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bstract

The brain activity during a sentence reading task and a visual control task was examined with fMRI in 13 German dyslexic readers and 15
ge-matched fluent readers (age: 14–16 years). These participants came from a longitudinal study and the dyslexic readers exhibited a persistent

eading fluency deficit from early on. For the first time with German dyslexic readers, and in correspondence with the majority of functional
maging studies, we found reduced dyslexic activation in the left occipitotemporal cortex and in a small region of the left supramarginal gyrus.
nhanced activation was found in left inferior frontal and subcortical regions.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

Difficulties in learning to read despite adequate intelligence
nd schooling are observed in substantial numbers of children.
he predominant explanation of this difficulty refers to a verbal-
honological disorder, which is assumed to precede and underlie
he difficulty in learning to read (e.g., Snowling, 2000). In
ts dominant version, this explanation assumes that the main
tumbling block in the early phase of learning to read is the
cquisition of phonological decoding, that is, the transformation
f the letters of an unfamiliar printed word into phonemes and
he assembly of these segments into pronunciations. A prob-
em with phonological decoding hinders the young reader to
ecode in a self-reliant manner the many words which are new

n the early phase of learning to read. An important side effect is
hat this decoding deficit reduces orthographic “self-teaching”
Share, 1995), that is, the formation of memory traces repre-
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enting the letter sequences of successfully decoded words. On
urther encounters, such memory traces (termed orthographic
ecognition units) allow fast visual word recognition (or of let-
er strings within words) and, thereby, relieve the system from
low effortful decoding.

This developmental version of the well known dual-route
onception of word reading (e.g. Castles & Coltheart, 1993)
s commonly used as framework for integrating neuroimag-
ng findings on abnormal brain activation in dyslexic readers
Demonet, Taylor, & Chaix, 2004; McCandliss & Noble, 2003;
ugh et al., 2000; Shaywitz & Shaywitz, 2005; Temple, 2002).

frequent finding is underactivation of left temporoparietal
egions, including posterior superior temporal, supramarginal
nd angular gyrus areas during reading related phonological
asks (e.g., Rumsey et al., 1997; Shaywitz et al., 2002; Temple et
l., 2001; Temple, 2002). A further frequent finding is underacti-
ation of the left occipitotemporal cortex, including the fusiform
yrus and posterior parts of the middle and inferior temporal

yri (e.g., Brunswick, McCrory, Price, Frith, & Frith, 1999;
cCrory, Mechelli, Frith, & Price, 2005; Paulesu et al., 2001;

almelin, Service, Kiesila, Uutela, & Salonen, 1996; Shaywitz
t al., 2002). In line with the dual-route conception of visual
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ord processing, the temporoparietal underactivation is inter-
reted as reflecting a phonological decoding deficit, and the
ccipitotemporal underactivation is interpreted as a failure with
ast visual word recognition (e.g., McCandliss & Noble, 2003;
ugh et al., 2000). However, there are alternative interpretations.
he temporoparietal underactivation is alternatively interpreted
s reflecting erroneous performance or performance failures
f dyslexic readers (McCrory, 2003) and the occipitotempo-
al underactivation is alternatively interpreted as reflecting a
eneral impairment of phonological name retrieval (Brunswick
t al., 1999; McCrory et al., 2005). In support of this latter
nterpretation, a PET study found occipitotemporal underacti-
ation in dyslexic readers both for reading aloud visual words
nd for naming pictures of objects (McCrory et al., 2005).
owever, inconsistent with a general occipitotemporal dysfunc-

ion in dyslexia is the finding of a MEG study which found
ormal left occipitotemporal activation during face processing
n dyslexic readers (Tarkiainen, Helenius, & Salmelin, 2003).
ased on findings showing that activation in this region increases
ith reading skill (Shaywitz et al., 2002), a neutral charac-

erization refers to the left occipitotemporal cortex as reading
kill zone which is dysfunctional in dyslexia (Sandak, Mencl,
rost, & Pugh, 2004; Shaywitz & Shaywitz, 2005). In con-

rast to these posterior underactivations, increased activation
uring reading and reading related tasks in participants with
yslexia has been reported for the left inferior frontal cortex
e.g., Brunswick et al., 1999; Georgiewa et al., 2002; Grünling
t al., 2004; Rumsey et al., 1997; Salmelin et al., 1996; Shaywitz
t al., 1998, 2002). This increased activation is commonly inter-
reted as reflecting stronger reliance of dyslexic readers on
honological decoding, pronunciation assembly and subvocal
rticulatory activity in attempts to compensate for impaired
isual orthographic word recognition (e.g., McCandliss &
oble, 2003; Pugh et al., 2000; Salmelin & Helenius,
004).

Both the behavioral and the neuroimaging evidence on devel-
pmental dyslexia to a large extent comes from participants with
ifficulties in learning to read English, who indeed suffer from
arked difficulties with the acquisition of phonological decod-

ng. This raises the question whether the primacy of the phono-
ogical decoding deficit also applies when orthographies, dif-
erent from English, exhibit regular “easy” grapheme–phoneme
orrespondences and when teaching directly induces children
o phonological word decoding. Indeed, normally progressing
hildren in a substantial number of regular orthographies acquire
honological decoding much faster than English children (Aro &
immer, 2003; Seymour, Aro, & Erskine, 2003), and this decod-

ng accuracy advantage was also found in direct comparisons
f German and English dyslexic children (Landerl, Wimmer, &
rith, 1997; Ziegler, Perry, Ma-Wyatt, Ladner, & Schulte-Körne,
003). Extensive research with German and Italian dyslexic chil-
ren found reduced reading fluency as main dyslexic impairment
De Luca, Borrelli, Judica, Spinelli, & Zoccolotti, 2002; Hutzler
Wimmer, 2004; Wimmer, 1993; Wimmer & Mayringer, 2002;
occolotti, De Luca, Di Pace, Judica, & Orlandi, 1999). In terms
f the dual-route conception, this fluency deficit can be inter-
reted as a failure of visual-orthographic word recognition and
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n reliance on slow serial decoding instead. Support for this
nterpretation is provided by an abnormal word length effect on
eading time (Landerl et al., 1997; Ziegler et al., 2003). Similarly,
ye movement studies found an abnormal increase in number
f fixation with increasing word length (De Luca et al., 2002;
utzler & Wimmer, 2004).
If acquisition of phonological decoding is less of a problem in

egular orthographies, then one would expect that not a dysfunc-
ion of the “phonological” temporoparietal, but of the “visual”
ccipitotemporal reading circuit may be the origin of a persis-
ent impairment of fast fluent reading. A primary dysfunction
f the occipitotemporal reading circuit is indeed suggested by
series of MEG studies with Finnish dyslexic adults (reviewed
y Salmelin & Helenius, 2004). Finnish is one of the most regu-
ar alphabetic orthographies and dyslexia primarily means slow
ysfluent reading. Finnish dysfluent readers exhibited normal
arly low level visual processing in occipital regions, but, differ-
nt from the controls, no activation of left occipitotemporal read-
ng areas during the first 200 ms of word presentation (Helenius,
arkiainen, Cornelissen, Hansen, & Salmelin, 1999; Salmelin et
l., 1996). A dysfunction of left occipitotemporal reading areas
as also found in the cross-linguistic PET study by Paulesu

t al. (2001) which included dyslexic adult readers from the
egular Italian orthography and from less regular orthographies
French and English). Different from these results, suggesting a
eft occipitotemporal dysfunction in dyslexic readers in regular
rthographies, fMRI studies with German dyslexic children sur-
risingly did not find such an occipitotemporal underactivation
Georgiewa et al., 1999, 2002; Grünling et al., 2004; Ligges et
l., 2003). However, Georgiewa et al. (2002) examined only one
lice (around z = +7) and cannot be informative on occipitotem-
oral brain activation abnormalities. Three studies with German
ysfluent readers found enhanced, presumably compensatory
ctivation in left inferior frontal regions as the main abnormal-
ty (Georgiewa et al., 2002; Grünling et al., 2004; Ligges et al.,
003), whereas one found the opposite pattern (Georgiewa et
l., 1999).

The present fMRI study is a further attempt to examine func-
ional brain abnormalities in German dyslexic readers who suffer
rimarily from slow dysfluent reading. As stimuli we used short
entences with all words of a sentence presented simultane-
usly. Participants had to verify whether the sentence makes
ense in relation to world knowledge (e.g., true: “A flower needs
ater”, false: “Cows eat only honey”). The idea was to examine
rain activation with a task, which is close to natural reading
n the sense that it requires reading for meaning. However, the
hort sentences were syntactically simple and meaningful or not
n an obvious way. Therefore, it can be assumed that differ-
nces between fluent and dysfluent readers are mainly due to the
ifference in efficiency of word processing and may have com-
aratively little to do with differences in syntactic and semantic
kills. The present dysfluent readers came from a longitudinal
tudy, which started at the beginning of Grade 1. This allowed to

scertain the persistence of the reading fluency problem as even
t the beginning of school the later dysfluent readers exhibited a
erial rapid naming deficit when confronted with a sequence of
ictured objects. In contrast, our dysfluent participants had little
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Table 1
Descriptive measures and early reading performance

Fluent readers
(n = 15)

Dysfluent readers
(n = 13)

M S.D. M S.D. t(26)

Age (years) 15.46 0.58 15.89 0.75 0.43
Nonverbal IQ 106 14.31 106.6 11.34 0.12

Sentence reading
Fluency (N/min) 21.33 3.77 10.54 2.18 −9.41***

Accuracy (% correct) 98.23 3.21 94.76 7.98 −1.34

List reading fluency (syl/min)
Words 189.45 24.20 99.78 30.59 −8.48***

Pseudo-words 137.66 18.54 72.37 24.32 −7.89***

Spelling (% correct) 68.8 19.43 27.69 14.28 −6.43***

Early measures
Serial visual naming (school entrance)

Fluency (syl/min) 50.18 10.98 39.18 7.24 −3.07**

Reading fluency (syl/min)
1st Grade 63.61 27.38 24.87 9.76 −4.83***

3rd Grade 110.42 15.10 54.98 16.51 −9.29***

Reading accuracy (% correct)
1st Grade 93.33 9.57 73.85 34.41 −1.98*

3rd Grade 91.12 8.18 86.54 17.61 −0.90

Notes: t-Values refer to group comparisons and are pooled in such a way that
negative values indicate lower performance of dyslexic readers.

* p < 0.05.
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ifficulty with the acquisition of accurate decoding so that the
uency problem cannot be attributed to a prolonged difficulty
ith phonological decoding.
Our fMRI study used a block design and contrasted brain

ctivation during sentence reading with brain activation dur-
ng a visual processing task using strings of false fonts. The
se of a block design was motivated by its increased sensitiv-
ty to detect activation (Friston, Zarahn, Josephs, Henson, &
ale, 1999). A first analysis of dyslexic abnormalities in reading

pecific brain activation used regions of interest (ROIs) sug-
ested by the above-mentioned functional imaging studies. The
pecific expectation was that our dysfluent readers will exhibit
nderactivation of the left occipitotemporal region presumably
ngaged by fast visual word recognition. Reliance on phonolog-
cal decoding may be reflected in increased activation of the left
nferior frontal cortex engaged by pronunciation assembly and
ubvocal articulatory activity. From reliance on phonological
ecoding one may also expect enhanced activation of left tem-
oroparietal regions. However, as already mentioned, contrary
o this expectation a number of studies found underactivation of
his region in dyslexic readers. This ROI-based analysis was sup-
lemented by a voxel-based analysis to obtain a more complete
haracterization of abnormal brain activation during reading in
ysfluent readers.

. Methods

.1. Participants

Thirteen German-speaking adolescents with a severe reading fluency impair-
ent and 15 nonimpaired readers were recruited from a large longitudinal

ample. All participants were male and at the time of the present study they were
n the final year (Grade 9) of obligatory schooling (age range: 14–16 years). The
tudy was approved by the ethical committee of the University of Salzburg and
ritten informed consent was obtained from all participants and one of their
arents. The initial selection of candidates from the longitudinal sample relied
n reading fluency percentiles (dysfluent readers: <11, fluent readers: >20) from
preceding assessment in Grade 7. In addition, all boys had to have a nonverbal

Q of at least 85 at the end of Grade 1 based on three subtests of the Primary Test
f Cognitive Skills (Huttenlocher & Cohen-Levine, 1990) and they had to show
onsistent right hand preference at the school entrance assessment. The final
election of participants relied on reading fluency percentiles of below 11 and
bove 20 for dysfluent and fluent readers, respectively, at the time of the present
ssessment (Grade 9). The Grade 9 fluency test (paper and pencil) consisted of
list of sentences, and participants were asked to mark as correct or incorrect

s many sentences as possible within 1 min. The percentiles corresponding to
he number of correctly marked sentences are based on preliminary norm data
rom 213 Grade 9 students. A similar fluency test, but with a 3 min time limit,
as used for the preceding Grade 7 reading fluency assessment (Auer, Gruber,
ayringer, & Wimmer, 2005). As these paper and pencil tests should allow a

uick screening for a reading fluency impairment, the sentences are of rather
imple syntax and content with the effect that erroneous judgements are very
nfrequent.

Table 1 (upper section) shows that the dysfluent readers evaluated only about
alf of the number of sentences of the fluent readers, but similar to the fluent read-
rs, committed very few errors. Furthermore, Table 1 presents reading fluency
ata from an additional assessment (see Hawelka & Wimmer, 2005) which was
one at the time of the present fMRI study and consisted of reading aloud three

ists of unrelated words and three lists of pseudo-words. Accuracy was close to
eiling even for the dysfluent readers. As evident from Table 1, the reading rate of
he dysfluent readers on the word and pseudo-word list reading tasks – similar to
he sentence verification rate – was only about half the rate of the controls. Com-
ined over both groups, the correlations between performance on the paper and

i
i
e
o
o

** p < 0.01.
** p < 0.001.

encil sentence verification task and reading rate for words and pseudo-words
ere very high with r(21) = 0.81 and .88, ps < 0.001, respectively. Table 1 also

hows that dyslexic readers exhibited an massive orthographic spelling deficit.
owever, nearly all misspellings were phonemically acceptable. With respect

o spelling, it is important to note that German exhibits high regularity in the
eading direction (resulting in few misreadings), but low regularity in the writing
irection (resulting in many misspellings).

The lower section of Table 1 shows that the dysfluent readers from the very
eginning of reading development exhibited a fluency deficit. At the beginning
f Grade 1, serial rapid picture naming was part of a school entrance assess-
ent and required to name quickly a sequence of pictured object. On this task,

he later dysfluent readers exhibited substantially reduced naming fluency. At
he end of Grade 1, the longitudinal participants were instructed to read aloud
uickly and accurately a list of 10 words and a list of 10 pseudo-words, and
n Grade 3 with the same instruction a list of 24 pseudo-words was presented.
able 1 shows that both in Grade 1 and in Grade 3 the reading rate of the dys-
uent group was only about half the rate of the fluent group. At the end of
rade 1, the dysfluent group also exhibited reduced reading accuracy. However,

his lower accuracy (still 74% correct) is mainly due to two very poor readers
ho were unable to synthesize phonemes into pronunciations and uttered iso-

ated phonemes instead. This failure with synthesis could be characterized as an
xtreme form of a fluency impairment (see Wimmer, 1996, for a detailed anal-
sis of early difficulties of German dyslexic readers). Without these two cases
f synthesis failure, the mean accuracy (87% correct) of the dyslexic group in
rade 1 would have been close to that (93% correct) of the fluent readers. At

he end of Grade 3 the present dysfluent readers no longer differed from flu-
nt readers in reading accuracy for pseudo-words in a list reading task with
peed instruction. In summary, the fluency deficit at the time of the fMRI study
n the final year of schooling was already present in the early phase of learn-

ng to read and was preceded by a deficit in rapid picture naming at school
ntrance. In contrast, reading accuracy was less of a problem with the majority
f the dysfluent readers exhibiting high accuracy already after about 8 months
f instruction.
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Fig. 1. Example stimuli and stimulus timing for the s

.2. fMRI Procedure

Functional MR images were acquired during sentence verification and a cor-
esponding visual control task. All sentences were short (3–6 words, M = 4.27;
6–27 letters, M = 23.61), syntactically simple and of simple content. The nouns,
erbs and adjectives of the sentences had a median frequency according to the
ELEX Database (Baayen, Piepenbrock, & van Rijn, 1993) of 161 per million.
ll sentences were in the active voice and contained no negations or subordinate

lauses. Examples are “A flower needs water” or “Cows eat only honey”. Each
f the 28 sentences was presented for 5 s and had to be evaluated as correct
“making sense”) or incorrect by a button press response. Presentation of whole
entences was preferred to word-by-word presentation as it corresponds more
losely to the natural reading situation and reduces memory load. The presenta-
ion time of 5 s per sentence was based on a pretest showing that this presentation
ime allowed poor readers to correctly evaluate sentences similar to the present
nes. The fixed presentation rate compared to self-paced presentation prevents
hat fluent readers process more sentences within a block than dysfluent readers.

ore sentences within a block may lead to increased reading brain activation in
uent readers simply because of higher number of processed sentences. Increas-

ng the number of words within a block was found to lead to increased activation
n several regions including the left occipitotemporal cortex (Mechelli, Friston,

Price, 2000).
For the visual control task, the letters of each test sentence were replaced

y false fonts. The sentences and false font stimuli subtended a mean visual
ngle of approximately 19.5◦ (range 15.8◦–24.4◦). The task was to evaluate
hether all “words” of the “sentence” consisted of one and the same false font
r whether one “word” differed from the rest by a different false font. The “false
onts” strings shared with the sentences basic visual characteristics and the visual
ontrol task shared with sentence verification the decision component and the
otor response. Fig. 1 illustrates stimuli and time course for both sentence

eading and false font processing.
No resting (or fixation) baseline was included. A resting baseline may lead

o spontaneous semantic processes (e.g., Binder et al., 1999) and may therefore
inder the detection of areas involved in semantic sentence processing. The
resent low-level visual control task reduces such uncontrolled activity. A further
dvantage is that the majority of functional neuroimaging studies on dyslexia
lso used low-level visual control conditions and not resting baseline. Obviously,
quivalent control conditions enable a better comparison across studies (see
ewman, Twieg, & Carpenter, 2001).

Participants were familiarized with the tasks outside the scanner. Each par-
icipant completed a functional imaging run which consisted of seven reading
pochs and eight visual control epochs. The reading and control epochs alter-
ated, but the first and last epoch for each participant was a control epoch.
ach reading epoch presented four sentences. To ensure attention to all sen-

ences of an epoch, the number of incorrect sentences in one epoch varied
etween one and two. Altogether, 12 of the 28 sentences were incorrect. The
equencing of the stimuli in the visual control epoch corresponded to that of
he sentence processing epochs. The sentence processing and visual control
pochs followed each other in immediate succession. The whole run lasted
20 s.
The stimuli were projected by a video beamer (located outside the MR-
canner room) on a semi-transparent screen and viewed by the participants
ia a mirror mounted above their heads. A MR-compatible response box with
wo buttons in the right hand allowed responding “yes” with the index fin-
er and “no” with the middle finger. Projection and timing of the stimuli as

w
a
t
f
c

ce verification and the false fonts visual control task.

ell as recording of responses were controlled by “Presentation” (Neurobehav-
oral Systems Inc.). Foam pillows and a strap over the forehead reduced head

ovements.

.3. Image acquisition

First, a low resolution T1-weighted MPRAGE structural scan was acquired
rom each participant (TR 12 ms, FA 12◦, TE 4 ms, FOV 220 mm, matrix
4 × 64, twenty-one 6 mm thick axial slices). During the functional imaging
un 177 T2*-weighted gradient-echo EPI images with a TR of 2400 ms (TE
0 ms, FA 86◦, FOV 220 mm, matrix 64 × 64, twenty-one 6 mm thick axial slices
ensitive to BOLD contrast were acquired. After functional imaging a high reso-
ution T1-weighted MPRAGE structural scan was acquired (TR 13 ms, FA 12◦,
E 4 ms, matrix 256 × 256, 130 1.3 mm thick axial slices). During the pauses
etween each scan communication was initiated with participants to inform them
f the remaining scans and check their well-being. For functional and structural
maging a Philips Intera 1.5 Tesla MR-scanner (Philips Medical Systems Inc.,
est, The Netherlands) was used.

.4. Image analysis

SPM 2 (http://www.fil.ion.ucl.ac.uk/spm) was used for data preprocess-
ng and statistical analysis. Functional images were realigned to correct for
ead movements and unwarped to reduce variance due to interactions between
ead movements and EPI distortions (Andersson, Hutton, Ashburner, Turner, &
riston, 2001). Afterwards, the low-resolution structural scan was coregistered

o the mean functional image to facilitate the following coregistration of the
unctional images to the high-resolution structural scan. For these processing
teps mutual information coregistration was used. For warping into standard
tereotactic space, the high-resolution T1-weighted scan was normalized to the

NI T1 brain template by using affine registration and 4 × 5 × 4 nonlinear basis
unctions. The resulting normalization parameters were then applied to the func-
ional images, which were resampled to 3 mm isotropic voxels. To compensate
or residual differences between subjects after normalization and to enhance
ctivation detection the normalized functional images were smoothed with an
sotropic 9 mm FWHM Gaussian Kernel.

The functional data were high-pass filtered with a cut-off of 128 s. Remov-
ng frequencies below 1/128 Hz reduces low frequency drifts. For correction of
emporal autocorrelations an AR (1) model (Friston et al., 2002) as implemented
n SPM 2 was used. Statistical analysis was performed within a two stage mixed
ffects model. First, for each participant a contrast image between activation in
entence processing versus control epochs was calculated by fitting a statisti-
al model to the data, which consisted of a boxcar function convolved with a
ynthetic hemodyamic response function for each reading epoch. Second, these
ubject-specific contrast images were used for the second level (random effects)
nalysis, which allows generalization to the population.

For the ROI analysis, three left hemisphere regions based on previous pub-
ished findings in functional neuroimaging studies were used. For the left occip-
totemporal region a box-shaped ROI was centred at x = −51, y = −51, z = −6

ith an extension of ±8.5 mm along the x-, ±10 mm along the y-, and ±10 mm

long the z-axis. This ROI includes posterior parts of the middle and inferior
emporal gyrus and a region of the fusiform gyrus and is based on coordinates
rom previous studies showing reduced activation of the left occipitotemporal
ortex in dyslexic readers (Brunswick et al., 1999; McCrory et al., 2005; Paulesu

http://www.fil.ion.ucl.ac.uk/spm
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t al., 2001; Shaywitz et al., 2002). For the left temporoparietal region a ROI
as centred at x = −51, y = −48 and z = 21 and extended ±5.5 mm along the x-,
8.5 mm along the y-, and ±11 mm along the z-axis. It covers segments of the
osterior superior temporal, the angular and the supramarginal gyrus. It is based
n coordinates of neuroimaging studies reviewed by Temple (2002). The left
rontal region involved in phonological output processes was based on coordi-
ates from three studies which found higher reliance on left inferior frontal and
recentral regions in dyslexic readers (Brunswick et al., 1999; Rumsey et al.,
997; Shaywitz et al., 2002) and includes parts of the inferior frontal and the
recentral gyrus. Its centre was at x = −51, y = 10, and z = 26 and it extended
13 mm along the x-, ±14 mm along the y-, and ±14 mm along the z-axis. For

ach of these left hemisphere ROIs a homologue right hemisphere was identified
y changing the sign of the x coordinate.

For the voxel-based analysis t-test comparisons identified voxels with higher
eading than control activation within each group. A threshold of p < 0.05 cor-
ected for multiple comparisons using the false discovery rate (Genovese, Lazar,

Nichols, 2002) was applied. An additional criterion was that at least four neigh-
ouring voxels had to exhibit higher reading than control activation. In a second
tep, two sample t-tests were performed to identify voxels, which exhibit group
ifferences during reading. These comparisons were limited to voxels in clus-
ers, which in the preceding analysis were identified as showing higher reading
han control activation in at least one group. For the two sample t-tests a thresh-
ld of p < 0.05 based on the false discovery rate (FDR) was used. Regions with
minimum extent of four voxels and surviving a liberal threshold of p < 0.1,
DR-corrected, are also reported for exploratory purposes.

. Results

.1. Behavioural measures during scanning

Table 2 shows reaction times and number of errors for sen-
ence verification and false font processing. As expected, dys-
uent readers exhibited longer sentence processing time than
uent readers, but made almost no errors. On the visual con-

rol task, dysfluent and fluent readers exhibited rather similar
erformance both with respect to speed and accuracy.

.2. Regions of interest analysis

Fig. 2 shows brain activation elicited by sentence process-

ng relative to false font processing with the positive values
f left hemisphere ROIs indicating higher activation for sen-
ence verification and the negative values of the right hemisphere
OIs indicating the opposite. Based on previous studies, dysflu-

able 2
ehavioural performance on the fMRI tasks

Fluent readers
(n = 15)

Dysfluent readers
(n = 13)

M S.D. M S.D. t(26)

eaction time (ms)
Sentence reading 2270 938 3329 854 −3.13***

Visual control task 1667 1098 1712 1118 −0.11

ccuracy (N errors)
Sentence reading

(max = 28)
0.53 0.74 1.23 1.79 −1.38

Visual control task
(max = 32)

1.80 1.15 1.62 1.20 0.42

otes: t-Values refer to group comparisons and are pooled in such a way that
egative values indicate lower performance of dyslexic readers.
** p < 0.001.

Fig. 2. Mean (±S.E.M.) reading specific signal changes (compared to the visual
control task) for fluent (black) and dysfluent (gray) readers in regions of interest
(ROIs) in the left and right hemisphere occipitotemporal, temporoparietal and
inferior frontal/precentral cortex. Asterisks below bars indicate significant read-
i
s
*

e
o
a
b
c
l
t

ng specific signal change (one sample t-test). Asterisks below brackets indicate
ignificant group differences (independent samples t-test). *p < 0.05; **p < 0.01;
**p < 0.001.

nt readers were expected to exhibit underactivation of the left
ccipitotemporal ROI (engaged by fast visual word processing)
nd increased activation of the left inferior frontal ROI (engaged

y phonological decoding). As evident from results of the group
omparisons in Fig. 2, these expectations found support. The
eft temporoparietal ROI also exhibited reliable higher activa-
ion for sentence than false font processing but the groups did
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ig. 3. Surface renders (render depth = 25 mm) and axial slices displaying regi
uent (upper row) and dysfluent readers (middle row), thresholded at p < 0.05 (F
warm colours: fluent > dysfluent readers, cold colours: dysfluent > fluent reader

ot differ. Fig. 2 shows that only at left hemisphere ROIs did
entence processing lead to higher activation than false font pro-
essing. At the right hemisphere ROIs, activation in response to
entences either did not differ from activation in response to
alse font strings (temporoparietal ROI) or was reduced com-
ared to false font processing and this was reliably so for both
roups for the right occipitotemporal ROI. The hemisphere dif-
erence in activation was reliable for each of the three left–right
OI pairs, Fs(1,26) > 11.2, ps < 0.01. The hemisphere by group

nteraction was only reliable for the occipitotemporal region,
(1,26) = 7.08, p = 0.01, and resulted mainly from the reduced
entence verification activation of the dysfluent readers for the
eft occipitotemporal ROI.

.3. Voxel-based analysis

The surface renders and axial slices in Fig. 3 show brain
egions where sentence reading led to reliably higher activa-
ion than the false fonts visual control task. For fluent readers
first row), extended activations were found in the left temporal
ortex mainly along the superior temporal sulcus and in left infe-
ior frontal and precentral regions. The left temporal activation
xtended into the supramarginal gyrus and the inferior occipi-
otemporal cortex. The later activation is evident from the axial
lice at z = −15. Small clusters were also identified in a left and
ight occipital region, a right temporal region and a right infe-
ior frontal region. The dysfluent readers (second row) exhibited
similar activation pattern, but the left temporal cluster was

educed in extent and specifically the posterior extension into

he inferior occipitotemporal cortex was missing (see axial slice
t z = −15). In dysfluent readers, additional activation clusters
ere found in the left medial temporal cortex and in a number
f subcortical regions. The third row of Fig. 3 shows the results

a
t
S
d

xhibiting reliable sentence reading specific activation shown in red/yellow for
orrected). Regions with reliable group differences are shown in the last section
0.1, FDR-corrected).

f the group comparisons, which are presented in more detail in
able 3. Higher activation in fluent than dysfluent readers was
ound for a left occipitotemporal cluster centered in the poste-
ior middle temporal gyrus and for a smaller cluster centered in
he supramarginal gyrus. In contrast, higher activation in dys-
uent than fluent readers was found in a substantial number of
ortical clusters (left and right lingual gyri, left medial tempo-
al cortex, left inferior frontal, precentral, and motor region and
he left anterior insula). Furthermore, a number of subcortical
egions with higher activation in dysfluent than fluent readers
ere identified (bilateral thalamic regions, right caudate, left
rainstem). The mean signal change values in Table 3 show that
ith the exception of the left anterior frontal region where both
uent and dysfluent exhibited activation, all group differences
esulted from one group exhibiting substantial sentence specific
ctivation (relative to false fonts) and the other exhibiting no
uch activation.

As already noted the occipitotemporal cluster with reading
pecific activation in fluent readers extended into the inferior
ccipitotempral cortex, which contains the so-called visual word
orm area (VWFA) of Cohen et al. (2000, 2002). This was not
he case for the dysfluent readers. However, the voxel-based
nalysis did not identify this group difference as reliable. There-
ore, an additional, more sensitive ROI analysis was performed.

e extracted sentence processing activity from a spherical ROI
ith a 5 mm radius centered on previously published coordi-
ates of the VWFA (x = −43, y = −54, z = −12), which could
e localized within this region in the majority of cases (see
cCandliss, Cohen, & Dehaene, 2003). In this sensitive ROI
nalysis, fluent readers exhibited more reading specific activa-
ion (M = 0.177, SE = 0.054) than dysfluent readers (M = 0.051,
E = 0.046), t(26), p = 0.045, one-sided. As no imaging study to
ate has reported increased activation of left occipitotemporal
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Table 3
Brain regions with group differences in reading specific brain activation

Coordinates t Extent (mm3) Signal change

x y z Fluent Dyslexic

M S.E. M S.E.

Left hemisphere
Fluent readers > dysfluent readers

Posterior middle temporal −57 −60 3 4.68 702 0.35 0.05 −0.05 0.07
Supramarginal −60 −42 30 4.21 108 0.21 0.04 −0.05 0.05

Dysfluent readers > fluent readers
Lingual −15 −84 −9 2.95 270 0.06 0.03 0.20 0.03
Medial temporal −27 −27 −6 4.07 1053 0.05 0.04 0.29 0.05
Motor −54 −12 48 3.82 729 0.14 0.03 0.37 0.05
Inferior frontal/precentral −54 21 18 4.74 2214 0.23 0.04 0.57 0.06
Anterior insula −33 21 −6 3.45 162 0.07 0.04 0.27 0.05
Thalamus −9 −15 15 2.65 135 0.01 0.05 0.32 0.07
Brain stem −9 −18 −18 3.76 513 0.01 0.05 0.26 0.04

Right hemisphere
Dysfluent readers > fluent readers

Lingual 27 −87 −6 3.69 216 −0.01 0.04 0.20 0.04
Thalamus 27 −27 6 3.69 162 −0.04 0.04 0.18 0.04

18 −21 −6 4.72 216 −0.10 0.05 0.22 0.04
15 −9 −6 3.19 189 −0.04 0.07 0.21 0.04

Caudate 18 12 18 3.35 135 0.04 0.04 0.23 0.05
21 −18 21 3.25 405 0.04 0.03 0.20 0.04

Notes: analysis of group differences was restricted to regions showing significant reading specific activation in at least one of the two groups. Regions showing
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ignificant group differences at p < 0.05 (FDR-corrected) are printed in bold. Reg
s in arbitrary units.

egions in dyslexic readers, we consider an one-sided signifi-
ance level appropriate.

. Discussion

In summary, the present functional neuroimaging study con-
rasted brain activity during a sentence reading task and a visual
ontrol task in dysfluent and fluent readers of German and found
educed dyslexic activation in the left occipitotemporal cortex
nd in a small region of the left supramarginal gyrus. Enhanced
ctivation was found in left inferior frontal and subcortical
egions. These results add to the pattern of findings showing
educed activation in left temporoparietal and left occipitotem-
oral regions and enhanced activation in left frontal regions as
he universal signature of developmental dyslexia in alphabetic
rthographies (see McCandliss & Noble, 2003; Pugh et al., 2000;
haywitz & Shaywitz, 2005). In the following, we discuss in
etail the main activation results and specific methodological
spects of the present study.

.1. Brain regions with less activation in dysfluent readers

The voxel-based analysis identified not only a cluster in the
eft occipitotemporal cortex, but also a small cluster in the left

upramarginal gyrus where dysfluent readers, different from flu-
nt readers, exhibited no activation in response to sentences
compared to false fonts). This finding is in correspondence
ith several studies which found left temporoparietal underac-

e
s
o
p

not in bold showed group differences at p < 0.1 (FDR-corrected). Signal change

ivation in dyslexic readers (e.g., Rumsey et al., 1997; Shaywitz
t al., 2002; Temple et al., 2001; Temple, 2002). However, dif-
erent from the voxel-based analysis, the ROI-based analysis
id not provide evidence for left temporoparietal underactiva-
ion in dysfluent readers—actually there was a tendency to the
pposite and both groups exhibited reliable reading specific
ctivation. The ROI-based analysis was based on coordinates
rom previous findings (see Section 2) and included the poste-
ior superior temporal gyrus and the angular gyrus, in addition
o the supramarginal gyrus. The difference between the voxel-
ased and the ROI-based analysis implies that the absent supra-
arginal activation of the dysfluent readers was accompanied by

ncreased activation in neighbouring temporoparietal regions.
his focal underactivation of the left supramarginal gyrus is
ifficult to interpret. The common assumption is that the left tem-
oroparietal region is engaged by orthographic–phonological
ranscoding and underactivation in this region reflects phono-
ogical decoding deficits in dyslexic readers (McCandliss &
oble, 2003; Pugh et al., 2000; Temple, 2002). It must remain
pen whether this explanation applies to the presently found
ocal left supramarginal underactivation, as our dysfluent read-
rs apparently did not suffer from an impairment in phonological
ecoding, but an impairment in reading fluency.

A main finding of the present study is that dysfluent read-

rs different from fluent readers exhibited no activation during
entence processing (relative to false font processing) in the left
ccipitotemporal cortex. This group difference in occipitotem-
oral activation was found in the voxel-based analysis and in
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he ROI analysis based on previous neuroimaging studies (see
ection 2). This group difference – absence of reading specific
ctivation in dysfluent and presence of such activation in fluent
eaders – was also found for a smaller region of interest in the
entral occipitotemporal cortex centered at the visual word form
rea of Cohen et al. (2000, 2002). The peak voxel of the present
luster, exhibiting a group difference in the left occipitotempo-
al cortex, was located in the posterior middle temporal gyrus at
= −57, y = −60, z = 3. This corresponds closely to the cross-

inguistic dyslexia study of Paulesu et al. (2001) which found
he most reliable group difference centered at x = −60, y = −56,
= 0. As outlined in Section 1, underactivation of the left occip-

totemporal cortex is one of the most common findings of func-
ional neuroanatomical studies of dyslexia (see McCandliss &
oble, 2003; Pugh et al., 2000; Shaywitz & Shaywitz, 2005).
he new contribution here is that this underactivation was for the
rst time demonstrated in a sample of German dyslexic readers.
revious functional neuroimaging studies with German dyslexic
hildren surprisingly failed to find occipitotemporal underacti-
ation (Georgiewa et al., 1999; Grünling et al., 2004; Ligges et
l., 2003). The reasons for this discrepancy cannot be definitely
etermined. One may speculate that the letter strings used as
ase-line control in these previous German studies led to rela-
ively high activation in left occipitotemporal regions so that a
urther increase by word processing could not be detected. This
nterpretation finds support in a finding of Cohen et al. (2003).
he present study apparently is the first one which found occip-

totemporal underactivation in non-adult dysfluent readers of a
egular orthography as the Finnish MEG studies (see Salmelin &
elenius, 2004) and the cross-linguist PET study by Paulesu et

l. (2001), which included Italian dyslexic readers, investigated
dult dysfluent readers.

The present evidence for left occipitotemporal underacti-
ation in dysfluent readers was found in a relatively natural
entence reading task. There are only two other studies which
sed a sentence reading paradigm. A MEG study by Helenius,
almelin, Service, and Connolly (1999) with Finnish dyslexic
eaders found only a tendency toward reduced early activation in
he left occipitotemporal region. A small-scale fMRI study with
apanese dyslexic readers described the main result as rather
ague middle temporal activation in dyslexic readers, but this
tudy is hard to interpret since groups were not directly com-
ared (Seki et al., 2001). All other studies, which documented
eft occipitotemporal underactivation in dyslexic readers used
ord processing tasks so that a recent review of research explic-

tly recommended an extension to the sentence level (Sandak et
l., 2004).

A possible concern is that the occipitotemporal underactiva-
ion of our dysfluent readers may have less to do with sentence
rocessing than with false font processing. The argument would
e that false font processing may have led to enhanced left occip-
totemporal activation in dysfluent readers with the result of

reduced difference compared to sentence processing activ-

ty. Although this cannot be ruled out definitively, it is rather
nlikely. First, there was no difference in accuracy and speed
ith which fluent and dysfluent readers performed on the visual

ontrol task. Furthermore, the underactivation of left occipi-
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ologia 44 (2006) 1822–1832 1829

otemporal regions was also found in neuroimaging studies,
hich contrasted reading activation with a fixation baseline (e.g.,
runswick et al., 1999).

The left occipitotemporal underactivation exhibited by
yslexic readers is commonly interpreted as reflection of a dys-
unction of fast operating processes of visual word recognition
McCandliss & Noble, 2003; Pugh et al., 2000). However, there
re rival hypotheses. For example, it was suggested that the
ccipitotemporal underactivation of dyslexic readers may reflect
dysfunction of fast prelexical letter string processing (Salmelin

Helenius, 2004) or a deficiency of fast phonological name
etrieval in response to visual stimuli (Brunswick et al., 1999;

cCrory et al., 2005). The present study using a sentence ver-
fication task relative to false font processing obviously cannot
rovide evidence relevant for an evaluation of these alternative
ypotheses. Due to the nature of the present task, we have to con-
ider the possibility that the supramarginal and occipitotemporal
nderactivations of our dyslexic readers reflect semantic and
yntactic processing deficits. However, this explanation seems
ather unlikely as such underactivations were also found during
seudo-word processing tasks in which syntactic and semantic
rocessing should be absent or minimized (e.g., Brunswick et
l., 1999; Paulesu et al., 2001; Shaywitz et al., 2002).

Interestingly, our dysfluent readers did not exhibit reduced
rain activation in regions, which are assumed to be engaged in
yntactic and semantic sentence comprehension. These include
he anterior part of the left temporal lobe (e.g., Vandenberghe,
obre, & Price, 2002), areas in the superior temporal gyrus

e.g., Constable et al., 2004; Helenius & Salmelin et al., 1999)
nd regions in the left inferior frontal cortex (e.g., Dapretto &
ookheimer, 1999; Fiebach, Vos, & Friederici, 2004; Hagoort,
ald, Bastiaansen, & Petersson, 2004). However, as the present

entences were syntactically and semantically simple, one can-
ot exclude that more complex sentences might lead to imag-
ng results reflecting syntactic and/or semantic dysfunctions in
yslexic readers.

.2. Brain regions with increased activation in dysfluent
eaders

The voxel-based analysis identified a substantial number
f left and right brain regions with higher activation for
ysfluent than fluent readers in response to sentence verification
contrasted with false font processing). The largest cluster with
ncreased activation was found in the left inferior frontal and
recentral cortex where both groups exhibited reading specific
ctivation. The ROI-based analysis also found substantially
ncreased activation for dysfluent readers in the left inferior
rontal region. The present finding of left inferior frontal over-
ctivation corresponds to those of several studies with dyslexic
eaders (e.g., Brunswick et al., 1999; Georgiewa et al., 2002;
umsey et al., 1997; Salmelin et al., 1996; Shaywitz et al., 1998,
002). Importantly, these studies - different from the present

ne - presented single words or word pairs and interpreted the
eft inferior frontal overactivation as reliance of dyslexic readers
n slow phonological articulatory word decoding in order to
ompensate for a deficiency with fast visual word processing
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see recent reviews by Salmelin & Helenius, 2004; Sandak et
l., 2004; Pugh et al., 2000; Shaywitz & Shaywitz, 2005). In
he present study, the left inferior frontal overactivation of the
ysfluent readers may not solely result from slow phonological
ord decoding, but may also reflect a cascading effect of

low word decoding on syntactic and semantic processing
ith a higher demand on working memory. This possibility is

uggested by MEG studies which found early abnormalities of
isual word processing in a left occipitotemporal region to be
ollowed by a delayed N400 response in dyslexic readers which
eflects delayed semantic processes (Helenius & Salmelin et
l., 1999; Salmelin & Helenius, 2004).

One may further reason that slow effortful word decoding
nd a resulting prolongation of linguistic and semantic sentence
rocessing may be responsible for our finding that a substantial
umber of brain regions exhibited reading specific activation
n dysfluent but not in fluent readers. Phonological articulatory
ord decoding may not only be responsible for the left frontal

nd precentral activation, but also for the activation in the left
nterior insula, the left motor cortex and the right caudate (e.g.,
ise, Greene, Buchel, & Scott, 1999). The increased visual

ttention and visual processing demands required by focus on
etters or short letter strings within words may be reflected in the
ncreased activation of the bilateral lingual gyri (e.g., Büchel et
l., 1998; Indefrey et al., 1997) and generally high demands on
ttention and effort may be reflected in activation of the tha-
amus and the brain-stem (e.g., Kinomura, Larsson, Gulyas, &
oland, 1996; Sturm et al., 1999). We also found enhanced acti-
ation of the left medial temporal cortex in dyslexic readers. This
ay reflect stronger reliance on semantic knowledge during sen-

ence verification (e.g., Daselaar et al., 2002) or, alternatively,
ncreased demands on working memory (e.g., Cabeza, Dolcos,
raham, & Nyberg, 2002).

.3. Methodological issues

For interpretation of the present brain activation results it is
mportant to note that the performance of the dysfluent readers
n the sentence verification task used for measuring brain acti-
ation corresponded to their general reading profile with hardly
ny errors but a massive speed problem. As the sentences were
yntactically and semantically very simple, the reduced speed
f sentence verification can be assumed to reflect reduced speed
f word recognition processes to a major extent.

A specific feature of the present study is that all words (i.e.,
etween 3 and 6) of a sentence were presented simultaneously
hereas neuroimaging studies of sentence processing typically

ely on word by word presentation of sentences (e.g., Constable
t al., 2004; Cutting et al., 2005; Ferstl & von Cramon, 2001;
oppeney, Price, Duncan, & Koepp, 2005; Noppeney & Price,
004; Stowe et al., 1999; Vandenberghe et al., 2002). Presen-
ation of the whole sentence was preferred as it corresponds to
he natural reading situation and reduces the demands on work-

ng memory. Obviously, presentation of the whole sentence,
ompared to word by word presentation, leads to increased eye
ovement activity and, certainly, dysfluent readers will have

xhibited a higher number of eye movements than fluent read-

h
w
a
a

ologia 44 (2006) 1822–1832

rs (Hutzler & Wimmer, 2004). The methodological problem is
hat the effect of eye movement activity on brain activation may
ot be fully controlled for by the present visual control task.
he longer reaction times for sentence verification than false

ont processing suggest more eye movement activity for the for-
er task. Furthermore, this reaction time difference between

entence verification and false font processing was larger for
ysfluent than fluent readers.

There are two reactions to these potential problems for inter-
reting the present brain activation findings. With respect to
entence presentation mode and control task it is important to
ote that the presently found brain regions with increased activa-
ion in response to sentences (in contrast to false fonts strings)
orrespond remarkably well to those found in the mentioned
tudies which used word by word presentation of sentences and
variety of control conditions. These studies found sentence

rocessing activations mainly in extended regions of the left
emporal lobe (specifically along the superior temporal sulcus
p to anterior temporal regions) and in the left inferior frontal
ortex. Such activations were also found when all visual factors
ere excluded and sentences were presented in auditory mode

Constable et al., 2004). In the present study, we also found that
entence processing (in contrast to false fonts) activated a large
eft temporal region along the superior sulcus and a large area of
he left inferior frontal cortex. This correspondence suggests that
he present mode of sentence presentation and the present visual
ontrol task led to a pattern of brain activation which is typical
or sentence processing. We also have to consider methodolog-
cal implications of the fact that fluent and dysfluent readers
xhibited similar reaction times for evaluating the false fonts
trings of the control task, but differed on the sentence process-
ng task with dysfluent readers exhibiting sentence processing
imes about 1000 ms prolonged compared to fluent readers. As
ach sentence was presented for 5 s, this group difference implies
hat dysfluent readers were still engaged for further 1000 ms in
entence verification when fluent readers had already responded.
ne may reason that this much prolonged sentence processing of

he dysfluent readers should be reflected in enhanced activation
f brain regions which are engaged by visual word processing
nd sentence comprehension processes. Actually, a substan-
ial number of such brain regions with enhanced activations in
ysfluent readers were found (see previous section). However,
espite this bias towards increased activation of brain regions
ngaged by sentence processing, brain regions with reduced
ctivation in dysfluent readers were identified and these brain
egions correspond to those typically reported in the imaging
iterature on dyslexia (see McCandliss & Noble, 2003; Pugh et
l., 2000; Salmelin & Helenius, 2004). From a methodological
oint of view, the underactivation of the left occipitotemporal
ortex exhibited by the dysfluent readers despite prolonged sen-
ence processing time is of specific interest. We recently found
or skilled adult readers that activation of the left occipitotem-
oral cortex was inversely related to word familiarity, that is,

igh frequency words led to lower activation than low frequency
ords or pseudo-words (Kronbichler et al., 2004). Furthermore,

ctivation of the left occipitotemporal cortex was found to be
ssociated with reading time for words and pseudo-words, that
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s, the longer the reading time the higher the activation (Binder,
edler, Desai, Conant, & Liebenthal, 2005). A simple transfer

f these findings to the present dysfluent readers would predict
nhanced occipitotemporal activation as the words of our sen-
ences presumably were less familiar for the dysfluent than for
he fluent readers and definitively the sentences led to prolonged
eading time. Contrary to this expectation and consistent with
he majority of other studies, reduced occipitotempral activation
as found.

cknowledgements

This research was supported by a grant of the Austrian Sci-
nce Foundation to H. Wimmer (Grant Number P 14494-SPR).
dditional support was supplied by the University of Salzburg to

he Center for Neurocognitive Research for establishing the col-
aboration between the Department of Neurology at the Christian
oppler Clinic and the Institute of Psychology. We are grateful

o the members of the Department of Radiology for assistance
nd to Chistopher D. Frith and Uta Frith for encouragement and
elpful advice in early phases of this research. We also thank
hree anonymous reviewers for their comments, which helped
o improve this manuscript.

eferences

ndersson, J. L., Hutton, C., Ashburner, J., Turner, R., & Friston, K. (2001).
Modeling geometric deformations in EPI time series. Neuroimage, 13,
903–919.

ro, M., & Wimmer, H. (2003). Learning to read: English in comparison to
six more regular orthographies. Applied Psycholinguist, 24, 621–635.

uer, M., Gruber, G., Mayringer, H., & Wimmer, H. (2005). Salzburger
Lese-Screening für die Klassenstufen 5–8. Bern: Verlag Hans Huber.

aayen, R. H., Piepenbrock, R., & van Rijn, H. (1993). The CELEX lexical
database. Philadelphia, PA: Linguistic Data Consortium, University of
Pennsylvania (CD-ROM).

inder, J. R., Frost, J. A., Hammeke, T. A., Bellgowan, P. S. F., Rao, S.
M., & Cox, R. W. (1999). Conceptual processing during the conscious
resting state: A functional MRI study. Journal of Cognitive Neuroscience,
11, 80–93.

inder, J. R., Medler, D. A., Desai, R., Conant, L. L., & Liebenthal, E.
(2005). Some neurophysiological constraints on models of word naming.
Neuroimage, 27, 677–693.

runswick, N., McCrory, E., Price, C. J., Frith, C. D., & Frith, U. (1999).
Explicit and implicit processing of words and pseudowords by adult devel-
opmental dyslexics: A search for Wernicke’s Wortschatz? Brain, 122,
1901–1917.
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