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It has been proposed on the basis of behavioural data that gramma-
ticality judgments in implicit artificial grammar learning paradigms
are largely driven by priming based on fragment familiarity. A pre-
diction that follows from this account is that neural deactivation, a
common correlate of repetition priming, should be observed for
grammatical compared to ungrammatical stimuli. We conducted
an event-related fMRI study to investigate neuronal correlates of
such fragment-based priming. In a study phase, participants per-
formed a short-term memory task on a series of strings of pseudo-
font characters. Scanning was performed in a subsequent test
phase in which participants classified new strings as either
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grammatical or ungrammatical. Test strings differed systematically
from training strings in terms of exemplar and fragment similarity.
Behaviourally, participants classified strings as grammatical based
on fragment familiarity. Differential activity was evident during
string classification as reduced activity in left lateral occipital com-
plex and bilateral lingual gyri for strings with high fragment famil-
iarity compared to strings with low fragment familiarity. Thus,
consistent with the hypothesis, neuronal facilitation in extrastriate
occipital regions may constitute one basis of implicit grammatical-
ity decisions based on fragment priming. NeuroReport 14:131-136
© 2003 Lippincott Williams & Wilkins.

INTRODUCTION

Exposure to a series of items enables us to classify new items
as belonging to the same category. Category learning is often
investigated in artificial grammar learning paradigms
where volunteers are exposed to a series of letter strings,
generated by an artificial grammar, and subsequently asked
to classify new letter strings as either conforming to the
grammar or not [1]. This type of learning has been the
subject of great interest as it has been claimed to occur
implicitly, or unconsciously [1]. Several forms of knowledge
have been proposed to contribute to these classifications.
Participants could either abstract the underlying rules [1],
base their judgments on whole-item similarity to training
exemplars [2], or base them on the relative familiarity of the
fragments of which they are composed [3]. Rule-based
classifications imply the formation of abstract mental
representations which go beyond perceptual features. The
exemplar account on the other hand assumes retrieval of
specific training exemplars and judgments based on the
global similarity between the test string and all the training
strings. The fragment account is a perceptual-based theory
of artificial grammar learning and postulates that partici-
pants learn about the frequency of occurrence of fragments
of letters (i.e. two- or three-letter bigrams) and classify test

strings as grammatical to the extent that they contain letter
fragments that were present in the training strings. The
presence of such fragments is assumed to cause perceptual
priming, which in turn makes the string feel fluent.

There is continuing debate on what forms of knowledge
are used to classify items in artificial grammar learning
paradigms and under what conditions the different forms of
knowledge make a contribution (see [4] for a review). The
present study represents an attempt to contribute to this
debate in a novel way via the collection of neuroimaging
data. We test a simple prediction of the fragment-familiarity
account: neural deactivation, a common correlate of repeti-
tion priming [5], should be observed for grammatical
compared to ungrammatical stimuli.

Johnstone and Shanks devised a grammar, employed
here, which allowed them to evaluate behaviourally the
contributions of rule knowledge, exemplar similiarity, and
fragment familiarity under more tightly-controlled condi-
tions than is possible with traditional grammars [4] (see also
[6,7]). Strikingly, Johnstone and Shanks found no evidence
for a contribution of rule or exemplar knowledge under
implicit learning conditions, but rather that participants
classified the letter strings on the basis of fragment
familiarity. In effect, the evidence suggested that participants
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become familiarized to string fragments (e.g. bigrams) in the
study phase and then categorize test strings as grammatical
to the extent that they are composed of familiar fragments.
In other words, these behavioural results support a
perceptually based account of categorization in artificial
grammar learning.

Some neuroimaging studies have investigated neuronal
correlates of category learning and found activity reductions
in posterior occipital areas for categorical compared to non-
categorical dot patterns [8-10]. These decreases were
thought to reflect a perceptual priming effect in which
processing of categorical items that share similarity with
previously studied items is facilitated. The present study
was performed to investigate whether a similar neuronal
correlate was found for fragment-driven artificial grammar
learning. In using the paradigm of Johnstone and Shanks [4]
we expected to find differential activations to test items in
occipital cortices as a function of the relationship between
test items and study items. More specifically, given previous
neuroimaging evidence [8], we expected to find occipital
areas that would show reduced activity for test strings of
high fragment familiarity.

MATERIALS AND METHODS

Subjects: Sixteen right-handed participants (nine male,
seven female; age range 22-51 years, mean 30 years) with
no history of medical or psychiatric disease gave informed
consent to participate in the study. Exclusion criteria were
>20% missed responses during scanning (i.e. when no
key press occurred until presentation of the next stimulus)
or technical failure. This left data for 12 participants.

Stimuli: Stimuli were strings of eight pseudofont char-
acters built from a vocabulary of six characters taken from
[11]. Study stimuli were constructed according to a grammar
which allowed only 18 of the possible 36 bigrams that can be
built from the vocabulary (Fig. 1). Test stimuli comprised
five classes each of 18 strings which systematically varied in
terms of global similarity (i.e. exemplar familiarity) or
fragment familiarity. Global exemplar similarity describes
the similarity of the whole character string with a training
string. Test items with high exemplar familiarity are strings
which overlap in seven of the eight characters with training
items whereas test items with low exemplar familiarity
differ in > 3 letters from training items. Fragment famil-
iarity relates to the number of two-character bigrams which
a test string shares with a training string. Test items with
high fragment familiarity were built of the 18 two-character
bigrams which were used for construction of training items
and thus had a high overlap in two- and three-character
pseudofont fragments with training stimuli. Test items with
low fragment familiarity on the other hand were built of the
other 18 possible bigrams and thus had very low overlap in
pseudofont character fragments with training stimuli (they
also had low global similarity to the study strings).

Five different types of test stimuli were used: (1) old
strings (OLD) were identical to study stimuli; (2) high
exemplar/high fragment familiarity strings (HEHF) each
overlapped globally with six study stimuli and also shared a
high number of pseudofont character fragments; (3) low
exemplar/high fragment familiarity strings (LEHF) differed
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Fig. I. lllustration of experimental paradigm, training and test stimuli.

During a pre-scanning study phase participants performed a short term
memory task on a series of pseudofont character strings. These training
strings were of length eight and constructed from a vocabulary of six
characters. All strings were constructed of I8 (see box in lower left of
the figure) of the possible 36 bigrams that can be build from the vocabu-
lary, thus familiarizing participants to string fragments. Test strings were
also built of eight pseudofont characters and varied systematically in their
similarity to training strings (OLD, HEHF, LEHF, LELF, NEW). An example
of a test string of each stimulus type is given (see box in lower right of the
figure). Null events (i.e. imaginary events which are not different from
baseline) were randomly intermixed with training strings. Stimuli were
randomly displayed every 4s for 2 s against a baseline of fixation crosses
and participants had to decide with a keypress whether the string con-
formed to the grammar.

from all study stimuli in at least three pseudofont characters
and therefore had low global similarity but comprised a
large number of familiar pseudofont character fragments;
(4) low exemplar/low fragment strings (LELF) had low
global similarity and had a minimal overlap in pseudofont
character fragments; (5) new strings (NEW) were built from
a different vocabulary of pseudofont characters. For this
purpose characters in the LELF strings were replaced with
new pseudofont characters. Note that HELF items cannot be
constructed because it is not possible for strings to be similar
to studied exemplars yet not be composed of familiar
fragments. Participants also performed a parallel version of
the task using strings built of letters rather than pseudofont
characters. These data are not presented since no posterior
brain regions showed stimulus effects in the F-test (further
details available on request). If grammaticality decisions are
driven by fragment familiarity then we expect to see strings
composed of familiar fragments (OLD, HEHE, LEHF)
endorsed as grammatical more than ones composed of
unfamiliar fragments (LELF, NEW). If global similarity is
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the main determinant of decisions [2] then we expect to see
strings with high global similarity (OLD, HEHF) endorsed
as grammatical more than ones with low global similarity
(LEHE, LELF, NEW).

Experimental design (see also [4], experiment 5): In a study
phase, conducted outside the scanner, subjects were
presented visually with training strings (Fig. 1). On each
of 108 trials a string was displayed for 7s on a Macintosh
computer and participants were asked to mentally rehearse
it. Then the screen went blank for 2s following which a list
of three strings (numbered 1-3) was displayed and the
participant was asked to type the number of the string that
matched the one they were rehearsing (using the keys for
numbers 1-3 on the computer keyboard). The two foils were
illegal versions of the correct string. The order of training
strings was randomised across participants.

Scanning took place during a subsequent test phase.
Participants were taken directly from the training room to
the scanner room. The approximate delay between the end
of the test phase and the start of scanning was 20 min. Inside
the scanner participants were presented with the five
different types of test strings described above for 2s every
4 s on a Macintosh computer against a baseline of crosshairs,
projected onto a screen ~300mm above the participant in
the MRI scanner. The stimulus presentation included null
events, where a baseline picture is presented instead of a
stimulus (see also Fig. 1 for illustration). These null events
were randomly intermixed with the test stimuli and made
up one-third of events (i.e. 45 null events for 135 stimuli).
Note that such null events are completely undetectable by
subjects. The inclusion of null events is used to achieve a
random distribution of SOAs and is equivalent to the use of
a variable interstimulus baseline. Null events are included
in event-related fMRI experiments to increase baseline
periods and thus the sensitivity for the main effect (i.e. all
stimulus types vs baseline) even with short SOAs [12].
Volunteers were informed that the strings they had been
asked to memorize previously were generated from a
complex set of rules (the rule being that the strings were
composed of a subset of only 18 of the 36 possible bigrams)
and were asked to classify the strings encountered during
scanning as grammatical or ungrammatical depending on
whether they appeared to conform to the rules or not by
pressing one of two response keys. They were told not to
worry if they did not notice any rules and to make an
instinctive judgment.

Data acquisition: A Vision MRI system (Siemens, Erlan-
gen, Germany) operating at 2T was used to obtain T2*-
weighted echoplanar (EPI) images (in plane matrix 64 x 64)
with blood oxygenation level dependent (BOLD) contrast.
In each session 225 volumes of 30 2mm axial slices were
acquired sequentially every 3.5mm (voxel size
3 x 3 x 3.5mm pixels, repetition time 2.5s, echo time
40ms). The first five volumes were discarded to allow for
T1 equilibration effects. Images were spatially realigned to
the first volume to correct for interscan movement,
synchronized to the middle slice to correct for differences
in slice acquisition time, and normalized to a standard EPI
template volume (resampled to 3 x 3 x 3mm?® voxels). The

data were then smoothed with a Gaussian kernel of 8 mm
full-width at half maximum to accommodate intersubject
anatomical variability.

Statistical analyses of imaging data: Data were analysed
with Statistical Parametric Mapping software (SPM99,
Wellcome Department of Cognitive Neurology, London)
[13] employing a random effects model. At the first level six
event types were defined. These consisted of five effects of
interest (OLD, HEHF, HILA, LELF, NEW) and one effect of
no interest (missed responses). The event types were
modelled by a canonical synthetic haemodynamic response
function (HRF) and its first-order temporal derivative. The
six head movement parameters were included as con-
founds. Data were globally scaled to 100 across scans and
highpass-filtered at 1/60Hz. The parameter estimates for
the canonical HRF and linear contrasts of these estimates
comprised the data for the second-stage of analyses. At the
second stage, a statistical parametric map (thresholded at
p <0.001) of voxels showing significant responses to
stimulus presentation versus baseline (i.e. main effect of
task: [(OLD+ HEHF + HILA + LELF + NEW) > baseline])
was created. Note that the baseline included the null events.
This mask, which identified regions responsive to presenta-
tion of pseudofont character strings, was then used to
identify brain regions differentially responsive to stimulus
similarity according to two planned comparisons. First, an
omnibus F-test, comprising the five effects of interest,
identified regions differentially active as a function of
stimulus type. Activations are reported at a level of
significance p < 0.001, uncorrected. The effect maximum
was plotted and analysed with four paired t-tests (OLD vs
HEHE, HEHF vs LEHF, LEHF vs LELF and LELF vs NEW).
p <0.05 was regarded as significant (after Bonferroni
correction for four pairwise comparisons). Second, a t-test,
identifying regions which show reduced activation as a
function of fragment familiarity [LELF—(HEHF + LEHF)],
based on the predicted pattern of behavioural data [4].
Activations are reported at a level of significance of
p < 0.001, uncorrected. Even though only three stimulus
types went into this SPM analysis, effect maxima were
plotted for all stimulus types for reasons of illustration. The
fragment familiarity effect was analysed with one paired
t-test (LEHF vs LELF), based on behavioural data. p < 0.05
was regarded as significant.

Statistical analyses of behavioural data: Differences in
grammaticality judgments and reaction times between all
five test items were analysed with ANOVA for repeated
measures (with Greenhouse-Geisser correction). Significant
effects were followed by two planned t-tests (with Bonfer-
roni correction), one for fragment familiarity-based judg-
ments (LEHF vs LELF) and one for global similarity-based
judgments (HEHF vs LEHF).

RESULTS

Behavioural data: The mean percentage of training trials
on which participants made correct responses during the
study phase was 98%. Table 1 shows the percentage of test
strings classified as grammatical and the associated mean
reaction times. We found a significant main effect of
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stimulus type (F(1.9,20.6) =9.40, pM < 0.005) with higher
classifications of LEHF strings as grammatical than LELF
strings (t(11)=3.2, p <0.05). There was no difference
between HEHF strings and LEHF strings (t(11) = —0.160,
p=0.876. The data thus confirm that participants made
grammaticality judgments on the basis of fragment famil-
iarity (LEHF vs LELF) and not on the basis of whole-item
similarity (HEHF vs LEHF). Reaction time data did not
show an effect of stimulus type (F(1.3,15.0) =1.19, p = 0.292).
The imaging data thus allow us to ask whether the
predicted pattern of neural deactivation typical of
perceptual priming underlies this fragment familiarity
effect.

Imaging data: A network of regions including left and
right extrastriate areas, bilateral inferior frontal gyri,
bilateral inferior parietal lobules, left motor cortex and
anterior cingulate were activated (at p < 0.001, uncorrected)
when event-related responses to all string-types were
compared to the interstimulus baseline. Within this net-
work, responsive to presentation of pseudofont stimuli, we
first identified, using an F-test, regions differentially active
as a function of stimulus type (Fig. 2). A differentially
responsive extrastriate brain region was found in left
fusiform gyrus (x=-45 y=-60, z=-27, 21 voxels,
Z=4.04, p<0.001 uncorrected). The right hand graph
shows percentage signal change for the five different stimuli
in this region. Fusiform responses were higher for NEW

Table l. Items identified as grammatical.

strings than the other types of strings (there was also a trend
for lower responses to OLD strings than HEHF, LEHF and
LELF items, though this did not reach significance). Two
smaller voxel clusters showing differential activation to
stimulus type were found in left lateral occipital complex
(x=-39, y=-90, z=-9, 5 voxels, Z=3.55, p <0.001
uncorrected) and right occipital medial gyrus (x=33,
y=-84, z=21, 3 voxels, Z=3.38, p < 0.001 uncorrected).
Note that differential activity was also evident in left inferior
parietal cortex (BA40, x=—42, y=—42, z=>54, 25 voxels,
Z=4.58, p <0.001 uncorrected). Responses in this region
also showed the numerically highest responses to NEW
strings and the lowest responses to OLD strings. In addition,
greater responses to HEHF than to OLD and LEHF strings
were observed (data not shown).

Brain areas showing a sensitivity to our planned
comparison of fragment familiarity are shown in Fig. 3.
Regions showing reduced activations to strings with high
fragment familiarity as compared to strings with low
fragment familiarity [LELF—(HEHF + LEHF)] included the
left lateral occipital complex (BA19, x=-39, y=-87,
z=-9, 10 voxels, Z=4.35, p < 0.001 uncorrected) and a
bilateral posterior occipital region comprising the lingual
gyri (BA 18, x=-12, y=-87, z=-15, eight voxels,
Z=358, p<0.001 uncorrected and x=15 y=-81
z=—[1]2, 4 voxels, Z=3.41, p < 0.001 uncorrected). Note
that the cluster of voxels in left lateral occipital complex was
the same as the cluster of voxels in left lateral occipital
cortex identified by the F-test. Percentage signal change

OoLDb HEHF LEHF LELF NEW
Judgement 74 + < 4% 74 + < 4% 74 + < 5% 57 + < 6% 36 + < 8%
Reaction times 1803 + < 134 ms 1874 + < 10l ms 1978 + < 164 ms 1896 + < 4l ms 1660 + < 202 ms

Percentage items identified as grammatical judgement and reaction times shown as mean + s.e.m.

Omnibus F-Test

T value

LEFT fusiform cortex

1.4

1.2 |—|
1.0 T

0.8 4

0.6 4

% signal change

0.4+
0.21

00 T T T T T
OLD HEHF LEHF LELF NEW

Fig. 2. Regions differentially active as a function of stimulus type (F-test). Activations are found in left fusiform cortex (rendered on transverse mean
normalized EPI images). EPl images are used for anatomical descriptions, since they show the same distortions as activation data. EPl images were aver-
aged over several volunteers and activations thresholded at p < 0.00l, uncorrected. Plots of percentage signal change are shown for the maximally acti-
vated voxel (x= —45, y = —60, z= —27). The plot illustrates the activations for the different stimulus types. Data were analysed with ANOVAs for
repeated measures followed by four paired t-tests (Bonferroni corrected; **p < 0.0, *p < 0.05).
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Fragment familiarity effects [LELF—(HEHF + LEHF)]. Lower activations to strings with high (HEHF and LEHF) as compared to ones with low

fragment familiarity (LELF) were evident in bilateral lingual gyri and left lateral occipital complex. Activations (p < 0.00l, uncorrected) are shown on a
glass brain and mean normalized EPI slices. Plots of percentage signal change are shown for the maxima of these brain regions and illustrate the neuronal
facilitation depending on fragment familiarity (grey bars). For purposes of illustration percentage signal change in these regions was also plotted for NEW
and OLD strings (white bars). Data were analysed with ANOVAs for repeated measures followed by one paired t-test for each region. ***p < 0.00I,

#5p < 001, *p < 0.05.

plotted for all stimuli in these brain regions demonstrated
the differential sensitivity to fragment familiarity with
higher responses to strings with low (LELF) than to high
fragment familiarity (LEHF and HEHF). HEHF, LEHF and
LELF items which constitute the SPM analysis are high-
lighted in grey; OLD and NEW items are plotted for
illustration.

DISCUSSION

We investigated fMRI correlates of fragment-based knowl-
edge in an artificial grammar learning paradigm using
strings of pseudofont characters. Fragment familiarity
effects, which we interpret in terms of priming, were
evident in behavioural and imaging data. In particular,
activity reductions occurred in occipital brain regions to
items with high fragment familiarity. These findings are
consistent with the idea that one correlate of categorization
in grammar learning paradigms involves a perceptual
process which is evident as neuronal facilitation based in
extrastriate visual regions.

Our behavioural data replicate experimental findings by
Johnstone and Shanks [4] and show that participants classify
strings on the basis of fragment familiarity rather than
global exemplar similarity. The behavioural results demon-
strate that such fragment familiarity-driven classifications
hold not only for strings built out of letter characters (as
shown in previous studies) but also for strings constructed
from pseudofont characters. This is consistent with the

conjecture that participants become familiarized to the
fragments (e.g. bigrams) of which the training strings are
composed and then classify test items according to the
familiarity of their component parts.

The left fusiform region showed lower responses to
pseudofont character strings that were similar or identical
to training items (OLD, HEHF, LEHF and LELF) than
strings consisting of new pseudofont characters (NEW). No
significant difference was found between strings that
showed subtle variations in familiarity in terms of fragment
or exemplar similarity. These data suggest that the left
fusiform can exhibit some form of generalisation over
changes in stimulus form such that greater relative
responses are only seen to novel items (or strings compris-
ing novel combinations of familiar components). A certain
kind of generalisation over stimulus form has been shown
in fusiform cortex in other studies. Roission and colleagues
presented volunteers with faces that had been morphed
along a continuum from pre-exposed to novel and showed
categorical activation patterns in right occipito-temporal
regions, including the right fusiform gyrus and middle
occipital gyrus [14]. These were evident as a reduced
response for faces perceived as familiar (60-100% morphs
of pre-exposed faces), relative to faces perceived as
unfamiliar (040% morphs), even though there were subtle
variations in familiarity within the familiar and unfamiliar
faces. It also resembles findings that activation decrease in
the left fusiform area to pre-exposed objects is invariant to
changes in the size or view of those objects [15-17].
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Several previous studies identified neural correlates of
acquisition of a finite state grammar [18]. The only study that
investigated grammatical classifications after the grammar
had been learned was performed by Seger et al. [8]. They
compared grammaticality judgments in a block of gramma-
tical letter strings with bigram detection in another block of
letter strings, and found activations in bilateral occipito-
parietal cortices and left dorsolateral prefrontal cortex as
well as deactivation in precuneus [19]. Such a comparison
does not determine, however, what form of knowledge
(abstract rules, exemplar information, or fragment famil-
iarity) is involved in classification performance. Here we
present evidence of differential activity to strings perceived
as grammatical (based on fragment familiarity) and those
perceived as ungrammatical in conditions where it is known
that fragment familiarity is the key source driving classifica-
tion decisions.

Areas sensitive to fragment familiarity were found in
posterior occipital regions including the left lateral occipital
complex and bilateral lingual gyri. In these regions, lower
responses were observed to test strings that shared a high
number of fragments (HEHF, LEHF) with training strings as
compared to those that shared a low number of fragments
(LELF). The lateral occipital complex is a region critical for
object recognition, dependent on higher level shape in-
formation [16,20-22]. The differential activations reported
here fall within the posterior lateral occipital complex,
which has been found to show repetition-related response
decreases to objects with some sensitivity to changes in
position and size [17]. Response reductions to strings with
high fragment similarity were also evident in bilateral
lingual gyri close to the areas in posterior occipital cortices
previously reported during classification of categorical as
opposed to non-categorical dot patterns [8,9]. Thus, while
fusiform regions appeared sensitive to completely new
strings, yet not significantly modulated by the similarity to
pre-exposed strings, the occipital regions were modulated
by fragment familiarity of pre-exposed strings.

Our results extend the findings by Reber and colleagues,
which showed activity reductions in posterior occipital
areas during processing of dot patterns that shared overall
similarity with previously studied dot patterns. Our data, in
which exemplar and fragment similarity can be dissociated,
indicate that facilitation of neuronal processing in these
posterior occipital regions reflects fragment familiarity of
items. From a behavioural perspective the data suggest that
neuronal facilitation of items with high fragment similarity,
resulting in perceptual priming, may provide one neuronal
substrate for grammaticality classifications in artificial
grammar learning paradigms. Future work might usefully
study conditions in which forms of knowledge other than
fragment familiarity may make more of a contribution to
classification performance and may identify, for instance,

brain regions involved when abstract rule knowledge is
deployed in making classification decisions [23].

CONCLUSIONS

We demonstrated that extrastriate occipital brain areas show
decreased responses to pseudofont character strings that
share a high number of fragments with previously pre-
sented strings. The observed response decreases might
therefore constitute one possible neuronal mechanism for
category learning of unfamiliar letter-like stimuli. The
observation of neural reductions associated with grammati-
cality judgments adds confirmatory weight to the claim that
such judgments are based on the experienced fragment
familiarity of the test items via a process of perceptual
priming. Our results represent a compelling example of
neuroimaging data providing converging and complemen-
tary evidence for a theory otherwise only supported
behaviorally. Further studies are needed to investigate
whether extrastriate response decreases are a general
signature of category learning or specific to the stimulus
material used.
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