli uncovered activa-

tions in the dorsal medial prefrontal cortex (x, y, z: 2, 56, 18, BA

9, 10, Z = 5.24) and posterior cingulate cortex (x, y, z: 6, �48, 32,

BA 23, 31, Z = 5.61, Supplementary Fig. 1B). To examine whether

Figure 3 Results of psychophysiological interaction (PPI) analysis in Experiment 1. (A) Increased functional connectivity between

the medial prefrontal cortex and bilateral occipital cortex was observed during self-judgements compared to other-judgement.

(B) The visual activation during valence-judgement in the visual sessions. The contrast of valence-judgement versus rest showed

activations in the bilateral visual cortex. (C) The overlap between visual activation and occipital activity that showed enhanced functional

connectivity with the medial prefrontal cortex during self-judgements. The purple areas illustrate the overlapped areas.
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these brain regions were differentially involved in processing visu-

ally and aurally presented stimuli, we conducted an interaction

analysis that compared the two contrasts (other- versus

valence-judgements of visually or aurally presented stimuli). This,

however, did not reveal any significant activation, suggesting that

the medial prefrontal activity related to the representation of

others’ personal knowledge did not differ significantly between

visual and auditory modalities.

Experiment 2: Brain imaging of blind
participants and sighted controls
Response accuracy of valence judgements was slightly lower for

blind than sighted participants [72 versus 78%, F(1,36) = 4.820,

P = 0.035]. A 2 (Group: blind versus sighted control)�3

(Judgment: self-, other-, and valence-judgments) ANOVA of the

corrected recognition scores showed a significant main effect of

Judgment [F(2,72) = 13.39, P50.001]. However, the interaction

of Group� Judgment was not significant (F51, Supplementary

Table 1). Post hoc analyses suggested that trait words associated

with self- and other-judgments were remembered better than

those associated with valence-judgments [F(1,36) = 22.67 and

16.84, both P50.001]. Sighted controls showed a trend to

remember better trait words associated with self-judgments than

those associated with other-judgments of auditory trait words.

Such difference, however, did not reach significance, possibly

due to that fewer trait words required for remembering in

Experiment 2 than Experiment 1, facilitated memory performances

in both self- and other-judgment conditions.

A whole-brain statistical parametric mapping analysis was first

conducted to evaluate functional reorganization of the sensory

cortices in our blind participants by calculating the contrast of

valence-judgements versus rest. This identified significant activa-

tions in the bilateral occipital (x, y, z: 18, �78, �8, BA 18, 19,

Z = 4.06; x, y, z: �20, �68, �18, BA 18/19, Z = 3.98) and superior

temporal cortices (x, y, z: 48, �32, 14, BA 41, 42, Z = 5.29; x, y, z:

�62, �24, 10, BA 41, 42, Z = 5.25, Fig. 4A), consistent with the

findings of the previous studies (Burton et al., 2002; Gougoux

et al., 2009).

We then assessed whether medial prefrontal cortex underlying

self-referential processing in sighted individuals undergoes

cross-modal plasticity in the absence of visual input. A region of

interest analysis was first conducted to calculate signal intensity of

parameter estimates from blind participants and sighted controls

in the medial prefrontal cortex that engaged more strongly

in self-referential processing of visually than aurally delivered

Figure 4 Results of Experiment 2. (A) The activation elicited by auditory stimuli in blind individuals. The contrast of valence-judgements

versus rest showed activations in bilateral occipital and superior temporal cortices. (B) The results of the region of interest analysis. Signal

intensity of parameter estimates associated with self-, other- and valence-judgement tasks in the medial prefrontal cortex (mPFC) are

shown separately for blind and sighted controls. (C) The results of the random effects analysis in blind participants. The contrast of self-

versus other-judgements on aurally presented stimuli showed activation in the ventral medial prefrontal cortex and anterior cingulate

cortex. (D) Signal changes in the medial prefrontal cortex associated with self-, other-, and valence-judgments in blind participants. (E) The

results of the psychophysiological interaction analysis (PPI). The top figure shows increased functional connectivity between the medial

prefrontal cortex and bilateral occipital cortex during self-judgements compared to other-judgements in blind participants. The bottom

figure shows the overlap between activations elicited by auditory stimuli and the occipital activities that showed enhanced functional

connectivity with the medial prefrontal cortex during self-judgements. The purple areas illustrate the overlapped areas.
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stimuli in Experiment 1 (x, y, z: 8, 56, 12). The ANOVA with

Judgement (self- versus other-judgements) as a within-subjects

variable and Group (blind participants versus sighted controls) as

a between-subjects variable showed a significant interaction

between Judgement and Group [F(1,36) = 4.972, P = 0.032,

Fig. 4B], suggesting that the medial prefrontal activity was greater

to self-judgements than to other-judgements in blind individuals

[F(1,18) = 15.657, P = 0.001] but not in sighted controls

[F(1,18) = 0.071, P = 0.793]. The ANOVA with Judgement

(other-judgement versus valence-judgement) and Group (blind

versus sighted controls), however, failed to show a significant

interaction between Judgement and Group [F(1,36) = 1.350,

P = 0.253, Fig. 4B]. These results indicate that medial prefrontal

cortex was engaged in aural self-referential processing in blind

participants but not in sighted controls whereas the medial

prefrontal activity related to the processing of others’ personal

knowledge did not differ between the two subject groups. A

whole-brain statistical parametric mapping analysis was also con-

ducted to confirm the involvement of the medial prefrontal cortex

in the self-referential processing in blind participants. The contrast

of self-judgements versus other-judgements revealed significant

activation in the ventral medial prefrontal cortex and anterior

cingulate cortex (x, y, z: 6, 50, 12, BA 10, Z = 4.06, P50.05,

corrected for multiple comparisons, Fig. 4C and 4D) in blind par-

ticipants. However, no significant activation was observed in

sighted controls even at a voxel-wise threshold of P50.001 and

an extend threshold of 50 voxels. The results of all contrasts for

blind individuals and sighted controls are listed in Supplementary

Tables 3 and 4, respectively.

Given the findings of Experiment 1, we hypothesized that

self-judgements of aurally presented statements in blind individ-

uals may increase functional connections between the medial pre-

frontal cortex and the sensory cortex. This was tested by

conducting a psychophysiological interaction analysis that com-

pared self-judgements and other-judgements. We found that

self-judgements caused increased functional connectivity between

the medial prefrontal cortex and bilateral occipital cortex (x, y, z:

18, �80, �18 and �28, �78, 34, BA 18, Z = 3.22 and 3.39;

a voxel-wise threshold of P50.001 and an extent threshold of

100 voxels, Fig. 4E). Figure 4E illustrates the overlap of the brain

areas that were activated by auditory stimuli and those that

showed enhanced functional connectivity with the medial pre-

frontal cortex during self-judgements in blind participants.

To assess whether a similar neural network was engaged in the

processing of others’ personal knowledge in blind participants and

sighted controls, we calculated the contrast of other-judgements

versus valence-judgements. This revealed significant activations in

the dorsal medial prefrontal cortex (x, y, z: �4, 54, 20, BA 10,

Z = 5.46) and posterior cingulate cortex/precuneus (x, y, z: �6,

�58, 24, BA 23, 31, Z = 5.96, Supplementary Fig. 2A) in blind

individuals. A similar neural circuit was observed in sighted con-

trols [medial prefrontal cortex (x, y, z: �6, 58, 24, BA 10,

Z = 5.00)] and posterior cingulate cortex/precuneus (x, y, z: �6,

�56, 20, BA 23, 31, Z = 4.23, Supplementary Fig. 2B), suggesting

that visual deprivation does not influence the medial prefrontal

activity related to the processing of others’ personal knowledge.

To examine if the medial prefrontal activity could predict indi-

vidual differences in behavioural performances during the memory

test, we calculated correlations between the medial prefrontal

cortex activity associated with self-judgements and the recognition

scores of trait words (hits minus false alarms) used during self-

judgements. As can be seen in Fig. 5, the medial prefrontal

cortex activity extracted from the brain region defined in the con-

trast of self- versus other-judgments positively correlated with the

recognition scores in both sighted (medial prefrontal coordinates:

x, y, z: 8, 56, 10; r = 0.566, P = 0.005) and blind participants

(medial prefrontal coordinates: x, y, z: 6, 50, 12; r = 0.483,

P = 0.036). The larger the medial prefrontal activity, the better

participants remembered trait words used in self-judgements. To

test whether the medial prefrontal activity can predict memory

Figure 5 Results of correlation analysis. (A) Results of the correlation analysis in Experiment 1. Medial prefrontal cortex (mPFC) activity

associated with self-judgements in the visual session positively correlated with the corrected memory scores of trait words (hits minus false

alarms) used during self-judgements. (B) Results of the correlation analysis in Experiment 2. Medial prefrontal cortex activity associated

with self-judgements in blind participants positively correlated with the corrected memory scores of trait words (hits minus false alarms)

used during self-judgements.
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performance related to others, we calculated the correlation

between the medial prefrontal activity related to the processing

of others’ personal knowledge and the recognition scores of trait

words used for other-judgements in both sighed and blind partici-

pants. This failed to show any significant results for sighted (visual

session: r = 0.170, P = 0.438; aural session: r =�0.061, P = 0.789)

or blind participants (r =�0.152, P = 0.533), suggesting that the

medial prefrontal cortex’s function of encoding information during

trait judgements was specific to the self rather than general to any

person.

Discussion
Our functional MRI results provide evidence that the medial pre-

frontal activity underpinning self-concept representation is specific

to the visual modality in sighted individuals and exhibits

cross-modal plasticity in the absence of visual experience in con-

genitally blind individuals. Our findings on sighted participants

making trait judgements on visually presented stimuli replicate

the results of previous work (Kelley et al., 2002; Lieberman

et al., 2004; Mitchell et al., 2006; Zhu et al., 2007), showing

that self-judgements activate the ventral region of the medial pre-

frontal cortex relative to other-judgements. Surprisingly, we found

that the medial prefrontal activity associated with self-referential

processing was eliminated when stimuli for judgements were pre-

sented aurally, indicating that the medial prefrontal activity

involved in self-concept representation in sighted individuals is

visual modality-specific. Consistent with this finding,

self-judgements induced enhanced functional connectivity be-

tween the medial prefrontal cortex and visual cortex relative to

other-judgements, suggesting task-related cortico-cortical coher-

ence and enhanced information exchange between the medial

prefrontal cortex and visual cortex during self-referential process-

ing of visually presented stimuli. Previous studies showed that the

prefrontal cortex is directly connected with secondary or ‘associ-

ation’ but not primary sensory cortex (Miller and Cohen, 2001).

However, these studies did not exclude the possibility that the

prefrontal cortex is connected indirectly with the primary sensory

cortex as the prefrontal cortex is also connected with other cortical

regions that are themselves sites of multimodal convergence.

Indeed, a recent diffusion spectrum imaging study has shown evi-

dence that the prefrontal cortex is indirectly connected with the

pericalcarine cortex and the superior temporal cortex that corres-

pond with the primary visual and auditory cortex (Hagmann et al.,

2008). Thus the functional connectivity between the medial pre-

frontal cortex and the occipital cortex observed in our work might

be mediated by the indirect structural connections between the

two brain areas.

It is commonly known that human sensory cortices are

modality-specific so that the occipital cortex engages in the initial

encoding of visual features of stimuli and the posterior superior

temporal cortex processes auditory features of stimuli. Such mo-

dality specificity is also observed in the parietal and lateral frontal

cortices in that spatial localization of visual and auditory stimuli

recruits distinct sub-regions in these brain areas (Bushara et al.,

1999). Our findings provide evidence that high-level social

cognitive processes related to the self, subserved by the medial

prefrontal cortex, strongly depend on sensory input and are visual

modality-specific in sighted people.

In addition, our functional MRI results demonstrate

cross-modal plasticity of the medial prefrontal activity underlying

self-referential processing. We showed that medial prefrontal

cortex activity underlying self-referential processing of visually

delivered stimuli in sighted people was modulated similarly by aur-

ally delivered stimuli in congenitally blind individuals when they

performed self-judgements. This is akin to the functional reorgan-

ization of the occipital cortex by visual deprivation observed in the

current and previous studies (Burton et al., 2002; Gougoux et al.,

2009). In line with the medial prefrontal cortex cross-modal

reorganization, the psychophysiological interaction analysis

confirmed increased functional connectivity between the medial

prefrontal cortex and occipital cortex during self-judgements in

blind individuals. Interestingly, the medial prefrontal activity

related to self-judgements observed in both blind and sighted

groups was able to predict individual differences in memory per-

formances on trait words used during self-judgements, indicating

that the medial prefrontal cortex played a similar functional role in

elaborating self-related information in visual and auditory modal-

ities in sighted and blind individuals, respectively. While the neural

plasticity of the sensory cortex after visual or auditory deprivation

has been demonstrated (Finney et al., 2001; Nishimura et al.,

1999; Burton et al., 2002; Gougoux et al., 2009), our findings

from blind individuals indicate that visual deprivation leads to

functional reorganization of the medial prefrontal cortex so as to

be tuned by auditory input during self-referential processing. The

results implicate that visual dominance in shaping medial prefront-

al cortex function of self-concept representation in sighted people

is not innately determined, but rather strongly dependent on one’s

sensory experiences.

Interestingly, our data suggest that cross-modal plasticity is

specific to the ventral medial prefrontal cortex involved in

self-referential processing. The activity in the dorsal medial

prefrontal cortex in association with the processing of others’

personal knowledge was likewise observed in the visual and

auditory modalities in sighted and in the auditory modality in

blind participants. Similarly, previous studies have shown that

the neural substrates employed for understanding others’ mental

states is not sensory modality-specific and can develop independ-

ently of visual experience (Kampe et al., 2003; Bedny et al., 2009;

Ricciardi et al., 2009). The findings suggest that social cognitive

processes related to others are susceptive to sensory experiences

to a much less degree than social cognitive processing of the self.

Moreover, unlike self-trait judgements, trait judgements of others

activated the posterior cingulate cortex and precuneus, which

have been associated with retrieval of information from episodic

memory (Cavanna and Trimble, 2006). This is consistent with the

proposal that, relative to trait judgement of the self, trait judge-

ments of others may require enhanced episodic memory retrieval

to provide information for evaluation processes (Klein et al.,

2002).

Traditionally, self-concept is considered to be socially con-

structed and emerges as a by-product of social interaction

(Hogg, 2003). In accordance with this proposition, social
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psychological research has shown ample evidence that

self-concept differs remarkably across cultures (Marsella et al.,

1985; Markus and Kitayama, 1991). In addition, recent brain ima-

ging studies have shown evidence that cultural experiences also

influence self-concept representation in the human brain (Zhu

et al., 2007; Han and Northoff, 2008; Chiao et al., 2010). For

example, the medial prefrontal cortex engages in representations

of the self and close others in Chinese individuals, but represents

exclusively the self in Westerners (Zhu et al., 2007). While previ-

ous functional MRI studies suggest cultural influences on neural

representations of the self in the prefrontal cortex, the present

study demonstrates that sensory experiences also play a pivotal

role in shaping the neural substrates underlying self-representation

in the medial prefrontal cortex. Humans live in an environment

that relies heavily on vision. The ecological approach to sensory

perception suggests that information used in distinguishing

between self and non-self is inherently encoded in perception,

and the visual modality dominates other sensory modalities in

representation of the ‘physical self’ by providing information for

movement of the self (Gibson, 1979). Consistent with this, people

intend to attribute a visible rubber hand, which is stroked

synchronously with their own unseen hand, to themselves

(Botvinik and Cohen, 1998). Conflicting visual-somatosensory

input in virtual reality environments even make humans feel as if

the self is located inside a virtual body seen in front of them

(Lenggenhager et al., 2007). Sensory experiences may affect the

neural representation of the mental aspect of self (e.g. trait)

through modulations of the basic sense of self (e.g. the bodily

self that constitutes an independent bounded entity). Visual

input in sighted humans plays a stronger role compared to audi-

tory input in constructing the bodily self that may provide a basis

for self-concept representation in the medial prefrontal cortex.

However, auditory input in congenitally blind individuals plays a

dominant role in accumulating sensory experiences to differentiate

self versus non-self in daily life. Consequently, the medial

prefrontal activity was taken over by auditory stimuli for

self-referential processing in blind individuals, as suggested by

our finding of cross-modal plasticity in the medial prefrontal

activity related to self-referential processing.

A possible account of the medial prefrontal activity related to

self-referential processing in blind participants is that, compared to

sighted participants, blind individuals possess superior skills in

auditory tasks (Roder et al., 1999; Gougoux et al., 2004) and

may be able to hear the statements more clearly during the

aural sessions. However, our data contradict this explanation

because sighted participants made over 80% correct judgements

on word valence in Experiment 1. Sighted controls in Experiment 2

also showed higher response accuracy on valence judgements

than blind participants, indicating that the noise of the scanner

was unable to mask the auditory stimuli in sighted participants

and did not produce stronger interference on the sensory-

perceptual processing of auditory stimuli in sighted than in blind

participants. An alternative explanation is that auditory language

processing is different between sighted and blind individuals and

results in differential involvement of the medial prefrontal cortex in

self-referential processing. However, previous research has identi-

fied comparable activations in the frontal and temporal gyri in

blind and sighted subjects during auditory language processing

(Burton et al., 2002), suggesting similar auditory language pro-

cessing in blind and sighted people. Similarly, one may argue

that the absence of medial prefrontal activity related to

self-referential processing of aurally delivered stimuli in sighted

participants might arise from the difference in semantic processing

of stimuli between visual and auditory modalities (Booth et al.,

2002). In contrast to this argument, recent work has shown similar

activations in the left parietal and frontal cortex associated with

the phonology and semantic processing of Chinese words de-

livered through both visual and auditory modalities (Liu et al.,

2008), suggesting modality independent Chinese language pro-

cessing in sighted individuals. Even if this difference in language

processing of visual and auditory stimuli existed in our work, it

should be the same for self-judgements and other-judgements.

Our interaction analysis confirms the modality-specific differences

in self-referential processing, excluding the potential influences of

modality differences in language processing. Taken together, the

difference in language processing cannot account for the distinct

medial prefrontal activity underlying self-referential processing

between visual and auditory modalities in sighted people, and

between sighted and blind individuals in the auditory modality.

Recent brain imaging studies have accumulated evidence for

functional and structural reorganization of the human brain as a

consequence of visual deprivation (Bavelier and Neville, 2002;

Noppeney, 2007). However, evidence for functional reorganiza-

tion resulting from the absence of visual input is limited to the

primary visual cortex. The same medial-to-lateral organization of

the ventral occipitotemporal cortex in categorization of living and

non-living stimuli is observed in sighted adults when the stimuli

are presented through both visual and auditory modalities and in

blind individuals when the stimuli are delivered through the audi-

tory modality (Mahon et al., 2009). The frontal and parietal cor-

tices involved in high-level cognitive processes such as language

processing (Burton et al., 2002) and understanding of others’ in-

tentions and beliefs (Kampe et al., 2003; Bedny et al., 2009;

Ricciardi et al., 2009) seem to function independently of sensory

modalities and develop properly in people without visual experi-

ence. While our data complement previous studies by showing

that cross-modal plasticity resulting from visual deprivation can

also take place in the prefrontal cortex, cross-modal plasticity of

the medial prefrontal activity may be different from that of the

sensory cortex in that modality specificity of medial prefrontal

activity is true only for a specific task (e.g. self-trait judgements)

but not for a task domain (e.g. trait judgements of people in

general). Thus only the medial prefrontal activity underlying

self-concept representation shows cross-modal plasticity. In add-

ition, there has been no evidence for structural reorganization of

the prefrontal cortex in blind individuals whereas visual deprivation

leads to both grey and white matter changes in the visual, som-

atosensory and motor systems (Emmorey et al., 2003; Penhune

et al., 2003).

Using a similar trait judgement task, Moran and colleagues

(2006) found that the medial prefrontal activity was greater to

trait words that were self-descriptive but did not differ as a func-

tion of the valence of the trait. However, the anterior cingulate

activity was greater to positive than negative trait words when
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they were judged to be self-relevant. The results disentangled the

cognitive and affective components of self-reflective thoughts in

the medial prefrontal cortex and anterior cingulate cortex, respect-

ively. Similarly, our study also showed greater activity in both

the medial prefrontal cortex and anterior cingulate cortex to

self-judgements than to other-judgements. Moreover, the neural

activity in both brain areas showed similar variation as a function

of sensory modality and similar cross-modal plasticity, suggesting

that both the cognitive and affective components of self-

referential processing are strongly influenced by sensory

experiences.

In conclusion, our brain imaging results provide new insight into

the relation between sensory experience and self-concept repre-

sentation in the medial prefrontal cortex. Our data demonstrate

visual modality specificity of the medial prefrontal activity in

self-concept representation in sighted individuals and cross-modal

plasticity of the medial prefrontal activity associated with

self-concept representation in congenitally blind individuals. The

medial prefrontal cortex activity in congenitally blind individuals

plays a similar functional role of elaborating and encoding

self-relevant information as seen in sighted individuals. These find-

ings indicate that the neural substrates underlying complicated

social processes such as self-reflective thinking can be shaped

by sensory experience in a fashion similar to that observed in

the primary sensory cortex. Thus, neural plasticity is exhibited in

the functional architecture of the brain regions involved in both

low-level sensory processing and high-level social cognitive

processing.
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