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Oas documented a range of variables that influence visual word recognition
performance. Many of these variables are highly intercorrelated. Most previous studies have used factorial
designs, which do not exploit the full range of values available for continuous variables, and are prone to
skewed stimulus selection aswell as to effects of the baseline (e.g. when contrastingwordswith pseudowords).
In our study, we used a parametric approach to study the effects of several psycholinguistic variables on brain
activation. We focussed on the variable word frequency, which has been used in numerous previous
behavioural, electrophysiological and neuroimaging studies, in order to investigate the neuronal network
underlying visualwordprocessing. Furthermore,we investigated the variable

^
orthographic typicality aswell as

a combined variable forword length and orthographic neighbourhood size (N), forwhich neuroimaging results
are still either scarce or inconsistent. Data were analysed using multiple linear regression analysis of event-
related fMRI data acquired from 21 subjects in a silent reading paradigm. The frequency variable correlated
negatively with activation in left fusiform gyrus, bilateral inferior frontal gyri and bilateral insulae, indicating
that word frequency can affect multiple aspects of word processing. N correlated positively with brain activity
in left and rightmiddle temporal gyri aswell as right inferior frontal gyrus. Thus, our analysis revealedmultiple
distinct brain areas involved in visual word processing within one data set.

© 2008 Elsevier Inc. All rights reserved.
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Word recognition poses particular challenges to cognitive
neuroscientists: Information about specific words can be
retrieved from a vast memory store, and combined in
extremely flexible ways, within fractions of a second. Until
recently, the neuronal networks subserving word recognition
were often described by a relatively small set of brain areas,
motivated by classical neurological models of language
processing (e.g. Damasio and Geschwind, 1984; Geschwind,
1970), such as left inferior frontal, left inferior temporal or
angular gyrus (Binder et al., 2005; Bookheimer, 2002; Price,
2000). However, the specific role of individual brain areas in
the word recognition process is still a matter of debate. A
common procedure is to focus on one or a few aspects of word
recognition, and control for potentially confounding variables
as well as possible. This has the disadvantage that usually only
few variables can be studied within the same set of subjects,
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such that the “bigger picture” can only be created by com-
paring results across many different studies. It therefore
introduces considerable variation with respect to recording
and analysis techniques, tasks, stimulus and subject selection
etc. It would obviously be desirable to be able to study asmany
psycholinguistic features as possible using the same group of
subjects, study design and analysis technique. Furthermore, a
recent study showed that activations reported for words
compared to pseudowordsmight have resulted from deactiva-
tion for pseudowords, suggesting that results for factorial
contrasts can be difficult to interpret (Mechelli et al., 2003).

A more promising way of disentangling the contributions of
different parts of the networks would be to study their
modulation by specific well-defined psycholinguistic proper-
ties. In this study, we therefore investigated the effect of several
psycholinguistic parameters on metabolic brain activity, using
multiple linear regression in the analysis of event-related fMRI
data. Multiple linear regression analysis of neuroimaging data
with respect to psycholinguistic variables has two main
advantages over factorial approaches: 1) It uses information
about the continuous distribution of values, e.g. of word fre-
quencies for individual items. Thus, for continuous variables,
regression designs may have greater statistical power than fac-
torial designs (Cohen,1983). 2) For factorial designs, “awkward”
multiple lexical and word form variables in visual word recognition:
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items on the extremes of the parameter distributions might
have to be chosen (e.g. very high or low frequency items), which
may not be representative for the stimulus population under
study (Baayen et al., 1997; Ford et al., 2003). As Balota et al.
(2004) put it: Regression analysis allows “the language, instead
of the experimenter, to define the stimulus set”. Parametric
analysis has already been applied in other research areas (e.g.
picture naming, see Graves et al., 2007), but not in neuroima-
ging studies on visual word recognition. An initial set of 21
psycholinguistic features was analysed with respect to its
intercorrelation pattern. From these we constructed five
composite variables related to different aspects of the visual
word recognition process, 3 of which will be the focus of this
paper. These entered amultiple regressionanalysis of the event-
related fMRI response, which allowed us to determine their
individual contributions to the signal.

Word frequency

One of themost extensively studied variables in visual word
recognition is word frequency. Many studies have shown that
high frequency words are responded to faster (Gernsbacher,
1984; Scarborough et al., 1977; Whaley, 1978) and generally
produce lower amplitudes in electrophysiological (e.g. Assa-
dollahi and Pulvermüller, 2003; Hauk and Pulvermüller,
2004a;

^
Sereno et al., 1998) or metabolic (Carreiras et al.,

2006; Chee et al., 2003; Fiebach et al., 2002; Fiez et al., 1999;
Kronbichler et al., 2004) responses than their low frequency
counterparts. It has been suggested that these effects reflect
facilitation of early access to lexico-semantic information
(Cleland et al., 2006; Hauk and Pulvermüller, 2004a). Word
frequency therefore appears to be a crucial parameter for
revealing core language areas involved in word recognition.

However, some authors have argued that effects of word
frequency reflect post-access decision or verification processes.
Forexample,McCann

^
et al. (2000) reported thatword frequency

effects persisted in a dual-task paradigm,where a distractor task
is assumed to interfere with early stages of word recognition
processes. They interpreted this result as evidence for a late
locus of word frequency effects. Similarly, Balota

^
and Chumbley

(1984) found word frequency effects to be larger in a lexical
decision compared to a category verification and pronunciation
task. They therefore suggested that these effects depend on the
familiarity-based decision process, rather thanword identifica-
tion per se. The insensitivity of naming or lexical decision times
to pseudohomophones (e.g. “brane”) with respect to base-word
frequency (“brain”) has also been interpreted as evidence that
this variable does not affect lexical access (Mccann et al., 1988).
However, a recent experiment using dual-task methodology
similar to McCann

^
et al. (2000) demonstrated that word

frequency does produce effects at early stages of word
recognition (Cleland et al., 2006). Other authors also reported
effects of word frequency even for the case where the task was
chosen inorder to

^
minimise them,e.g. using veryshort exposure

durations (Allen et al., 2005). This is in agreement with a
number of recent electrophysiological studies that reported
early (i.e. b200 ms) effects of word frequency in the event-
related potential or field (ERP/F) (Assadollahi and Pulvermüller,
2003; Dambacher et al., 2006; Hauk et al., 2006a; Hauk and
Pulvermüller, 2004a; Sereno and Rayner, 2003). We conclude
from these data thatword frequencyaffects early stages ofword
processing, which does not exclude the possibility that it affects
later stages as well, or that these effects can be modulated by
Please cite this article as: Hauk, O., et al., Modulation of brain activity by
A parametric fMRI study, NeuroImage (2008), doi:10.1016/j.neuroimage
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1task demands. A more detailed analysis of the brain areas
1affected by word frequency might therefore reveal lexico-
1semantic areas without the requirement to contrast word
1stimuli to a non-word control condition. Importantly, neuroi-
1maging allows us to measure the brain response without the
1need of overt responses, as in lexical or semantic decisions. We
1therefore employed a silent reading task, rendering it unlikely
1that the effects of psycholinguistic variables in this study can be
1explained on the basis of decision or verification processes.
1The brain areas modulated by word frequency are still a
1matter of debate. Several previous studies using factorial
1designs reported left inferior frontal activation for word
1frequency, in silent reading (Joubert et al., 2004; Kronbichler
1et al., 2004), reading aloud (Fiez et al., 1999) and in visual
1lexical decision tasks (Fiebach et al., 2002; Nakic et al., Blair,
12006). Right hemispheric brain structures modulated by word
1frequency were reported by only few studies, namely right
1inferior frontal cortex (Joubert et al., 2004; Nakic et al., 2006),
1and bilateral insula (Fiebach et al., 2002). Similarly, areas in
1left inferior temporal or fusiform gyrus were found to be
1modulated by word frequency in two studies (Joubert et al.,
12004; Kronbichler et al., 2004). Further cortical areas
1associated with word frequency were left middle (Kronbichler
1et al., 2004) and superior (Fiez et al., 1999) temporal gyrus, as
1well as left precentral gyrus and bileratal occipital gyri
1(Kronbichler et al., 2004). This brief overview suggests some
1consistency across studies with respect to word frequency
1effects in left inferior frontal cortex, but considerable incon-
1sistency with regard to other language-related areas, e.g. in
1inferior temporal cortex or in the right hemisphere. The
1situation is further complicated by findings in studies on the
1task-dependency of word frequency effects: In the study of
1Carreiras

^
et al. (2006), word frequency effects were found in

1left frontal cortex only for lexical decisions, but not for reading
1aloud. Similarly, Chee

^
et al. (2002) found left inferior frontal

1activation for low frequency words for semantic judgments,
1but not for silent reading. These results would endorse the
1view already formulated in the behavioural literature that
1word frequency effects are more related to task-specific
1decision processes, rather than lexico-semantic processing.
1This, however, is in contrast to several aforementioned studies
1that have reported word frequency effects in overt and covert
1reading, i.e. in tasks that do not require a decision.
1In general, the areas that have been reported as being
1sensitive to word frequency correspond to “classical” lan-
1guage-related areas, such as left inferior frontal, middle/
1superior temporal and inferior temporal/fusiform cortex (e.g.
1Price, 2000). Note also that these activations were consistently
1larger for low compared to high frequency words, which
1corresponds well to the above-mentioned behavioural and
1electrophysiological results. This supports the view that word
1frequency effects have the potential to reveal the cortical
1network of lexico-semantic processing. Thus, word frequency
1effects are of great importance for research on the cortical
1basis of word processing, but existing neuroimaging data are
1as yet inconsistent. We therefore investigated word frequency
1effects on metabolic brain activation using a silent reading
1task and a sensitive parametric analysis.

1Orthographic typicality, neighbourhood size (N) and word length

1Word frequency is correlated with a number of other
1variables that may play a significant role in word recognition.
multiple lexical and word form variables in visual word recognition:
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For example, it has long been known that longer words are
generally of lower frequency than shorter ones (Whaley, 1978;
Zipf, 1935). In order to allow us to identify brain areas involved
in the retrieval of lexical information, it is necessary to rule out
confounding variables that are potentially related to other
processes, e.g. those underlying processing of the ortho-
graphic word form. We therefore included two variables into
our study that reflect different aspects of letter string pro-
cessing. This will also allow us to define the brain areas related
to these variables in more detail.

The first surface form variable is orthographic typicality,
defined by the frequencies of letter bi- and trigrams (e.g. “ert”
occurs more frequently in written English than “cht”). This
variable does not rely on semantic information, or even on
knowledge whether a letter string is a word or not. Although
this variable is often controlled for in neuroimaging experi-
ments on word recognition, reports on actual effects for this
variable are scarce. One fMRI study found larger activation for
more “word-like” nonwords compared to nonwords with low
frequency letter constellations in a letter detection task
(Binder et al., 2006). Syllable frequency, which is related to
typicality, has been shown to produce effects in a left anterior
inferior temporal region in a lexical decision task, but in left
anterior insula for reading aloud (Carreiras et al., 2006). A
recent fMRI study found different areas in inferior temporal
and fronto-insular cortex to be sensitive to different levels of
orthographic typicality (Vinckier et al., 2007). Two recent ERP
studies found the earliest effects of orthographic typicality
around 100 ms after word onset, and localised them into left
inferior temporal areas (Hauk et al., 2006a,b). Further data are
necessary to corroborate these findings and specify the role of
the corresponding brain areas in more detail.

Word length (usually quantified as number of letters) has
been reported to be positively correlated with reaction times
(Ellis, 2004; Weekes, 1997; Whaley, 1978). ERP/ERF studies
found earliest effects of word length around 100ms after word
onset, with longwords producing larger amplitudes than short
ones (Assadollahi and Pulvermüller, 2003; Hauk and Pulver-
müller, 2004a). In one recent PET study using a silent reading
task, word length has been associated with early visual
processing in fusiform and lingual gyrus (Mechelli et al., 2000).

The situation is further complicated by the fact the word
length is generally negatively correlated with orthographic
neighbourhood size (“N”), i.e. for a given word the number of
words that can be created by exchanging only one letter (e.g.
“cat” into “can”) (Coltheart et al.,1977

^̂
). The pattern of results for

N in behavioural tasks has been reported to differ between
words and pseudowords: For words, higher N usually yields
faster lexical decision times, while for pseudowords rejections
take longer for higher

^̂
N's (Forster and Shen, 1996; Sears et al.,

1995). This pattern has also been found in the behavioural data
of (Holcomb et al., 2002),while their ERP data showed the same
increase of N400 amplitudes with N for both words and
pseudowords. It has been concluded thatN facilitates the lexical
retrieval process by means of competition between orthogra-
phically similar words (Andrews, 1989, 1997; Grainger and
Jacobs, 1996). However, this interpretation has been challenged
by other researchers, who found N effects to be absent in a
semantic decision task (Forster and Shen,1996), or to dependon
the matching between word and non-word stimuli (Siakaluk
et al., 2002). These doubts are further supported by the fMRI
results of Binder et al. (2003), who did not find any brain areas
for which activation significantly increased with neighbour-
Please cite this article as: Hauk, O., et al., Modulation of brain activity by
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hood size. Instead, they found that higher N decreased acti-
vation to words in left prefrontal, angular and ventrolateral
temporal cortex. In contrast, Fiebach et al. (2007) found dif-
ferential effects of N for words and pseudowords in medial
prefrontal and mid-dorsolateral cortex. Because these areas are
commonly related to executive control functions rather than
lexico-semantic processing, the authors argue that effects of N
might arise only at a late post-lexical level. Effects of N are
therefore of great interest for psycholinguistic theories of lexical
access, andmore data are needed to establish its effect on brain
activation. In our study,Nwas highly negatively correlatedwith
word length (i.e. number of letters). In order to rule out both N
andword length as confounds for effects ofword frequency and
orthographic typicality, we combined these two variables into
one regressor variable (correlating positively with length and
negatively with N). We did not attempt to fully disentangle the
effects ofN and word length in this study, because our stimulus
setwasnot optimised for this purpose. However, the brain areas
modulated by this variable can be compared to those found in
previous studies reviewed above.

In the present study, we aimed at corroborating and ex-
tending previous neuroimaging results on variables related to
lexico-semantic and orthographic processing, i.e. word fre-
quency, orthographic typicality, and a combined variable for
orthographic neighbourhood size and word length. We chose a
silent reading task in order to minimise effects related to task-
dependent decision or verification processes, as in several pre-
vious studies (Hauk et al., 2004; Joubert et al., 2004; Kronbichler
et al., 2004; Mechelli et al., 2003). Data were analysed using a
multiple linear regression design in order to extract results for
several variables from the same data set, to gain statistical
sensitivity, and to avoid problems associated with classical
factorial designs.

Methods

Stimuli and experimental design

250 mono-syllabic and mono-morphemic English word
stimuli were employed in the study, which mainly contained
concrete action-related andvisual-relatedwords (seeHauket al.,
2004). 150 baseline trials consisting of strings of hash marks
varying in length were interspersed among the word stimuli.
The average length of words and hash marks was matched (2-
tailed t-test pN0.1). In addition, 50 null events were included in
which a fixation cross remained on the screen. The stimulus set
also contained 50 pseudowords, which were modelled as
separate events but not used in any of the following analyses.

Each stimulus was presented for 100 ms with a fixed SOA of
2.5 s within a visual angle of less than 4°

^
. A fixation cross

remained on the screen between experimental stimuli. Two
pseudo-randomized stimulus sequences were alternated
between subjects. Stimuli were presented to subjects in two
blocks of approximately 11minute

^
duration each. Subjectswere

instructed to silently read the letter strings presented to them,
similar to previous studies (Hauk et al., 2004; Joubert et al.,
2004; Kronbichler et al., 2004; Mechelli et al., 2003). No
responses were required from the subjects during these blocks.
Previous research has shown that lexico-semantic representa-
tions are assessed in reading even if not explicitly required by
the task (e.g. Heil et al., 2004; Neely and Kahan, 2001).

For each of the 250 word stimuli, we obtained 21 psy-
cholinguistic parameters, either from the CELEX database
multiple lexical and word form variables in visual word recognition:
.2008.05.054
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(Baayen et al., 1993) or from a separate rating study (Hauk and
Pulvermüller, 2004b).

In the rating study, subjects had to give ratingsbetween1and
7 with respect to specific properties of the words, summarised
by the following questions, whichwere complemented by some
additional information in the study:

Familiarity: “How familiar is this word to you, i.e. do you
use or hear it frequently?”
Imageability: “How easily does this word evoke an image
or any other sensory impression?”
Concreteness: “How concrete (or abstract) is this word?”
Arousal: “How arousing is this word or its meaning?”
Valence: “Do you evaluate this word or its meaning as
pleasant or unpleasant?”
Potency: “Do you evaluate this word or its meaning as
strong or weak?”
Action: “Does this word remind you of an action you could
perform yourself?”
Face: “Does this word remind you of an action you could
perform with your mouth, face, or head?”
Arm: “Does this word remind you of an action you could
perform with your arms, hands or fingers?”
Leg: “Does this word remind you of an action you could
perform with your legs, feet or toes?”
Body: “Does this word remind you of bodily sensations?”
Visual: “Does this word remind you of something you can
visually perceive?”
Colour: “Does this word remind you of a particular colour?”
Form: “Does this word remind you of a particular form or
visual pattern?”

For some of these rating categories, additional instructions
(several sentences) were given in order to clarify the signifi-
cance of these questions for our subjects who were

^
naive with

respect to the aim of the experiment.
The following variables were determined based on the

CELEX database:

Word length (#lett): number of letters
Word form frequency: number of occurrences of a
particular word form per million in the database
Lemma frequency: number of occurrences of a particular
lemma per million in the database
Bigram frequency: number of letter bigrams per million in
the database
Trigram frequency: number of letter trigrams per million in
the database
Number of neighbours (N): number of orthographic neigh-
bours in the database (Coltheart et al., 1977)
Number of high frequency neighbours (NNFreq): number of
orthographic neighbours with higher frequency than the tar-
get word.

Because we presented words in isolation, i.e. without
disambiguating word class or word category, we computed
lemma frequency as the sum of lemma frequencies across all
syntactic classes in the database. Bi- and trigram frequencies
were computed as mean frequencies of all bi- and trigrams
within each word independent of their position, except that
space characters were padded to the beginning and end of
each word prior to the procedure, in order to account for
effects of frequency of first and last letters.
Please cite this article as: Hauk, O., et al., Modulation of brain activity by
A parametric fMRI study, NeuroImage (2008), doi:10.1016/j.neuroimage
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3Mean values and standard deviations for those variables
3that are most important for the present study are: average
3number of letters: 4.22 (S.D. 0.81); word form frequency: 20
3per million (S.D. 24); lemma frequency: 40 per million (S.D.
347); rated familiarity: 4.8 (out of 7, S.D. 0.9); bigram frequency:
334,919 per million (S.D. 16,860); trigram frequency: 3699
3per million (S.D. 3695); number of orthographic neighbours:
37.2 (S.D. 5.4).
3The intercorrelation matrix for all 21 parameters is shown
3in Fig. 1A. This table reflects some obvious inter-dependencies
3among these parameters, such as a high positive correlation
3between imageability and concreteness, lemma and word
3form frequency, bigram and trigram

^
frequencies, the negative

3correlation betweenword length and number of orthographic
3neighbours, or the negative correlation between action- and
3colour-relatedness. In order to reduce this information to a
3tractable number of variables for the multiple regression
3analysis, we combined some of the parameters into groups of
3highly correlated variables that could be assumed to reflect
3similar properties of words (see below). For example, several
3variables in the list above describe the familiarity of a word
3in different ways: rated familiarity, word form frequency and
3lemma frequency. Although one might argue that these
3variables describe different aspects of the stimuli, these
3variables are certainly more similar to each other than they
3are, for example, toword length or bigram frequency. Previous
4neuroimaging studies usually used the term “word frequency”
4without disentangling contributions from different frequency
4measures. Similarly, bi- and tri

^
gram

^
frequencies can be

4assumed to affect similar cognitive and neuronal processes.
4In the case of word length and N, we observed a high negative
4correlation between these variables in our stimulus set, as is
4natural for the English language (as discussed in the introduc-
4tion). Estimates for both variables in the same multivariate
4design might therefore lead to unreliable results. Although
4these two variables clearly tap into different word recognition
4processes, we combined them into one variable. Comparing
4brain areas that showpositive or negative correlation between
4this variable and brain activation with previous results might
4still allow conclusions about the brain processesmodulated by
4N and word length.
4For each of these groups of variables, the individual variables
4were z-

^
normalized, and a Principal Component Analysis (PCA)

4was computed. The first principal components for each group
4entered the multiple regression analysis. In summary, we
4focussed on the following three variables in the present study:

4Frequency; created from word form frequency, lemma fre-
4quency, and familiarity
4Typicality; created from bigram and trigram frequency
4Length/N; created from the parameters number of letters and
4neighbourhood size, whichwere highly negatively correlated.
4The following two variables were included as further
4covariates, but the corresponding results are reported else-
4where (Hauk et al., 2008):
4Action-relatedness; created from body- and action-relatedness
4Imageability; created from imageability, concreteness and
4visual-relatedness.

4The correlations of the newly created predictor variables
4(i.e. the first principal components for each group of variables
4as described above) and the original parameters (which were
4used for Fig. 1A) are depicted in Fig. 1B. Note that in the
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Fig.1.
^
A: Intercorrelation pattern of the original 21 psycholinguistic parameters.

^
B: Correlations between the 5 final predictor variables as they entered themultiple regression design,

and the original 21 variables (as used for
^̂
panel A) from which they were constructed.
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following, variable names with capital letters (e.g. Frequency)
refer to the variables that entered our fMRI analysis, while
lower case (e.g. word frequency) refers to the variable more
generally.
Please cite this article as: Hauk, O., et al., Modulation of brain activity by
A parametric fMRI study, NeuroImage (2008), doi:10.1016/j.neuroimage
Data acquisition and pre
^
processing

21 monolingual, right-handed, healthy native English
speakers participated in the study. Their mean age was 24.5
multiple lexical and word form variables in visual word recognition:
.2008.05.054
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Table 2 t2:1

MNI coordinates and statistics for activations that showed significant correlations with
Length/N, Typicality, and Frequency in our multiple linear regression analysis

t2:2
t2:3Region x y z t

t2:4
^
Length/N −

^
t2:5R mid temporal 36 −

^
58 12 5.97

t2:6L mid temporal −
^
62 −

^
54 16 4.88

t2:7R IFG tri 42 32 16 4.38
t2:842 30 28 4.13
t2:9R parahip 18 −

^
2 −

^
22 4.21

t2:10R supra-marginal 52 −
^
42 36 4.13

t2:11R inf parietal 36 −
^
38 48 3.93

t2:12L precentral −
^
34 −

^
18 46 3.80

t2:13L inf temporal −
^
46 −

^
46 −

^
18 3.69

t2:14R mid cingulate 12 22 34 3.65
t2:15

t2:16Length/N +
t2:17Vermis 2 −

^
52 2 3.71

t2:18L thalamus −
^
6 −

^
26 10 3.67

t2:19−
^
8 −

^
28 8 3.63

t2:20

t2:21Typicality +
t2:22L precuneus −

^
4 −

^
56 58 4.60

t2:23L precuneus −
^
8 −

^
46 44 3.82

t2:24R precuneus 6 −
^
50 22 3.61

t2:25

t2:26Frequency +
t2:27R mid cingulate 8 −

^
16 46 4.28

Symbols and abbreviations a
^
re the same as those of Table 1. Peak voxels were significant

at a threshold pb0.001 uncorrected. t2:28
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years (S.D. 5.3), and their mean handedness score was 87 (S.D.
15, measured using a reduced version of

^
Oldfield's Edingburgh

Inventory (Oldfield, 1971)). 7 subjects had participated in a
similar EEG experiment before the fMRI session (average delay
18 days, S.D. 11 days). Data sets for the remaining 14 subjects
are the same as in Hauk

^
et al. (2004). Scanning took place in a

3 T Bruker MR system using a head coil (echo planar imaging
(EPI) parameters: TR=3.02 s, TE=27 ms, flip angle=90°

^
, 21

slices covering thewhole brain, slice thickness 4mm, inter-slice
distance 1 mm, in plane resolution 128⁎128). Imaging data
were processed using SPM99 software (Wellcome Department
of Cognitive Neurology, London, UK). Images were corrected for
slice timing, and then realigned to the first image using sinc
interpolation. Phasemaps were used to correct for inaccuracies
resulting from inhomogeneities in the magnetic field (Cusack
et al., 2003; Jezzard and Balaban, 1995). Any non-brain parts
were removed from the T1-weighted structural images using a
surface model approach (“skull-stripping”) (Smith, 2002). The
EPI imageswere co-registered to these skull-stripped structural
T1-images using a mutual information co-registration proce-
dure (Maes et al., 1997). The structural MRI was normalized to
the 152-subject T1 template of the Montreal Neurological
Institute (MNI). The resulting transformation parameters were
applied to the co-registered EPI images. During the spatial
normalization process, images were resampled with a spatial
resolution of 2⁎2⁎2 mm3. Finally, all normalized images were
spatially smoothed with a 12 mm full-width half-maximum
Gaussian kernel, globally normalized, and single-subject statis-
tical contrastswere computed using a parametric general linear
model (Buchel et al., 1998; Friston et al., 1998). Low-frequency
noise was removed with a high-pass filter (time constant 60 s).
It has been argued previously that multiple linear regression
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Table 1

^
MNI coordinates and statistics for the contrast All Words, as well as for voxels showing
significant negative correlations with Frequency in our multiple linear regression
analysis

Region x y z t

^
WordsNhash marks
L fusiform −42 −46 −22 7.77⁎
L precentral −54 12 32 5.47⁎
L IFG tri −44 24 16 5.39⁎

−54 24 0 4.77⁎
L IFG orb −32 30 −

^
14 3.72⁎

L mid temporal −
^
56 −

^
50 −

^
4 3.77⁎

L postcentral −
^
36 −

^
24 50 4.39⁎

−
^
46 −

^
16 −

^
54 4.19⁎

−
^
32 −

^
40 62 4.15⁎

L SMA −
^
2 18 48 3.62

L inf parietal −
^
46 −

^
42 56 3.6

Frequency −
^

L fusiform −
^
36 −

^
32 −

^
18 7.91⁎†

−
^
28 −

^
36 −

^
22 6.12⁎†

L insula −
^
30 28 −

^
12 5.32⁎†

−
^
32 24 8 4.44†

−
^
26 21 5 4.42†

R insula 30 26 10 4.11†
L IFG oper −

^
38 14 30 4.42†

R IFG orb
^

32 28 −
^
6 4.59†

R precentral 50 6 36 4.34
R frontal sup med 10 26 44 4.04
L SMA −

^
8 12 60 3.85

+/−
^
: positive/negative correlation; L: Left; R: Right; IFG: inferior frontal gyrus; sup:

superior; mid: middle; med: medial; tri: triangularis; orb: orbitalis; oper: operculum;
parahip: parahippocampal; SMA: supplementary motor area. Asterisks indicate peak
voxels that survived FDR correction for multiple comparisons; † indicates voxels that
were significant after SVC. The remaining listed voxels were significant at pb0.001
uncorrected.

Please cite this article as: Hauk, O., et al., Modulation of brain activity by
A parametric fMRI study, NeuroImage (2008), doi:10.1016/j.neuroimage
TE
D
P 4designs in combination with random effects group statistics

4optimally account for between items aswell as between subject
4variance (Lorch and Myers, 1990). In the context of multiple
4linear regressionanalysis, it is important to note that the general
4linear model determines the independent contribution of each
4regressor variable by solving a set of simultaneous linear
4equations, taking into account the correlation among variables
4(Friston et al., 1995).

4Statistical fMRI analysis

4Group data were
^
analysed with a random

^
effects analysis.

4Data are displayed at an uncorrected significance level of
4pb0.001. Peak voxels that showed significant activation after
4FDR correction (pb0.05) or after small volume correction
4(SVC, pb0.05, see below), are indicated in Tables 1 and 2.
4Stereotaxic coordinates for voxels with maximal z-values
4within activation clusters are reported in the MNI coordinate
4system. Anatomical labels of nearest cortical grey matter for
4peak coordinates were obtained from the MRIcron software
4(http://www.sph.sc.edu/comd/rorden/mricro.html), based on
4the anatomical parcellation of the MNI brain published by
4Tzourio-Mazoyer et al. (2002). To address specific questions
4about the specificity of activations across several activation
4clusters, we computed parameter estimates for peak voxels for
4each individual subject using standard procedures implemen-
4ted in the MarsBar software (Brett et al., 2002). These values
4were subjected to an ANOVA including the factors Peak Loca-
5tion and Word Variable.

5Small volume correction (SVC)

5We formulated several hypotheses about activation pat-
5terns associated with our word variables. These were tested
5using SVC for 20⁎20⁎20 mm3 cubic volumes centred at
5coordinates taken from the literature. Where necessary, mean
5coordinateswere computed in the coordinate system reported
multiple lexical and word form variables in visual word recognition:
.2008.05.054
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Fig. 2. Activations for All Words and negative correlation with Frequency rendered on the surface of a standard brain (top), superimposed on sagittal slices of the left hemisphere
(middle) and axial slices including inferior temporal regions (bottom). Red colour indicates activation for All Words, green for Frequency, and yellow their overlap. The white cross
indicates the location of the “visual word form area” according to

^
McCandliss

^
et al. (2003). Images are shown with a statistical threshold pb0.001 uncorrected. Coordinates and

statistics are provided in Table 1.
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in the original study, and transformed to MNI coordinates
afterwards which are reported below. With respect to word
frequency, effects in left frontal areas have been reported by a
number of studies, while involvement of right frontal areas is
still a matter of debate. We took coordinates from the study of
Fiebach

^
et al. (2002), who found bilateral frontal activation for

low frequency words. The mean coordinates were −
^
47/16/14

(mean of BA44 and BA45), and anterior insula, −
^
29/28/−

^
4, as

well as symmetrical locations for the right hemisphere. An area
in left fusiformgyrus (“VWFA”),which is of interestwith respect
to all word variables included in this analysis, was targeted on
the basis of (McCandliss et al., 2003), i.e. −

^
43/−

^
54/−

^
12. SVCwas

computed using the corresponding toolbox in SPM99.

Results

Effects of all words vs baseline

In
^
the first analysis step, we contrasted activation for all

words to the baseline condition (strings of hash marks) in a
factorial design. Several activation spots correspond to
classical language areas in the left hemisphere and will be
compared to activation obtained for the other psycholinguistic
variables reported below. These occurred in left fusiform, left
precentral, left middle temporal and left inferior frontal gyrus
(Fig. 2 and Table 1). Further activation spots appeared exclu-
sively in the left hemisphere.

Effects of Frequency

As described above, higher word frequencies are generally
associated with less brain activation, both inmetabolic imaging
and electrophysiological studies. Our areas of interest were
UN
CO

RR
EC

Fig. 3. Activation spots for the variables Typicality and N rendered on the surface of a standar
and statistics are provided in Table 2.
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5defined on the basis of Fiebach
^
et al. (2002) for the frontal

5regions, and on McCandliss
^
et al. (2003) for a fusiform region.

5Significant negative correlationswith frequency after SVC in the
5fusiform region were detected in left fusiform gyrus. In frontal
5areas, activations revealed by SVC occurred in left and right
5insulae as well as left and right inferior frontal gyri (Fig. 2 and
5Table 1). Further activation peaks at the more lenient uncor-
5rected threshold pb0.001 were found in right precentral and
5frontal superior medial gyri as well in left SMA.
5We had no predictions for positive correlations with Fre-
5quency. The only area that showed significant positive cor-
5relations with frequency at an uncorrected threshold pb0.001
5was the right middle cingulate (Table 2

^̂
and Fig. 3).

5Differential effects of All Words and Frequency

5We performed a separate analysis in order to determine
5whether the regression variable Frequency and the factorial
5contrast All Words activated distinct areas of left fusiform
5gyrus. F-tests revealed that parameter estimates for the All
5Words contrasts were significantly different from zero only for
5the All Words peak voxel (F(1,20)N20.0, pb0.001), but not for
5the Frequency peak voxel (F(1,20)=0.005, pN0.9). In turn,
5activation for Frequency was not significantly different from
5zero in the All Words peak voxel (F(1,20)=3.49, pN0.05), but it
5was in the Frequency peak voxel (both F(1,20)N5.0, pb0.05).
5There is still the possibility of an overlap in between peak
5activations for Frequency and All Words. As is common in
5metabolic neuroimaging, we used spatial smoothing in our
5analysis. Therefore, overlap of SPM activations between
5neighbouring clusters can reflect either a true overlap of
5neuronal activation, or an effect of spatial smoothing. At this
5point, we can conclude that the All Words contrast and
TE

d brain. Images are shownwith a statistical threshold pb0.001 uncorrected. Coordinates

multiple lexical and word form variables in visual word recognition:
.2008.05.054

Original_text: , Friederici, Muller, &amp; von Cramon
Original_text: , Friederici, Muller, &amp; von Cramon
Original_text: , Friederici, Muller, &amp; von Cramon
Original_text: , Friederici, Muller, &amp; von Cramon
Original_text: , Friederici, Muller, &amp; von Cramon
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: a 
Original_text: a 
Original_text: a 
Original_text: a 
Original_text: , Friederici, Muller, &amp; von Cramon
Original_text: , Friederici, Muller, &amp; von Cramon
Original_text: , Friederici, Muller, &amp; von Cramon
Original_text: , Friederici, Muller, &amp; von Cramon
Original_text: , Friederici, Muller, &amp; von Cramon
Original_text: , Cohen, &amp; Dehaene
Original_text: , Cohen, &amp; Dehaene
Original_text: , Cohen, &amp; Dehaene
Original_text: , Cohen, &amp; Dehaene
Original_text: , Cohen, &amp; Dehaene
Original_text: )
Original_text: )
Original_text: )
Original_text: )
Original_text: .
Original_text: .
Original_text: .
Original_text: .
http://dx.doi.org/10.1016/j.neuroimage.2008.05.054


566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

9O. Hauk et al. / NeuroImage xxx (2008) xxx-xxx

ARTICLE IN PRESS
UN
CO

RR
EC

Frequency produce different, although possibly overlapping,
patterns of activity in left fusiform gyrus.

Effects of Typicality and Length/N

We had no specific predictions for the remaining variables,
and will report activations obtained at the lenient uncorrected
threshold pb0.001, in order to compare results with the
existing literature. Although we found a positive correlation
between Typicality and brain activation in left and right
precunei, no significant negative correlations for this variable
were detected at this lenient threshold. The combined
variable Length/N showed negative correlations (i.e. positive
correlation with N, negative correlation with Length) in
several areas in both hemispheres (Table 2). In the left
hemisphere, the strongest modulations occurred in middle
temporal, precentral and inferior temporal gyri. In the right
hemisphere, middle temporal, inferior frontal, supra-marginal
and inferior parietal areas were most strongly modulated. We
observed a positive correlation with Length/N only in the
vermis and left thalamus.

Discussion

Effects of Frequency and All Words

Word frequency has been widely reported to be negatively
correlated with reaction times (e.g. Cleland et al., 2006), ERP
(e.g. Hauk and Pulvermüller, 2004a) or BOLD amplitudes (e.g.
Fiebach et al., 2002). Based on behavioural and electrophysio-
logical results, it has been argued that these effects reflect
facilitated access to lexical information (Allen et al., 2005;
Assadollahi and Pulvermüller, 2003; Cleland et al., 2006; Hauk
and Pulvermüller, 2004a; Sereno and Rayner, 2003). Determin-
ing brain areas that are sensitive to word frequency therefore
appears to be a promising strategy for revealing the cortical
network underlying lexical processing, as has been shown in
several previous studies (e.g. Carreiras et al., 2006; Chee et al.,
2003; Fiebach et al., 2002; Fiez et al., 1999; Kronbichler et al.,
2004). However, inconsistencies still remain, for example with
respect to the involvement of right-hemispheric brain areas or
left inferior temporal cortex, or with regard to the task-
dependency of effects. We therefore used a multiple linear
regression approach in order to investigate effect of word
frequency on the hemodynamic response in more detail. We
used a silent reading task, ruling out effects that are specific to
decision processes, as for example in standard lexical decision
tasks. Although it is possible that, even in the absence of a
response, words of different familiarity or typicality attract
attention to different degrees, none of our activations were
found in pre

^
frontal areas commonly associatedwith attentional

control or executive processes (Duncan and Owen, 2000). We
also included variables describing orthographic typicality, word
length and neighbourhood size into the analysis, which served
as covariates and revealed further brain areas related to
different aspects of word recognition.

With respect to Frequency, we found largest modulation of
brain activation in left fusiform gyrus. This activation was
close to, but not identical with, those areas consistently
activated by All Words. The Frequency peak was more medial
and anterior in left fusiform gyrus than the activation spot for
All Words. In our post-hoc analyses, we found that activation
for All Words was partly dissociated from effects of Frequency.
Please cite this article as: Hauk, O., et al., Modulation of brain activity by
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Interestingly, the peak voxel for the All Words contrast was
close to the area previously termed “visual word form area”
(VWFA). It has been suggested that this area in left fusiform
cortex is specialized for the processing of abstract written
word forms, independently of their position, font or size
(Cohen et al., 2000; Dehaene et al., 2005; Dehaene et al., 2002;
Vinckier et al., 2007). Some authors have argued that this area
contains a “prelexical representation of visual words”
(Dehaene et al., 2002). It should therefore be modulated by
orthographic rather than lexical variables. In our study, we did
not find effects of orthographic typicality, neighbourhood size
or word length around the coordinate of the VWFA reported in
McCandliss

^
et al. (2003). The closest activation peak for word

frequency was located approximately 2 cm anteriorly to this
location, while an effect of All Words versus low-level baseline
was found about 1 cm anteriorly. We could therefore corro-
borate previous findings that areas in left fusiform gyrus are
involved in visual word processing, and the modulation by
word frequency argues in favour of a contribution to lexical
processes. However, we did not find evidence that a part of
fusiform gyrus responds specifically to abstract orthographic
word properties, a view that has been criticized previously
(Price and Devlin, 2003).

We found further negative correlation peaks for Frequency
in bilateral inferior frontal gyri. Previous studies reported
inferior frontal activation for word frequency only for the left
hemisphere (Carreiras et al., 2006; Chee et al., 2002; Fiebach
et al., 2002; Fiez et al., 1999; Kronbichler et al., 2004), with the
exception of Nakic

^
et al. (2006).

Inferior frontal activation in language tasks has been
associated with a range of different processes such as retrieval
of semantic information (Bookheimer, 2002; Thompson-Schill,
2003), phonology (Poldrack et al., 1999), and working memory
(Owen, 1997; Swartz et al., 1995). Fiebach et al. (2002) found
more activation for low compared to high frequency words as
well as for pseudowords compared towords in left superior pars
opercularis. They argued that this area should be involved in
grapheme-to-phoneme conversion, because “lexical search is
mediated more strongly by phonological information in these
items”. Left pars triangularis showed an effect of frequency
(
^
low

^̂
Nhigh), but not of lexicality, which let the authors conclude

that this area is involved in lexical-semantic selection. It has
been demonstrated in another study that results from contrasts
between words and pseudowords are difficult to interpret
(Mechelli et al., 2003). We therefore did not contrast our words
with pseudoword stimuli, and focussed on psycholinguistic
variables that could be studied with our set of words in a linear
regression design. We can confirm that activation in left inferior
frontal gyrus shows a negative correlationwithword frequency.
Although the peak of this modulation appears to be located in
pars opercularis, it does not exclude the possibility that it
extends intopars triangularis aswell. The fact that this activation
hardly overlaps with that obtained by contrasting all words
versus a low-level baseline indicates that left inferior frontal
areas distinguish between different aspects of word processing.
Amore detailed analysis of these different processesmust be left
for future research. We suggest that inferior frontal gyri in both
hemispheres are involved in word recognition, which possibly
link and integrate lexical, phonological and semantic processing.

Wealso foundactivation in left and right insulae, comparable
to Fiebach

^
et al. (2002). Left anterior insula has been associated

with the planning of speech (Dronkers, 1996). This would be
consistent with behavioural findings suggesting that word
multiple lexical and word form variables in visual word recognition:
.2008.05.054
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frequency effects in speech production arise on the level of
access to the phonological word form (Jescheniak and Levelt,
1994). It is likely that silent reading, as used in our study,
involves phonological processes to some degree, in particular
for low frequency words as argued by Fiebach

^
et al. (2002).

The wide range of cortical areas affected by the variable
Frequency suggests that it does not affect onlya single aspect of
word processing. This is consistent with the proposal of
distributed lexico-semantic representations, which involve
inferior frontal, temporal and fusiform in both hemispheres.
The frequency with which a word has been previously
encountered might modulate the connections among these
distributed areas according to Hebbian learning rules (Hebb,
1949; Pulvermüller, 1999). Activation within these networks
might further depend on task demands (Carreiras et al., 2006;
Chee et al., 2002).

Our design included a variable Length/N which was
positively correlated with word length and negatively corre-
lated with orthographic neighbourhood size (

^
Colheart's N).

Activation negatively correlated with Length/N in the left
hemisphere was found in middle temporal, precentral and
inferior temporal gyri. Several activations were found in the
right hemisphere, such as in middle temporal, inferior frontal,
parahippocampal, supra-marginal and inferior parietal cortex. If
one interpreted a negative correlation with Length/N as a
positive correlation with N, this would be in contrast to the
study of Binder et al. (2003), who did not find any areas whose
activation increased with N. Fiebach et al. (2007) reported
differential effects of N for words and pseudowords in medial
prefrontal and mid-dorsolateral cortex only. They concluded
that these reflect executive control functions rather than lexico-
semantic processing, i.e. arise at a late post-lexical level. In
contrast, given that the negative correlation of brain activation
with Length/N would be difficult to explain by a negative
correlation with word length (i.e. more activation for short
words), our results indicate that orthographic neighbourhood
size may reveal brain areas involved inword processing. Future
studies should address this issue in more detail.

We found no significant negative correlations with Typi-
cality, and areas that showed positive correlation with Length
occurred in areas that we would not have predicted on the
basis of previous literature. These results should therefore be
interpreted with caution. Only few studies have reported
effects for these variables so far. Previous results on ortho-
graphic typicality are still inconsistent. Carreiras

^
et al. (2006)

reported effects of syllable frequency (related to typicality) in a
left anterior inferior temporal region in a lexical decision task,
but in left anterior insula for reading aloud. Binder

^
et al. (2006)

found larger activation in left fusiform gyrus for more typical
letter strings. However, they used a letter detection task and
included unpronounceable nonwords, which did not require
subjects to match the orthographic input to lexico-semantic
representations, and makes these results difficult to compare
to previous studies. In contrast, two recent studies reported
effects of orthographic typicality on ERPs already around
100 ms after word onset, with atypical items producing more
activity than typical ones, and tentative source estimation
suggested generators in left inferior temporal cortex (Hauk
et al., 2006a,b). Vinckier et al. (2007) investigated different
levels of typicality from the single letter to whole word level,
and found differential fMRI activation for these different levels
along a posterior–

^
anterior gradient in inferior temporal and

similarly in fronto-insular cortex. The
^
localisation of typicality
Please cite this article as: Hauk, O., et al., Modulation of brain activity by
A parametric fMRI study, NeuroImage (2008), doi:10.1016/j.neuroimage
TE
D
PR

OO
F

7effects to the precunei in our study is not consistent with these
7earlier observations. With respect to word length, Mechelli

^
7et al. (2000) found larger activation for longer words in visual
7processing areas. The absence of such effects for length and
7typicality in our study can be explained by the fact that all our
7words were mono-syllabic, and therefore might not have
7provided enough variation to produce reliable length effects.
7In conclusion, our study demonstrated that linear regression
7analysis of event-related fMRI data with respect to multiple
7psycholinguistic variables can reveal the cortical network
7underlying different aspects of word processing in the same
7set of subjects and stimulus items. The variable word frequency
7modulated a range of brain areas that have previously been
7linked to word processing, such as areas related to lexico-
7semantic processing in inferior frontal gyri, to phonological
7processing in the insulae, and to areas linking word form
7information to lexico-semantic representations in left fusiform
7gyrus. This result has implications for the interpretation of
7behavioural data, since our results indicate that word frequency
7can affectmultiple stages ofword processing. Effects observed in
7reaction times, for example, might thus reflect an accumulation
7of effects at different processing stages. This view is further
7supported by a number of electrophysiological studies cited
7above,whichhave shown that brain responses canbemodulated
7byword frequencyat different latencies. Our resultswith respect
7to orthographic typicality and word length did not reveal any
7brain areas exclusively involved in word from processing that
7were directly comparable to previous results. A positive
7correlation between brain activation and orthographic neigh-
7bourhood size N (in our study also negatively correlated with
7word length) was observed in several brain areas previously
7linked to word processing. However, so far the few studies that
7investigated this variable have produced inconsistent results.
7Our study demonstrated that multiple linear regression applied
7to event-related fMRI data is a promising tool for studying the
7complex cortical networks underlying word processing, and in
7the future might be able to resolve these inconsistencies.

7References

7Allen, P.A., Smith, A.F., Lien, M.C., Grabbe, J., Murphy, M.D., 2005. Evidence for an
7activation locus of the word-frequency effect in lexical decision. J. Exp. Psychol.
7Hum. Percept. Perform. 31 (4), 713–721.
7Andrews, S., 1989. Frequency and neighborhood effects on lexical access— activation or
7search. J. Exper. Psychol., Learn., Mem., Cogn. 15 (5), 802–814.
7Andrews, S., 1997. The effect of orthographic similarity on lexical retrieval: Resolving
7neighborhood conflicts. Psychon. Bull. Rev. 4 (4), 439–461.
7Assadollahi, R., Pulvermüller, F., 2003. Early influences of word length and frequency: a
7group study using MEG. NeuroReport 14 (8), 1183–1187.
7Baayen, R.H., Dijkstra, T., Schreuder, R., 1997. Singulars and plurals in Dutch: evidence
7for a parallel dual route model. J. Mem. Lang. 37, 94–117.
7Baayen, R.H., Piepenbrock, R., van Rijn, H., 1993. The CELEX Lexical Database (CD-ROM).
8Linguistic Data Consortium, University of Pennsylvania, Philadelphia, PA.
8Balota, D.A., Chumbley, J.I., 1984. Are lexical decisions a good measure of lexical access?
8The role of word frequency in the neglected decision stage. J. Exp. Psychol. Hum.
8Percept. Perform. 10 (3), 340–357.
8Balota, D.A., Cortese, M.J., Sergent-Marshall, S.D., Spieler, D.H., Yap, M., 2004. Visual
8word recognition of single-syllable words. J. Exp. Psychol. Gen. 133 (2), 283–316.
8Binder, J.R., McKiernan, K.A., Parsons,M.E.,Westbury, C.F., Possing, E.T., Kaufman, J.N., et al.,
82003. Neural correlates of lexical access during visual word recognition. J. Cogn.
8Neurosci. 15 (3), 372–393.
8Binder, J.R., Medler, D.A., Desai, R., Conant, L.L., Liebenthal, E., 2005. Some neurophy-
8siological constraints on models of word naming. NeuroImage 27 (3), 677–693.
8Binder, J.R., Medler, D.A., Westbury, C.F., Liebenthal, E., Buchanan, L., 2006. Tuning of the
8human left fusiform gyrus to sublexical orthographic structure. NeuroImage 33 (2),
8739–748.
8Bookheimer, S., 2002. Functional MRI of language: new approaches to understanding
8the cortical organization of semantic processing. Annu. Rev. Neurosci. 25, 151–188.
8Brett, M., Anton, J.L., Valabregue, R., Poline, J.B., 2002. Region of interest analysis using
8an SPM toolbox. Paper presented at the 8th International Conferance on Functional
8Mapping of the Human Brain, Sendai, Japan.
multiple lexical and word form variables in visual word recognition:
.2008.05.054

Original_text: , Friederici, Muller, &amp; von Cramon
Original_text: , Friederici, Muller, &amp; von Cramon
Original_text: , Friederici, Muller, &amp; von Cramon
Original_text: , Friederici, Muller, &amp; von Cramon
Original_text: , Friederici, Muller, &amp; von Cramon
Original_text: Colheart�s 
Original_text: Colheart�s 
Original_text: Colheart�s 
Original_text: Colheart�s 
Original_text: , Mechelli, &amp; Price
Original_text: , Mechelli, &amp; Price
Original_text: , Mechelli, &amp; Price
Original_text: , Mechelli, &amp; Price
Original_text: , Mechelli, &amp; Price
Original_text: , Medler, Westbury, Liebenthal, &amp; Buchanan
Original_text: , Medler, Westbury, Liebenthal, &amp; Buchanan
Original_text: , Medler, Westbury, Liebenthal, &amp; Buchanan
Original_text: , Medler, Westbury, Liebenthal, &amp; Buchanan
Original_text: , Medler, Westbury, Liebenthal, &amp; Buchanan
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
Original_text: localization 
Original_text: localization 
Original_text: localization 
Original_text: localization 
Original_text: , Humphreys, Mayall, Olson, &amp; Price
Original_text: , Humphreys, Mayall, Olson, &amp; Price
Original_text: , Humphreys, Mayall, Olson, &amp; Price
Original_text: , Humphreys, Mayall, Olson, &amp; Price
Original_text: , Humphreys, Mayall, Olson, &amp; Price
http://dx.doi.org/10.1016/j.neuroimage.2008.05.054


819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904

905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990

11O. Hauk et al. / NeuroImage xxx (2008) xxx-xxx

ARTICLE IN PRESS
UN
CO

RR
EC

Buchel, C., Holmes, A.P., Rees, G., Friston, K.J., 1998. Characterizing stimulus-response
functions using nonlinear regressors in parametric fMRI experiments. NeuroImage
8 (2), 140–148.

Carreiras, M., Mechelli, A., Price, C.J., 2006. Effect of word and syllable frequency on
activation during lexical decision and reading aloud. Hum. Brain Mapp. 27 (12),
963–972.

Chee, M.W., Hon, N.H., Caplan, D., Lee, H.L., Goh, J., 2002. Frequency of concrete words
modulates prefrontal activation during semantic judgments. NeuroImage 16 (1),
259–268.

Chee, M.W., Lee, H.L., Soon, C.S., Westphal, C., Venkatraman, V., 2003. Reproducibility of
the word frequency effect: comparison of signal change and voxel counting.
NeuroImage 18 (2), 468–482.

Cleland, A.A., Gaskell,M.G., Quinlan, P.T., Tamminen, J., 2006. Frequency effects in spoken
and visual word recognition: evidence from dual-task methodologies. J. Exp.
Psychol. Hum. Percept. Perform. 32 (1), 104–119.

Cohen, J., 1983. The cost of dichotomization. Appl. Psychol. Meas. 7 (3), 249–253.
Cohen, L., Dehaene, S., Naccache, L., Lehericy, S., Dehaene-Lambertz, G., Henaff, M.A., et al.,

2000. The visual word form area: spatial and temporal characterization of an initial
stage of reading in normal subjects and posterior split-brain patients. Brain 123 (Pt 2),
291–307.

Coltheart, M., Davelaar, E., Jonasson, J.T., Besner, D., 1977. Access to the internal lexicon.
In: Dornic, S. (Ed.), Attention and performance, Vol. 6. Academic Press, New York,
pp. 535–555.

Cusack, R., Brett, M., Osswald, K., 2003. An evaluation of the use of magnetic field maps
to undistort echo-planar images. NeuroImage 18 (1), 127–142.

Damasio, A.R., Geschwind, N., 1984. The neural basis of language. Annu. Rev. Neurosci. 7,
127–147.

Dambacher, M., Kliegl, R., Hofmann, M., Jacobs, A.M., 2006. Frequency and predictability
effects on event-related potentials during reading. Brain Res. 1084 (1), 89–103.

Dehaene, S., Cohen, L., Sigman, M., Vinckier, F., 2005. The neural code for writtenwords:
a proposal. Trends Cogn. Sci. 9 (7), 335–341.

Dehaene, S., Le Clec, H.G., Poline, J.B., Le Bihan, D., Cohen, L., 2002. The visual word form
area: a prelexical representation of visual words in the fusiform gyrus. NeuroReport
13 (3), 321–325.

Dronkers, N.F., 1996. A new brain region for coordinating speech articulation. Nature
384 (6605), 159–161.

Duncan, J., Owen, A.M., 2000. Common regions of the human frontal lobe recruited by
diverse cognitive demands. Trends Neurosci. 23 (10), 475–483.

Ellis, A.W., 2004. Length, formats, neighbours, hemispheres, and the processing of
words presented laterally or at fixation. Brain Lang. 88 (3), 355–366.

Fiebach, C.J., Friederici, A.D., Muller, K., von Cramon, D.Y., 2002. fMRI evidence for dual
routes to themental lexicon invisualword recognition. J. Cogn. Neurosci.14 (1),11–23.

Fiebach, C.J., Ricker, B., Friederici, A.D., Jacobs, A.M., 2007. Inhibition and facilitation in
visual word recognition: prefrontal contribution to the orthographic neighborhood
size effect. NeuroImage 36 (3), 901–911.

Fiez, J.A., Balota, D.A., Raichle, M.E., Petersen, S.E., 1999. Effects of lexicality, frequency,
and spelling-to-sound consistency on the functional anatomy of reading. Neuron 24
(1), 205–218.

Ford, M., Marslen-Wilson, W.D., Davis, M.H., 2003. Morphology and frequency:
contrasting methodologies. In: Baayen, H., Schreuder, R. (Eds.), Morphological
Structure in Language Processing. Mouton de Gruyter, Berlin – New York.

Forster, K.I., Shen, D., 1996. No enemies in the neighborhood: absence of inhibitory
neighborhood effects in lexical decision and semantic categorization. J. Exper.
Psychol., Learn., Mem., Cogn. 22 (3), 696–713.

Friston, K.J., Fletcher, P., Josephs, O., Holmes, A., Rugg, M.D., Turner, R., 1998. Event-
related fMRI: characterizing differential responses. NeuroImage 7 (1), 30–40.

Friston, K.J., Frith, C.D., Frackowiak, R.S., Turner, R., 1995. Characterizing dynamic brain
responses with fMRI: a multivariate approach. NeuroImage 2 (2), 166–172.

Gernsbacher, M.A., 1984. Resolving 20 years of inconsistent interactions between lexical
familiarity and orthography, concreteness, and polysemy. J. Exp. Psychol. Gen.113 (2),
256–281.

Geschwind, N., 1970. The organization of language and the brain. Science 170 (961),
940–944.

Grainger, J., Jacobs, A.M., 1996. Orthographic processing in visual word recognition: a
multiple read-out model. Psychol. Rev. 103 (3), 518–565.

Graves, W.W., Grabowski, T.J., Mehta, S., Gordon, J.K., 2007. A neural signature of
phonological access: distinguishing the effects of word frequency from familiarity
and length in overt picture naming. J. Cogn. Neurosci. 19 (4), 617–631.

Hauk, O., Davis, M.H., Ford, M., Pulvermüller, F., Marslen-Wilson, W.D., 2006a. The time
course of visual word recognition as revealed by linear regression analysis of ERP
data. NeuroImage 30 (4), 1383–1400.

Hauk, O., Davis, M.H., Kherif, F., Pulvermuller, F., 2008. Imagery or meaning? Evidence
for a semantic origin of category-specific brain activity in metabolic imaging. Eur. J.
Neurosci. 27 (7), 1856–1866.

Hauk, O., Johnsrude, I., Pulvermüller, F., 2004. Somatotopic representation of action
words in human motor and premotor cortex. Neuron 41 (2), 301–307.

Hauk, O., Patterson, K., Woollams, A., Watling, L., Pulvermüller, F., Rogers, T.T., 2006b.
[Q:] Whenwould you prefer a SOSSAGE to a SAUSAGE? [A:] At about 100 msec. ERP
correlates of orthographic typicality and lexicality in written word recognition.
J. Cogn. Neurosci. 18 (5), 818–832.

Hauk, O., Pulvermüller, F., 2004a. Effects of word length and frequency on the human
event-related potential. Clin. Neurophysiol. 115 (5), 1090–1103.

Hauk, O., Pulvermüller, F., 2004b. Neurophysiological distinction of action words in the
fronto-central cortex. Hum. Brain Mapp. 21 (3), 191–201.

Hebb, D.O., 1949. The Organization of Behavior. A Neuropsychological Theory. John
Wiley, New York.
Please cite this article as: Hauk, O., et al., Modulation of brain activity by
A parametric fMRI study, NeuroImage (2008), doi:10.1016/j.neuroimage
TE
D
PR

OO
F

Heil, M., Rolke, B., Pecchinenda, A., 2004. Automatic semantic activation is no myth:
semantic context effects on the N400 in the letter-search task in the absence of
response time effects. Psychol. Sci. 15 (12), 852–857.

Holcomb, P.J., Grainger, J., O'Rourke, T., 2002. An electrophysiological study of the effects
of orthographic neighborhood size on printed word perception. J. Cogn. Neurosci.
14 (6), 938–950.

Jescheniak, J.D., Levelt, W.J.M., 1994. Word-frequency effects in speech production —

retrieval of syntactic information and of phonological form. J. Exper. Psychol.,
Learn., Mem., Cogn. 20 (4), 824–843.

Jezzard, P., Balaban, R.S., 1995. Correction for geometric distortion in echo planar images
from B0 field variations. Magn. Reson. Med. 34 (1), 65–73.

Joubert, S., Beauregard, M., Walter, N., Bourgouin, P., Beaudoin, G., Leroux, J.M., et al., 2004.
Neural correlatesof lexical and sublexical processes in reading. BrainLang. 89 (1), 9–20.

Kronbichler, M., Hutzler, F., Wimmer, H., Mair, A., Staffen, W., Ladurner, G., 2004. The
visual word form area and the frequency with which words are encountered:
evidence from a parametric fMRI study. NeuroImage 21 (3), 946–953.

Lorch Jr., R.F., Myers, J.L., 1990. Regression analyses of repeated measures data in
cognitive research. J. Exper. Psychol., Learn., Mem., Cogn. 16 (1), 149–157.

Maes, F., Collignon, A., Vandermeulen, D., Marchal, G., Suetens, P., 1997. Multimodality
image registration by maximization of mutual information. IEEE Trans. Med. Imag.
16 (2), 187–198.

McCandliss, B.D., Cohen, L., Dehaene, S., 2003. The visual word form area: expertise for
reading in the fusiform gyrus. Trends Cogn. Sci. 7 (7), 293–299.

Mccann, R.S., Besner, D., Davelaar, E., 1988. Word recognition and identification — do
word-frequency effects reflect lexical access. J. Exper. Psychol. Hum. Percept.
Perform. 14 (4), 693–706.

McCann, R.S., Remington, R.W., Van Selst, M., 2000. A dual-task investigation of
automaticity in visual word processing. J. Exp. Psychol. Hum. Percept. Perform. 26
(4), 1352–1370.

Mechelli, A., Gorno-Tempini, M.L., Price, C.J., 2003. Neuroimaging studies of word and
pseudoword reading: consistencies, inconsistencies, and limitations. J. Cogn.
Neurosci. 15 (2), 260–271.

Mechelli, A., Humphreys, G.W., Mayall, K., Olson, A., Price, C.J., 2000. Differential effects
of word length and visual contrast in the fusiform and lingual gyri during reading.
Proc. R. Soc. Lond., B Biol. Sci. 267 (1455), 1909–1913.

Nakic, M., Smith, B.W., Busis, S., Vythilingam, M., Blair, R.J., 2006. The impact of affect
and frequency on lexical decision: the role of the amygdala and inferior frontal
cortex. NeuroImage 31 (4), 1752–1761.

Neely, J.H., Kahan, T.A., 2001. Is semantic activation automatic? A critical re-evaluation.
In: Roediger, H.L. (Ed.), The Nature of Remembering: Essays in Honor of R. G.
Crowder. American Psychological Association, Washington, DC, pp. 69–93.

Oldfield, R.C., 1971. The assessment and analysis of handedness: the Edinburgh
inventory. Neuropsychologia 9 (1), 97–113.

Owen, A.M., 1997. The functional organization of working memory processes within
human lateral frontal cortex: the contribution of functional neuroimaging. Eur. J.
Neurosci. 9 (7), 1329–1339.

Poldrack, R.A., Wagner, A.D., Prull, M.W., Desmond, J.E., Glover, G.H., Gabrieli, J.D., 1999.
Functional specialization for semantic and phonological processing in the left
inferior prefrontal cortex. NeuroImage 10 (1), 15–35.

Price, C.J., 2000. The anatomy of language: contributions from functional neuroimaging.
J. Anat. 197 (Pt 3), 335–359.

Price, C.J., Devlin, J.T., 2003. The myth of the visual word form area. NeuroImage 19 (3),
473–481.

Pulvermüller, F., 1999. Words in the brain's language. Behav. Brain Sci. 22 (2), 253–279
discussion 280–336.

Scarborough, D., Cortese, C., Scarborough, H., 1977. Frequency and repetition effects in
lexical memory. J. Exp. Psychol. Hum. Percept. Perform. 3 (1), 1–17.

Sears, C.R., Hino, Y., Lupker, S.J., 1995. Neighborhood size and neighborhood frequency
effects in visual word recognition. J. Exp. Psychol. Hum. Percept. Perform. 21 (4),
876–900.

Sereno, S.C., Rayner, K., 2003. Measuring word recognition in reading: eye movements
and event-related potentials. Trends Cogn. Sci. 7 (11), 489–493.

Sereno, S.C., Rayner, K., Posner, M.I., 1998. Establishing a time-line of word recognition:
evidence from eye movements and event-related potentials. NeuroReport 9 (10),
2195–2200.

Siakaluk, P.D., Sears, C.R., Lupker, S.J., 2002. Orthographic neighborhood effects in lexical
decision: The effects of nonword orthographic neighborhood size. J. Exp. Psychol.
Hum. Percept. Perform. 28 (3), 661–681.

Smith, S.M., 2002. Fast robust automatedbrain extraction. Hum. BrainMapp.17 (3),143–155.
Swartz, B.E., Halgren, E., Fuster, J.M., Simpkins, E., Gee, M., Mandelkern, M., 1995.

Cortical metabolic activation in humans during a visual memory task. Cereb. Cortex
5 (3), 205–214.

Thompson-Schill, S.L., 2003. Neuroimaging studies of semantic memory: inferring
"how" from "where". Neuropsychologia 41 (3), 280–292.

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O., Delcroix, N.,
et al., 2002. Automated anatomical labeling of activations in SPM using a
macroscopic anatomical parcellation of the MNI MRI single-subject brain. Neuro-
Image 15 (1), 273–289.

Vinckier, F., Dehaene, S., Jobert, A., Dubus, J.P., Sigman, M., Cohen, L., 2007. Hierarchical
coding of letter strings in the ventral stream: dissecting the inner organization of
the visual word-form system. Neuron 55 (1), 143–156.

Weekes, B.S., 1997. Differential effects of number of letters on word and nonword
naming latency. Q. J. Exp. Psychol., A Human Exp. Psychol. 50 (2), 439–456.

Whaley, C., 1978. Word–nonword classification time. J. Verbal Learn. Verbal Behav. 17,
143–154.

Zipf, G.K., 1935. The Psycho-Biology of Language. Houghton Mifflin, Boston.
multiple lexical and word form variables in visual word recognition:
.2008.05.054

http://dx.doi.org/10.1016/j.neuroimage.2008.05.054

	Modulation of brain activity by multiple lexical and word form variables in visual word recogni.....
	Introduction
	Word frequency
	Orthographic typicality, neighbourhood size (N) and word length

	Methods
	Stimuli and experimental design
	Data acquisition and preprocessing
	Statistical fMRI analysis
	Small volume correction (SVC)

	Results
	Effects of all words vs baseline
	Effects of Frequency
	Differential effects of All Words and Frequency
	Effects of Typicality and Length/N

	Discussion
	Effects of Frequency and All Words

	References




