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Functional magnetic resonance imaging (fMRI) studies on humans have identified a region in the left middle fusiform gyrus consistently
activated by written words. This region is called the visual word form area (VWFA). Recently, a hypothesis, called the interactive account,
is proposed that to effectively analyze the bottom-up visual properties of words, the VWFA receives predictive feedback from higher-
order regions engaged in processing sounds, meanings, or actions associated with words. Further, this top-down influence on the VWFA
is independent of stimulus formats. To test this hypothesis, we used fMRI to examine whether a symbolic nonword object (e.g., the Eiffel
Tower) intended to represent something other than itself (i.e., Paris) could activate the VWFA. We found that scenes associated with
symbolic meanings elicited a higher VWFA response than those not associated with symbolic meanings, and such top-down modulation
on the VWFA can be established through short-term associative learning, even across modalities. In addition, the magnitude of the
symbolic effect observed in the VWFA was positively correlated with the subjective experience on the strength of symbol-referent
association across individuals. Therefore, the VWFA is likely a neural substrate for the interaction of the top-down processing of symbolic
meanings with the analysis of bottom-up visual properties of sensory inputs, making the VWFA the location where the symbolic meaning

of both words and nonword objects is represented.

Introduction

Previous fMRI studies have identified a region in the left middle
fusiform gyrus of the human brain activated by written words.
This region, called the visual word form area (VWFA) (Cohen et
al., 2000, 2002; McCandliss et al., 2003), is shaped by reading
experiences (Hashimoto and Sakai, 2004; Baker et al., 2007; Brem
et al., 2010; Dehaene et al., 2010) and is not sensitive to low-level
features of written words, such as size, position, font, or letter case
(Dehaene et al., 2004; Binder et al., 2006; Vinckier et al., 2007;
Glezer et al., 2009; Qiao et al., 2010; Braet et al., 2012). Neuropsy-
chological studies have further revealed that the VWFA is neces-
sary for reading, as the lesion of the VWFA is related to pure alexia
with the hallmark feature of word-length effect (Mani et al., 2008;
Pflugshaupt et al., 2009; Starrfelt et al., 2009). While extensive
studies have focused on how the VWFA is tuned to visual prop-
erties of words, little is known about whether top-down influ-
ences modulate the VWFA. Recently, Price and Devlin (2011)
proposed a hypothesis, called the interactive account, that pro-
poses that the functionality of the VWFA depends on top-down
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predictions mediated by feedback connections interacting with
bottom-up sensory inputs. To test this hypothesis, we examined
whether top-down influences generated from the processing of
symbolic meanings associated with objects could interact with
sensory inputs in the VWFA.

Words are a prototypical example of symbols, which are de-
fined as something that denotes something other than themselves
(DeLoache, 2000, 2004). Symbolization is thought a hallmark of
human cognition: the use of symbols for acquiring knowledge
distinguishes humans from other species (DeLoache, 2004) and
symbolization plays a prominent role in cognitive development
(DeLoache, 1987; Preissler and Carey, 2004). Although language
is the most powerful and prevalent symbol system, we are ex-
posed in daily life to all kinds of symbols, such as pictures, maps,
and traffic lights. If, as proposed by the interactive account, the
VWFA is modulated by top-down prediction representing asso-
ciations between visual stimuli and speech sounds, meanings, or
actions, we should expect the VWFA to be sensitive not only to
symbolic objects (e.g., Eiffel Tower, a symbol of Paris) in partic-
ular (Fig. 1), but also to symbol-referent associations across mo-
dalities (e.g., vision—action association) in general.

On the other hand, top-down influences alone seem unable to
fully account for the functional profile of the VWFA. For exam-
ple, the lateral fusiform gyrus, where the VWFA is localized, pre-
fers foveal stimuli (Hasson et al., 2002) and word-like line
junctions (Szwed et al., 2011). Because the sensitivity to foveal
line junctions is critical for word recognition, the development of
the VWFA may occur through a neuronal recycling process in
which reading encroaches on cortical regions with a prior prefer-
ence for such visual properties (Dehaene and Cohen, 2011).
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Symbolic scenes

Figure 1.

Therefore, our second prediction is that the VWFA should re-
spond more strongly to images of chairs than of scenes, because
the former contains more line junctions than the latter.

Materials and Methods

General procedure

Two experiments were conducted to examine how top-down processing
of symbolic meanings associated with objects interacts with bottom-up
visual properties of stimuli in the VWFA. In Experiment 1, we compared
VWEFA response for symbolic scenes versus nonsymbolic scenes, and
then examined whether the symbolic effect observed in the VWFA was
read out for subjective experiences on symbol-referent association. Chi-
nese characters and pictures of chairs were also included to examine the
sensitivity of the VWFA to bottom-up visual properties of the stimuli. In
Experiment 2, we asked whether processing of symbolic meanings in the
VWFA originated from top-down predictions and whether it could be
established through associative learning. Specifically, in a cross-modality
associative learning task, we trained participants to associate a set of
novel objects with a set of button presses (i.e., vision—action association),
and then examined whether VWFA response for objects denoting actions
was higher than untrained but visually similar objects.

Experiment 1

Participants. Twelve college students (age 21-30, 3 males) participated in
Experiment 1. All participants were native Chinese speakers, right-
handed, and had normal or corrected-to-normal visual acuity. The fMRI
protocol was approved by the Internal Review Board of Beijing Normal
University. Informed written consent was obtained from all participants
before the experiment.

Stimuli. Sixteen exemplars of symbolic scenes and nonsymbolic scenes
were used in this experiment (Fig. 1). The symbolic scenes were land-
marks of famous cities or places worldwide (e.g., Eiffel Tower, a symbol
of Paris). Nonsymbolic scenes were those seen in daily life but bearing no
specific symbolic meanings. Each exemplar of the symbolic scenes had a
corresponding exemplar of the nonsymbolic scenes with approximately
matched structure, contrast, and other visual properties. Both the sym-
bolic and nonsymbolic scenes contained no words or word-like charac-
ters to which the VWEA is sensitive. Therefore, with these two sets of
stimuli, we were able to manipulate symbolic meanings without con-
founding lexical contents. In addition, 16 exemplars of chair pictures
were also included in the experiment, which contained nonsymbolic
meanings but preferred visual properties for the VWFA (i.e., line junc-
tions). Finally, 16 Chinese characters were included as a baseline. The
Chinese characters were relatively high-frequency words selected from
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500-2000 most frequently used Chinese characters, with intermediate
visual complexity (each character consisting of 6—10 strokes and 2
logographemes).

fMRI scanning. Each participant attended a single session consisting of
two blocked-design localizer runs and four blocked-design experimental
runs. The localizer scan consisted of familiar Chinese characters and
pictures of novel scenes to localize the VWFA and the parahippocampal
place area (PPA) (Epstein and Kanwisher, 1998), respectively. The exper-
imental scan consisted of Chinese characters (different from those used
in the localizer scan), images of chairs, symbolic scenes, and nonsymbolic
scenes. Each functional run lasted 315 s, consisted of 21 15 s blocks. Block
1, 6, 11, 16, and 21 were fixation-only baseline blocks, and each of the
remaining blocks comprised 16 exemplars of an object category. The
order of the experimental blocks was symmetrically counterbalanced so
that the first half of a run was the mirror order of the second half. There-
fore, the position of each condition was on average equated in a run.

Within an experimental block, each stimulus was presented for 400 ms
with a 500 ms interstimulus interval (ISI). Participants performed an
identity one-back task (i.e., pressing a button whenever two images pre-
sented in succession were identical), which is designed to ensure that
participants allocated attention equally to all stimulus conditions regard-
less of stimulus familiarity. Scene stimuli subtended a visual angle of
~8.7° X 5.8° in the scanner, whereas other stimuli subtended a visual
angle of ~7.3° X 7.3°. The center-to-center distance between stimuli and
the fixation point varied ~0.36° to discourage the use of low-level visual
information for performing the identity task.

fMRI data acquisition. Scanning was performed on a Siemens 3T Trio
scanner (Magnetom Trio, A Tim System) with a 12-channel phased-
array head coil at Beijing Normal University Imaging Center for Brain
Research. Twenty-five 2 mm thick (20% skip) axial slices were collected
(in-plane resolution, 1.4 X 1.4 mm), covering the temporal cortex, oc-
cipital cortex, and part of the parietal cortex. T2*-weighted gradient-
echo, echo-planar imaging procedures were used (TR, 3 s; TE, 30 ms; flip
angle, 90°). In addition, MPRAGE, an inversion prepared gradient echo
sequence (bandwidth, 190 Hz/pixel; flip angle, 7° TR/TE/TT, 2.53 s/3.45
ms/1.1 s; voxel size, 1 X 1 X 2 mm), was used to acquire 3D structural
images.

fMRI data analysis. Functional data were analyzed with FS-FAST
(FreeSurfer functional analysis stream, Cortechs) (Dale et al., 1999; Fis-
chl et al., 1999). After data preprocessing, including motion correction,
intensity normalization, and spatial smoothing (Gaussian kernel, 6 mm
FWHM), voxel time courses for each participant were fitted with a gen-
eral linear model. Each condition was modeled by a boxcar regressor

Example stimuli for each stimulus condition in Experiment 1.
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Table 1. Talairach coordinates of ROIs averaged across participants (mean = SD) in
Experiments 1and 2

Talairach coordinates

ROI Hemisphere  x y z Voxel numbers
Experiment 1
VWFA Left —42*+6 —51x7 —15%£2 8130
PPA Right 3126 —55=*38 —7*+4 433163
PPA Left —34*+4 5811 —8*+5 383*123%
Experiment 2
VWFA Left —47*+4 —48=*6 =146 212*146
Loc Right 5*4 =71%=10 123 19 £153
e Left —43*+5 —-78=*7 —4*5 218 *164
FFA Right 4*x2 —4=*5 —12x3 302=*160
FFA Left —41*2 —47=*4 —14*+4 159*9

matching its time course, which was then convolved with a gamma func-
tion (delta = 2.25, tau = 1.25).

The region of interest (ROI) approach was used to analyze the fMRI
data. First, we localized the VWFA and the PPA in the occipital-temporal
cortex for each participant in the localizer scan. The VWFA was defined
as a set of contiguous voxels in the left midfusiform gyrus that responded
more strongly to Chinese characters than to natural landscapes (p <
0.01, uncorrected). The relatively modest threshold used here was to
localize the VWFA in as many participants as possible with a decent
number of voxels. The VWFA was successfully localized in the left hemi-
spherein 11 of 12 participants, with a mean Talairach coordinate of —42,
—51, —15 (Table 1). The coordinate of the VWFA along the ventral
occipitotemporal cortex (y = —51) was close to the widely accepted
coordinate of the VWFA for English words (y = —54) (Cohen et al.,
2000, 2002; Price and Devlin, 2003) and that for Chinese characters ( y =
—52) (Bolger et al., 2005). Critically, it was substantially posterior to a
region engaged in processing lexical and semantic features of words in
the occipitotemporal cortex ( y = —35) (Binder et al., 2009). The PPA
was defined in the parahippocampal gyrus in the same way but with the
reverse contrast (p < 0.01, uncorrected), and the PPA was localized
bilaterally in all participants. In the following analyses, we only included
participants who showed both the VWFA and the PPA to enable a direct
within-subject comparison between ROIs. In addition, because the re-
sponse profiles of the left and right PPA were similar, the data were
pooled across hemispheres.

Time courses were extracted and averaged across all experimental runs
and all voxels within the predefined ROIs for each condition and for each
individual. Because fMRI responses typically lagged 4—6 s after stimulus
onset, the magnitude of ROI responses was measured as the averaged
percentage MR signal changes at the latency 0f 6, 9, 12, 15, and 18 s (block
duration, 15 s with TR of 3 s) compared with the fixation as a baseline.
The magnitude, one per experimental condition per ROI per participant,
was then submitted to further analyses. In addition to the analysis on the
magnitude of ROI responses, we also calculated a f value for each voxel by
comparing symbolic scenes with nonsymbolic scenes to measure the
symbolic effect in the VWFA. Then the t values were averaged across
voxels within the VWEFA for each participant to serve as an index for the
symbolic effect.

Subjective experiences on symbol-referent association. To evaluate the
strength of symbolic meanings associated with the scenes used in the
fMRI experiment, the participants were surveyed after the scan. They
were instructed to indicate strength of the symbolic meanings associated
with each scene picture based on their subjective experiences in a seven-
point Likert scale from 1 (no symbolic meaning) to 7 (strong symbolic
meaning). The participants were instructed to choose 1 if they could not
associate the scene with any symbolic meaning beyond its literal content,
and to choose 7 if the symbolic meaning emerged rapidly and effortlessly.
Several exemplar pictures (not used in the experiment) were shown to
the participants for practice before the evaluation. The subjective sym-
bolic effect for each participant was calculated as a normalized difference
score between the symbolic scenes and nonsymbolic scenes: (S — N)/(S
+ N), where S is the score for symbolic scenes and N is the score for
nonsymbolic scenes.

J. Neurosci., August 29, 2012 - 32(35):12277-12283 + 12279

Experiment 2

Participants. Seven college students (age 2023, 2 males) participated in
Experiment 2. Three of the students also participated in Experiment 1.
All participants were native Chinese speakers and had studied English for
at least 10 years. They were right-handed, and had normal or corrected-
to-normal visual acuity. Informed consent was obtained from all partic-
ipants before the experiment.

Stimuli. Images of dumbbell-shaped objects used in the behavioral
training and fMRI scanning were constructed by connecting two com-
ponent figures with a connection bar (Song, 2010a,b) (see Fig. 3A, top).
The component figures were made of simple shapes (e.g., arc, line, circle,
square) to avoid resemblance to everyday objects; therefore, the partici-
pants were more likely to focus on their symbolic function than on the
concrete objects themselves (DeLoache, 2000).

Sixteen to-be-trained objects were created from 16 component figures.
In particular, the 16 component figures were arbitrarily divided into four
groups, each of which contained four component figures. Of these four
component figures (A, B, C, D), two (e.g., A and B) were selected as the
left component of a dumbbell-shaped object; and the other two (e.g., C
and D) were selected as the right component of a dumbbell-shaped ob-
ject. By combining any one of the left component figures with any one of
the right component figures, four dumbbell-shaped objects (A-C, A-D,
B-C, B-D) were created.

To examine prediction errors from top-down influences, we also cre-
ated 16 variant objects by randomly combining a left component figure
in one group and a right component in another group of the to-be-
trained objects (see Fig. 3A, middle). That is, the variants contained the
same part components as the to-be-trained objects on average, but their
configurations were novel. Finally, another set of 16 dumbbell-shaped
objects were constructed in the same way as the to-be-trained objects, but
from a new set of component figures, to serve as a nonexposed baseline
condition (see Fig. 3A, bottom). The to-be-trained dumbbell figures and
novel dumbbell figures were counterbalanced across participants.

Behavioral training. The training in this experiment is a cross-modality
associative learning task; that is, the participants were trained to associate
a visual stimulus with an action, rather than to associate a visual stimulus
with another visual stimulus within a modality. In each trial, a dumbbell-
shaped object was presented in the center of the screen for 1000 ms, with
an ISI of 1000 ms. Each stimulus required a button press with either the
left or right hand. For the left-hand response, participants pressed “c” in
the keyboard with the left hand, whereas for the right-hand response,
participants pressed “m” with the right hand. Participants were not ex-
plicitly informed of the association between stimuli and actions before
the training; however, they managed to learn correct associations
through auditory feedbacks, as when they made a wrong button press, an
auditory feedback was presented.

Each training session consisted of 160 trials; that is, 10 trials per object.
After the average reaction times (RTs) of each session stopped decreasing
during the training, we continued the training for five or more sessions to
reach an asymptote (i.e., no significant decrease in RT in at least 3 con-
secutive sessions). On average, subjects completed 3035 training ses-
sions, lasting ~3—4 h in total in 3 consecutive days.

fMRI scanning. Each participant attended a single session consisting of
two blocked-design localizer runs and three blocked-design experimen-
tal runs. Each run consisted of 21 15 s blocks, lasting 315 s. The localizer
scan consisted of concrete English nouns (e.g., body, butter, carpet) with
4-7 letters, line drawings of unnamable objects, novel faces, and scram-
bled line-drawn objects. Each stimulus was presented for 200 ms, with an
ISI of 550 ms. The experimental scan consisted of trained dumbbell-
shaped objects (Trained), variants of trained objects (Variant), novel
dumbbell-shaped objects (Novel), and line-drawn objects. Each stimulus
was presented for 400 ms, with an IST of 500 ms. During the experimental
scan, participants did not perform the association task as they did in
behavioral training; instead, they performed an identity one-back task,
the same as that in Experiment 1.

MRI data acquisition and analysis. The MRI data acquisition and anal-
ysis were similar to those described by Experiment 1 except the definition
of ROIs. Here, the VWFA was defined by contrasting English words with
line-drawn objects (p < 0.01, uncorrected), the fusiform face area (FFA)
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was defined by contrasting faces with line
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drawn objects (p < 0.01, uncorrected) (Kan- 14
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localized in five of seven participants, whereas
the FFA and the LO were localized bilaterally in
all participants (Table 1). In the following anal- WFA
yses, we only included the participants who
showed all ROIs for direct comparisons be-
tween ROIs. In addition, because the factor of
hemisphere did not show any main effects or
interact with other factors for the LO or the
FFA, the data from left and right hemisphere
were collapsed.

Figure 2.
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The symbolic effect in the VWFA. 4, The response magnitudes for symbolic scenes and nonsymbolic scenes in the
VWFA and PPA. y-axis indicates the percentage BOLD signal change, and error bars indicate =1 SEM. B, The correlation between
the VWFA response to the symbolic scenes versus nonsymbolic scenes (VWFA symbolic effect) and the subjective experiences on
the strength of symbolic meanings of the symbolic scenes versus nonsymbolic scenes (behavioral symbolic effect) across the
participants. x-axis is the t value by comparing VWFA response to the symbolic scenes with the nonsymbolic scenes, whereas y-axis

is the normalized difference in subjective evaluation of the strength of symbol—referent association in two types of scenes in a

Results

Experiment 1

To examine the symbolic effect in the
VWFA, a two-way ANOVA was performed with factors being
symbolic meaning (symbolic vs nonsymbolic scenes) and cortical
region (VWFA vs PPA) (Fig. 2A). We found a significant main
effect of region (F, ;o) = 37.81, p < 0.001), with BOLD response
for both types of scenes being significantly higher in the PPA than
in the VWFA. The main effect of the symbolic meaning did not
reach significance (F(; o) = 3.10, p = 0.11). Importantly, we
found a significant two-way interaction of symbolic meaning by
region (F(, 1) = 8.01, p = 0.02). Post hoc pairwise t tests further
showed that VWFA response for the symbolic scenes was signif-
icantly higher than that for the nonsymbolic scenes (¢, = 2.69,
p = 0.02), whereas the PPA showed no significant difference in
symbolic meaning (t,5) < 1). The same pattern was found in
both left and right PPA as well, with the significant interaction of
symbolic meaning by region being found for left PPA versus
VWEFA (F(, 1,y = 7.14, p = 0.02) and right PPA versus VWFA
(F1,0) = 7.18, p = 0.02). Thus, although the PPA showed a
stronger preference to the scene pictures, the difference in sym-
bolic meaning between two types of the scene pictures was en-
coded in the VWFA instead.

Although the symbolic and nonsymbolic scenes were approx-
imately matched in visual properties, the symbolic effect ob-
served in the VWFA may instead reflect different types of object
processing. For example, the symbolic scenes contained familiar
objects that can be recognized at the individual level (e.g., Eiffel
Tower), whereas objects in the nonsymbolic scenes can only be
named at the category level (e.g., a tower). To rule out this alter-
native interpretation, we examined whether the LO, a region en-
gaged in general object processing (Grill-Spector et al., 2001), was
sensitive to symbolic meanings associated with objects. First, we
defined the LO with the contrast of chairs versus words using the
data from the experimental runs (p < 0.01, uncorrected); then,
we examined the response magnitudes for the symbolic and non-
symbolic scenes in the independently defined LO. The LO was
localized in 11 participants in the left hemisphere and 10 partici-
pants in right. We found that the LO in both hemispheres did not
respond more strongly to the symbolic scenes than to the nonsym-
bolic scenes (all + < 1). Thus, the involvement of general object
processing cannot account for the higher response for symbolic
scenes in the VWFA; instead, the sensitivity to the symbolic
meanings associated with objects was apparently unique to the
VWEA.

To further examine whether the neural information on the
symbolic meanings associated with the scenes in the VWFA was

seven-point Likert scale. (, The response magnitude for symbolic scenes, nonsymbolic scenes, images of chairs, and Chinese
characters in the VWFA. y-axis indicates the percentage BOLD signal change, and error bars indicate 1 SEM.

read out for subjective experiences, we instructed the participants to
evaluate the strength of the symbolic meanings associated with the
scenes after the scan, and then correlated the subjective experience
with the symbolic effect observed in the VWFA. The average
score for the symbolic scenes was 6.24 (SD, 0.41) in a seven-point
Likert scale, which was significantly higher than that for the non-
symbolic scenes (1.88; SD, 0.57) (t(,, = 25.96, p < 0.001), con-
firming the success in manipulating the symbolic meanings in the
fMRI study. More importantly, the difference in subjective expe-
riences between the symbolic and nonsymbolic scenes was posi-
tively correlated with the difference in VWFA response for these
two types of scenes across individuals (Spearman p = 0.60, p =
0.05; Pearson r = 0.58, p = 0.06) (Fig. 2 B). In contrast, no cor-
relation between the behavioral symbolic effect and the neural
symbolic effect was observed in the PPA (Spearman p = 0.12,p =
0.73; Pearson r = —0.04, p = 0.92).

In addition to showing the symbolic effect in the VWFA, we
also found that the VWFA was sensitive to visual properties of the
stimuli (Fig. 2C). As expected, the VWFA responded significantly
more strongly to the Chinese characters than to the symbolic
scenes (f(,0) = 8.54, p < 0.001), the nonsymbolic scenes (¢, =
4.58, p < 0.001), and the chairs (£, = 4.10, p < 0.01). Interest-
ingly, VWFA response for chairs, which contained numerous line
junctions, was significantly higher than for both the symbolic
(t(10y = 2.31, p = 0.04) and nonsymbolic scenes ((,, = 5.00, p <
0.001). Thus, although the chairs contained as few symbolic
meanings as the nonsymbolic scenes, the intrinsic visual proper-
ties of the chairs was still able to activate the VWFA effectively.

In short, the finding that the VWFA responded more strongly
to the symbolic scenes than the nonsymbolic scenes suggests that
the VWFA was engaged in processing of symbolic meanings.
However, it is unclear whether this symbolic effect reflected top-
down influences. If the influences are from higher-order regions
engaged in processing sounds, meanings, or actions associated
with objects, we should expect the VWFA to also be sensitive to
symbol-referent associations across modalities (e.g., vision—ac-
tion associations). In addition, the symbolic scenes are not inher-
ently symbols. Only after they are used with the goal of referring
do they become symbols. However, it is unclear how symbol-
referent associations are established. To address these two ques-
tions, we trained participants in Experiment 2 to make a certain
action when perceiving an object in an associative learning task.
We examined the symbolic effect in the VWFA after participants
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the Trained, Variant, and Novel stimuli respectively in fMRI scans in Experiment 2. Note that the Variant condition contains the
same part components as those in the Trained condition, whereas their configurations are different. B, Behavioral results in
associative learning. The accuracies and reaction times are shown as functions of training sessions. The left y-axis indicates the
reaction time in making a correct action after seeing a dumbbell-shaped object, whereas the right y-axis indicates the percentage
of correct responses in associative learning at the chance level of 50%. C, The response magnitudes for the Trained (i.e., symbolic)
and Novel (i.e., nonsymbolic) stimuli in the VWFA and LO. D, The response magnitude for the variants of the trained stimuli
(Variant) compared with the magnitude for the Trained and Novel condition respectively in the VWFA. y-axis indicates the

percentage BOLD signal change, and error bars indicate =1 SEM.

had learned the cross-modality association (e.g., vision—action
association).

Experiment 2

As expected, the behavioral training greatly improved the partic-
ipants’ performance in associating visual stimuli to actions (Fig.
3B). The accuracy increased monotonically from session 1 to
session 5 (F(y 6 = 65.51, p < 0.001), and was >90% for the
remaining sessions (F,, 96y = 1.11, p > 0.05). The RT decreased
monotonically from session 1 to session 17 (F(;664) = 8.29, p <
0.001), and then remained unchanged from session 18 to session
31 (F(1548) = 1.23, p > 0.05). Therefore, through the associative
learning, the participants successfully learned to wuse the
dumbbell-shaped objects (i.e., symbols) to denote button-press
actions (i.e., referents).

To examine whether the symbolic effect established through
the associative learning was observed in the VWFA, we compared
VWEFA response for the trained stimuli (i.e., symbolic objects)
with that for the untrained stimuli (i.e., nonsymbolic objects)
(Fig. 3C). We found a significantly higher response for the trained
stimuli (vs the novel stimuli) in the VWFA (t,, = 3.47,p = 0.03),
but not in the LO (# < 1). A two-way ANOVA of cortical region
(VWFA vs LO) by symbolic meaning (Trained vs Novel) revealed
a significant two-way interaction (F(, ,, = 7.78, p = 0.05). In
addition, the FFA showed a similar pattern as the LO; that is, no
symbolic effect was observed in the FFA either (r < 1). Besides, a
two-way interaction of cortical region (VWFA vs FFA) by sym-
bolic meaning (Trained vs Novel) was significant (F(, ,) = 25.62,

the VWFA when they were associated
with symbolic meanings than when they
were not. In addition, the symbolic effect
reflected top-down influences on the
VWEFA, which can be established through
short-term associative experiences even
across modalities. Second, the magnitude
of the symbolic effect observed in the
VWEFA was positively correlated with sub-
jective experiences on symbol-referent
association, suggesting that the symbolic meaning associated
with stimuli is represented in the VWFA regardless of stimulus
formats. In short, while previous findings show the sensitivity of
the VWFA to visual properties of sensory inputs, our study clearly
demonstrates the top-down influences on the VWFA from the
processing of symbolic meanings associated with objects.

The finding that the VWFA represented symbolic meanings
associated with stimuli fits perfectly with the interactive account
on the functionality of the VWFA within a predictive coding
framework (Price and Devlin, 2011). According to this hypothe-
sis, cortical regions that engage in symbolic reasoning sent top-
down predictions about the symbolic meanings associated with
scenes and artificial objects to the VWFA when they were pre-
sented; therefore, the activation level of the VWFA was increased
because of the interaction of the top-down prediction with the
analysis of bottom-up visual properties of the stimuli. On the
other hand, activation from the top-down predictions was pre-
cluded for the nonsymbolic scenes or untrained stimuli because
there was no appropriate symbol-referent association. In addi-
tion, both symbolic scenes and artificial objects likely engaged
processing of their associated meanings or actions automatically
and unconsciously (Kherif et al., 2011), because we used a short
presentation time (i.e., 400 ms) and a minimal task (i.e., the
identity one-back task) that emphasized bottom-up processing
of the stimuli during the scan. Finally, the difference in VWFA
response to symbolic versus nonsymbolic scenes cannot be ac-
counted for by whether or not the scenes could be named, because
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the nonsymbolic scenes were also namable to some extent (e.g.,
buildings, bridges). Besides, previous studies have found that the
VWEA even showed a decreased response for nameable objects (vs
novel scripts) and no difference in response between nameable
words and unnamable letter strings (Baker et al., 2007). Together,
the results from our study suggests that the VWFA is sensitive to
symbolic nonword objects through an automatic top-down process-
ing of symbolic meanings.

Furthermore, our study extends the interactive account in
two ways. First, our study not only provides direct evidence for
the top-down influence on the VWFA, but also illustrates that
one such top-down influence is the processing of symbolic
meanings. Consistent with our findings based on scenes and
artificial objects, previous studies have shown that nonword
stimuli that demand processing of symbolic meanings can ac-
tivate the VWFA effectively, despite their dramatic differences
in visual appearance. For example, the VWFA has been shown
to be sensitive to punctuation marks that refer to the manner
of speaking (e.g.,“?!”) (Reinke et al., 2008), body gestures that
signify actions or social communication (Xu et al., 2009), and
nonword objects in a category task requiring the analysis on the
symbolic meanings of the objects (Starrfelt and Gerlach, 2007).
Therefore, the preferred visual property (e.g., line junctions) is
not a prerequisite for engaging the VWFA; instead, top-down
processing of symbolic meanings is sufficient to modulate the
VWEFA. Second, the top-down influence on the VWFA can be
established through short-term associative learning. In our pre-
vious studies, we showed that the VWFA responded more
strongly to objects after they had been trained to denote English
words (Song et al., 2010a,c) or line-drawn figures (Song et al.,
2010b) through associative learning, which implies a top-down
influence on the VWFA. However, one may argue that the acti-
vation in the VWFA did not reflect top-down processing; instead,
the VWFA may simply become attuned to a newly learned lan-
guage script. To rule out this alternative interpretation, we
trained the participants in this study to use objects to denote
actions across modalities. The cross-modality associative learn-
ing clearly demonstrates that the prediction signals must derive
from higher-order cortical regions beyond either visual or motor
cortex, which may be involved in processing abstract concepts in
the middle temporal or frontal cortex (Binder et al., 2009; Wei et
al,, 2012).

In this study, scenes were chosen as the test stimuli because
they do not contain many line conjunctions or require foveal
vision, which were preferred visual properties of the VWFA (Has-
son et al., 2002; Szwed et al., 2011). Although we observed the
symbolic effect in the VWFA with the scenes, VWFA response for
the scenes was lower than that for the chairs, which are associated
with little symbolic meaning yet contain high-contrast line junc-
tions. Therefore, the bottom-up visual properties suitable for
reading also contribute significantly to VWFA response (De-
haene and Cohen, 2011). However, the magnitude of neural ac-
tivation alone does not necessarily index the amount of
information encoded in the VWFA. For example, we also found
that VWFA response for the variants of the symbolic objects was
higher than that for the untrained stimuli, yet both contained no
symbolic meanings. The higher response for the variants may
simply result from prediction errors when the top-down predic-
tion failed to match the sensory inputs (Price and Devlin, 2011).
In contrast, low responses can also carry critical information as
the symbolic effect in the VWFA was read out for subjective
experiences on symbol-referent association. Therefore, while the
VWFA may have a weaker response to nonword symbolic objects
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than to words, the VWFA nevertheless remains the place where
the symbolic meaning of the stimuli is represented.

In sum, our study elucidates the role of top-down influences
on the VWFA and further demonstrates that one of the top-down
influences is the processing of symbolic meanings in particular
(Price and Devlin, 2011). On the other hand, our results also
showed that the VWFA was also sensitive to bottom-up visual
properties, consistent with the neural recycling hypothesis (De-
haene and Cohen, 2011). Together, our study suggests that a
model that consists of both the analysis of intrinsic visual prop-
erties of stimuli and the top-down processing of symbolic mean-
ings associated with stimuli may provide a more comprehensive
description on the nature the VWFA.
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