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Abstract: Developmental dyslexia has been assumed to arise from general auditory deficits, compromis-
ing rapid temporal integration both of linguistic and nonlinguistic acoustic stimuli. Because the effort of
auditory temporal processing of speech and nonspeech test materials may depend on presentation rate,
fMRI measurements were performed in dyslexics and controls during passive listening to series of sylla-
ble and click sounds, using a parametric approach. Controls showed a decrease of hemodynamic brain
activation within the right and an increase within the left anterior insula as a function of the presenta-
tion rate both of click as well as syllable trains. By contrast, dyslexics exhibited this profile of hemody-
namic responses under the nonspeech condition only. As concerns syllables, activation in dyslexics did
not depend on presentation rate. Moreover, a subtraction analysis of hemodynamic main effects across
conditions and groups revealed decreased activation both of the left and right anterior insula in dys-
lexics compared to controls during application both of click and syllables. These results indicate, in line
with preceding studies, that the insula of both hemispheres is involved in auditory temporal processing
of nonlinguistic auditory stimuli and demonstrate, furthermore, that these operations of intrasylvian
cortex also extend to the linguistic domain. In addition, our data suggest that the anterior insula repre-
sents an important neural correlate of deficient temporal processing of speech and nonspeech sounds in
dyslexia. Hum Brain Mapp 30:2401–2411, 2009. VVC 2008 Wiley-Liss, Inc.
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bles; click sounds; fMRI; insula

INTRODUCTION

Developmental dyslexia is considered a specific disorder
of the acquisition of reading skills, which does not reflect
general cognitive impairments, sensory deficits, and/or
inadequate schooling [American Psychiatric Association,
1994; Shaywitz, 1998]. Often this syndrome is accompanied
by poor spelling abilities [Shaywitz and Shaywitz, 2005].
Longitudinal studies indicate dyslexia to represent a per-
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sistent condition rather than a ‘‘transient developmental
lag’’ [Shaywitz and Shaywitz, 2005; Svensson and Jacob-
son, 2006]. This definition is a purely descriptive character-
ization because even after more than 100 years of research,
no consensus about the etiological basis of dyslexia has
been achieved so far [see Démonet et al., 2004, for a
review]. Most studies published during the last four deca-
des focus on deficits in phonological processing [e.g., Sie-
gel, 1998; Snowling, 1998]. However, it is still unsettled
whether these problems are confined to the linguistic do-
main [Snowling, 2000; Stanovich, 1988] or whether they
must be considered a secondary symptom, due to basic
nonlinguistic deficits bound to either the visual [Becker
et al., 2005; DiLollo et al., 1983; Talcott et al., 2000], the au-
ditory [Ben-Artzi et al., 2005; Cohen-Mimran and Sapir,
2007], or both domains [see Farmer and Klein, 1995, for
review]. Tallal [1980], for instance, suggests a general sen-
sory deficit in rapid temporal processing to be the core
deficit in dyslexia. According to this approach, the basic
temporal processing impairment leads to an inability to
integrate sensory information entering in rapid succession
to the central nervous system and causes a cascade of
effects that disrupt the normal development of the phono-
logical system and subsequently the acquisition of reading
skills [Tallal et al., 1993].
Functional imaging studies have begun to provide new

insights into the neural basis of temporal auditory process-
ing and, therefore, may help to resolve the debate on the
biological basis of dyslexia. A number of studies demon-
strated that rapid auditory temporal features of speech
and nonspeech stimuli are preferentially processed by the
left hemisphere, whereas contralateral regions appear to be
specifically involved in the analysis of slower fluctuations
of the acoustic signal [Fiez et al., 1995; Zatorre et al., 2002].
In accordance with these observations, Ivry and Robertson
[1998] assumed the left and right hemisphere to operate as
a high- or low-pass filter, respectively, acting on auditory
input (‘‘double filtering by frequency theory’’). According
to this model, the left hemisphere seems to predominantly
process consonantal sounds characterized by segments
extending across a few tens of milliseconds, whereas the
right counterpart mediates suprasegmental information
such as speech intonation contours as well as musical mel-
odies acting upon longer time frames [Ivry and Robertson,
1998].
In a previous fMRI study [Ackermann et al., 2001], we

found evidence in support of the ‘‘double filtering by fre-
quency theory’’ of cerebral laterality effects: Healthy adults
had been asked to passively listen to click trains, varying
in frequency from 2 to 6 Hz. Based on this design, the
course of neural activation could be mapped depending
on the presentation rate, and thus, to delineate temporal
processing. Distinct rate-response relationships were found
at the level of the right cerebellar hemisphere, the left thal-
amus, the left and right anterior insula, the left inferior
frontal gyrus, and the tectum. Most noteworthy, the ante-
rior insula showed a profile resembling the operation of a

high-pass (left hemisphere) or low-pass (right hemisphere)
filter across the series of stimulus frequencies applied—a
pattern in line with the model by Ivry and Robertson
[1998].
This fMRI study used the passive listening paradigm of

our preceding investigation to further elucidate the neural
correlates of temporal auditory processing in dyslexic
adults. To determine whether the linguistic content of the
test materials has a significant impact on hemodynamic
brain activation, the syllable/pa/ was added as a second
stimulus category. Both events—click trains and syllable
repetitions—were presented at six different frequencies
each, ranging from 1 to 9 Hz, to delineate the response pro-
files associated with the temporal processing of linguistic
and nonlinguistic stimulus materials in dyslexics and con-
trols. The question was whether dyslexics and controls
show different rate–response profiles of hemodynamic
brain activation and whether, in case such discrepancies
emerge, they are exclusively bound to the speech condition.

MATERIALS AND METHODS

Subjects

This study included seven participants with a diagnosis
of developmental dyslexia (two females; mean age: 18.0
years, SD 5 1.8 years) and seven healthy subjects (two
females; mean age 23.7 years, SD 5 4.3 years), serving as
controls. German was the native language of all partici-
pants, and all of them were right-handed as determined
by means of the Edinburgh Handedness Inventory
[Oldfield, 1971; lateralization index >80%]. None of the
participants reported a history of neurological diseases or
psychiatric disorders. Informed consent had been obtained
in line with the Institutional Review Board of the Univer-
sity of Ulm.
In all dyslexic participants, the respective diagnosis had

been established in primary school. They had a docu-
mented history of both reading and spelling difficulties
across their entire school career and reported persistent
difficulties up to the date of investigation. Indeed, the dys-
lexics were as a group a few years younger than their con-
trols (t(12) 5 3.43, P < 0.01, two-tailed). However, age-
related differences in brain activation between these two
groups of young adults must not be expected.
To validate the previously given diagnosis, all partici-

pants, dyslexics and controls, were tested again up to 4
weeks prior to the fMRI experiment. Inclusion in this
study required an average or above average nonverbal
intelligence as measured by the Culture Fair Intelligence
Test [German version, Weiß, 1997]. Furthermore, a stand-
ardized test of reading and spelling skills was given to all
subjects. The evaluation of reading abilities (reading time
and reading errors for real words and pseudowords) relied
upon a German reading test for adults [Schulte-Körne,
2001]. The mean error score for real words (maximum 5

48) amounted to 4.1 (SD 5 2.3) in the dyslexics and to
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0.1 (SD 5 0.4) in the control group, yielding a significant
group difference (t(12) 5 24.60, P < 0.001, one-tailed). The
mean reading time for real words was 61.3 s (SD 5 14.4)
in the dyslexic group and 33.1 s (SD 5 5.8) in the control
group. Real word reading was significantly slower in dys-
lexics than in controls (t(12) 5 24.76, P < 0.001, one-
tailed). The mean error score for pseudowords (maximum 5

48) amounted to 13.6 (SD 5 5.6) in dyslexics and 0.86
(SD 5 0.9) in controls, also with a significant difference
between groups (t(12) 5 25.97, P < 0.001, one-tailed).
Finally, groups differed in reading time for pseudowords
(t(12) 5 24.58, P < 0.001, one-tailed), with a mean reading
time of 113.9 s (SD 5 27.6) in dyslexics and 66.9 s (SD 5

12.1) in the control group. Spelling was measured by
means of a standardized German spelling test for adults
[Kersting and Althoff, 2004] demonstrating very poor
spelling skills for the dyslexic group (percentage rank
<15). The control group showed an average or above aver-
age spelling skills (percentage rank >66). Of a total of 60
words, the dyslexic group produced incorrect spellings for
37.6 words (SD 5 7.7), whereas the control group pro-
duced only 4.0 words (SD 5 2.9) incorrectly. Dyslexics made
significantly more spelling errors than controls (t(12) 5

210.77, P < 0.001, one-tailed).

Stimuli and Procedure

Isochronous trains of click sounds and syllables served
as the acoustic stimulus materials. In line with a preceding
study [Ackermann et al., 2001], clicks were generated by
manual editing of a recorded natural sound (stroke of a
pen against the desk). To improve the audibility within
the MR scanner environment, a double-spike (spaced 2 ms
apart) was superimposed on the initial excitation phase
(about 3 ms) of broadband noise, followed by a dampened
signal (duration �10 ms, spectral energy distribution cen-
tered at 3 kHz). In difference to the previous experiment
[Ackermann et al., 2001; 2.0–6.0 Hz], we used a modified
frequency band from 1.0 to 9.0 Hz. As in Ackermann et al.
[2001], click stimuli were presented at six different fre-
quency rates. In this study, the following stimulation fre-
quencies were used: 1.0, 2.5, 3.0, 5.0, 7.0, and 9.0 Hz. The
duration of each stimulus train amounted to 6 s. The
speech condition included the syllable/pa/, produced
with a rather flat intonation by a female speaker. Syllable
trains were generated by means of a signal editing soft-
ware (Computer Speech Lab 4300, Kay Elemetrics, USA).
The same train duration time and frequency rates as in the
click condition were used. Both conditions, the clicks as
well as the syllables, were repeated 15 times. Altogether,
the experiment consisted of 180 stimulus trains per subject
(2 stimulus conditions 3 6 frequency rates 3 15 repeti-
tions) presented in a counterbalanced order. Stimuli were
presented via headphones simultaneously to both ears and
were well discernible at a comfortable loudness level
against the background of scanner noise. Subjects were

instructed to passively listen to the acoustic stimuli and to
strictly refrain from any motor or cognitive responses such
as finger lifting and silent or overt counting. Single stimu-
lus trains started in randomized order either simultane-
ously with the onset of a measurement period or at a
delay of 1 or 2 s to decouple the hemodynamic responses
to target stimuli from scanner noise.

fMRI Data Acquisition

Subjects lay supine in a 3.0 T head scanner (Siemens
Allegra), their heads being secured by foam rubber to min-
imize the movement artifacts. Using an echo-planar imaging
sequence (64 3 64 matrix, field of view 5 192 3 192 mm2,
TE 5 35 ms, TR 5 3 s, flip angle 5 908), 36 parallel axial
slices (thickness 5 3 mm, gap 5 0.75 mm) were obtained
across the entire brain volumes (5 runs 3 205 images,
resulting, altogether, in 1025 image volumes), including
five initial dummy scans for the equilibration of T1 satura-
tion effects. For the sake of anatomical localization of he-
modynamic activation effects, fMRI maps were superim-
posed on a T1-weighted 3D sequence, averaged across all
subjects (MPRAGE; 208 sagittal slices, thickness 5 1.0 mm,
256 3 256 matrix, field of view 5 256 3 256 mm2, TE 5

4.38 ms, TR 5 5.5 ms).

fMRI Data Analysis

After data preprocessing, parametric analysis including
the calculation of main effects and rate-to-response func-
tions was performed to determine the influence of stimula-
tion rate on the magnitude of the BOLD signal. All brain
areas identified as activated areas on the basis of this pro-
cedure served as the volumes of interest for the subse-
quent analysis. Subsequently, a subtraction analysis across
groups and conditions was performed. The height thresh-
old of this study at voxel level was set at P < 0.001 (T >
3.10) with an extension threshold of k � 67 voxels.

Data preprocessing

fMRI data were transformed to an ANALYZE-compati-
ble format and analyzed using SPM5. Anatomical T1-
weighted images were realigned to the standard T1 tem-
plate. Coregistration of the functional images then relied
on the same transformation matrix. Subsequently, spatial
normalization and correction of MRI images into a stand-
ard space as defined by an ideal template were performed.
Finally, the normalized data sets were smoothed with an
isotropic Gaussian kernel (10 mm).

Main effects of hemodynamic activation

and rate-to-response functions

The resulting contrast images during passive listening to
click and syllable trains from each participant provided the
data base for all subsequent steps of statistical analysis. A
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parametric approach using polynomial basis algorithms up
to the second order allowed for the determination of the
relationship between stimulation rate and regional BOLD
signal. This procedure models three different rate-to-
response functions: (a) categorical on-off responses between
the acoustic stimulation and the silent baseline conditions
irrespective of presentation rate (main effect; Fig. 1), (b) lin-
ear BOLD signal changes along with increasing acoustic
stimulation (first order term), and (c) nonlinear (quadratic)
relationships between stimulus frequency and hemody-
namic activation. At the activation maximum within each
volume of interest, group means and the respective stand-
ard deviation of these measures were determined and dis-
played in a bar graph (Figs. 3 and 4).

Subtraction analysis

On the one hand, a subtraction approach was performed
across acoustical stimulation with clicks in healthy versus
dyslexic subjects and in dyslexic versus healthy subjects.
On the other hand, a subtraction analysis was performed
across acoustical stimulation with syllables in healthy ver-
sus dyslexic subjects and in dyslexic versus healthy sub-
jects (see Fig. 2).

RESULTS

On the basis of the computation of the parametric analy-
sis, we defined the superior temporal gyrus, the thalamus,
and the anterior insula of both hemispheres as well as the

left inferior frontal gyrus and the right superior cerebellum
as the regions of interest for all subsequent statistical data
analyses (Fig. 1 and Tab. I).
Using the parametric signal analysis, healthy controls

demonstrated a linearly increasing hemodynamic response
during both conditions (click and syllable trains) in paral-
lel with an increasing stimulation rate at the right cerebel-
lum, the thalamus of both sides, and the left insular cortex
(Figs. 3 and 4), whereas the hemodynamic BOLD activity
decreased at the level of the right anterior insula. Addi-
tionally, at the level of the left inferior frontal gyrus, a sig-
nificant nonlinear rate-to-response function could be
detected for both conditions in healthy controls. Consistent
with previous studies of our group, no linear or nonlinear
increasing or decreasing hemodynamic activation effects at
the superior temporal gyrus of both hemispheres in paral-
lel with an increasing acoustical stimulation frequency
were detected [Ackermann et al., 2001].
The hemodynamic activation in dyslexic subjects did not

differ significantly from the activation patterns in healthy
control subjects during acoustical presentation of click
sounds. However, in contrast to acoustical presentation of
clicks, the presentation of syllables demonstrated a signifi-
cant discrepancy between healthy controls and dyslexics at
the level of the anterior insula of both hemispheres (Figs. 3
and 4). Although healthy controls showed a decreasing ac-
tivity at the right and an increasing hemodynamic activa-
tion at the left anterior insula with increasing acoustical
presentation rate of click and syllable trains, the dyslexic

Figure 1.

(A) Healthy control subjects: main effect of the parametric analy-

sis irrespective of acoustical stimulation rate during presentation

of clicks (upper row) and syllables (lower row) displayed on trans-

verse sections of the anatomical reference images (SPM5 tem-

plate). L, left; R, right; z, distance to the intercommisural plane.

(B) Dyslexic subjects: main effect of the parametric analysis irre-

spective of acoustical stimulation rate during presentation of

clicks (upper row) and syllables (lower row) displayed on trans-

verse sections of the anatomical reference images (SPM5 tem-

plate). L, left; R, right; z, distance to the intercommisural plane.

[Color figure can be viewed in the online issue, which is available

at www.interscience.wiley.com.]
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group demonstrated a similar activation pattern only dur-
ing the click condition, but not during the syllable presen-
tation (Figs. 3 and 4). Remarkably, increasing syllable pre-
sentation rate, neither elicited a linear nor a nonlinear
increasing or decreasing BOLD signal change along with
an increasing acoustical stimulation frequency at the ante-
rior insula in dyslexics (see Fig. 4).
Finally, the subtraction analysis of the main effects

across conditions and groups revealed a significant activa-
tion at the level of the anterior insula of both hemispheres
during acoustical stimulation of clicks and syllables in
healthy controls. Strikingly, significant activation in dys-
lexics was located more lateral at the level of the rolandic
operculum (frontal part) of both hemispheres (see Fig. 2).
The distance between the activation maxima within the re-
spective activation clusters found for dyslexics and con-
trols is differing about 3 voxels. Also, there is a tendency

toward a lateralization effect to the left anterior insula dur-
ing the syllable condition compared with the click condi-
tion in healthy controls but not in dyslexics.

DISCUSSION

Using fMRI, this study aimed to investigate the neural
correlates of auditory temporal processing of linguistic and
nonlinguistic test materials in developmental dyslexia. A
previous fMRI study of our group [Ackermann et al.,
2001] had introduced a parametric passive listening para-
digm, applying click trains at six different frequency rates
(2–6 Hz) as a means to test rate-dependent auditory proc-
essing capabilities in healthy adults. This experiment
extended this design in two directions. First, six presenta-
tion rates—ranging from 1 to 9 Hz—were considered for
analysis. Second, syllable trains served as an additional
stimulus category to compare the temporal auditory proc-
essing of speech and nonspeech test materials in dyslexics.
The two stimulus conditions elicited in both subject

groups bilateral hemodynamic main effects at the level of
the superior temporal gyrus, thalamus, and anterior insula.
Furthermore, significant responses emerged within the left
inferior frontal gyrus and the right cerebellar hemisphere.
The right cerebellum showed a linear relationship between
hemodynamic activation and stimulation rate in both
groups and under both the speech and nonspeech condi-
tions. Such a rate-dependent response is in line with other
neuroimaging studies demonstrating the cerebellum to be
involved in the representation of temporal aspects of audi-
tory-perceptual information [Ackermann et al., 2001;
Mathiak et al., 2002, 2004]. In both groups, furthermore,
the left inferior frontal gyrus showed significant hemody-
namic activation in response to speech and nonspeech
stimuli. Again, these findings are consistent with results of
earlier fMRI studies [Burton and Small, 2006; Joanisse and
Gati, 2003]. In dyslexics as well as controls, nonlinear rate-
dependent BOLD signal changes could be observed at the
level of left inferior frontal gyrus, both in response to
clicks and syllables. These rate-dependent effects of hemo-
dynamic activation support the notion that left inferior
frontal gyrus and right cerebellum interact during auditory
temporal processing [Mathiak et al., 2004].
At the level of right and left thalamus, the hemodynamic

response to click and syllable trains increased in parallel
with stimulation rate both in dyslexics and controls. Our
preceding study [Ackermann et al., 2001], by contrast, had
reported the rate-dependent activation pattern of the thala-
mus to be restricted to the left hemisphere. In line with the
latter data, a recent fMRI experiment [Tervaniemi et al.,
2006] found that only the thalamic nuclei of the left hemi-
sphere respond to length variation of speech stimuli. Con-
ceivably, the observed differences in thalamic rate-depend-
ent activation patterns between our previous [Ackermann
et al., 2001] and this study are due to methodological dif-
ferences such as the extension of the frequency range, the

Figure 2.

Subtraction analysis of the respective main effects during: (a)

acoustical stimulation with clicks in healthy control subjects ver-

sus dyslexics (upper row, left illustration) and vice versa (upper

row, right illustration); (b) acoustical stimulation with syllables in

healthy control subjects versus dyslexics (lower row, left illustra-

tion) and vice versa (lower row, right illustration). L, left; R,

right; z, distance to the intercommisural plane. Activated brain

region, T values [SPM-coordinates]: 1. Left anterior insula, 3.89

[230 24 26], 2. Right anterior insula, 3.46 [39 21 26], 3. Left

rolandic operculum (frontal part), 4.05 [242 15 26], 4. Right

rolandic operculum (frontal part), 3.73 [51 24 26], 5. Left ante-

rior insula, 4.71 [233 12 26], 6. Right anterior insula, 4.37 [36

18 26], 7. Left rolandic operculum (frontal part), 3.92 [242 18

26], and 8. Right rolandic operculum (frontal part), 4.52 [48 24

26]. Brain regions were determined using the SPM anatomy

toolbox (http://www.fz-juelich.de/inb/inb-3//spm_anatomy_toolbox)

and the AAL (anatomical automatic labeling) toolbox (http://

www.cyceron.fr/freeware). [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com.]
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Figure 3.

Analysis of frequency-dependent activation for click stimuli: Linear and nonlinear changes of sig-

nal intensity for different frequencies of acoustical stimulation displayed by the size of effect and

the variance of signal intensity (calculated in arbitrary units by SPM5; gray colored in dyslexics,

black colored in healthy control subjects). Note: scaling of the hemodynamic effects of the ante-

rior insula differs from that of all other regions.



Figure 4.

Analysis of frequency-dependent activation for syllable stimuli: Linear and nonlinear changes of

signal intensity for different frequencies of acoustical stimulation displayed by the size of effect

and the variance of signal intensity (calculated in arbitrary units by SPM5; gray colored in dys-

lexics, black colored in healthy control subjects). Note: scaling of the hemodynamic effects of

the anterior insula differs from that of all other regions.

r Steinbrink et al. r

r 2408 r



additional introduction of stimuli with linguistic content,
and the usage of a higher magnetic field intensity.
Rate had no significant impact on the hemodynamic

responses of the left and right superior temporal gyrus in
both groups and under both stimulus conditions, arguing
against a critical contribution of these structures to the
processing of rate information. This assumption is in ac-
cordance with other fMRI studies using nonspeech stimuli
in healthy adults as test materials [Ackermann et al., 2001;
Jamison et al., 2006]. Nevertheless, other studies support
the notion that the superior temporal gyrus has been
found to be involved in the analysis of speech and non-
speech sounds [Liebenthal et al., 2005].
At the level of the anterior insula, a profile resembling

the operation of a left-sided high-pass filter—in terms of
an increasing hemodynamic response in parallel with
increasing presentation rate—and a right-sided low-pass
filter—in terms of a decreasing hemodynamic response in
parallel with increasing presentation rate—emerged in
both groups during application of click trains. It is well
established that both insular cortices participate in several
key auditory processes, including different aspects of audi-
tory temporal processing [see Bamiou et al., 2003, for
review), and that the anterior part of the insula is espe-
cially relevant for the encoding of auditory information
[see Köttter, 2008, for review]. The rate-to-response func-
tions of the anterior insular cortex—as observed in this
and in previous studies [Ackermann et al., 2001]—support
the notion that the ‘‘double filtering by frequency’’ mecha-
nisms of both hemispheres [Ivry and Robertson, 1998] crit-
ically depend on this brain area. Given a fundamental role
of the anterior insula in auditory temporal processing, it is
noteworthy that group differences emerged particularly
within this region. Controls showed under both stimulus
conditions higher activation maxima within the anterior in-
sular cortex of either hemisphere. Dyslexics, by contrast,
exhibited larger hemodynamic responses of the left and
right frontotemporal operculum. Using rhyming and
verbal short-term memory tasks, requiring active phono-
logical processing, a variety of neuroimaging studies
reported diminished activation of insular areas in dyslexia
[Corina et al., 2001; Paulesu et al., 1996]. That these differ-
ential responses also emerged during passive listening
conditions and also in association with nonspeech stimuli
can be interpreted as evidence for a basic nonlinguistic
deficit in temporal auditory processing in dyslexics.
Paulesu et al. [1996] have proposed that insular dysfunc-

tions in dyslexia might give rise to a disconnection
between anterior and posterior speech areas, resulting in a
defective phonological processing system. Recent func-
tional neuroanatomy studies were able to demonstrate
bidirectional connections between the anterior insula, on
the one hand, and with the cingular, parietal, and prefron-
tal cortex, on the other [Kötter, 2008]. The insula, thus,
might serve as an anatomical bridge between various com-
ponents of the cerebral language network. Although the
results of this fMRI study offer an additional evidence for

insular dysfunctions in dyslexia, a preceding investigation
of our group [Steinbrink et al., 2008] documented dis-
rupted connections within the cerebral network underlying
reading skills in these patients. The previous study [Stein-
brink et al., 2008] had evaluated white matter neuroanat-
omy in dyslexics, using diffusion tensor imaging (DTI) in
subjects of a similar age when compared with the partici-
pants of this investigation. DTI revealed decreased frac-
tional anisotropy (possibly indicative of reduced axonal
myelination) in dyslexics in bilateral frontotemporal and
left temporoparietal white matter regions connecting brain
areas involved in language- or reading-related processes
[see Steinbrink et al., 2008, for more details]. These DTI
findings of reduced white matter anisotropy in dyslexia—
in combination with this fMRI findings of decreased insu-
lar activation in dyslexia—support the disconnection
hypothesis by Paulesu et al. [1996]. The aforementioned
activation of the frontotemporal opercula (frontal part of
the rolandic operculum) in dyslexics may be interpreted as
a compensatory process, as previous brain imaging studies
have shown that healthy adults do not activate the frontal
opercular cortices in passive listening to speech and non-
speech stimuli [Fiez et al., 1995].
In addition to decreased activation, material-specific dif-

ferences in hemodynamic activation of the anterior insula
could be found in dyslexics. By contrast to click trains, the
syllable condition did not elicit rate-dependent BOLD
effects in the dyslexics while controls exhibited the same
rate-to-response profiles under both stimulus conditions.
In consideration of differential hemispheric specialization
of rapid and slow auditory processing [Fiez et al., 1995;
Zatorre et al., 2002], dyslexics’ aberrant rate-to-response
profiles during application of syllables might reflect a
functional deficit in the specialization of the left hemi-
sphere for rapid temporal processing of speech.
The findings of this fMRI study provide evidence for a

insular contribution to auditory temporal processing defi-
cits in dyslexia. The question arises, however, why the dif-
ferences in hemodynamic activation were restricted to the
speech condition. Syllables and clicks not only differ in lin-
guistic content but also in spectrotemporal complexity.
Indeed, a number of fMRI studies on auditory temporal
processing in dyslexic adults and children found deficits
in the left-hemispheric specialization for rapid auditory
processing for both speech [Ruff et al., 2002] and non-
speech stimuli [Gaab et al., 2007; Temple et al., 2000]. The
nonspeech stimuli used in these studies were much more
complex than ours, because they were designed to mimic
the spectrotemporal characteristics of syllables [Temple
et al., 2000]. Thus, differences in the auditory, i.e., spectro-
temporal complexity of the stimulus materials might
explain differences between our results and those of other
fMRI studies on auditory temporal processing. This sug-
gestion is in line with previous studies, using the mis-
match negativity (MMN) component of the auditory event-
related potentials as a tool for the investigation of central
auditory processing in dyslexia (Bishop, 2007). Some of
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these studies found deviant MMN deflections in dyslexics
for nonspeech, but not for speech stimuli [Corbera et al.,
2006], others for speech but not for nonspeech stimuli
[Schulte-Körne et al., 1998], yet others for both kinds of
stimuli [Lachmann et al., 2005]. These observations point
at a critical impact of task demands and design upon audi-
tory temporal processing in developmental dyslexia [Bal-
deweg et al., 1999; see Bishop, 2007, for critical review].
Because this study did not rely on a sparse sampling

technique, it might be assumed that background scanner
noise influenced the results of the experiment in a system-
atic way. Indeed, several investigations were able to docu-
ment that dyslexics show impaired perception of speech
[Bradlow et al., 2003; Brady et al., 1983] and nonspeech
stimuli embedded in noise [Chait et al., 2007]. Deficient
noise exclusion even may represent an etiological factor of
developmental dyslexia [Sperling et al., 2005]. As we were
aware of this eventual confounding effect, participants
were offered the opportunity to adjust the volume of stim-
uli presentation to an individual comfortable loudness
level. Still, we cannot exclude the possibility that the group
differences we observed do partly stem from differential
impacts of scanner noise on neural activations. For three
reasons, we think however, that it is unlikely that group
differences can be explained by scanner noise alone. In
most brain regions, first, both groups showed the same
global activation levels and rate-dependent activation pro-
files. These observations argue against a differential impact
of scanner noise upon hemodynamic responses in dys-
lexics and controls. Second, group differences in rate-
dependent activation patterns in the anterior insula were
restricted to the speech condition, and are thus unlikely to
result from scanner noise. Third, dyslexics’ insular activa-
tion patterns differed in the speech and nonspeech condi-
tion, indicating that they are not produced by scanner
noise. As a consequence, the observed group differences
can be expected not to reflect a specific influence of scan-
ner noise on auditory processing in dyslexia.

CONCLUSIONS

Taken together, this study yielded the following central
findings

1. In healthy adults, the anterior insula exhibited a rate-
dependent pattern of hemodynamic activation resem-
bling a high-pass filter in the left hemisphere and a
low-pass filter in the right hemisphere during passive
listening to clicks and syllables applied at various
rates. This profile of insular activation corroborates
the suggestion of differential hemispheric specializa-
tion for temporal auditory processing and indicates
an important contribution of intrasylvian cortex to the
encoding of temporal aspects both of nonlinguistic as
well as linguistic material.

2. Dyslexics showed decreased activation of the left and
right anterior insula in passive listening to click and

syllable stimuli. Given the importance of the insula
for temporal auditory processing, this finding sug-
gests a basic nonlinguistic temporal auditory process-
ing deficit in dyslexia.

3. The click condition elicited almost equivalent rate-de-
pendent activation of the anterior insula both in dys-
lexics and controls. During application of syllable
trains, by contrast, only the control but not the dys-
lexic group showed a similar impact of stimulus fre-
quency upon hemodynamic responses of intrasylvian
cortex. As syllables and clicks not only differ with
respect to linguistic content but also in signal com-
plexity, it remains unclear whether these results
should be interpreted as evidence for a speech-spe-
cific temporal auditory processing deficit in dyslexia
or whether these data simply reflect differential sensi-
tivity of the two groups to acoustic stimulus charac-
teristics. Such ambiguities represent a general di-
lemma of studies addressing the question of general
auditory versus specific linguistic deficits of temporal
processing in dyslexia.

To conclude, this fMRI study provides evidence that the
anterior insula of both hemispheres (1) engages in the tem-
poral encoding of linguistic and nonlinguistic auditory
stimuli, (2) contributes to temporal auditory processing
deficits in dyslexia, and (3) appears to be involved in the
phonological problems of dyslexic subjects.
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