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The current study investigated the cerebral basis of word perceptual repetition priming
with fMRI during a letter detection task that manipulated the familiarity of perceptual word

form and the number of repetitions. Some neuroimaging studies have reported increases,

instead of decreases, in brain activations (called “repetition enhancement”) associated
with repetition priming of unfamiliar stimuli which have been interpreted as the creation

of new perceptual representations for unfamiliar items. According to this interpretation,

several repetitions of unfamiliar items would then be necessary for the repetition priming
to occur, a hypothesis not explicitly tested in prior studies. In the present study, using a

letter detection task on briefly flashed words, we explored the effect of familiarity on brain
response for word visual perceptual priming using both words with usual (i.e., familiar)

and unusual (i.e., unfamiliar) font, presented up to four times for stimuli with unusual font.

This allows potential changes in the brain responses for unfamiliar items to be assessed
over several repetitions, i.e., repetition enhancement to suppression. Our results reveal

significant increases of activity in the bilateral occipital areas related to repetition of words

in both familiar and unfamiliar conditions. Our findings support the sharpening hypothesis,
showing a lack of cerebral economy with repetition when the task requires the processing

of all word features, whatever the familiarity of the material, and emphasize the influence
of the nature of stimuli processing on its neuronal manifestation.

Keywords: priming, fMRI, repetition suppression, repetition enhancement, sharpening, visual processing

INTRODUCTION

Priming is generally defined as an improvement or a change in

the identification, production or classification of a stimulus as a
result of a prior encounter with the same or a similar stimulus

(Tulving and Schacter, 1990; Schacter and Buckner, 1998; Wiggs
and Martin, 1998; Henson, 2003; Schacter et al., 2007). It rep-

resents an implicit form of memory which occurs even in the
absence of conscious remembering and it may reflect a memory

system distinct from explicit memory (Graf and Schacter, 1985;
Gabrieli, 1998; Henson, 2003). From a multi-system memory
point of view, two kinds of repetition priming have been distin-

guished, depending on two distinct memory systems: perceptual
and conceptual (or semantic) priming. Perceptual priming (the

focus of the present study) is based on the perceptual or phys-
ical representations of stimuli and is thought to depend on a

perceptual representation system or perceptual memory, which
stores and processes perceptual, but not semantic, features of

items (Tulving and Schacter, 1990; Tulving, 1995; Eustache and
Desgranges, 2008). Perceptual repetition priming is often assessed

using identification tasks of degraded items or briefly flashed

stimuli which are supposed to further solicit the perceptual mem-

ory (Brown et al., 1996; Berry et al., 1997; Lebreton et al., 2001;
Gagnepain et al., 2008, 2011).

This repetition-based processing facilitation has been asso-
ciated with reductions in neural activity when an experience

is repeated. Several functional neuroimaging studies have con-
sistently revealed a decrease in haemodynamic responses for

repeated (primed) relative to unrepeated (unprimed) stimuli.
This repetition-based neural change has been assigned numer-
ous terms such as adaptation, repetition suppression or neural

priming (for review see Grill-Spector et al., 2006), and has been
observed within a set of specific cortical regions (Schacter et al.,

1998, 2004, 2007; Schacter and Badgaiyan, 2001; Henson, 2003),
depending on the type of stimulus (visual or auditory word,

object, face, symbol. . .) and on the nature of representations
across different stages of a processing stream (perceptual or con-

ceptual). For example, repetition-related reductions associated
with perceptual behavioral priming were reported in brain areas

that are significantly active for novel items (or for the first pre-
sentation of item), and that are known to be involved in early
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perceptual processing. These reductions has been found in var-
ious visual areas (for a review, see Schacter et al., 2004) coding

written words (e.g., Fiebach et al., 2005; Schott et al., 2006), faces
(e.g., Eger et al., 2005), objects (e.g., Vuilleumier et al., 2002) or

line drawings (e.g., Lebreton et al., 2001), and more recently in
the auditory cortex during word listening paradigms (Gagnepain

et al., 2008, 2011).
The precise neurophysiological mechanisms underlying

reduced neural activity is unknown and the relationship between

these neural and behavioral priming in human is still under
debate (Schacter et al., 1998; Wiggs and Martin, 1998; Henson,

2003; Henson and Rugg, 2003; Maccotta and Buckner, 2004;
Wig et al., 2005; Grill-Spector et al., 2006). Based on the neural

phenomenon of “response suppression” which refers to decrease
in the firing rate of neurons for repeated visual stimuli as

demonstrated with single-cell recording in monkeys (Desimone,
1996), Wiggs and Martin (1998) postulated that “repetition

suppression” reflects a “sharpening” or “tuning” mechanism
related to behavioral priming. According to this model, during

repetition, only neurons coding the discriminatory (or key)
features of stimuli, relevant in distinguishing it from others stim-

uli, are reactivated, while neurons coding features unnecessary
for processing that stimulus, i.e., unspecific features present in

several stimuli, are not reactivated, resulting in the sharpening of
this item’s cortical representation. Thus, repetition suppression

would reflect a partial reactivation of stimuli’s features related to
activity of fewer neurons and leads to decrease in the haemody-

namic response. This more sparse or distinctive representation
is thought to allow for more efficient stimulus processing and
hence results in more accurate/faster behavioral responses.

On the other hand, some studies have also reported that
repetition-related neural changes could depend on various fac-

tors such as the initial exposure duration (Zago et al., 2005;
Voss and Gonsalves, 2010), the degree of overlap between the

stimulus-specific processes engaged during the initial and subse-
quent presentations (Dobbins et al., 2004; Horner and Henson,

2008, 2011), the involvement of visual search (Kristjánsson et al.,
2007; Kristjánsson and Campana, 2010), or the familiarity of

the item. In particular, repetition increases rather than decreases
of brain responses, called “repetition enhancement”, have been

associated with repetition priming of unfamiliar stimuli such as
novel 3D objects (Schacter et al., 1995), non-real objects (Soldan

et al., 2008, 2010), unknown faces (Henson et al., 2000; Thiel
et al., 2002), meaningless symbols (Henson et al., 2000) and pseu-

dowords (Henson, 2001; Fiebach et al., 2005; Gagnepain et al.,
2008, 2011). The component process model of priming pro-

posed by Henson (2003) suggests that repetition enhancement
for unfamiliar stimuli is a sign of the formation of new percep-

tual representations, an hypothesis that fits with the existence
of a perceptual memory system that encodes, stores, and pro-
cesses perceptual representations of stimuli. This hypothesis is

mainly supported by neuroimaging studies that investigated the
representation of meaningful vs. meaningless stimuli, while lit-

tle is known about the repetition effect on familiar (or usual)
compared to unfamiliar (or unusual) perceptual visual word

form. According to this interpretation, repetition suppression
would not play a role as long as stimuli do not have pre-existent

perceptual representations in memory. However, this assumes
that several repetitions of unfamiliar items are necessary for the

occurrence of repetition suppression (Schacter et al., 1995). To
date, this hypothesis has not been explicitly tested with unfamiliar

stimuli. Taken together, the present fMRI study aimed at char-
acterizing the neural changes associated with perceptual priming

while manipulating (1) the familiarity of visual word form using
usual and unusual font, and (2) the number of repetitions of
words with unusual font.

MATERIALS AND METHODS

PARTICIPANTS

Twelve healthy right-handed subjects (7 females) aged from 20 to

30 years (mean: 26.1 ± 4.5 years) were recruited for the experi-
ment. Participants were screened to exclude drug and/or alcohol

abuse, neurological disorder and serious head injury, psychiatric
illness, and contraindications to undergoing magnetic resonance

imaging (MRI). Informed written consent was obtained from
each volunteer prior to the scanning session. All procedures were

approved by the local ethical committee and done in line with the
declaration of Helsinki.

DESIGN AND TASK

Before the main fMRI experiment, subjects undertook a behav-
ioral testing session to determine the optimal tachistoscopic pre-

sentation time to be used in the main fMRI experiment. The
presentation time allowing 80–90% of successful detection var-

ied between 20 and 40 ms across subjects (29.5 ± 6.9 ms). This
rapid subject-specific presentation time would facilitate behav-
ioral priming (see “Introduction”).

During the event-related fMRI experiment, the subjects had
to detect the letter “A” into words by pressing a 2-button box

(YES – NO) and to answer both quickly and accurately. Unprimed
items, corresponding to words presented for the first time, and

target items, corresponding to all subsequent presentations of
the same words, were mixed together into each run. The words

were selected from the Brulex French database (Content et al.,
1990) and controlled for frequency (50–590 in 1,000,000) and

length (5–7 letters). They were presented from 20 to 40 ms (see
above), followed by a mask (#######), with a total time of pre-

sentation (word + mask) kept constant at 1250 ms, and a fixation
cross varying from 1750 to 10250 ms (counterbalanced across

conditions), independently of the fMRI volume acquisition (EPI
MRI sequence TR). Two runs, of 7.4 min each, were performed.

Into each run, words were presented in usual (U, Abadi MT
Condensed Light) or unusual (UN, Matisse ITC) font (Figure 1).

Note that the usual versus unusual nature of the font was
decided a priori and did not correspond to the participant’s judg-

ment. One hundred and sixty words were presented once (U1,
n = 4 × 20; UN1, n = 4 × 20); among them 80 were seen twice
(U2, n = 4 × 10, inter-stimuli delay = 96.2 ± 20.3 s; UN2, n =

4 × 10, inter-stimuli delay = 94.7 ± 16.4 s) and 32 words with
unusual font were seen four times (UN3, n = 4 × 8, inter-stimuli

delay = 89.4 ± 20.1 s; UN4, n = 4 × 8, inter-stimuli delay = 93.7
± 19.2 s). For each condition, half the words presented contained

the letter “A” and the other half did not. Between each run,
instructions were reminded to the subjects and feedbacks were
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FIGURE 1 | Design of the study. Subjects were instructed to detect whether

the letter “A” was into the word. Unprimed items, corresponding to the 1st

presentation of the word (U1 and UN1), and target items, corresponding to

following presentation(s) of repeated words (U2, UN2, UN3, and UN4) were

mixed together into each run. The familiarity of word perceptual form was

manipulated using an usual (U) font (Abadi MT Condensed Light) and an

unusual (UN) font (Matisse ITC). Presentations of words were preceded by a

fixation cross (variable duration) and followed by a mask. The words in usual

font were repeated twice (U1 and U2) while the words in unusual font were

repeated four times (UN1, UN2, UN3, and UN4).

recorded. After the scanning session, a debriefing was carried out

individually to assess the cognitive strategy used by the subjects
to perform the task, and notably whether they used conscious

recollection of the repeated items.

fMRI DATA ACQUISITION

A 1.5 T Intera Philips MRI system at the Geneva University

Hospitals (Geneva, Switzerland) was used to acquire both func-
tional and anatomical images. EPI sequence was used to col-

lect T2∗-weighted images (TE = 40 ms, TR = 3000 ms, 30 axial
slices, voxel size: 1.953 × 1.953 × 5 mm3). A structural T1-

weighted scan was also obtained for each participant (TE = 5 ms,
TR = 15 ms, flip angle = 30◦, voxel size: 1.1 × 1.1 × 0.9 mm3).

Due to technical problems, entire dataset from one subject

and one run from another were excluded. Therefore, subsequent
analyses were conducted on 11 subjects (6 females; mean age:

25.8 ± 4.6 years).

DATA ANALYSIS

We analyzed behavioral priming effects in terms of both

response time (RT) and percentage of correct responses (% CR)

through repeated-measures ANOVA and paired t-tests. Incorrect

responses were removed from RT data which were then trimmed
to values within 2 standard deviations of the mean for each

participant by deleting outlier values.
Regarding fMRI data: first, in order to check the lack

of artifacts into the images, a variance volume was created
for each subject’s run and confirmed that most variability

of the signal was restricted to the cortex. Moreover, we per-
formed TSDiffana (http://imaging.mrc-cbu.cam.ac.uk/imaging/

DataDiagnostics) on each functional raw volume acquired to
ensure the lack of any isolated artefact into the images, leading

to the exclusion of a single volume (among 6600). fMRI data pro-
cessing and statistical analyzes were performed with the Statistical

Parametric Mapping (SPM5) software package (Wellcome Trust
Centre for Neuroimaging, London, UK) and the standard options
set as default. For each subject, all functional volumes were first

coregistered to the first one, and a mean functional image was
obtained. Afterwards, the T1-weighted structural volume was

coregistered to the mean functional image, and the coregistration
accuracy was visually controlled for each subject individu-

ally. Between-slice timing differences induced by differences in
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acquisition order were then corrected. Normalization parameters,
determined from the spatial normalization of the coregistered

T1-weighted structural volume onto the standard T1 template
from the Montreal Neurological Institute (MNI), were applied

to each corresponding functional volume. The resultant nor-
malized images were then smoothed with an isotropic 10 mm

full width at half maximum gaussian kernel. Finally, the time
series in each voxel were highpass-filtered to 1/128 Hz, scaled to a
grand mean of 100, and averaged over all voxels and scans within

a run.
fMRI data statistical analyses were conducted by using the gen-

eral linear model on a voxelwise basis employing a random effects
model implemented with a two level procedure. Only correct

“A” detections were modeled as different experimental conditions
(U1, U2, UN1, UN2, UN3, UN4), i.e., as δ functions at each stim-

ulus onset. The ensuing haemodynamic response was modeled
by convolving these δ functions with a canonical haemodynamic

response function (HRF). Two fixed effect analyses on the main
effect of the tasks (one for each type of material, i.e., words with

usual and unusual fonts) were first performed in order to deter-
mine the brain regions involved in the task among our subjects.

The resulting T-maps (p < 0.05 Family Wise Error corrected)
were then used as inclusive explicit masks in all subsequent anal-

yses, together with an anatomical mask including the bilateral
occipital lobe (superior, middle and inferior occipital gyri, lin-

gual gyri, cunei, calcarine sulci) and the fusiform gyri (from AAL
labeling, Tzourio-Mazoyer et al., 2002). In other words, the inter-

section between the two anatomical and functional masks was
used to constrain the analyses (9998 voxels = 79984 mm3). This
is motivated by the fact that the BOLD visual perceptual prim-

ing is expected to involve visual brain regions (Henson, 2003;
Schacter et al., 2007) and the repetition suppression phenomenon

is, by definition, restricted to regions activated by the task (i.e.,
decrease in activations). Six simple contrasts were performed (i.e.,

U1 < U2, UN1 < UN2, UN1 < UN4, U1 > U2, UN1 > UN2,
UN1 > UN4). In addition, in order to assess the effect of the

four repetitions for words with unusual font, all the UN con-
ditions were modeled as one single condition and the number

of repetition was introduced as a parametric modulator (1, 2, 3,
and 4 as parametric modulators). For each subject, the main effect

of the parametric modulation was evaluated and then entered
into a one-sample t-test for a second-level random effect analy-

sis. Finally, we also evaluated the effect of behavioral facilitation
by assessing the relationships between RT and brain activity. RTs

were first transformed into z-scores (by subject, session, and type
of answer) and then entered as a parametric modulator in the

model.
Only clusters surviving a p < 0.005 uncorrected threshold as

well as an extent threshold of 20 contiguous voxels were consid-
ered as significant in all analyses.

RESULTS

BEHAVIORAL RESULTS

Data were reported in Table 1. The three 2 × 2 repeated-measures
ANOVAs for the RT variable revealed neither any significant main

effect of repetition [U1 vs. U2: F(1, 10) = 1.16, p > 0.3; UN1
vs. UN2: F(1, 10) = 0.19, p > 0.6; UN1 vs. UN4: F(1, 10) = 0.19,

Table 1 | Reaction times (ms) and % correct responses during the

letter “A” detection task.

Reaction time (ms) %Correct response

RTA RTno-A

U1 794.7 ± 353.6 869.1 ± 306.9 88.2 ± 6.8

U2 783.6 ± 355.9 847.2 ± 298.9 86.8 ± 10.0

UN1 802.2 ± 347.2 909.3 ± 340.1 81.6 ± 10.7

UN2 803.7 ± 377.8 916.8 ± 325.8 77.4 ± 12.2

UN4 765.4 ± 372.3 895.0 ± 367.1 84.7 ± 11.4

U1 = 1st presentation of words with usual font; U2 = 2nd presentation of words

with usual font; UN1 = 1st presentation of words with unusual font; UN4 = 4th

presentation of words with unusual font.

p > 0.6] nor any significant interaction between repetition and

type of answer [U1 vs. U2: F(1, 10) = 0.23, p > 0.6; UN1 vs. UN2:
F(1, 10) = 0.96, p > 0.3; UN1 vs. UN4: F(1, 10) = 2.30, p > 0.15].

However for each ANOVA, a significant main effect of type of
answer [RTA < RTno-A: U1 vs. U2: F(1, 10) = 6.04, p < 0.05;

UN1 vs. UN2: F(1, 10) = 13.04, p < 0.01; UN1 vs. UN4: F(1, 10) =

7.96, p < 0.05] was found. The three paired t-test on the %CR

did not reveal any significant effect of repetition [U1 vs. U2:
t = 0.76, p > 0.4; UN1 vs. UN2: t = 1.19, p > 0.2; UN1 vs. UN4:

F(1, 10) = −1.53, p > 0.15].
The 4 × 2 repeated-measures ANOVA with RT variable for the

four repetitions of words with unusual font revealed a signifi-
cant main effect of type of answer [RTA < RTno−A: F(1, 10) =

13.48, p < 0.01] but the main effect of repetition [F(3, 30) = 2.22,
p > 0.1] and the interaction between the number of repetition

and type of answer [F(3, 30) = 1.92, p > 0.1] were not significant.
The One-Way repeated-measures ANOVA (number of repetition)
for the %CR did not reveal a significant effect of the number of

repetition [F(3, 30) = 1.68, p > 0.15].
The debriefing revealed that none of the subjects used encod-

ing or retrieval memory processes to perform the letter detection
task.

fMRI DATA

The six simple contrasts revealed only BOLD responses increased

for U2 vs. U1 condition in two clusters including the bilat-
eral middle and inferior occipital gyri, the right calcarine sulcus

and the left lingual gyrus (BA 18/19). No significant differ-
ence was found for the UN1 vs. UN2 contrasts (UN1 <

UN2 or UN1 > UN2), but increases were also observed in a
left cluster encompassing the superior and middle left occip-

ital gyrus and left lingual gyrus (BA 17/18) for the UN4 vs.
UN1 contrasts (UN4 < UN1 or UN4 > UN1) (Figure 2 and

Table 2).
In the parametric modulation analysis with the number of

UN word repetitions, only positive correlations (i.e., increases in
BOLD signal with repetition) were found in a left cluster that

extended over the superior occipital gyrus and the calcarine sulcus
(BA 17/18) (Figure 2 and Table 2).

Finally, the parametric modulation analysis with RT revealed
only a negative correlation (i.e., increases in BOLD signal
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FIGURE 2 | Brain render with Anatomist (www.brainvisa.info) for each

priming condition with the analysis mask (for words with usual font) in

yellow and corresponding graphs of the haemodynamic time course

data for each priming condition. Green clusters represent the significant

differences between the 2nd presentation of words in usual font (U2) and the

1st presentation of words in usual font (U1). The red cluster represents the

significant differences between the 4th presentation of words in unusual font

(UN4) and the 1st presentation of words in unusual font (UN1). The blue

cluster shows the regions significantly correlated with the number of

presentations of words in unusual font (UN). All clusters coordinates are

given in the MNI space. Note that fMRI statistical analyses were

performed on beta estimators of the BOLD response and not the peak

of the hemodynamic response function shown here for the purpose of

illustration.

Table 2 | Brain areas involved in the different comparisons and correlations.

Region Size (voxel/cm3) MNI coordinates Z -Score

x y z

U2>U1

R Inferior Occipital Gyrus, BA 18/19 102/0.82 32 −88 −2 3.75

R Middle Occipital Gyrus, BA 18

R Calcarine Sulcus, BA 18

L Middle Occipital Gyrus, BA 18 122/0.98 −28 −94 2 3.60

L Inferior Occipital Gyrus, BA 18

L Lingual Gyrus, BA 18

UN4>UN1

L Superior Occipital Gyrus, BA 17/18* 43/0.34 −18 −94 0 3.77

L Middle Occipital Gyrus, BA 18*

L Lingual Gyrus, BA 18*

POSITIVE CORRELATION WITH UN REPETITIONS

L Superior Occipital Gyrus, BA 18* 24/0.19 −16 −84 4 3.47

L Calcarine Sulcus, BA 17*

L = left; R = right; BA = Brodmann Area; U1 = 1st presentation of words with usual font; U2 = 2nd presentation of words with usual font; UN1 = 1st presentation

of words with unusual font; UN4 = 4th presentation of words with unusual font; ∗ = at p < 0.01 uncorrected, the right counterparts were also involved.

with decreases in RT) into several bilateral clusters including

the bilateral calcarine sulci, the bilateral superior and inferior
occipital gyri and the left middle occipital and lingual gyri

(BA 17/18/19).

DISCUSSION

The present study highlights increases in brain activity associated
with repetition for words written with both usual and unusual

font. These increases mainly involved the bilateral BA18 areas,
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extending medially to the calcarine sulci and laterally to BA19.
Moreover, despite a lack of significant behavioral facilitation,

activity increases in these regions were positively related to the
number of repetition and negatively to the RT for the word in

unusual visual form (see Figure 2 and Table 2).
First, the anatomical sites of repetition-related brain activ-

ity increases in the present study are consistent with those of
activity decreases reported in prior neuroimaging studies of
word perceptual priming (Dehaene et al., 2001; Daselaar et al.,

2005; Fiebach et al., 2005). Moreover, they encompass numerous
regions involved in word processing, such as those belonging to

the ≪ left medial extrastriate cortex ≫ cluster described in the
metaanalysis of word processing studies by Jobard et al. (2003),

but also their right counterparts (Hagoort et al., 1999; Fiebach
et al., 2002). Thus, brain activity changes found in the present

study occurred in brain regions dedicated to perceptual word pro-
cessing. More precisely, the posterior localization of our results

(BA 17/18/19) suggests the involvement of regions dedicated to
low-level word processing (Jobard et al., 2003; Dehaene et al.,

2005; Vinckier et al., 2007).
We found significant increases of activity in the occipital areas

related to repetition of words in both familiar and unfamiliar con-
ditions. Repetition enhancement for words with unusual font is

consistent with some previous reports suggesting that this effect
was likely a consequence of the unfamiliar nature of the material

(Henson et al., 2000; Fiebach et al., 2005; Gagnepain et al., 2008,
2011). Nevertheless, it has also been observed here for words

with familiar font suggesting the potential involvement of other
factors.

Repetition enhancement for familiar material have previously

been reported with particular conditions but these conditions did
not fit with the present study: i.e., when items were not iden-

tified (James and Gauthier, 2006), when subjects did not pay
attention to the items (Vuilleumier et al., 2005) or in a short-

term priming experiment without mask between items (Schnyer
et al., 2002). We argue that the repetition enhancement observed

in the present study is related to the nature of the task pro-
cessing. Indeed, processing isolated letters is not an usual step

when words are treated as a whole, as suggested by the open
bigrams model (Grainger and Van Heuven, 2003; Grainger and

Whitney, 2004; Grainger et al., 2006). This model postulates that
the detection of the relative position of two letters (bigram) into

a word is the key step of word processing, and that bigrams are
then combined, making the specificity of word. According to this

model, the precise representation of an isolated letter into a word
should not constitute a pre-existent perceptual representation.

Therefore, in agreement with the component process model of
priming proposed by Henson (2003 see “Introduction”), the rep-

etition enhancement observed here might result from the creation
of new perceptual representations of the letter “A” among words.
The posterior location of this effect further reinforces this view.

Indeed, the posterior regions showing repetition enhancement
were assumed to be dedicated to low-level word-processing such

as letter detection (e.g., Dehaene et al., 2005; Vinckier et al., 2007)
and could therefore constitute the cerebral bases of the perceptual

representation of a letter among words. In addition, this repeti-
tion enhancement was only observed in occipital regions after the

fourth repetition for words in unusual font, while it was already
observed after the second presentation for words in usual font.

From a new perceptual representations formation point of view,
it could be more difficult to create a new representation of the

letter “A” among a word with unfamiliar font, due to the lack of
prior visual perceptual representation of words in this unusual

font. Consistent with this idea, our findings have also showed
a significant negative correlation between these occipital activity
increases and the quick and correct detection of the letter “A” into

the words with the unusual font. Moreover, this relationship is
unlikely to be related to specific, global, effects such as learning

or attention change along runs as there was no significant effect
of the position of items on RT. It is also unlikely due to the type

of answer (RTA < RTno−A) as this factor was taken into account
when transforming RTs into z-scores.

The repetition enhancement associated with the repetition of
words in familiar visual form here contrasts with previous stud-

ies that have reported significant reductions of cerebral activity
in regions dedicated to word processing (Buckner et al., 1995;

Schacter et al., 1996; Backman et al., 1997; Schacter et al., 1999;
Buckner et al., 2000; Dehaene et al., 2001, 2004; Henson, 2001;

Daselaar et al., 2005; Fiebach et al., 2005; Kouider et al., 2007;
Ryan and Schnyer, 2007). According to the sharpening hypothesis

(Wiggs and Martin, 1998), repetition suppression would reflect a
reactivation of specific or discriminatory features of stimuli (see

“Introduction”). This hypothesis also predicts that a perceptual
task where subjects have to process all the stimuli’s features (i.e.,

both specific and unspecific features) should induce a complete
reactivation of stimuli’s features during repetition and thus pre-
vent repetition suppression. Several previous reports have indeed

supported this prediction. More specifically, it is worth noting
that in all priming studies where a significant repetition suppres-

sion was found, the task required a global processing of stimulus,
in which only some features of items were essential to perform the

task, while others could be ignored. For instance, in word-stem
completion (Buckner et al., 1995, 2000; Schacter et al., 1996, 1999;

Backman et al., 1997; Yasuno et al., 2000; Daselaar et al., 2005),
lexical decision (Fiebach et al., 2005) and word reading tasks

(Ryan and Schnyer, 2007) all word features (i.e., each letter) are
not necessarily processed for the task to be completed. Similarly,

tasks such as object recognition (Vuilleumier et al., 2005), item
size judgments (Dobbins et al., 2004), object naming (Lebreton

et al., 2001) and semantic decision tasks (Zago et al., 2005; Eddy
et al., 2007) do not depend on the processing of each item fea-

ture. By contrast, the task used in the present study (i.e., letter
detection) required an explicit processing of almost all the local

word features. Thus, this task should have prevented any stimuli
processing economy (sharpening), and therefore any repetition

suppression, to occur. The present findings are thus consistent
with the hypothesis of a lack of repetition suppression when the
task does not allow for the economy of some feature processing.

Besides, involvement of visual search processes could have limited
the repetition suppression effect to occur. Indeed, our task (letter

A detection into words) was effortful by inducing a new visual
search for each stimulus display while Kristjánsson et al. (2007)

have shown a repetition suppression effect when the visual search
is eased (i.e., target position was repeated). Limited statistical
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power due to a small number of subjects is unlikely to account
for the lack of repetition suppression since statistically signifi-

cant increases were found in repetition-related occipital regions.
Interestingly, the increase in brain activity was consistent across

our different priming conditions (i.e., usual and unusual fonts)
and statistical approaches (i.e., contrasts and correlations).

Altogether, our results are consistent with an increase of
brain activity with repetition in absence of repetition suppres-
sion, whatever the familiarity of the material. These findings

were interpreted according to the sharpening model of repetition
priming—i.e., as a reflect of the reactivation of almost all features

of stimuli, and the creation of new perceptual representations. We
acknowledge below some other alternative interpretations.

First, the lack of behavioral effect could be the explanation for
the lack of BOLD repetition suppression observed here. Although

the relationship between behavioral priming and neural priming
remains debated (e.g., Schacter et al., 1998; Wiggs and Martin,

1998; Henson, 2003; Henson and Rugg, 2003; Maccotta and
Buckner, 2004; Wig et al., 2005; Grill-Spector et al., 2006), some

authors assume that neural mechanisms are related to behavioral
effects. In line with this assumption, our fMRI results could sim-

ply reflect the lack of behavioral priming. Thus, the unusual letter
detection task involved in our experiment would have prevented

any behavioral facilitation in time and/or accuracy, and there-
fore any BOLD repetition-suppression to occur. Nevertheless,

as shown in James and Gauthier (2006), neural priming can
be observed in the absence of behavioral priming. In addition,

behavioral priming has already been observed parallel to fMRI
repetition enhancement, e.g., the reduction of RT and BOLD
repetition enhancement for repeated pseudowords (see Fiebach

et al., 2005; Gagnepain et al., 2008, 2011). Finally, the magni-
tude of the behavioral repetition effect was low here, yielding to

non-significant statistical differences when considering the small
number of subjects that is typically used in neuroimaging studies,

while BOLD repetition effects magnitude was higher, leading to
significant repetition enhancement in the same group.

Besides, Turk-Browne et al. (2007) reported repetition
enhancement related to stimuli with low visual quality. The

tachistoscopic presentation of words followed by a mask used in
the present study might correspond to such a situation as words

were hard to identify (78–89% of correct “A” detection, depend-
ing on the font and the number of repetitions) and could thus

be considered as perceptually degraded. However, this hypothesis

cannot fully account for our findings since it does not explain
the later repetition enhancement observed for words in unusual

font compared to words with usual font (4th vs. 2nd presenta-
tion). To the contrary, in the light of this interpretation one would

expect the reverse finding, i.e., higher repetition enhancement for
more degraded, i.e., unusual, words (81% of correct “A” detection

vs. 87% for usual words). Another potential interpretation arises
from our current knowledge on brain visual processing, namely,
cortical response to visual input is initially driven by coarse infor-

mation and global aspects of the image. In fact, at ∼250 ms
from stimulus onset, the representation becomes fine-tuned and

maximally stimulus-specific: each feature of object is represented
optimally (Zago et al., 2005). Consequently, due to their limited

presentation time (20–40 ms) in the present study, stimuli are
unlikely to be fully fine-tuned at the end of their first presenta-

tion (see also Voss and Gonsalves, 2010). Furthermore, according
to the latency or accumulation model of priming (Grill-Spector

et al., 2006; James and Gauthier, 2006), the neural response to
repeated items is earlier and faster than that of new items, and

may thus be associated with more fine-tuned and more detailed
cortical representations. Since more detailed cortical representa-

tion is associated with an increased occipital activity (e.g., Kouider
et al., 2007), repetition enhancement in the present study could

reflect enhanced fine-tuning due to faster cortical processing.
Nonetheless, again, this interpretation fails to explain why the

repetition enhancement observed here appears delayed for words
with unusual font compared to words with usual font.

In summary, we highlighted here the important role of rep-
etition enhancement in underlying repetition-related activation
changes. We hypothesized that the increase in occipital activa-

tion might be the consequence of the nature of the task used
in this study and especially the nature of word feature process-

ing necessary to perform the task. Although this warrants further
investigations, our findings have implication for understanding

the neural basis of repetition effects and emphasize its diversity
according to the way stimuli are processed.

ACKNOWLEDGMENTS

We are indebted to P. Gagnepain and U. Leonards for their
help in this study. This work was supported by Inserm, the

Psychiatric Neuroimaging Unit of Geneva, the Inserm-Liliane
Bettencourt MD-PhD Program and the International Research

Institute Servier.

REFERENCES
Backman, L., Almkvist, O., Andersson,

J., Nordberg, A., Winblad, B.,

Reineck, R., and Langstrom, B.

(1997). Brain activation in young

and older adults during implicit and

explicit retrieval. J. Cogn. Neurosci.

9, 378–391.

Berry, D. C., Banbury, S., and Henry,

L. (1997). Transfer across form and

modality in implicit and explicit

memory. Q. J. Exp. Psychol. A 50,

1–24.

Brown, A. S., Jones, T. C., and Mitchell,

D. B. (1996). Single and multiple

test repetition priming in implicit

memory. Memory 4, 159–173.

Buckner, R. L., Koutstaal, W., Schacter,

D. L., and Rosen, B. R. (2000).

Functional MRI evidence for a role

of frontal and inferior temporal cor-

tex in amodal components of prim-

ing. Brain 123, 620–640.

Buckner, R. L., Petersen, S. E.,

Ojemann, J. G., Miezin, F. M.,

Squire, L. R., and Raichle, M. E.

(1995). Functional anatomical

studies of explicit and implicit

memory retrieval tasks. J. Neurosci.

15, 12–29.

Content, A., Mousty, P., and Radeau,

M. (1990). BRULEX: une base de

données lexicales informatisée pour

le Français écrit et parlé. L’Année

Psychologique 90, 551–566.

Daselaar, S. M., Veltman, D. J.,

Rombouts, S. A., Raaijmakers, J.

G., and Jonker, C. (2005). Aging

affects both perceptual and lexi-

cal/semantic components of word

stem priming: an event-related

fMRI study. Neurobiol. Learn. Mem.

83, 251–262.

Dehaene, S., Cohen, L., Sigman, M.,

and Vinckier, F. (2005). The neural

code for written words: a proposal.

Trends Cogn. Sci. 9, 335–341.

Dehaene, S., Jobert, A., Naccache, L.,

Ciuciu, P., Poline, J. B., Le Bihan,

D., and Cohen, L. (2004). Letter

binding and invariant recognition

of masked words: behavioral and

neuroimaging evidence. Psychol. Sci.

15, 307–313.

Dehaene, S., Naccache, L., Cohen, L., Le

Bihan, D., Mangin, J. F., Poline, J. B.,

and Riviere, D. (2001). Cerebral

mechanisms of word masking and

unconscious repetition priming.

Nat. Neurosci. 4, 752–758.

Frontiers in Human Neuroscience www.frontiersin.org July 2012 | Volume 6 | Article 206 | 7

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Lebreton et al. Repetition enhancement and perceptual processing of words

Desimone, R. (1996). Neural mecha-

nisms for visual memory and their

role in attention. Proc. Natl. Acad.

Sci. U.S.A. 93, 13494–13499.

Dobbins, I. G., Schnyer, D. M.,

Verfaellie, M., and Schacter, D. L.

(2004). Cortical activity reductions

during repetition priming can

result from rapid response learning.

Nature 428, 316–319.

Eddy, M. D., Schnyer, D., Schmid,

A., and Holcomb, P. J. (2007).

Spatial dynamics of masked picture

repetition effects. Neuroimage 34,

1723–1732.

Eger, E., Schweinberger, S. R., Dolan,

R. J., and Henson, R. N. (2005).

Familiarity enhances invariance of

face representations in human ven-

tral visual cortex: fMRI evidence.

Neuroimage 26, 1128–1139.

Eustache, F., and Desgranges, B. (2008).

MNESIS: towards the integration

of current multisystem models of

memory. Neuropsychol. Rev. 18,

53–69.

Fiebach, C. J., Friederici, A. D., Muller,

K., and von Cramon, D. Y. (2002).

fMRI evidence for dual routes to

the mental lexicon in visual word

recognition. J. Cogn. Neurosci. 14,

11–23.

Fiebach, C. J., Gruber, T., and Supp, G.

G. (2005). Neuronal mechanisms

of repetition priming in occipi-

totemporal cortex: spatiotemporal

evidence from functional magnetic

resonance imaging and electroen-

cephalography. J. Neurosci. 25,

3414–3422.

Gabrieli, J. D. (1998). Cognitive neu-

roscience of human memory. Annu.

Rev. Psychol. 49, 87–115.

Gagnepain, P., Chételat, G., Landeau,

B., Dayan, J., Eustache, F., and

Lebreton, K. (2008). Spoken word

memory traces within the human

auditory cortex revealed by repeti-

tion priming and functional mag-

netic resonance imaging. J. Neurosci.

28, 5281–5289.

Gagnepain, P., Henson, R., Chételat,

G., Landeau, B., Lebreton, K., and

Eustache, F. (2011). Is neocortical-

hippocampal connectivity a better

predictor of subsequent recollection

than local increases in hippocampal

activity? New insights on the role

of priming. J. Cogn. Neurosci. 23,

391–403.

Graf, P., and Schacter, D. L. (1985).

Implicit and explicit memory for

new associations in normal and

amnesic subjects. J. Exp. Psychol.

Learn. Mem. Cogn. 11, 501–518.

Grainger, J., and Whitney, C. (2004).

Does the huamn mnid raed wrods

as a wlohe? Trends Cogn. Sci. 8,

58–59.

Grainger, J., Granier, J. P., Farioli,

F., Van, A. E., and van Heuven,

W. J. (2006). Letter position infor-

mation and printed word percep-

tion: the relative-position priming

constraint. J. Exp. Psychol. Hum.

Percept. Perform. 32, 865–884.

Grainger, J., and Van Heuven, W. J.

B. (2003). “Modeling letter posi-

tion coding in printed word percep-

tion,” in The Mental Lexicon, ed P.

Bonin (New York, NY: Nova Science

Publishers), 1–24.

Grill-Spector, K., Henson, R. N., and

Martin, A. (2006). Repetition

and the brain: neural models of

stimulus-specific effects. Trends

Cogn. Sci. 10, 14–23.

Hagoort, P., Indefrey, P., Brown, C.,

Herzog, H., Steinmetz, H., and

Seitz, R. J. (1999). The neural cir-

cuitry involved in the reading of

German words and pseudowords: a

PET study. J. Cogn. Neurosci. 11,

383–398.

Henson, R. N. (2001). Repetition

effects for words and nonwords as

indexed by event-related fMRI: a

preliminary study. Scand. J. Psychol.

42, 179–186.

Henson, R. N. (2003). Neuroimaging

studies of priming. Prog. Neurobiol.

70, 53–81.

Henson, R. N., Shallice, T., and Dolan,

R. (2000). Neuroimaging evidence

for dissociable forms of repetition

priming. Science 287, 1269–1272.

Henson, R. N., and Rugg, M. D.

(2003). Neural response suppres-

sion, haemodynamic repetition

effects, and behavioural priming.

Neuropsychologia 41, 263–270.

Horner, A. J., and Henson, R. N.

(2008). Priming, response learn-

ing and repetition suppression.

Neuropsychologia 46, 1979–1991.

Horner, A. J., and Henson, R. N.

(2011). Stimulus-response bindings

code both abstract and specific

representations of stimuli: evidence

from a classification priming design

that reverses multiple levels of

response representation. Mem.

Cogn. 39, 1457–1471.

James, T. W., and Gauthier, I. (2006).

Repetition-induced changes in

BOLD response reflect accumula-

tion of neural activity. Hum. Brain

Mapp. 27, 37–46.

Jobard, G., Crivello, F., and Tzourio-

Mazoyer, N. (2003). Evaluation of

the dual route theory of reading:

a metanalysis of 35 neuroimaging

studies. Neuroimage 20, 693–712.

Kouider, S., Dehaene, S., Jobert, A.,

and Le Bihan, D. (2007). Cerebral

bases of subliminal and supralimi-

nal priming during reading. Cereb.

Cortex 17, 2019–2029.

Kristjánsson, A., Vuilleumier, P.,

Schwartz, S., Macaluso, E., and

Driver, J. (2007). Neural basis for

priming of pop-out during visual

search revealed with fMRI. Cereb.

Cortex 17, 1612–1624.

Kristjánsson, A., and Campana, G.

(2010). Where perception meets

memory: a review of repetition

priming in visual search tasks. Atten.

Percept. Psychophys. 72, 5–18.

Lebreton, K., Desgranges, B., Landeau,

B., Baron, J. C., and Eustache, F.

(2001). Visual priming within and

across symbolic format using a

tachistoscopic picture identification

task: a PET study. J. Cogn. Neurosci.

13, 670–686.

Maccotta, L., and Buckner, R. L.

(2004). Evidence for neural effects

of repetition that directly correlate

with behavioral priming. J. Cogn.

Neurosci. 16, 1625–1632.

Ryan, L., and Schnyer, D. (2007).

Regional specificity of format-

specific priming effects in mirror

word reading using functional

magnetic resonance imaging. Cereb.

Cortex 17, 982–992.

Schacter, D. L., Alpert, N. M., Savage,

C. R., Rauch, S. L., and Albert, M. S.

(1996). Conscious recollection and

the human hippocampal formation:

evidence from positron emission

tomography. Proc. Natl. Acad. Sci.

U.S.A. 93, 321–325.

Schacter, D. L., Badgaiyan, R. D., and

Alpert, N. M. (1999). Visual word

stem completion priming within

and across modalities: a PET study.

Neuroreport 10, 2061–2065.

Schacter, D. L., Buckner, R. L., and

Koutstaal, W. (1998). Memory,

consciousness and neuroimaging.

Philos. Trans. R. Soc. Lond. B Biol.

Sci. 353, 1861–1878.

Schacter, D. L., Dobbins, I. G., and

Schnyer, D. M. (2004). Specificity

of priming: a cognitive neuroscience

perspective. Nat. Rev. Neurosci. 5,

853–862.

Schacter, D. L., Reiman, E., Uecker,

A., Polster, M. R., Yun, L. S., and

Cooper, L. A. (1995). Brain regions

associated with retrieval of struc-

turally coherent visual information.

Nature 376, 587–590.

Schacter, D. L., Wig, G. S., and Stevens,

W. D. (2007). Reductions in cortical

activity during priming. Curr. Opin.

Neurobiol. 17, 171–176.

Schacter, D. L., and Badgaiyan, R. D.

(2001). Neuroimaging of priming:

new perspectives on implicit and

explicit memory. Curr. Dir. Psychol.

Sci. 10, 1–4.

Schacter, D. L., and Buckner, R. L.

(1998). Priming and the brain.

Neuron 20, 185–195.

Schnyer, D. M., Ryan, L., Trouard, T.,

and Forster, K. (2002). Masked

word repetition results in increased

fMRI signal: a framework for

understanding signal changes

in priming. Neuroreport 13,

281–284.

Schott, B. H., Richardson-Klavhen,

A., Henson, R. N., Becker, C.,

Heinze, H.-J., and Düzel, E. (2006).

Neuroanatomical dissociation

of encoding processes related to

priming and explicit memory. J.

Neurosci. 26, 792–800.

Soldan, A., Habeck, C., Gazes, Y.,

and Stern, Y. (2010). Neural mech-

anisms of repetition priming of

familiar and globally unfamiliar

visual objects. Brain Res. 1343,

122–134.

Soldan, A., Zarahn, E., Hilton, H.

J., and Stern., Y. (2008). Global

familiarity of visual stimuli affects

repetition-related neural plastic-

ity but not repetition priming.

Neuroimage 39, 515–526.

Thiel, C. M., Henson, R. N., and

Dolan, R. J. (2002). Scopolamine

but not lorazepam modulates

face repetition priming: a psy-

chopharmacological fMRI study.

Neuropsychopharmacology 27,

282–292.

Tulving, E. (1995). “Organization

of memory: quo vadis?” in The

Cognitive Neurosciences, ed M. S.

Gazzaniga (Cambridge, MA: MIT

Press), 839–847.

Tulving, E., and Schacter, D. L. (1990).

Priming and human memory sys-

tems. Science 247, 301–306.

Turk-Browne, N. B., Yi, D. J., Leber,

A. B., and Chun, M. M. (2007).

Visual quality determines the direc-

tion of neural repetition effects.

Cereb. Cortex 17, 425–433.

Tzourio-Mazoyer, N., Landeau, B.,

Papathanassiou, D., Crivello, F.,

Etard, O., Delcroix, N., Mazoyer, B.,

and Joliot, M. (2002). Automated

anatomical labeling of activations in

SPM using a macroscopic anatom-

ical parcellation of the MNI MRI

single-subject brain. Neuroimage

15, 273–289.

Vinckier, F., Dehaene, S., Jobert, A.,

Dubus, J. P., Sigman, M., and

Cohen, L. (2007). Hierarchical cod-

ing of letter strings in the ventral

stream: dissecting the inner organi-

zation of the visual word-form sys-

tem. Neuron 55, 143–156.

Voss, J. L., and Gonsalves, B. D.

(2010). Time to go our separate

ways: opposite effects of study dura-

tion on priming and recognition

reveal distinct neural substrates.

Front. Hum. Neurosci. 4:227. doi:

10.3389/fnhum.2010.00227

Frontiers in Human Neuroscience www.frontiersin.org July 2012 | Volume 6 | Article 206 | 8

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Lebreton et al. Repetition enhancement and perceptual processing of words

Vuilleumier, P., Henson, R. N., Driver,

J., and Dolan, R. J. (2002). Multiple

levels of visual object constancy

revealed by event-related fMRI of

repetition priming. Nat. Neurosci. 5,

491–499.

Vuilleumier, P., Schwartz, S., Duhoux,

S., Dolan, R. J., and Driver, J. (2005).

Selective attention modulates neural

substrates of repetition priming and

“implicit” visual memory: suppres-

sions and enhancements revealed

by FMRI. J. Cogn. Neurosci. 17,

1245–1260.

Wig, G. S., Grafton, S. T., Demos,

K. E., and Kelley, W. M. (2005).

Reductions in neural activity

underlie behavioral components of

repetition priming. Nat. Neurosci.

8, 1228–1233.

Wiggs, C. L., and Martin, A. (1998).

Properties and mechanisms of

perceptual priming. Curr. Opin.

Neurobiol. 8, 227–233.

Yasuno, F., Nishikawa, T., Tokunaga,

H., Yoshiyama, K., Nakagawa, Y.,

Ikejir, Y., Oku, N., Hashikawa, K.,

Tanabe, H., Shinozaki, K., Sugita,

Y., Nishimura, T., and Takeda, M.

(2000). The neural basis of percep-

tual and conceptual word priming–

a PET study. Cortex 36, 59–69.

Zago, L., Fenske, M. J., Aminoff, E.,

and Bar, M. (2005). The rise and

fall of priming: how visual exposure

shapes cortical representations

of objects. Cereb. Cortex 15,

1655–1665.

Conflict of Interest Statement: The

authors declare that the research

was conducted in the absence of any

commercial or financial relationships

that could be construed as a potential

conflict on interest.

Received: 19 December 2011; accepted:

22 June 2012; published online: 12 July

2012.

Citation: Lebreton K, Villain N, Chételat

G, Landeau B, Seghier ML, Lazeyras

F, Eustache F and Ibanez V (2012)

Repetition enhancement and perceptual

processing of visual word form. Front.

Hum. Neurosci. 6:206. doi: 10.3389/

fnhum.2012.00206

Copyright © 2012 Lebreton, Villain,

Chételat, Landeau, Seghier, Lazeyras,

Eustache and Ibanez. This is an open-

access article distributed under the terms

of the Creative Commons Attribution

Non Commercial License, which per-

mits non-commercial use, distribution,

and reproduction in other forums, pro-

vided the original authors and source are

credited.

Frontiers in Human Neuroscience www.frontiersin.org July 2012 | Volume 6 | Article 206 | 9

http://dx.doi.org/10.3389/fnhum.2012.00206
http://dx.doi.org/10.3389/fnhum.2012.00206
http://dx.doi.org/10.3389/fnhum.2012.00206
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive

	Repetition enhancement and perceptual processing of visual word form
	Introduction
	Materials and Methods
	Participants
	Design and Task
	fMRI Data Acquisition
	Data Analysis

	Results
	Behavioral Results
	fMRI Data

	Discussion
	Acknowledgments
	References


