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Using functional magnetic resonance imaging, this study examined
neural responses in the Visual Word Form Area to prime — test
letter pairs in which visual similarity and identity were manipu-
lated. Results revealed the greatest priming for pairs with high
visual similarity, less priming for pairs with medium similarity, and
the least priming for pairs with low similarity. Moreover, when
visual similarity was equated, priming magnitude did not differ for
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pairs with the same letter identity compared with those with
different letter identities. As such, results contrast with views of
the Visual Word Form Area as supporting arbitrary (nonsimilarity
based) mapping requirements of reading, and suggest a less
modular perspective on visual form recognition. NeuroReport
19:761-764 © 2008 Wolters Kluwer Health | Lippincott
Williams & Wilkins.

Introduction
The Visual Word Form Area (VWFA) hypothesis argues that
a region within left mid-fusiform cortex [approximate
Brodmann Area (BA) 37] is tuned specifically to the
processing of visual word forms [1-3]. In line with this
hypothesis, neural activity in this region is typically greater
for words and pronounceable pseudowords than for
nonpronounceable letter strings of the same length [3-5],
and greater for strings of letters than strings of pseudoletters
[6] and other nonletter stimuli (e.g. faces, houses) [7,8].
Proponents of the VWFA hypothesis contend that reading
places unique demands on the visual system that cannot be
satisfied by a generic recognition device [1-3]. In particular,
Cohen and Dehaene [1] note that reading requires arbitrary
and nonintuitive mappings of letters to sounds and mean-
ings, such as mapping dissimilar shapes to the same sound
and meaning (e.g. “A’ and ‘a’) and similar shapes to different
sounds and meanings (e.g. ‘O’ and ‘Q’), and argue that only
a specialized processing mechanism could accomplish these
exceptional goals. Indeed, these arbitrary and nonintuitive
mapping demands in reading provide the computational
foundation upon which the VWFA hypothesis is based.
Two important predictions regarding left-fusiform func-
tion stem directly from this computational argument for the
VWEFA. First, regions within the left fusiform should exhibit
equivalent priming for words/letters presented in the same
and different lettercase across prime and test presentations,
even when letters are visually dissimilar across uppercase
and lowercase versions (e.g. ‘A’ and ‘a’). Second, regions
within the left fusiform should exhibit greater priming
for letters that share the same identity across prime and
test presentations (e.g. A — a) than for letters that do not
share the same identity across prime and test presentations

(e.g. O — Q), regardless of visual similarity. Mixed support
for these predictions has been obtained. For example, equal
priming has been observed for same-primed words and
different-lettercase primed words (e.g. RAGE — RAGE vs.
rage — RAGE) [9,10]. However, this case-invariant priming
has not been observed with letter pairs (e.g. AA - AAvs. aa
— AA) [11]. Moreover, although priming in the left fusi-
form is greater for same-primed words (e.g. RAGE — RAGE)
than for anagram-primed words (e.g. GEAR - RAGE) [9],
comparisons of priming in this region for same-named
letters and different-named letters with equivalent visual
similarity (e.g. B — b vs. K — x) have not been performed.
Therefore, although computational arguments for the
VWEFA are theoretically compelling, evidence supporting
these arguments is weak.

This study used functional magnetic resonance imaging
to test the computational arguments for the VWFA directly.
The VWFA was defined functionally according to the well-
established criterion of greater activation for pronounceable
than nonpronounceable letter strings [3-5], and activity in
this region was compared between four types of prime —
test conditions in which letter identity and visual similarity
were manipulated. These conditions were (i) letters with
different identities and low visual similarity (DIFF-LOW;
e.g. F —y), (i) letters with different identities and medium
visual similarity (DIFF-MED; e.g. K - x), (iii) letters with the
same identity and medium visual similarity (SAME-MED;
eg. B - b), and (iv) letters with the same identity and
high visual similarity (SAME-HIGH; e.g. C — ¢). Letters
within each prime — test condition were selected based on
the similarity ratings of Boles and Clifford [12] such that
items within the DIFF-LOW condition were lower in
similarity than those in the DIFF-MED, SAME-MED, and
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SAME-HIGH conditions (all P<0.001), and items within
the DIFF-MED and SAME-MED conditions did not differ
from each other in similarity (P=0.971) but were lower in
similarity than those in the SAME-HIGH condition (both
P <0.001; Table 1). If a region within the left fusiform stores
letter forms in a manner that is case invariant and identity
specific, as argued by Cohen, Dehaene, and colleagues
[1-3,9,10], equivalent priming for SAME-MED and SAME-
HIGH items should be observed in this region, and priming
for these items should be greater than priming for DIFF-
MED and DIFF-LOW items. In contrast, if the left fusiform is
sensitive to visual similarity rather than letter identity, as
suggested by others [11,13], equivalent priming for SAME-
MED and DIFF-MED items should be observed in this
region, and this priming should be greater than that
observed for DIFF-LOW items and less than that observed
for SAME-HIGH items.

Method

Participants

Twelve volunteers (seven males; mean age 21.6+3.0 years)
participated for payment. One male volunteer was excluded
owing to equipment error; thus, data from 11 participants
were analyzed. Volunteers were screened using a detailed
questionnaire to ensure that they had no history of
neurological or psychiatric problems. In addition, all
volunteers were native English speakers, right-handed,
and had normal or corrected-to-normal. Informed consent
was obtained from each volunteer in accordance with the
guidelines and approval of the Rice University Institutional
Review Board.

Materials

Prime — test pairs of letters were formed according to the
criteria for the four experimental conditions (DIFF-LOW,
DIFF-MED, SAME-MED, and SAME-HIGH; see Introduc-
tion and Table 1). Twenty-six pronounceable letter strings
without meaning or usage in the English language were
used in the letter-string portion of the experiment. Twenty-
six nonpronounceable letter strings were created from

Tablel Prime — test letter pairs and mean similarity by condition
DIFF-LOW DIFF-MED SAME-MED SAME-HIGH
Ag Db Aa Cc
Br Ge Bb Ff
Cm Jt Dd Ji
En K x Ee Kk
Fy Mw Gg Oo
Ho Nz Hh Pp
fQ cO mM sS
k'S qP nN uU
iT PR qQ vV
dW vU rR w W
h X uVv tT x X
aY sZ yY zZ
136 265 278 416

Letter pairs are presented with the prime on the left and the test on the
right. This order was varied across functional magnetic resonance imaging
runs such that each letter appeared as both prime and test.

DIFF-LOW, letters with different identities and low visual similarity;
DIFF-MED, letters with different identities and medium visual similarity;
SAME-MED, letters with the same identity and medium visual similarity;
SAME-HIGH, letters with the same identity and high visual similarity.

pronounceable strings by rearranging letters within each
to render them unpronounceable (e.g. FREX—RFXE). All
strings were four letters in length and were presented in
uppercase.

Letters were presented in Geneva font, in white against a
black background. Individual letters subtended approxi-
mately 1.5° of visual angle. Letter strings subtended
approximately 1.5 x 6°. Presentations and response-time
measurement were controlled by the PsyScope software
package [14].

Procedure

Each trial during the priming phase of the experiment
consisted of a prime and test letter. The prime letter was
forward and backward masked by a ‘# and followed
immediately by the test letter in the following manner:
forward mask (500 ms), prime letter (30 ms), backward mask
(15ms), test letter (500 ms). Volunteers were instructed to
decide whether the test letter had an enclosed space (e.g.
‘A’) or not (e.g. ‘C’) and to indicate their response with a
button push as quickly and accurately as possible. Volun-
teers pushed one button with their right (or left) hand to
indicate an ‘enclosed’ response, and another button with
their left (or right) hand, to indicate a ‘not-enclosed’
response. The hand (left vs. right) used to indicate an
‘enclosed’ response was counterbalanced across volunteers.
Volunteers engaged in four practice trials to ensure that they
understood the instructions before the task began.

Prime — test trials were presented at intervals of 2.5, 5, and
7.5s (average rate of one trial per 5s). A fixation cross (+)
preceded each trial and remained on the screen between
trials. Volunteers engaged in four functional magnetic
resonance imaging runs, each lasting approximately
45min. All prime - test pairs from each of the four
experimental conditions were presented within each run in
a pseudo-random order.

Letter strings were presented for 1s each at intervals of
2.5, 5, and 7.5s (average rate of one trial per 5s). Strings
were preceded and followed by a fixation cross, and
volunteers were asked to push a button with each hand as
soon as each string disappeared from the screen. Volunteers
completed two runs of the letter-string task, each lasting
approximately 2.5min. Within each run, half the strings
were pronounceable and half were nonpronounceable.

Image acquisition and analysis

Magnetic resonance imaging data were acquired on a
Siemens 3T Allegra scanner (Siemens, Erlangen, Germany).
Anatomical images were acquired first, using a transverse
MP-RAGE T1-weighted sequence (Siemens) with a voxel
size of 0.5x0.5x1mm (TR=1200ms; TE=2.93ms; flip
angle=12°). Functional images were acquired using an
echo-planar sequence (TR=2500ms; TE=40ms; flip an-
gle=90°; voxel size=3.5x 3.5 in-plane resolution). During
each functional run, sets of 26 contiguous 4-mm thick axial
images were acquired parallel to the anterior-posterior
commissure plane.

Data from each volunteer were preprocessed to remove
noise and artifacts, including correction for movement
within and across runs using a rigid-body rotation and
translation algorithm [15,16]. Image slices were temporally
realigned (using sinc interpolation) to the midpoint of the
first slice, accounting for differences in the acquisition time
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for each individual slice. Data were then resampled into
2-mm isotropic voxels and warped into a standardized atlas
space [17].

Preprocessed data were analyzed based on the General
Linear Model (GLM) [15,18-20], using the FIDL analysis
package (http:/[www.nil.wustl.edu/ ~ fidl). Neural signals dur-
ing the six conditions of interest [prime type (4); string type
(2)] were modeled in the GLM at the seven time points
(i.e. image acquisitions) immediately after each stimulus
onset. In addition, a factor was coded to account for the
within-run linear trend (linear drift and a constant term). All
effects were modeled simultaneously in the GLM for each
volunteer.

Regions of interest were defined based on a voxel-wise
t-test comparing activity for pronounceable and nonpro-
nounceable letter strings averaged across the third and
fourth time points (5-7.5-s post-stimulus onset; i.e. the peak
of a typical hemodynamic response function). This aver-
aging assumes (a) that signals conform to the typical
hemodynamic response function, and (b) that meaningful
differences between tasks are observed in the response
function’s peak. The t statistical image produced by this
analysis was smoothed by a 4-mm radius hard sphere
kernel and Monte Carlo corrected using a threshold of
Z=4.0 (24 contiguous voxels) [21,22]. A peak (local
extremum) search algorithm was used to identify the
coordinates [17] of activation peaks in the corrected images.
Peaks separated by less than 10mm in each image were
consolidated by coordinate averaging, and spheres (20-mm
diameter) were centered on each peak.

Results

Performance

Response times and error rates were analyzed via one-way
repeated-measures analyses of variance comparing the four
prime conditions (DIFF-LOW vs. DIFF-MED vs. SAME-
MED vs. SAME-HIGH). A main effect of prime type was
observed in the response times, F(3,10)=4.99, P=0.006. Tests
of the simple effects revealed longer response times for
DIFF-LOW (541 ms) than DIFF-MED (530ms) items,
£(10)=3.47, P=0.006, and marginally longer response times
for SAME-MED (537 ms) than SAME-HIGH (518 ms) items,
t(10)=2.16, P=0.057, but no difference between DIFF-MED
and SAME-MED items, #(10)=0.689, P=0.507. Error rates
were low (<6%) and did not exhibit a main effect,
F(3,10)=1.32, P=0.288.

Neuroimaging
Three regions emerged from the voxel-wise analysis
comparing activity for pronounceable and nonpronounce-
able letter strings (Fig. 1). In line with the VWFA hypothesis
[1-4], a region within the left mid-fusiform cortex (x=—45,
y=—49, z=—14 in Talairach and Tournoux atlas space; [17]
BA 37) exhibited greater activity for pronounceable than
nonpronounceable letter strings (Fig. 1a). In addition, a
region in the left posterior-fusiform cortex (x=—30, y=—74,
z=—11; BA 19) exhibited greater activity for nonpronounce-
able than pronounceable letter strings (Fig. 1b), and a region
in the medial frontal cortex (x=—3, y=—4, z=61, BA 6)
exhibited greater activity for pronounceable than nonpro-
nounceable letter strings (Fig. 1c).

The hemodynamic response functions for each of the
critical prime type conditions in the left mid-fusiform region
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Fig. | Hemodynamic response in regions exhibiting an effect of letter-
string type. BOLD, Blood-oxygen-level dependent.

are shown in Fig. 2. The effect of prime type was assessed in
this region via a one-way repeated-measures analyses of
variance comparing activity averaged across the third and
fourth time points. This analysis produced a significant
effect, F(3,10)=31.63, P<0.001. Tests of the simple effects
revealed greater activity for DIFF-LOW (0.218) than DIFF-
MED (0.109) items, t(10)=6.46, P <0.001, and greater activity
for SAME-MED (0.115) than SAME-HIGH (0.049) items,
t(10)=3.80, P=0.004, but no difference between DIFF-MED
and SAME-MED items, $(10)=1.08, P=0.307.

Discussion

Results from this study revealed variations in priming
magnitude as a function of visual similarity rather than letter
identity. In particular, priming was greatest for prime — test
pairs with the highest visual similarity (SAME-HIGH items),
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Fig. 2 Hemodynamic response in left mid-fusiform region as a function
of prime type. BOLD, Blood-oxygen-level dependent; DIFF-LOWV, letters
with different identities and low visual similarity; DIFF-MED, letters with
different identities and medium visual similarity; SAME-MED, letters
with the same identity and medium visual similarity; SAME-HIGH, letters
with the same identity and high visual similarity.

less for pairs with medium similarity (SAME-MED and
DIFF-MED items), and least for pairs with low similarity
(DIFF-LOW items). Moreover, priming magnitude did not
differ for prime — test pairs with the same letter identity
(SAME-MED items) compared with those with different
letter identities (DIFF-MED items), when the visual similarity
of the pairs was matched. Thus, results do not support
predictions made by the VWFA hypothesis [1-3] and are
more in line with less modular theories of visual form
recognition in left mid-fusiform cortex [11,23-25].

These results converge with results from earlier studies in
which letter priming in the left mid-fusiform is similarity,
rather than identity, based [11,13]. However, they contrast
with results from studies of word priming in which
equivalent priming is observed for same and dissimilar
lettercase primed words [9,10]. In contrast to single letters,
whole words contain rich orthographic and semantic
information that may support priming. Thus, case-invariant
priming for whole words in earlier studies may have been
based on this information rather than visual abstract letter
representations.

Conclusion

The present work indicates that visual similarity is at least
as important as letter identity in determining priming
magnitude in the so-called VWFA. As such, results do not
support the computational argument that this area emerges
to accomplish the uniquely nonintuitive mapping require-
ments of reading [1]. Rather, results support a less modular
perspective in which the left mid-fusiform cortex engages in
similarity-driven visual object processing.
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