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Abstract

Previous studies demonstrated that a region in the left fusiform gyrus, often referred to as the
“visual word form area” (VWFA), is responsive to written words, but the precise functional role of
VWEFA remains unclear. In the present study, we investigated the influence of orthographic
similarity, and lexical factors on the multivoxel response patterns to written stimuli. Using high-
resolution fMRI at 7 Tesla, we compared the organization of visual word representations in
VWEFA to the organization in early visual cortex and a language region in the superior temporal
gyrus. Sets of four letter words and pseudowords were presented, in which orthographic similarity
was parametrically manipulated. We found that during a lexical decision task VWFA is responsive
to the lexical status of a stimulus, but both real words and pseudowords were further processed in
terms of orthographic similarity. In contrast, early visual cortex was only responsive to the visual
aspects of the stimuli and in the left superior temporal gyrus there was an interaction between
lexical status and orthography such that only real words were processed in terms of orthographic
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similarity. These findings indicate that VWFA represents the word/non-word status of letter
strings as well as their orthographic similarity.
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1. Introduction

Reading is an important cognitive skill, trained by extensive experience with written words.
A specific word is created by putting different letters in a particular order. Beyond this
visual analysis, we also process the meaning associated with this specific combination of
letters. The semantic content of a written word is largely independent of the visual
appearance of a word: two words can differ in only one letter, but have a completely
different meaning (e.g. ‘flog’ and ‘flag’), while two other words that have a similar meaning
can share not a single letter (e.g. ‘flog’ and ‘beat’). In the present study, we made use of
these characteristics to try to dissociate the influence of orthography, lexical factors and
semantics on the neural response patterns to written words in different regions across the
brain.

Learning to read causes a region in the left fusiform gyrus to become increasingly
responsive to visual words (Ben-Shachar et al., 2011; Olulade et al., 2013), often referred to
as the “visual word form area” (VWFA: Cohen & Dehaene, 2004). Dehaene et al. (2005)
propose a hierarchy of local combination detectors that represent progressively larger word
fragments (letters to bigrams to quadrigrams) along the ventral visual pathway. VWFA is
presumed to serve an orthographic lexicon function (Bruno et al., 2008; Guo & Burgund,
2010; Kronbichler et al., 2004, 2007). However, there are two important questions about the
functional role of VWFA. First, is VWFA restricted to lower-level representations, e.g.
characters and sublexical letter combinations (Binder et al., 2006; Dehaene et al., 2002,
2005; Vinckier et al., 2007), or does VWFA contain neurons tuned to entire words (Glezer
etal., 2009, Schurz et al., 2010)? Evidence for lower level representations is found, for
example, in the sensitivity of VWFA to the degree of orthographic structure in a letter string,
even when the letter sequences do not show a resemblance to words (Binder et al., 2006). In
contrast, representations of whole words would predict a difference between the responses to
real words and other non-word letter combinations. While some studies found a lower mean
activation in VWFA when presenting real words compared with pseudowords or letter
strings (Bruno et al., 2008; Kronbichler et al., 2004, 2007; Price, Wise, & Frackowiak, 1996;
Woollams et al., 2010; Xu et al., 2001), others failed to find any difference in activity levels
(Baker et al., 2007; Dehaene et al., 2002; Vinckier et al., 2007) or found a reverse effect
(Cohen et al., 2002). However, in an fMRI adaptation study, Glezer et al. (2009) discovered
a smaller release from adaptation after a one letter change for pseudowords compared to real
words. Glezer et al. (2009) proposed that this difference was due to a difference in tuning
selectivity for real words and pseudowords, with more selective tuning for words.
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The second question is related to the functional specialization of VWFA.: is this area specific
to the processing of the “visual word form’, an abstract representation of the sequence of
letters that composes a written string (Cohen et al., 2002; Dehaene et al., 2005, Dehaene &
Cohen, 2011), or is it involved in the integration of visual information with higher level
information such as semantics (Brunswick, McCrory, & Price, 1999; Price & Devlin, 2003;
Price & Devlin, 2011; Song, Tian, & Liu, 2012; Xue et al., 2006)? Evidence for a role in
representing higher level information is derived, for example, from the priming effect of
semantically related pictures and words irrespective of the stimulus type in the left ventral
occipito-temporal cortex (Kherif, Josse, & Price, 2011). However, multiple other studies did
not find a modulation of the responses in VWFA based on the semantic content (e.g.
Dehaene et al., 2002; Glezer et al., 2009). Thus, the extent to which higher level information
is represented in VWFA is still a matter of debate. In contrast, in the domain of language, it
is less controversial that an area in the superior temporal gyrus is involved in semantic
processing (Haldgren et al., 2002; Pylkkanen & Marantz, 2003; Simos, Basile, &
Papanicolaou, 1997; Vartiainen, Parviainen, & Salmelin, 2009).

In the present study, we parametrically manipulated the orthographic similarity of four letter
real words and pseudowords: stimuli could differ by 1, 2, 3 or all letters. Further, to try and
dissociate the influence of orthography and semantics on the response patterns, stimuli with
no orthographic overlap were semantically related. The organization of these visual word
representations was investigated in VWFA and compared to the organization in the early
visual cortex region and the superior temporal gyrus. Data were analyzed using multivariate
analysis techniques. These relatively recent methods (e.g. Haxby et al., 2001; Norman et al.,
2006) combine the information of the responses across voxels. With these methods, we can
investigate the internal organization of the visual word representations based on the pattern
of information within each region. This internal organization might be missed with
univariate analyses in which each voxel is treated as a separate entity (Mahmoudi et al.,
2012) and in which the integration of information across voxels assumes that nearby voxels
contain the same signal (e.g., through averaging across all voxels in an ROI). For example,
Nestor et al. (2013) showed that VWFA can discriminate between real words and equally
complex false-font controls when multivariate mapping was applied, while no difference in
mean activation was found. If an area is responsive to the lexical status, a difference
between the response patterns of the real words and the pseudowords should emerge.
Responsiveness to the orthographic structure of the stimuli would be shown by a difference
in similarity between stimuli that have no, a few or all letters in common. We hypothesized
that areas that strongly represent orthography will show a linear effect of the numbers of
letters difference on the similarity of the response patterns. Finally, if semantics are
represented within an area, the response patterns of the semantically related stimuli should
be more similar compared to response patterns of semantically unrelated words.

2.1 Participants

21 native English speakers with normal or corrected-to-normal vision participated in this
study as paid volunteers. All reported being right-handed. Data from five participants were
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excluded, three due to technical problems during scanning and two because the participants
did not perform the tasks as instructed (less than 50% correct responses in total or no
responses during multiple runs). The protocol for the experiments was approved by the
National Institutes of Health Institutional Review Board. Participants signed an informed
consent at the start of the imaging session.

Stimuli included two sets of five real words (RW) and two sets of five pseudowords (PW)
(Figure 1). In each set of real words, every next word differed in only one letter with the
previous word. The position of the substituted letter across words was varied over the two
sets. The first and last word within each set did not have any letters in common, but were
semantically related i.e. synonyms. No close semantic relationship existed between the
remaining stimuli or between words of the different sets. Two sets of pseudowords were
created, consisting of pronounceable non-existing words and one uncommon word
(frequency: 1 per million) unknown to all participants except one (in which case the data for
this stimulus were not included in the analyses). PW sets matched the RW sets in a number
of criteria. For each RW set, a PW set was created using the same vowels, in order to control
for phonology between the two different lexical categories as much as possible. The position
of the substituted letter across words also remained the same for matching RW and PW sets.
Finally, RW and PW sets were matched for summated bigram (t(18)=.916, p=.372) and
trigram (t(18)=1.364, p=.190) frequency.

2.3 Apparatus

2.4 Design

Imaging data were acquired using a 7T Siemens scanner in the functional MRI facility at
NIH. Functional images were acquired using a 32-channel head coil with an in-plane
resolution of 1.6 x 1.6 mm and 49 1.6mm slices (0.16mm inter-slice gap, repetition time
(TR) = 2s, echo time (TE) = 25ms, matrix size = 120 x 120, field of view (FOV) = 192mm).
Slices were oriented approximately parallel to the base of temporal lobe and extended
throughout the temporal lobe and part of the frontal and parietal lobes. Each functional run
consisted of 200 T2*-weighted echoplanar images (EPIs). In addition we collected a
standard high-resolution T1-weighted MPRAGE anatomical scan for each participant (192
slices). For more information on the characteristics of high field scanning, we refer to Norris
(2003), Ohlman and Yacoub (2011) and Ugurbil et al. (2003); or to Lee, Kravitz and Baker
(2013) which is based on the same 7T scanner. Stimuli were presented using Psychtoolbox 3
(Brainard, 1997) via an LCD projector that projected the image on a screen the participant
viewed through a mirror.

Experimental runs were constructed according to a rapid-presentation event-related design
to schedule the presentation of the stimuli. During one run, each of the 20 stimuli
(approximately 3 visual degrees) was presented four times. The order of the stimuli and the
interstimulus intervals were scheduled using optseq2 (Dale, 1999) and were varied over
participants. Each stimulus presentation lasted for 0.5s and the interval between stimuli was
jittered with minimum 3.5s and maximum 11.5s. Total duration of each run was 400s. A red
fixation dot was continuously present on the screen and the position of the stimuli was
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randomly scattered around the fixation dot (maximum deviation of 0.5 visual degrees
horizontally and vertically from the screen centre). During experimental runs, participants
performed a lexical decision task: in each trial they indicated whether the stimulus was a real
word or a pseudoword by pressing one of two response buttons.

Independent localizer runs were conducted to identify regions of interest in each participant
individually. Participants viewed 3 or 4 runs during which 15s blocks of English words, line
drawings of objects, and Chinese characters were presented, largely overlapping with the
stimuli used in Baker et al. (2007). Word stimuli in the localizers all comprised 3, 4 or 5
letters. To ensure the content of the stimuli was processed, participants reported when the
word and line drawings stimuli represented a living thing (humans, animals or plants) using
a response button. In each block 20 different stimuli were presented, of which 3 were living
things. Since the participant could not attach meaning to the Chinese characters, this task
was not possible for these stimuli. To equate motor responses between the different stimulus
blocks, participants pressed a button when the stimulus was rotated 45° during Chinese
character blocks (3 rotated stimuli per block). Each run contained 15 blocks (4x3 stimulus
blocks and 3 fixation blocks). In both experimental and localizer runs, participants were
asked to maintain central fixation.

2.5 Procedure

Before the imaging session, sentences in which the real words were used were shown.
Participants’ understanding of the words was checked by asking them to explain the
meaning of each word. In case of an incorrect understanding, the words were explained in
more detail. The participants received instructions about both tasks before entering the
scanner room and the corresponding task instructions were repeated at the start of each run.
Every scan session lasted 2 hours during which the participant completed between 8 and 10
experimental runs and 3 or 4 localizer runs. For one participant an insufficient number of
experimental runs were collected due to scheduling issues. A second session was planned,
resulting in a total of 15 experimental runs and 6 localizer runs for that participant.

2.6 Analysis

fMRI Preprocessing—Imaging data were analysed using the Statistical Parametric
Mapping software package (SPM8, Wellcome Department of Cognitive Neurology,
London), as well as custom Matlab code for the selections of ROIls and the multivariate
analyses. Preprocessing steps involved slice timing correction to correct for differences in
acquisition time and spatial realignment to remove movements artefacts. Spatial realignment
was performed using a two-step procedure: first all images were realigned to the first image
during which a mean image was computed. In the second step all images were realigned to
this mean image. During motion correction, the translation and rotation parameters were
extracted to include in the general linear model. Functional and anatomical images were
coregistered by aligning the anatomical scan to the functional images. Preprocessing further
included spatial normalization to an MNI (Montreal Neurological Institute) template using a
4th degree B-spline interpolation. Finally, functional images were smoothed using Gaussian
kernels of 3 mm full-width at half maximum (FWHM).
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Statistical analyses—Statistical modelling of the signal at an individual level in each
voxel included a general linear model applied to the pre-processed images, with regressors
for each condition (20 independent variables corresponding to the different stimuli) and six
covariates (the translations and rotation parameters needed for realignment). Further
analyses were performed using the parameter estimates (“beta values’) per run obtained after
fitting the general linear model.

Regions of interest—Regions of interest (ROIs) were defined by a combination of
functional data from the localizer scans (using the SPM8 contrast manager) and anatomical
landmarks. A custom-made MATLAB script was used for the selection of significantly
activated voxels displayed on coronal sections. The visual word form area (VWFA) was
defined as the cluster of voxels in the left mid-fusiform gyrus that showed significantly
greater activation for words compared to objects and Chinese characters (M = 378 voxels,
SD = 264). The average peak MNI coordinates for WFA were —44 —-56 -16, which is
comparable to the coordinates of the VWFA in previous work (e.g. Cohen et al., 2000,
2002). Two additional ROIs were defined as control regions. An early visual cortex (EVC)
region (M = 299 voxels, SD = 76) was defined by an all stimulus conditions (words, objects
and Chinese characters) versus baseline contrast after applying an anatomical mask that
selected BA17, which approximately corresponds to V1. The mask was constructed using
the PickAtlas Toolbox in SPM (Advanced NeuroScience Imaging Research Laboratory,
Wake Forest University, Winston-Salem, NC). To select a possibly semantic ROl in the
temporal region, two contrasts were compared, namely ‘words and objects minus Chinese
characters‘ and ‘words minus Chinese characters’ contrast. Both contrasts target voxels that
show larger responses to meaningful stimuli (words and objects) than to stimuli to which
participants could attach no meaning (Chinese characters). The second contrast elicited on
average a larger cluster of activation (M = 313 voxels, SD = 249; compared to M = 155
voxels, SD = 158 for the first contrast) in the left temporal region. This cluster of activation
was located in the left superior temporal gyrus area (average peak MNI coordinates —54 —41
17), and is further referred to as ISTG. All contrasts were thresholded at p<.0001
(uncorrected for multiple comparisons). Figure 2 shows an example image of each of the
ROIls. Because the ROIS were defined individually, they differ in size. To ensure that the
effects found cannot be attributed to differences in size, we conducted control analyses in
which the data of the two participants where the size of the smallest and largest ROI differed
the most were removed. The resulting average number of voxels was 300, 297 and 306 for
respectively EVC, VWFA and LSTG. The overall result pattern was not affected by this
control. In the Results and Supplemental Data section we report the results with the data of
all participants. When there was a difference between both analyses, we report both results.

Multi-voxel correlational analyses—Correlational analyses were computed similarly to
previously published methods (Norman et al., 2006; Op de Beeck et al., 2010). The data
were first divided in two random equally sized subsets of runs (or in the case of an odd
number of runs, with only one run difference). We constructed lists as long as the number of
voxels in each ROI, and each list contained the response (beta value) for all voxels for a
particular condition in one subset. These responses were normalized by subtracting the mean
response across all conditions for each voxel separately (“cocktail blank normalization™).
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The values in each list of the first subset were correlated with the values in each list of the
second subset, resulting in an asymmetrical 20x20 correlation matrix. These correlations
represent the similarity between the activation pattern for a stimulus in the first subset of the
data and the activation pattern for a (same of different) stimulus in the second subset of the
data. The mean correlation in the matrix was close to zero (due to the cocktail blank
normalization), so that positive correlations indicate higher similarity and negative
correlations less similarity than the average similarity among the 20 stimulus conditions.
The procedure of dividing the runs in two random subsets was repeated 100 times, and the
resulting similarity matrices were averaged across these 100 iterations. Specific hypotheses
were tested by averaging over the relevant cells of the individual correlation matrices. For
tests concerning orthographic similarity, only the correlations between stimuli that differed
by 0, 1, 2 or 3 letters were included, since the semantic relationship between the words that
differ by 4 letters (synonyms) might obscure a possible effect of orthography. Data about the
investigation of a semantic effect are provided as Supplemental Data.

Behavioral data analyses—Percentage correct and incorrect answers were calculated
for each stimulus separately (based on the categorization in Figure 1). Some individual
subjects had difficulty with the categorization of a stimulus. In case the ratio of incorrect and
correct responses about the lexical categorization for a stimulus was higher than 1 at an
individual level, the data for that stimulus in that subject were excluded from further
analyses. This resulted in a removal of 2.2% of the data, divided over six participants. The
average resulting ratio of incorrect to correct responses was 0.03.

3.1 Lexical category discrimination

We first investigated whether the univariate responses in the selected ROIs could be used to
discriminate between the stimuli based on their lexical status (reals words vs pseudowords).
We entered mean beta values into a two-way ANOVA with ROl (EVC, VWFA, ISTG) and
lexical status (real words, pseudowords) as within-subject factors, revealing only a main
effect of ROI (F(2,30)= 10.719, p<.001) and no effects involving lexical status (all p >
0.05). These results indicate that there were no differences in mean activity for the different
types of words across the ROIs and post-hoc t-tests confirmed that no individual ROI
evidenced any difference (EVC: t(15)=1.339, p=.201; VWFA: t(15)=1.108, p=.286, ISTG:
t(15)=.406, p=.691, see Figure 3). The main effect of ROI stemmed from a higher response
in VWFA than in either EVC (t(15)=3.528, p=.003) or ISTG (t(15)=4.603, p<.001), while no
difference in mean response level was found between EVC and ISTG (t(15)=.004, p=.997).

We further conducted multi-voxel correlational analyses to investigate whether the pattern
of responses in the ROIs could be used to discriminate between RWs and PWs (Figure 4).
To do this within each ROl we extracted the average correlation between different RWs,
different PWSs, and between RWs and PWs. Note that the average number of overlapping
letters between stimuli within each lexical category (RW: M=1.2, PW: M= 1.4) was similar
to the number of overlapping letters between lexical categories (M= 1.2) , thus, any effect of
orthographic similarity cannot confound the current analysis. If the correlation between
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RWs and PWs is lower than the average correlations within those categories this indicates
that the multi-voxel patterns can be used to discriminate between the categories. In EVC, the
different correlation types did not differ (F(2,30)=.110, p=.896). In contrast, in VWFA, an
effect of the correlation type was found (F(2,30)=16.028, p<.001), with higher correlations
within the lexical categories than between the categories of RW and PW (RWPW vs
RWRW: t(15)=4.085, p=.001; RWPW vs PWPW: t(15)= 4.482, p<.001; RWRW vs PWPW:
t(15)=.011, p=.991). This pattern of results indicates that VWFA does categorize the stimuli
based on lexical status. When comparing the patterns between VWFA and EVC using a two-
way ANOVA with ROI and correlation type (RWvsPW, RWvsRW, RWvsPW), a
significant interaction was revealed (F(2, 30) = 10.043, p < .001). Finally, in ISTG, the same
pattern as described in VWFA was present, but the trend failed to reach significance
(F(2,30)=2.739, p=.081). The absence of a significant interaction between correlation type
and ROI (VWFA and ISTG) confirmed this trend (F(2,30)=.651, p=.529).

3.2 Effect of orthographic similarity

In case of an effect of orthographic similarity, we expect the neural patterns of two stimuli to
be more similar the more letters these stimuli have in common. We performed a 2 (lexical
status: RW or PW) x 4 (number of letters different: 0-3) repeated measures ANOVA to
investigate whether orthographic similarity played a role in the response of the regions of
interest and whether any effect was influenced by the lexical status of the stimuli. Results
are summarized in Figure 5.

In EVC, there was no main effect of lexical status (F1,15)=1.857, p=.193) but there was a
trend for a main effect of orthographic similarity (F(3,45)=2.603, p=.064). As mentioned
previously, we can expect an effect of orthographic similarity to be linear, which was
confirmed in EVC by means of a linear contrast (F(1,15)=6.573, p=.022). There was no
interaction between the lexical status and the orthographic similarity (F(3,45)=.107, p=.955).

In VWFA, there was also no main effect of lexical status (F(1,15)=.258, p=.619), but there
was a highly significant main effect of orthographic similarity (F3,45)=6.687, p=.001). The
linear contrast of this effect was also significant (F(1,15)=9.702, p=.007). There was no
interaction between lexical status and orthographic similarity (F(3,45)=.313, p=.816),
indicating that the effect of orthographic similarity was equally large for pseudowords and
real words.

Finally, in ISTG, no main effect was found of either lexical status (F(1,15)=1.780, p=.202)
or orthographic similarity (F(3,45)=1.547, p=.215). However, there was a trend for an
interaction between the two variables (F(3,45)=2.739, p=.054). Closer evaluation revealed
that an effect of orthographic similarity was present for real words (F3,45)=2.939, p=.043),
but not for pseudowords (F(3,45)=.354, p=.786). This effect of orthographic similarity for
real words was linear (F(1,15)=5.780, p=.030). When performing the control analysis using
the data of only 14 participants, both the main effect of orthographic similarity
(F(3,39)=3.682, p=.020) and the interaction effect (F(3,39)=2.880, p=.048) were significant.
Further analysis showed that the main effect can be explained by an effect of orthographic
similarity for the real words (F(3,39)= 4.048, p=.013). Again no such effect was found for
the pseudowords (F(3,39)=1.374, p=265).
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Given the strong effect of orthographic similarity in VWFA, we further tested in a more
post-hoc manner whether in addition to the number of letters changing between two stimuli,
an effect of the characteristics of the changing letter could be found. Behavioral research
suggests that the first and last letters of a word are more important than the interior letters
during reading (e.g. Hammond & Green, 1982; Humphreys et al., 1990). For these tests,
only correlations between stimuli that differed by 1 letter were included. We tested whether
the position of the changing letter caused the neural patterns to be less or more similar to
each other. There was no main effect of the position of the letter that changed between two
stimuli (F(3,45)=1.016, p=.395). Next we performed a test to investigate whether the type of
the changing letter was important: letters could either change from one vowel to another
vowel, from one consonant to another consonant, or the letter type could change (from a
vowel into a consonant or vice versa). The main effect of letter type changing was not
significant (F2,30)=1.177, p=.322).

In summary, VWFA showed a general effect of orthographic similarity stimuli, independent
of the lexical status of the stimuli. A similar trend was observed in EVC. In ISTG, this effect
of orthographic similarity could only be demonstrated for real words, not for pseudowords.
We explicitly tested the correspondence of the functional organization of VWFA compared
to the other regions of interest, by means of pair-wise three-way ANOVAs with ROI, lexical
status and orthographic similarity as factors. As expected, the comparison of EVC and
VWEFA revealed no three-way interaction (F(3,45)=.306, p=.821; the two-way interactions
with ROI were also not significant, with p > 0.15), suggesting a similar underlying
functional organization. However, the direct statistical comparison of VWFA and ISTG
revealed a significant three-way interaction between ROI, lexical status and orthographic
similarity (F(3,45)=3.669, p=.019), which corresponds to the finding that in ISTG we only
found an effect of orthographic similarity for RW but not for PW, while in VWFA both
types of stimuli showed the same effect.

4. Discussion

In the present study, we studied the functional organization of written word representations.
The contributions of lexical and orthographic factors were investigated in two areas within
the ventral visual stream, namely EVC and VWFA, and in the superior temporal gyrus, an
area generally considered to be involved in semantic processing.

4.1 Early visual cortex

In EVC, no effect of the lexical category of the stimulus between stimuli was found. There
was a trend towards an effect of orthographic similarity. This pattern corresponds to the
characteristics of a purely visual area: the more letters two (pseudo)words share, the more
visually similar the stimuli are and thus the more similar the neural response patterns should
be, without discriminating based on the type of stimulus (in this case RW or PW). Compared
to VWFA, the effect of orthographic similarity was less pronounced, but this was expected
given the small receptive fields of neurons and voxels in EVC (De Valois & De Valois,
1988; Engel, Glover, & Wandell, 1997) and the position jitter of the stimuli presented in our
experiment.
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4.2 Visual word form area

According to the neuronal recycling hypothesis (Dehaene & Cohen, 2007) reading and
writing evolved as a recycling of the pre-existing competence of the ventral visual cortex for
extracting object features through frequent exposure and perceptual tuning. In this respect,
reading words can be considered a specialized form of object processing and VWFA should
thus show similar characteristics to the object-selective region LOC. For example, LOC is
selective for shape similarity among objects (Op de Beeck et al., 2008), irrespective whether
the objects are meaningful or not (Kanwisher et al., 1997, Malach et al., 1995). Further,
VWEFA is located in more anterior parts along the ventral visual stream compared to EVC,
and thus, again similar as in LOC (Logothetis & Sheinberg, 1996), the position jitter should
influence the visual similarity less compared to EVC (Cohen et al., 2000). Both aspects are
reflected in the strong effect of orthographic similarity in VWFA in our data: the more
letters two (pseudo)words share, the more similar the neural response patterns are. These
results are compatible with the local combination detector account proposed by Dehaene et
al. (2005), in which invariant (visual) orthographic information is extracted via a
hierarchical set of local combination detectors. Please note that orthographic similarity as
manipulated in the present study, cannot be distinguished from position invariant visual
similarity. A further test would include, in addition to the current changes in location,
variation in the physical appearance of the letters, such as font, size and case.

The underlying mechanism for the effect of orthographic similarity in VWFA might be
similar to the organization in LOC based on shape similarity (e.g. Drucker and Aguirre,
2009). In LOC, objects that have a similar shape show a more similar response pattern (Op
de Beeck et al., 2008). This is explained by the clustering of neurons in a cortical map:
neurons that respond to similar complex visual features are spatially clustered (Tanaka,
2003). Likewise, in our study, stimuli showing a more similar configuration of their
constituting letters were associated with more similar response patterns in VWFA. Neurons
in VWFA might thus be coding for the configuration of letters that constitute a
(pseudo)word and similar configurations are then coded by nearby neurons.

However, the finding that categorization of the stimuli based on lexical status was possible
in VWFA suggests that more than only the visual aspects of word and word-like stimuli are
represented within this area. Previously, the finding in VWFA that pseudowords evoke the
same amount (Baker et al., 2007; Dehaene et al., 2002; Vinckier et al., 2007; also in our
current findings) or even stronger activation (Bruno et al., 2008; Kronbichler et al., 2004,
2007; Woollams et al., 2010; Xu et al., 2001) than real words was taken as evidence for pre-
lexical processing, meaning that the area is tuned to letter combinations which are frequently
encountered in a language system (Dehaene et al., 2002; McCandliss et al., 2003). But in the
present study, by using multivariate techniques, we show that VWFA does discriminate
based on lexical status. Distributed patterns of activity were more similar among stimuli of
the same lexical status than among stimuli with a different lexical status (real word vs.
pseudoword). This categorization was not apparent under a univariate general linear model
(GLM) analysis, as no activation difference between words over pseudowords was evident.

The finding of a lexicality effect in VWFA in the present study might be caused or enhanced
by the use of a lexical decision task. Such top-down task-related effects have been reported
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in VWFA (Hellyer et al., 2011; Mano et al., 2013; Wang et al., 2011). However, even if it
would turn out that the representation of lexical status in VWFA is task dependent, its
observation under the current active task conditions still shows that lexicality is relevant to
the internal organization of VWFA.

Earlier suggestions have been made that VWFA is involved in lexical processing. VWFA is
activated during multiple lexical tasks (Schurz et al., 2010; Starrfelt & Gerlach, 2007; Xue et
al., 2010) and damage in VWFA is associated with worse performance on tasks requiring
lexical output (Hillis et al., 2004). In addition, a length by lexicality interaction was shown
in a study of Schurz et al. (2010): using a phonological lexical decision task a length effect
was found for pseudowords but not for real words. Kronbichler et al. (2004) showed
sensitivity to lexical frequency in VWFA. Based on these findings, they propose that the
outcome of the visual orthographic processing in VWFA is not an abstract visual word form
as suggested by the local combination detector model of Dehaene et al. (2005), but a
recognition pattern within an orthographic memory system. As a result, a difference can be
found between high-frequency stimuli (real words) which recognition patterns are easily
activated and low-frequency stimuli like pseudowords. The modulation of early visual
orthographic processing by higher-order factors such as semantic, phonological,
morphologic and lexical aspects has also been proposed by the interactive account of Price
and Devlin (2003, 2011). They suggest that the integration of the abstract visual form with
higher linguistic characteristics takes place in the left fusiform gyrus (Devlin et al., 2006).

The categorical distinction between words and pseudowords in our data suggests that words
and pseudowords are represented distinctly (e.g., by other neural populations), but it does
not necessarily imply that word representations have different properties compared to
pseudoword representations. Such suggestions have been formulated in the literature. In
particular, according to the fMRI adaptation study of Glezer et al. (2009), VWFA is
involved in the storage and recognition of lexical items, i.e. whole words. In their study,
they found the same gradual effect of orthographic similarity for pseudowords as in the
present study, but the results differ from the present study when real words are considered.
For real words, they found the same amount of release from adaptation when two words
differed by only one or by all letters. The authors attributed this to a difference in selectivity
for real words and pseudowords, with finer tuning for real words as a result of more
experience with this type of stimuli. This is in contrast with our study, since we did not find
a difference in selectivity between both types of stimuli: even though discrimination based
on lexical status was possible, both RW and PW stimuli were further processed in terms of
orthographic similarity.

One possible explanation for the difference in findings is the use of different methods. In the
Glezer et al. (2009) study, fMRI adaptation was used while we adopted multi-voxel pattern
analyses techniques (MVPA). These two techniques capture different aspects of neural
selectivity, but neither directly measures neuronal selectivity. The outcome of MVPA
reflects the functional organization of VWFA and how neurons are clustered. MVPA can
reveal selectivity if and only if there is a mapping of functional properties. If there is such a
mapping of functional properties, then there also must be selectivity at the single-neuron
level. However, the reverse is not true. If no selectivity is measured with MVPA, then there
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is no (detectable) mapping of functional properties but that does not say much about
possible single-neuron selectivity. FMRI adaptation, on the other hand, measures the
sensitivity of the neural responses to changes in stimulation over time. It seems
straightforward to assume that neurons which are sensitive to a change in a particular
stimulus property are also selective for this stimulus property. However, single-neuron
recordings have shown that this assumption is not always correct. Neurons have been
reported to sometimes have no selectivity for the difference between object A and object B
and still show a release from adaptation when a repetition of object A is broken by object B
(Sawamura, Orban, & Vogels, 2006). There is no easy way to know which of the two
methods reflects single-neuron selectivity when the two methods disagree. However, the
interpretation of MVPA in terms of the functional organization is clear-cut. Based on our
results, it seems that the neural map in VWFA segregates words from pseudo-words, at least
to some degree, but follows the same principle of orthographic mapping in how neurons
with a tuning for different words are clustered and how neurons with a tuning for different
pseudo-words are clustered.

In conclusion, the results of the present study provide evidence that more than only the
visuo-orthographic aspects are processed in VWFA, since we found evidence of processing
of lexical information. This is in contradiction with the feedforward model of visual word
processing or local combination detector account as proposed by Dehaene et al. (2005).
Nevertheless during processing of the lexical category of the stimulus, both types of stimuli
were further processed in terms of orthographic similarity. This last finding is in accordance
with the local combination detector account, as it predicts an organization based on visual
orthographic similarity for word and word-like stimuli (word fragments or pseudowords).
Not all higher-order linguistic properties were integrated in the representations as measured
by the distributed response patterns in VWFA in the present study, since we did not find
evidence for an effect of semantics (see Supplemental Data). Our data thus provide evidence
for certain elements of the local combination detector account and the interactive account,
but do not fully correspond to one of both theories.

4.3 Left superior temporal gyrus

The most remarkable effect in ISTG was an interaction between lexical status and
orthographic similarity. Real words, when not semantically related, are organized according
to orthographic similarity, while no functional organization was found for pseudowords.
Thus, while words and pseudo-words were mapped according to similar principles in
VWEFA, despite the categorical distinction in terms of lexical status, this is not the case in
ISTG. In ISTG, responses to real words are clustered according to orthographic similarity,
and ISTG responses to pseudo-words are not clustered at all as far as we can measure. This
is consistent with reports of lexical representations in the left superior temporal region
(Fedorenko, Nieto-Castanon & Kanwisher, 2012; Gaskell & Zwitserlood, 2011).

4.4 Conclusion

In conclusion, the findings in this study support VWFA as a high-level perceptual region.
This region can categorize between stimuli based on lexical status, but both stimulus types
are further processed in terms of how visually similar (i.e. orthographically similar) they are.
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This is in contrast to the earlier EVC where no effect of the lexical status was found. ISTG
was confirmed to be a language area, considering we only found a functional organization
for real words, based on orthographic similarity, and no organization for pseudowords.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Real word and pseudoword stimulus sets.

Neuroimage. Author manuscript; available in PMC 2016 May 01.

Page 18



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Baeck et al.

Figure 2.
Example of the ROIs for representative participants. A mask was applied for EVC and only

activated voxels (p<.0001) within this mask are shown. All activated voxels were selected
for the EVC ROI. For VWFA and ISTG, only the cluster that is indicated by the crosshair
was included in the relevant ROIs.
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Figure 3.
Mean beta values for real words (RW) and pseudowords (PW) grouped by region of interest.

Error bars represent the standard error of the mean (SEM).
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Figure 4.
Results of the correlational analyses considering discrimination based on lexical status,

grouped by region of interest. Error bars represent the standard error of the mean (SEM). **
p<.01, *** p<.001
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ISTG

PW

Results of the correlational analyses investigating the effect of orthographic similarity:
stimuli could either differ by 0, 1, 2 or 3 letters (0d, 1d, 2d or 3d). Error bars represent the

standard error of the mean (SEM).
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Table 1

Stimulus matching information (average values and standard deviation) on psycholinguistic factors for real
words and pseudowords. Values were retrieved from the MCWord (Medler & Binder, 2005) and WordGen
toolboxes (Duyck, Desmet, Verbeke & Brysbaert, 2004).

Psycholinguistic factor real words pseudowords
Word frequency (per million) 32 (64)

Frequency (per million) of the constrained unigrams 14267 (4545) 15830 (4905)
Summated bigram frequency 7734 (2972) 6616 (2461)
Summated trigram frequency 1800 (1047) 1029 (1447)
Number of orthographic neighbours 13 (5) 7 (2.36)
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