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Psycholinguistic research has 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
13 2523252 igl?ﬁ:{(igfg skewed stimulus selection as well as to effects of the baseline (e.g. when contrasting words with pseudowords).
14 In our study, we used a parametric approach to study the effects of several psycholinguistic variables on brain
15 Keywords: activation. We focussed on the variable word frequency, which has been used in numerous previous
16 Multiple regression behavioural, electrophysiological and neuroimaging studies, in order to investigate the neuronal network
17 Word frequency underlying visual word processing. Furthermore, we investigated the variable orthographic typicality as well as
18 Bigram frequency acombined variable for word lengthand orthographic neighbourhood size (N), for which neuroimaging results
19 Neighbourhood size are still either scarce or inconsistent. Data were analysed using multiple linear regression analysis of event-
20 Word length related fMRI data acquired from 21 subjects in a silent reading paradigm. The frequency variable correlated

21 negatively with activation in left fusiform gyrus, bilateral inferior frontal gyri and bilateral insulae, indicating

22 that word frequency can affect multiple aspects of word processing. N correlated positively with brain activity

23 in left and right middle temporal gyri as well as right inferior frontal gyrus. Thus, our analysis revealed multiple

24 distinct brain areas involved in visual word processing within one data set.

25 © 2008 Elsevier Inc. All rights reserved.

26

29 Introduction such that the “bigger picture” can only be created by com- 46
paring results across many different studies. It therefore 47

30 Word recognition poses particular challenges to cognitive  introduces considerable variation with respect to recording 48

31 neuroscientists: Information about specific words can be  and analysis techniques, tasks, stimulus and subject selection 49

32 retrieved from a vast memory store, and combined in  etc.It would obviously be desirable to be able to study as many 50

33 extremely flexible ways, within fractions of a second. Until  psycholinguistic features as possible using the same group of 51

34 recently, the neuronal networks subserving word recognition  subjects, study design and analysis technique. Furthermore, a 52

35 were often described by a relatively small set of brain areas,  recent study showed that activations reported for words 53

36 motivated by classical neurological models of language  compared to pseudowords might have resulted from deactiva- 54

37 processing (e.g. Damasio and Geschwind, 1984; Geschwind,  tion for pseudowords, suggesting that results for factorial 55

38 1970), such as left inferior frontal, left inferior temporal or  contrasts can be difficult to interpret (Mechelli et al., 2003). 56

39 angular gyrus (Binder.et al., 2005; Bookheimer, 2002; Price, A more promising way of disentangling the contributions of 57

40  2000). However, the specific role of individual brain areas in  different parts of the networks would be to study their 58

41 the word recognition process is still a matter of debate. A  modulation by specific well-defined psycholinguistic proper- 59

42 common procedure is to focus on one or a few aspects of word ties. In this study, we therefore investigated the effect of several 6o

43 recognition, and control for potentially confounding variables psycholinguistic parameters on metabolic brain activity, using 61

44 as well as possible. This has the disadvantage that usuallyonly =~ multiple linear regression in the analysis of event-related fMRI 62

few variables can be studied within the same set of subjects,
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data. Multiple linear regression analysis of neuroimaging data 63
with respect to psycholinguistic variables has two main 64
advantages over factorial approaches: 1) It uses information 65
about the continuous distribution of values, e.g. of word fre- 66
quencies for individual items. Thus, for continuous variables, 67
regression designs may have greater statistical power than fac- 6s
torial designs (Cohen, 1983). 2) For factorial designs, “awkward” 69
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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 a multiple regression analysis of the event-
related fMRI response, which allowed us to determine their
individual contributions to the signal.

Word frequency

One of the most 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 Pulvermiiller, 2003; Hauk and Pulvermiiller,
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 Pulvermiiller, 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.
For example, McCann et al. (2000) reported that word 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 than word 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 in order to minimise them, e.g. using very short exposure
durations (Allen et al;»2005). This is in agreement with a
number of recent electrophysiological studies that reported
early (i.e. <200 ms) effects of word frequency in the event-
related potential or field (ERP/F) (Assadollahi and Pulvermiiller,
2003; Dambacher et al., 2006; Hauk et al., 2006a; Hauk and
Pulvermiiller, 2004a; Sereno and Rayner, 2003). We conclude
from these data that word frequency affects early stages of word
processing, which does not exclude the possibility that it affects
later stages as well, or that these effects can be modulated by

task demands. A more detailed analysis of the brain areas 131
affected by word frequency might therefore reveal lexico- 132
semantic areas without the requirement to contrast word 133
stimuli to a non-word control condition. Importantly, neuroi- 134
maging allows us to measure the brain response without the 135
need of overt responses, as in lexical or semantic decisions. We 136
therefore employed a silent reading task, rendering it unlikely 137
that the effects of psycholinguistic variables in this study can be 138
explained on the basis of decision or verification processes. 139

The brain areas modulated by word frequency are still a 140
matter of debate. Several previous studies using factorial 141
designs reported left inferior frontal activation for word 142
frequency, in silent reading (Joubert et al., 2004; Kronbichler 143
et al.,, 2004), reading aloud (Fiez et‘al., 1999) and in visual 144
lexical decision tasks (Fiebach et al., 2002; Nakic et al., Blair, 145
2006). Right hemispheric brain structures modulated by word 146
frequency were reported by only few studies, namely right 147
inferior frontal cortex (Joubert et al., 2004; Nakic et al., 2006), 148
and bilateral insula (Fiebach et al., 2002). Similarly, areas in 149
left inferior temporal or fusiform gyrus were found to be 150
modulated by word frequency in two studies (Joubert et al., 151
2004; Kronbichler et al., 2004). Further cortical areas 152
associated with word frequency were left middle (Kronbichler 153
et al., 2004) and superior (Fiez et al., 1999) temporal gyrus, as 154
well as left precentral gyrus and bileratal occipital gyri 155
(Kronbichler et al., 2004). This brief overview suggests some 156
consistency across studies with respect to word frequency 157
effects in left inferior frontal cortex, but considerable incon- 158
sistency with regard to other language-related areas, e.g. in 159
inferior temporal cortex or in the right hemisphere. The 160
situation is further complicated by findings in studies on the 161
task-dependency of word frequency effects: In the study of 162
Carreiras et al. (2006), word frequency effects were found in 163
left frontal cortex only for lexical decisions, but not for reading 164
aloud. Similarly, Chee et al. (2002) found left inferior frontal 165
activation for low frequency words for semantic judgments, 166
but not for silent reading. These results would endorse the 167
view already formulated in the behavioural literature that 168
word frequency effects are more related to task-specific 169
decision processes, rather than lexico-semantic processing. 170
This, however, is in contrast to several aforementioned studies 171
that have reported word frequency effects in overt and covert 172
reading, i.e. in tasks that do not require a decision. 173

In general, the areas that have been reported as being 174
sensitive to word frequency correspond to “classical” lan- 175
guage-related areas, such as left inferior frontal, middle/ 176
superior temporal and inferior temporal/fusiform cortex (e.g. 177
Price, 2000). Note also that these activations were consistently 178
larger for low compared to high frequency words, which 179
corresponds well to the above-mentioned behavioural and 180
electrophysiological results. This supports the view that word 181
frequency effects have the potential to reveal the cortical 1s2
network of lexico-semantic processing. Thus, word frequency 1s3
effects are of great importance for research on the cortical 184
basis of word processing, but existing neuroimaging data are 185
as yet inconsistent. We therefore investigated word frequency 186
effects on metabolic brain activation using a silent reading 187
task and a sensitive parametric analysis. 188

—

Orthographic typicality, neighbourhood size (N) and word length 189

Word frequency is correlated with a number of other 190
variables that may play a significant role in word recognition. 191

Please cite this article as: Hauk, O., et al., Modulation of brain activity by multiple lexical and word form variables in visual word recognition:
A parametric fMRI study, Neurolmage (2008), doi:10.1016/j.neuroimage.2008.05.054



Original_text:  ;
Original_text:  ;
Original_text:  ;
Original_text:  ;
Original_text:  ;
Original_text: , Remington, &amp; Van Selst
Original_text: , Remington, &amp; Van Selst
Original_text: , Remington, &amp; Van Selst
Original_text: , Remington, &amp; Van Selst
Original_text: , Remington, &amp; Van Selst
Original_text: &amp; 
Original_text: &amp; 
Original_text: &amp; 
Original_text: &amp; 
Original_text: &amp; 
Original_text: , Remington, &amp; Van Selst
Original_text: , Remington, &amp; Van Selst
Original_text: , Remington, &amp; Van Selst
Original_text: , Remington, &amp; Van Selst
Original_text: , Remington, &amp; Van Selst
Original_text: minimize 
Original_text: minimize 
Original_text: minimize 
Original_text: minimize 
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: , Hon, Caplan, Lee, &amp; Goh
Original_text: , Hon, Caplan, Lee, &amp; Goh
Original_text: , Hon, Caplan, Lee, &amp; Goh
Original_text: , Hon, Caplan, Lee, &amp; Goh
Original_text: , Hon, Caplan, Lee, &amp; Goh
http://dx.doi.org/10.1016/j.neuroimage.2008.05.054

192
193
194
195
196
197
198
199
200

202
203
204
205
206
207

209
210
211
212
213
214
215
216
217
218
219
220
221
222

224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240

242
243
244
245
246
247
248
249
250

252
253
254

O. Hauk et al. / Neurolmage xxx (2008) xXx-xXx 3

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 100 ms after word
onset, with long words producing larger amplitudes than short
ones (Assadollahi and Pulvermiiller, 2003; Hauk and Pulver-
miiller, 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 that N 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 depend on
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-

hood size. Instead, they found that higher N decreased acti- 255
vation to words in left prefrontal, angular and ventrolateral 256
temporal cortex. In contrast, Fiebach et al. (2007) found dif- 257
ferential effects of N for words and pseudowords in medial 258
prefrontal and mid-dorsolateral cortex. Because these areas are 259
commonly related to executive control functions rather than 260
lexico-semantic processing, the authors argue that effects of N 261
might arise only at a late post-lexical level. Effects of N are 262
therefore of great interest for psycholinguistic theories of lexical 263
access, and more data are needed to establish its effect on brain 264
activation. In our study, N was highly negatively correlated with 265
word length (i.e. number of letters). In order to rule out both N 266
and word length as confounds for effects of word frequency and 267
orthographic typicality, we combined these two variables into 263
one regressor variable (correlating positively with length and 269
negatively with N). We did not attempt to fully disentangle the 270
effects of N and word length in this study, because our stimulus 271
set was not optimised for this purpose. However, the brain areas 272
modulated by this variable can be compared to those found in 273
previous studies reviewed above. 274

In the present study, we aimed at corroborating and ex- 275
tending previous neuroimaging results on variables related to 276
lexico-semantic and orthographic processing, i.e. word fre- 277
quency, orthographic typicality, and a combined variable for 278
orthographic neighbourhood size and word length. We chose a 279
silent reading task in order to minimise effects related to task- 2s0
dependent decision or verification processes, as in several pre- 231
vious studies (Hauk et al., 2004; Joubert et al., 2004; Kronbichler 252
et al,, 2004; Mechelli et al., 2003). Data were analysed using a 2s3
multiple linear regression design in order to extract results for 284
several variables from the same data set, to gain statistical 285
sensitivity, and to avoid problems associated with classical 2s6

factorial designs. 287
Methods 288
Stimuli and experimental design 289

250 mono-syllabic and mono-morphemic English word 290
stimuli were employed in the study, which mainly contained 291
concrete action-related and visual-related words (see Hauk et al., 202
2004). 150 baseline trials consisting of strings of hash marks 203
varying in length were interspersed among the word stimuli. 294
The average length of words and hash marks was matched (2- 205
tailed t-test p>0.1). In addition, 50 null events were included in 296
which a fixation cross remained on the screen. The stimulus set 297
also contained 50 pseudowords, which were modelled as 298
separate events but not used in any of the following analyses. 299

Each stimulus was presented for 100 ms with a fixed SOA of 300
2.5 s within a visual angle of less than 4°, A fixation cross so1
remained on the screen between experimental stimuli. Two 302
pseudo-randomized stimulus sequences were alternated 303
between subjects. Stimuli were presented to subjects in two 304
blocks of approximately 11 minute duration each. Subjects were 305
instructed to silently read the letter strings presented to them, 306
similar to previous studies (Hauk et al., 2004; Joubert et al., 307
2004; Kronbichler et al., 2004; Mechelli et al., 2003). No 308
responses were required from the subjects during these blocks. 309
Previous research has shown that lexico-semantic representa- 310
tions are assessed in reading even if not explicitly required by 311
the task (e.g. Heil et al., 2004; Neely and Kahan, 2001). 312

For each of the 250 word stimuli, we obtained 21 psy- 313
cholinguistic parameters, either from the CELEX database 314
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(Baayen et al., 1993) or from a separate rating study (Hauk and
Pulvermiiller, 2004b).

In the rating study, subjects had to give ratings between 1 and
7 with respect to specific properties of the words, summarised
by the following questions, which were 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 (Coltheartet al., 1977)

Number of high frequency neighbours (N>Freq): 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.

Mean values and standard deviations for those variables 374
that are most important for the present study are: average 375
number of letters: 4.22 (S.D. 0.81); word form frequency: 20 376
per million (S.D. 24); lemma frequency: 40 per million (S.D. 377
47); rated familiarity: 4.8 (out of 7, S.D. 0.9); bigram frequency: 378
34,919 per million (S.D. 16,860); trigram frequency: 3699 379
per million (S.D. 3695); number of orthographic neighbours: 380
7.2 (S.D.5.4). 381

The intercorrelation matrix for all 21 parameters is shown 332
in Fig. 1A. This table reflects some obvious inter-dependencies 3s3
among these parameters, such as a high positive correlation 3s4
between imageability and concreteness, lemma and word 385
form frequency, bigram and trigram frequencies, the negative 3s6
correlation between word length and number of orthographic 387
neighbours, or the negative correlation between action- and 3ss
colour-relatedness. In order to reduce this information to a 389
tractable number of variables for the multiple regression 390
analysis, we combined some of the parameters into groups of 391
highly correlated variables that could be assumed to reflect 392
similar properties of words (see below). For example, several 393
variables in the list above describe the familiarity of a word 394
in different ways: rated familiarity, word form frequency and 395
lemma frequency. Although one might argue that these 396
variables describe different aspects of the stimuli, these 397
variables are certainly more similar to each other than they 398
are, for example, to word length or bigram frequency. Previous 399
neuroimaging studies usually used the term “word frequency” 400
without disentangling contributions from different frequency 4ot
measures. Similarly, bi- and trigram frequencies can be 402
assumed to affect similar cognitive and neuronal processes. 403
In the case of word length and N, we observed a high negative 404
correlation between these variables in our stimulus set, as is 405
natural for the English language (as discussed in the introduc- 406
tion). Estimates for both variables in the same multivariate 407
design might therefore lead to unreliable results. Although 408
these two variables clearly tap into different word recognition 409
processes, we combined them into one variable. Comparing 410
brain areas that show positive or negative correlation between 411
this variable and brain activation with previous results might 412
still allow conclusions about the brain processes modulated by 413
N and word length. 414

For each of these groups of variables, the individual variables 415
were z-normalized, and a Principal Component Analysis (PCA) 416
was computed. The first principal components for each group 417
entered the multiple regression analysis. In summary, we 418
focussed on the following three variables in the present study: 419

Frequency; created from word form frequency, lemma fre- 420
quency, and familiarity 421
Typicality; created from bigram and trigram frequency 422
Length/N; created from the parameters number of letters and 423
neighbourhood size, which were highly negatively correlated. 424
The following two variables were included as further 425
covariates, but the corresponding results are reported else- 426
where (Hauk et al., 2008): 427
Action-relatedness; created from body- and action-relatedness 428
Imageability; created from imageability, concreteness and 429
visual-relatedness. 430

The correlations of the newly created predictor variables 431
(i.e. the first principal components for each group of variables 432
as described above) and the original parameters (which were 433
used for Fig. 1A) are depicted in Fig. 1B. Note that in the 434
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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 the multiple regression design,
and the original 21 variables (as used for panel A) from which they were constructed.

following, variable names with capital letters (e.g. Frequency)  Data acquisition and preprocessing 439
refer to the variables that entered our fMRI analysis, while

lower case (e.g. word frequency) refers to the variable more 21 monolingual, right-handed, healthy native English 440
generally. speakers participated in the study. Their mean age was 24.5 441
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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 the whole brain, slice thickness 4 mm, 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 images were 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 mm?. Finally, all normalized images were
spatially smoothed with a 12 mm full-width half-maximum
Gaussian kernel, globally normalized, and single-subject statis-
tical contrasts were 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

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

Words>hash 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*
=P -40 62 4.15%

L SMA -2 18 48 3.62

L inf parietal -46 -42 56 3.6

Frequency -,

L fusiform -36 o52 -18 7.91%f
-28 -36 -22 6.12%f

L insula -30 28 -12 5.32*f
-32 24 8 4.4471
-26 21 5 4421

R insula 30 26 10 4.11f

L IFG oper -38 14 30 4.421

RIFG orb, 32 28 -6 4.5971

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; f indicates voxels that
were significant after SVC. The remaining listed voxels were significant at p<0.001
uncorrected.

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
Region X y z t 23
JLength/N - 2.4
R mid temporal 36 -58 12 5.97 t2.5
L mid temporal -62 -o4 16 4.88 t2.6
RIFG tri 42 32 16 4.38 2.7
42 30 28 413 2.8
R parahip 18 -2 =22 4.21 t2.9
R supra-marginal 52 -42 36 4.13 t2.10
R inf parietal 36 -38 48 3.93 t2.11
L precentral —34 -18 46 3.80 t2.12
L inf temporal -46 -46 -18 3.69 t2.13
R mid cingulate 12 22 34 3.65 t2.14
t2.15
Length/N + 2.16
Vermis 2 =52 2 3.71 t2.17
L thalamus -6 -26 10 3.67 t2.18
o -28 8 3.63 t2.19
£2.20
Typicality + t2.21
L precuneus -4 =56 58 4.60 t2.22
L precuneus -8 -46 44 3.82 t2.23
R precuneus 6 =50 22 3.61 t2.24
£2.25
Frequency + £2.26
R mid cingulate 8 -16 46 4.28 t2.27

Symbols and abbreviations are the same as those of Table 1. Peak voxels were significant

at a threshold p<0.001 uncorrected. 2.28

designs_in combination with random effects group statistics 474
optimally account for between items as well as between subject 475
variance (Lorch and Myers, 1990). In the context of multiple 476
linear regression analysis, it is important to note that the general 477
linear model determines the independent contribution of each 478
regressor variable by solving a set of simultaneous linear 479
equations, taking into account the correlation among variables 480
(Friston et al., 1995). 481

Statistical fMRI analysis 482

Group data were analysed with a random effects analysis. 4s3
Data are displayed at an uncorrected significance level of 4s4
p<0.001. Peak voxels that showed significant activation after 4ss
FDR correction (p<0.05) or after small volume correction 4s6
(SVC, p<0.05, see below), are indicated in Tables 1 and 2. 487
Stereotaxic coordinates for voxels with maximal z-values 4s3
within activation clusters are reported in the MNI coordinate 489
system. Anatomical labels of nearest cortical grey matter for 490
peak coordinates were obtained from the MRIcron software 491
(http://www.sph.sc.edu/comd/rorden/mricro.html), based on 492
the anatomical parcellation of the MNI brain published by 493
Tzourio-Mazoyer et al. (2002). To address specific questions 494
about the specificity of activations across several activation 495
clusters, we computed parameter estimates for peak voxels for 496
each individual subject using standard procedures implemen- 497
ted in the MarsBar software (Brett et al., 2002). These values 498
were subjected to an ANOVA including the factors Peak Loca- 499
tion and Word Variable. 500

Small volume correction (SVC) 501

We formulated several hypotheses about activation pat- 502
terns associated with our word variables. These were tested 503
using SVC for 20%¥20*20 mm> cubic volumes centred at 504
coordinates taken from the literature. Where necessary, mean 505
coordinates were computed in the coordinate system reported 506
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All Words
Frequency

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 toMcCandliss et al. (2003). Images are shown with a statistical threshold p<0.001 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 fusiform gyrus (“VWEFA”), which is of interest with respect
to all word variables included in this analysis, was targeted on
the basis of (McCandliss et al., 2003), i.e. -43/-54/-12. SVC was
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 in metabolic imaging
and electrophysiological studies. Our areas of interest were

defined on the basis of Fiebach et al. (2002) for the frontal 535
regions, and on McCandliss et al. (2003) for a fusiform region. 536
Significant negative correlations with frequency after SVCin the 537
fusiform region were detected in left fusiform gyrus. In frontal 538
areas, activations revealed by SVC occurred in left and right 539
insulae as well as left and right inferior frontal gyri (Fig. 2 and 540
Table 1). Further activation peaks at the more lenient uncor- 541
rected threshold p<0.001 were found in right precentral and 542
frontal superior medial gyri as well in left SMA. 543

We had no predictions for positive correlations with Fre- 544
quency. The only area that showed significant positive cor- 545
relations with frequency at an uncorrected threshold p<0.001 546
was the right middle cingulate (Table 2 and Fig. 3). 547

Differential effects of All Words and ‘Frequency 548

We performed a separate analysis in order to determine 549
whether the regression variable Frequency and the factorial 550
contrast All Words activated distinct areas of left fusiform 551
gyrus. F-tests revealed that parameter estimates for the All 552
Words contrasts were significantly different from zero only for 553
the All Words peak voxel (F(1,20)>20.0, p<0.001), but not for 554
the Frequency peak voxel (F(1,20)=0.005, p>0.9). In turn, 555
activation for Frequency was not significantly different from 556
zero in the All Words peak voxel (F(1,20)=3.49, p>0.05), but it 557
was in the Frequency peak voxel (both F(1,20)>5.0, p<0.05). 558
There is still the possibility of an overlap in between peak 559
activations for Frequency and All Words. As is common in 560
metabolic neuroimaging, we used spatial smoothing in our 561
analysis.  Therefore, overlap of SPM activations between 562
neighbouring clusters can reflect either a true overlap of 563
neuronal activation, or an effect of spatial smoothing. At this 564
point, we can conclude that the All Words contrast and 565

Fig. 3. Activation spots for the variables Typicality and N rendered on the surface of a standard brain. Images are shown with a statistical threshold p<0.001 uncorrected. Coordinates

and statistics are provided in Table 2.

Please cite this article as: Hauk, O., et al., Modulation of brain activity by multiple lexical and word form variables in visual word recognition:
A parametric fMRI study, Neurolmage (2008), doi:10.1016/j.neuroimage.2008.05.054

Q1


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

604
605

607

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

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 p<0.001, 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 Pulvermiiller, 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 Pulvermiiller, 2003; Cleland et al., 2006; Hauk
and Pulvermiiller, 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 prefrontal areas commonly associated with attentional
control or executive processes (Duncan and Owen, 2000). We
also includedvariables 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.

Interestingly, the peak voxel for the All Words contrast was 624
close to the area previously termed “visual word form area” 625
(VWFA). It has been suggested that this area in left fusiform 626
cortex is specialized for the processing of abstract written 627
word forms, independently of their position, font or size 628
(Cohen et al., 2000; Dehaene et al., 2005; Dehaene et al., 2002; 629
Vinckier et al., 2007). Some authors have argued that this area 630
contains a “prelexical representation of visual words” 631
(Dehaene et al., 2002). It should therefore be modulated by 632
orthographic rather than lexical variables. In our study, we did 633
not find effects of orthographic typicality, neighbourhood size 634
or word length around the coordinate of the VWFA reported in 635
McCandliss et al. (2003). The closest activation peak for word 636
frequency was located approximately 2 cm anteriorly to this 637
location, while an effect of All Words versus low-level baseline 63s
was found about 1 cm anteriorly. We could therefore corro- 639
borate previous findings that areas in left fusiform gyrus are 640
involved in visual word processing, and the modulation by 641
word frequency argues-in favour of a contribution to lexical 642
processes. However, we did not find evidence that a part of 643
fusiform gyrus responds specifically to abstract orthographic 644
word properties, a view that has been criticized previously 645
(Price and Devlin; 2003). 646

We found further negative correlation peaks for Frequency 647
in bilateral inferior frontal gyri. Previous studies reported 648
inferior frontal activation for word frequency only for the left 649
hemisphere (Carreiras et al., 2006; Chee et al., 2002; Fiebach 650
etal., 2002; Fiez et al., 1999; Kronbichler et al., 2004), with the 651
exception of Nakic et al. (2006). 652

Inferior frontal activation in language tasks has been 653
associated with a range of different processes such as retrieval 654
of semantic information (Bookheimer, 2002; Thompson-Schill, 655
2003), phonology (Poldrack et al., 1999), and working memory 656
(Owen, 1997; Swartz et al., 1995). Fiebach et al. (2002) found 657
more activation for low compared to high frequency words as 658
well as for pseudowords compared to words in left superior pars 659
opercularis. They argued that this area should be involved in 660
grapheme-to-phoneme conversion, because “lexical search is 661
mediated more strongly by phonological information in these 662
items”. Left pars triangularis showed an effect of frequency 663
(low>high), but not of lexicality, which let the authors conclude 664
that this area is involved in lexical-semantic selection. It has 665
been demonstrated in another study that results from contrasts 666
between words and pseudowords are difficult to interpret 667
(Mechelli et al., 2003). We therefore did not contrast our words 663
with pseudoword stimuli, and focussed on psycholinguistic 669
variables that could be studied with our set of words in a linear 670
regression design. We can confirm that activation in left inferior 671
frontal gyrus shows a negative correlation with word frequency. 672
Although the peak of this modulation appears to be located in 673
pars opercularis, it does not exclude the possibility that it 674
extends into pars triangularis as well. The fact that this activation 675
hardly overlaps with that obtained by contrasting all words 676
versus a low-level baseline indicates that left inferior frontal 677
areas distinguish between different aspects of word processing. 673
A more detailed analysis of these different processes must be left 679
for future research. We suggest that inferior frontal gyri in both 6s0
hemispheres are involved in word recognition, which possibly 6s1
link and integrate lexical, phonological and semantic processing. 6s2

We also found activation in left and right insulae, comparable 633
to Fiebach et al. (2002). Left anterior insula has been associated 6s4
with the planning of speech (Dronkers, 1996). This would be 6s5
consistent with behavioural findings suggesting that word 636
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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 only a 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; Pulvermiiller, 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 in word 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 Jocalisation of typicality

effects to the precunei in our study is not consistent with these 750
earlier observations. With respect to word length, Mechelli 751
et al. (2000) found larger activation for longer words in visual 752
processing areas. The absence of such effects for length and 753
typicality in our study can be explained by the fact that all our 754
words were mono-syllabic, and therefore might not have 755
provided enough variation to produce reliable length effects. 756

In conclusion, our study demonstrated that linear regression 757
analysis of event-related fMRI data with respect to multiple 758
psycholinguistic variables can reveal the cortical network 759
underlying different aspects of word processing in the same 760
set of subjects and stimulus items. The variable word frequency 761
modulated a range of brain areas that have previously been 762
linked to word processing, such as-areas related to lexico- 763
semantic processing in inferior frontal gyri, to phonological 764
processing in the insulae, and to. areas linking word form 765
information to lexico-semantic representations in left fusiform 766
gyrus. This result has implications for the interpretation of 767
behavioural data, since our results indicate that word frequency 763
can affect multiple stages of word processing. Effects observed in 769
reaction times, for example, might thus reflect an accumulation 770
of effects at different processing stages. This view is further 771
supported by a number of electrophysiological studies cited 772
above, which have shown that brain responses can be modulated 773
by word frequency at different latencies. Our results with respect 774
to orthographic typicality and word length did not reveal any 775
brain areas exclusively involved in word from processing that 776
were  directly comparable to previous results. A positive 777
correlation between brain activation and orthographic neigh- 778
bourhood size N (in our study also negatively correlated with 779
word length) was observed in several brain areas previously 780
linked to word processing. However, so far the few studies that 7s1
investigated this variable have produced inconsistent results. 7s2
Our study demonstrated that multiple linear regression applied 783
to event-related fMRI data is a promising tool for studying the 7s4
complex cortical networks underlying word processing, and in 785
the future might be able to resolve these inconsistencies. 786
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