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This fMRI study investigated phonological vs. auditory temporal processing in developmental dyslexia by
means of a German vowel length discrimination paradigm (Groth, Lachmann, Riecker, Muthmann, &
Steinbrink, 2011). Behavioral and fMRI data were collected from dyslexics and controls while performing
same-different judgments of vowel duration in two experimental conditions. In the temporal, but not in
the phonological condition, hemodynamic brain activation was observed bilaterally within the anterior
insular cortices in both groups and within the left inferior frontal gyrus (IFG) in controls, indicating that
the left IFG and the anterior insular cortices are part of a neural network involved in temporal auditory
processing. Group subtraction analyses did not demonstrate significant effects. However, in a subgroup
analysis, participants performing low in the temporal condition (all dyslexic) showed decreased
activation of the insular cortices and the left IFG, suggesting that this processing network might form
the neural basis of temporal auditory processing deficits in dyslexia.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Developmental dyslexia is characterized as a specific dysfunction
concerning learning to read properly, in spite of average or above-
average intelligence and adequate schooling (Shaywitz & Shaywitz,
2005). Furthermore, the reading deficit does not result from
sensory deficits (American Psychiatric Association, 1994; Shaywitz,
1998). Dyslexia is described as a persistent condition and not a
‘‘transient developmental lag’’ (Shaywitz & Shaywitz, 2005;
Svensson & Jacobson, 2006) and is often accompanied by poor
spelling abilities. Although there is considerable agreement that
developmental dyslexia has a neurobiological basis (see Démonet,
Taylor, and Chaix (2004), Habib (2000) and Gabrieli (2009), for
review), the exact cognitive mechanisms underlying dyslexia
remain controversial (Démonet et al., 2004; Habib, 2000; Heim
et al., 2008). The core symptom of dyslexia on the behavioral level
is poor phonological processing (Ramus et al., 2003; Vellutino,
Fletcher, Snowling, & Scanlon, 2004; Wagner & Torgesen, 1987).
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Phonological deficits are manifested in poor phonological
awareness (Bradley & Bryant, 1983; Bruck, 1992; Elbro & Jensen,
2005; Swan & Goswami, 1997b; but see also Blomert & Willems,
2010), poor phonological recoding in lexical access (Denckla &
Rudel, 1976; Fawcett & Nicolson, 1994; Swan & Goswami, 1997a)
or poor phonological short-term memory (Jeffries & Everatt,
2004; Nelson & Warrington, 1980; Roodenrys & Stokes, 2001;
Steinbrink & Klatte, 2008). Furthermore, developmental dyslexia
is also associated with deficits in the perception of phonemes
(Adlard & Hazan, 1998; Godfrey, Syrdal-Lasky, Millay, & Knox,
1981; Manis et al., 1997; Mody, Studdert-Kennedy, & Brady,
1997). All these abilities are accomplished on the basis of
phonological representations. Thus, the phonological deficit in
dyslexia is assumed to result either from an underspecification of
representations (Adlard & Hazan, 1998; Boada & Pennington,
2006; Elbro & Jensen, 2005; Manis et al., 1997; Mody et al.,
1997; Swan & Goswami, 1997a,b) or from a suboptimal access to
these representations (Ramus & Szenkovits, 2008).

However, it is still unclear whether these phonological processing
deficits are the primary cause of developmental dyslexia or whether
they reflect a secondary symptom resulting from impairments in the
processing of basic acoustic parameters of the speech signal (Ahissar,
Protopapas, Reid, & Merzenich, 2000; Lachmann, Berti, Kujala, &
Schröger, 2005; Richardson, Thomson, Scott, & Goswami, 2004).
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The auditory temporal processing deficit hypothesis (Tallal, 1980),
for instance, argues that such phonological deficits in dyslexia are
secondary to low level auditory temporal processing impairments,
which affect the perception of acoustic elements characterized by
rapid transitions or short durations. According to this view, the basic
temporal processing impairment leads to an inability to integrate
sensory information entering the central nervous system in rapid
succession. This causes a cascade of effects, starting with disruption
of the normal development of the phonological system and
subsequent failure to read normally (Tallal, Miller, & Fitch, 1993).

A number of behavioral studies in which either non-speech or
speech stimuli were used confirm the hypothesis of an auditory
temporal processing deficit in dyslexic adults (Ben-Artzi, Fostick,
& Babkoff, 2005; Laasonen, Service, & Virsu, 2001; Vandermosten
et al., 2010; see Farmer and Klein (1995) for review) and children
(Cohen-Mimran & Sapir, 2007; Heiervang, Stevenson, & Hugdahl,
2002; Reed, 1989; Rey, De Martino, Espesser, & Habib, 2002; Tallal,
1980; van Ingelhem et al., 2001). However, there are also studies
which failed to identify such a deficit (Breier, Fletcher, Foorman,
Klaas, & Gray, 2003; Bretherton & Holmes, 2003; Schulte-Körne,
Deimel, Bartling, & Remschmidt, 1998). Additionally, some studies
investigating temporal processing by means of non-linguistic
stimuli and phonological processing by means of linguistic stimuli
come to the conclusion that phonological deficits can appear in
absence of temporal processing deficits (Boets, Wouters, van
Wieringen, & Ghesquière, 2007; Ramus et al., 2003; White et al.,
2006).

However, for interpreting this pattern of results it is important
to bear in mind that for testing the auditory temporal processing
deficit, tasks such as temporal order judgement or gap detection
were used, whereas for testing phonological processing, tasks such
as phoneme deletion, non-word repetition, or rapid automatized
naming (RAN) were used, measuring phonological awareness,
phonological short term memory, or phonological recoding in
lexical access, respectively. This means that the phonological vs.
temporal processing tasks in these studies differ not only in the
linguistic nature of the stimuli (linguistic vs. non-linguistic), but
also in complexity. Both stimulus and task complexity are usually
higher in phonological conditions as compared to the auditory
temporal conditions. This alone may explain why dyslexics showed
deficits in the phonological conditions only. Note, however, that
Tallal’s model does not take this confound into consideration. In
fact, her model would predict that even very simple temporally-
based tasks should predict reading and phonological processing.
It seems, however, that the temporal processing deficit as proposed
by Tallal is more complex than previously thought, and may
involve an interaction with task difficulty and/or stimulus
complexity. Indeed, recent behavioral studies by Vandermosten
and colleagues testing categorical perception of both speech and
non-speech stimuli comparable in auditory complexity showed
that dyslexic children (Vandermosten et al., 2011) and adults
(Vandermosten et al., 2010) are characterized by an auditory
temporal processing deficit that is not speech specific.

In the same vein our group (Groth, Lachmann, Riecker,
Muthmann, & Steinbrink, 2011) aimed to utilize the same task
and stimuli of comparable complexity for the investigation of
phonological and temporal processing in developmental dyslexia
using a vowel length discrimination paradigm. The German vowel
system is particularly suitable for that purpose, as it can be used to
investigate phonological as well as temporal and spectral process-
ing within the same phoneme category. In German, fourteen
monophthongs can be grouped into seven pairs of vowels
( , , , , , and )
that differ exclusively with respect to tenseness (tense vs. lax;
Wiese, 1996) or, synonymously, vowel length (long vs. short;
Lühr, 2000).
In German, vowel length perception is a phonological task, as
vowel length is phonemic and signals differences in meaning. For
example, the vowels and within the spoken word pairs
Mitte ( , [middle]) vs. Miete ( , [rental]) or and

in the word pairs Stall ( , [barn]) vs. Stahl ( , [steel])
differ exclusively in tenseness of vowel length (duration). Vowel
length differences in German are, however, not only characterized
by temporal cues, but also by spectral cues. Strange and Bohn
(1998) performed acoustical analyses of the seven German long-
short vowel pairs spoken in consonant–vowel–consonant (CVC)
syllables, which were produced either in citation form or embed-
ded into sentences. Absolute durational differences between the
long and short vowel of a pair ranged in citation form from 45 to
106 ms (M = 69 ms) and in the embedded condition from 27 to
77 ms (M = 35 ms). Similarly, in our behavioral study (Groth
et al., 2011) absolute durational differences between long and
short vowels of a pair (vowels were embedded in CVC syllables
and spoken in sentence condition) ranged from 40 ms for high
vowel pairs to 67 ms for low vowel pairs. These temporal
differences between long and short vowels overlap with the time
window for which Tallal and colleagues found temporal processing
deficits in language learning impaired children (Tallal & Piercy,
1975). This indicates that the temporal differences between long
vs. short German vowels are in an appropriate range for the
investigation of auditory temporal processing deficits in
developmental dyslexia.

In Groth et al. (2011) dyslexic adolescents and adults as well as
age-matched controls participated in a vowel length discrimination
experiment, where vowel pairs that were embedded into CVC
syllables differed only with respect to vowel length (e.g., vs.

). Three types of differences between long vs. short vowels were
varied: In the phonological condition, pairs of natural vowels were
used, differing in their temporal as well as in their spectral content.
In two temporal conditions, in contrast, a natural vowel was always
contrasted with the same vowel but with temporal manipulation
which kept the spectral content of long and short vowels identical.
Thus, the only distinguishing feature between the two vowels was
temporal in nature. The task was to indicate if the two presented
syllables were identical with respect to their vowel length or not.
No group effect was found for the phonological condition (natural
CVC pseudo-words). In the temporal conditions, where only
durational cues were available for discrimination, accuracy of both
groups decreased from the low vowel pair to the high vowel
pair . This result can be explained by the fact that the
temporal differences between the long and short vowel of a pair
decrease from (67 ms) to (40 ms). Additionally, in
both temporal conditions, dyslexics showed poorer discrimination
performance as compared to controls. This indicates that German
dyslexics are comparable to unimpaired adults when combinations
of spectral and temporal cues are available for vowel length
discrimination, but are impaired when only temporal cues are
accessible. These results suggest that developmental dyslexia is
associated with deficits in processing basic acoustic parameters of
the speech signal, in particular, with a deficit in temporal processing.

By measuring neural correlates of cognitive processes in
experimental designs, brain imaging techniques such as functional
magnetic resonance imaging (fMRI) or positron emission
tomography (PET) help to uncover the cognitive deficits underlying
developmental dyslexia. Many PET and fMRI studies report
abnormal activation patterns for phonological processing in
dyslexia (see Habib (2000), McCandliss and Noble (2003) and
Ligges and Blanz (2007), for review). However, only a few studies
have investigated low-level auditory processing in dyslexia using
functional brain imaging techniques.

Concerning temporal auditory processing in dyslexia, functional
neuroimaging studies with adults (Temple et al., 2000) and
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children (Gaab, Gabrieli, Deutsch, Tallal, & Temple, 2007) revealed
disruption of hemispheric specialization for rapid relative to slow
acoustic stimulation with non-linguistic stimuli in dyslexia: A
specific increased hemodynamic response for rapid in contrast to
slow stimuli was observed in regions of the left prefrontal cortex,
more specifically in left Brodmann Areas (BA) 46/47 and 9/10 along
the middle and superior frontal gyrus, as well as the left inferior
frontal gyrus, in normal controls. This was not found in dyslexics.

Ruff, Cardebat, Marie, and Démonet (2002) measured implicit
categorical perception of phonemes using normal and slowed
down stimuli. Interestingly, in dyslexics, activations in the anterior
Broca’s Area (BA 44/45) were increased for slowed down speech
stimuli as compared to speech stimuli at a normal rate, whereas
the reverse effect was found for controls. An fMRI study by
Steinbrink, Ackermann, Lachmann, and Riecker (2009) investigated
temporal auditory processing in dyslexia using both linguistic and
non-linguistic stimuli. Dyslexic adults and age-matched controls
passively listened to click and syllable trains presented at six
different frequency rates ranging from 1 to 9 Hz. The anterior
insula was identified as an important neural substrate of temporal
auditory processing. It has been shown in other studies that the
anterior portion of the insula is especially relevant for the encoding
of auditory information (Koetter, 2008) and is implicated in a wide
range of tasks that involve judgments of short periods of time
(Kosillo & Smith, 2010). In the Steinbrink et al. (2009) study,
dyslexics showed overall reduced activation of the insular region
in both the linguistic and the non-linguistic condition, supporting
the notion that auditory processing is impaired in developmental
dyslexia. Furthermore, controls showed rate-dependent hemody-
namic activation of the left and right insula in both conditions. In
dyslexics, however, rate-dependent activation of the insula was
restricted to the non-linguistic condition only. As syllables and
clicks not only differ in linguistic content, but also in stimulus
complexity, it remains unclear if this result should be interpreted
as evidence for a speech-specific temporal auditory processing
deficit in dyslexia.

In the present study, we adapted the vowel length discrimina-
tion paradigm introduced by Groth et al. (2011) for use in an fMRI
study in order to investigate neural correlates of temporal auditory
processing in dyslexia. This paradigm, as outlined before, addresses
both phonological and temporal processing in a single experimen-
tal task and uses stimuli of comparable complexity for both
experimental conditions. This approach overcomes methodological
confounds related to task and stimuli that hampered unequivocal
interpretation of the results of former studies.
Table 1
Participant group characteristics.

Dyslexics (n = 17; m = 12) Controls (n = 16; m = 11)

Mean SD Mean SD pa

Age (years) 18.61 2.75 18.67 2.99 .954
Non-verbal IQ 115.50 13.67 119.78 9.79 .192

Real-word reading
Errors (max. 48) 4.22 2.79 0.44 0.62 <.001
Reading time (s) 56.83 16.78 31.61 5.85 <.001

Pseudo-word reading
Errors (max. 48) 11.28 6.09 3.17 1.92 <.001
Reading time (s) 109.78 40.61 65.83 14.62 <.001

Spelling
Errors (max. 60) 39.44 8.99 12.17 6.97 <.001

Note: m = male.
a t-Test for independent samples.
2. Materials and methods

2.1. Participants

The same sample as in the study by Groth et al. (2011)
participated in this study. From the original sample of 40
individuals (20 dyslexics and 20 controls) seven had to be excluded
from the analysis due to severe movement artifacts (for more
details concerning the method see Section 2.4.2). This resulted in
17 participants with developmental dyslexia (mean age = 18.61;
12 males) and 16 control participants (mean age = 18.67; 11
males). Participants were matched with respect to age and gender.
Informed consent was obtained in line with the Institutional
Review Board of the University of Ulm. All participants were
(monolingual) native speakers of German and right-handed as
determined by means of the Edinburgh Handedness Inventory
(lateralization index >70%; Oldfield, 1971). None of the partici-
pants reported a history of neurological diseases, head injury,
psychiatric disorders or hearing loss.
In all dyslexic participants, the respective diagnosis had been
established in primary school. Dyslexics had a documented history
of both reading and spelling difficulties across their entire school
career and reported persistent difficulties up to the date of
investigation. In order to validate the previously given diagnosis
and to check the inclusion criteria, all participants, dyslexics and
controls, were tested before the experiment. One inclusion criterion
for this study was average or above average non-verbal intelligence
as measured by the Culture Fair Intelligence Test (German version,
Weiß, 1997). Furthermore, all participants were given standardized
tests of reading and spelling. For the evaluation of reading abilities,
a German reading test for adults was used (Schulte-Körne, 2001)
measuring reading time and reading errors for real words and
pseudo-words. In all four reading measures, dyslexic participants
scored two standard deviations below controls. Spelling was
measured by means of a standardized German spelling test for
adults (Kersting & Althoff, 2004) demonstrating very poor spelling
skills in the dyslexic group (below the 16th percentile). The control
group showed average or above average spelling skills (above the
31st percentile). Participant information is summarized in Table 1.

2.2. Vowel length discrimination paradigm

2.2.1. Stimulus materials
In our preceding behavioral study (Groth et al., 2011) we used all

existing seven German vowel pairs characterized by differences in
vowel length. The vowels were embedded into two CVC pseudoword
syllables, nVp and fVp. Stimuli were spoken by a female trained
speaker. Besides these natural stimuli, two kinds of temporally
manipulated stimuli were generated: Shortened long vowels and
lengthened short vowels. In order to assure enough repetitions as
well as stable and strong hemodynamic responses, in the current
fMRI experiment we used a subset of the stimuli applied in the study
by Groth et al. (2011). Only one CVC syllable, fVp, was presented,
applying only natural and shortened long vowels. Furthermore, only
three out of seven vowel pairs were selected. This selection was
based on our earlier finding of decreased discrimination accuracy
with increasing vowel height in the temporal condition (vowel
height refers to the tongue position in the mouth). In order to
represent the whole spectrum of discrimination performance one
vowel pair from each vowel height was chosen: One vowel pair with
high vowel height, i.e. , one with mid vowel height, ,
and one with low vowel height, i.e. .

In the following we will describe those parts of the general
methodology employed in Groth et al. (2011) for generating and
manipulating the stimuli in more detail that are relevant for the
present experiment.

The CVC combination fVp creates monosyllabic pseudowords,
which are legal phoneme strings according to German phonotactic



Table 2
Average durations (in ms) of long and short vowels within the pseudo-word syllable
/fVp/ produced in continuous speech.

Vowel
height

Vowel
pair

Vowel duration Durational
difference

Long
vowel

Short
vowel

Long-short vowel

High 91 52 39
Mid 109 68 41
Low 140 75 65
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rules. Syllables were spoken embedded in a sentence by a female
trained speaker, with normal speaking rate and without stress.
The best samples of syllables were double checked by a naïve
sample of ten adults (lab members not beeing familiar with the
study) in an identification task to assure that the chosen syllables
fall within the aforementioned CVC category boundaries. This set
of stimuli was used in its natural, inartificial way and is therefore
referred to as original or natural vowels/stimuli.

Additionally, a second stimulus set was generated by
manipulating the lengths of the original vowels. This manipulation
was based on vowel length determination of the natural vowels
(average vowel lengths of the long and short vowels used in this
study are given in Table 2) and was performed with a special
phonetics software package (Praat; Boersma & Weenink, 2005).
First, the length of the vowel in each original CVC-syllable was
measured. Here, only the steady-state phase of the vowels was
used. Transitions were not considered, as the perceived manner
of syllable-initial stop consonants shifts from stop to glide when
formant transitions are lengthened (Borden, Harris, & Raphael,
1994; Mody et al., 1997). Vowel length was identified by visual
inspection of spectrograms (formant movements) and waveforms.
Additionally, selected vowel parts were controlled acoustically to
exclude possible co-articulations. Second, the duration of each long
vowel was shortened by adjusting its’ vowel length to the duration
of the short partner vowel, while the spectral characteristics of the
long vowel were retained. For that purpose, Praat performs linear
interpolations within the selected portion and compresses it to
the defined duration. This procedure resulted in a shortened long
vowel with the length of a short vowel but the spectral information
of a long vowel. To assure that the manipulated stimuli were not
perceived as synthetic or unnatural, all participants were asked
to indicate stimuli that sounded unnatural. All participants judged
all stimuli as sounding perfectly normal, except one participant
who rated one stimulus as sounding artificial.

2.2.2. Experimental procedure
We conducted an auditory two-alternative forced-choice

discrimination experiment in an event related design. Within the
scanner, participants listened to pairs of CVC-syllables. In the
category same, the two syllables of a pair were identical. In the
category different, the paired syllables did only differ with respect
to the vowel portion of the syllables. More precisely, the two
vowels of a syllable pair did exclusively differ in length. Two types
of difference between long vs. short vowels were varied: In the
phonological condition, the vowel length difference was phonologi-
cal in nature (i.e. vowels differed in spectral as well as temporal
content) by combining a natural long vowel with its natural short
complement. In the temporal condition, the vowel length difference
was temporal in nature. Here a natural long vowel was always
paired with a shortened long (i.e. temporally manipulated) vowel.
That means that both vowels carried the same spectral information
(that of a long vowel) and differed exclusively with respect to
duration. In both experimental conditions (phonological vs.
temporal) the selected three German vowel pairs ( ,

and ) were presented 20 times each. This amounted
to a total of 120 different trials (2 conditions � 3 vowel pairs � 20
repetitions). To avoid response bias another 60 trials of stimulus
pairs of the category same were interspersed into the experiment.
For these same pairings, natural (phonological) as well as tempo-
rally manipulated stimuli with long and short vowels were used
at an equal rate. Altogether, the whole experiment consisted of
180 trials (60 same, 120 different), which were presented in
pseudo-randomized order within three blocks of 60 trials. Each
of these blocks consisted of equivalent trial sets (20 same, 40
different).

For stimulus delivery and experimental control, the software
Presentation (Neurobehavioral Systems Inc., San Francisco, CA,
USA) was used. Stimuli were presented via specially manufactured
headphones for application within the fMRI scanner and were well
discernible at a comfortable loudness level against the background
noise of the scanner. The participants‘ task was to decide whether
the two pseudo-word syllables presented in succession were same
or different with respect to vowel length. Participants were
instructed to respond as accurately as possible. Responses were
detected by button presses (two alternatives: same vs. different)
using an fMRI compatible response box. The inter-stimulus-
interval (ISI) between the two syllables of a pair was 250 ms.

Prior to the fMRI experiment, participants practiced this task
several times out- and inside the scanner in order to get acquainted
with the test material. In all practice trials, participants received
auditory feedback (error tone) if their response was wrong. In
contrast, during the experiment, no feedback was given. The whole
fMRI experiment (including training phase, functional measuring
phase and anatomical scanning phase) lasted approximately 60 min.

2.3. fMRI data acquisition

Participants rest on supine in a 3.0 T head-scanner (Siemens
Allegra, Germany), their heads being fixated by means of foam
rubber in order to minimize movement artifacts. Thirty-two parallel
axial slices (thickness = 3.0 mm, gap = 1.0 mm) were obtained
across the entire brain volume (3 runs � 186 images, resulting
altogether in 558 image volumes; including five initial dummy scans
for the equilibration of T1 saturation effects) using an echo planar
imaging sequence (64 � 64 matrix, field of view = 224 mm �
224 mm, TE = 40 ms, TR = 3 s, flip angle = 90�, voxel size = 3.5 �
3.5 � 3.0 mm) in descending order (i.e. the most superior slice was
sampled first). For anatomical localization of activated areas, the
fMRI maps were superimposed on a T1-weighted 3D sequence
(MPRAGE; 208 sagittal slices, thickness = 1.0 mm, 256 � 256 matrix,
field of view 256 � 256 mm2, TE = 4.38 ms, TR = 2.2 ms).

2.4. Data analysis

For both fMRI as well as behavioral data only different trials
were analyzed; same trials were treated as control condition. This
was done under the assumption that performance for same trials
should be close to perfect within both groups, as same vowels
are always matched in both their temporal and their spectral
content, making the information relevant for decision redundant
and thus the task easier (e.g., Lachmann & Geissler, 2002;
Lachmann & van Leeuwen, 2005). This was approved by our
behavioral study (Groth et al., 2011) revealing very good
performance for same trials with no group differences. Similarly,
in this study performance on same trials was almost perfect with
no group effect, neither on the behavioral nor on the neural level.
Therefore these trials were not further analyzed.

2.4.1. Analysis of behavioral data
The implementation of this fMRI experiment allowed also for

acquisition of behavioral data during the measurement of
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hemodynamic brain activation. Response accuracy was analysed
using repeated measures analyses of variance (ANOVAs).
Post-hoc analyses were performed with follow-up ANOVAs, t-tests
for independent samples and/or paired t-tests. More precisely,
different trials were analyzed using a three-factorial omnibus
ANOVA with the between-subject factor Group (dyslexics vs.
controls) and the within-subject factors Stimulus condition
(phonological vs. temporal) and Vowel type ( , and

).

2.4.2. fMRI data analysis
Overview: After data preprocessing comprising realignment, slice

timing correction, coregistration, segmentation, normalization and
smoothing by use of a batch file for each individual processing with
SPM standard settings as described in the SPM5 manual (Wellcome
Department of Imaging Neuroscience, London, UK), (1) single
subject statistic analysis using the hemodynamic response function
with its first derivative was performed in order to determine the
influence of vowel length discrimination in the phonological vs.
temporal condition in controls and dyslexics. (2) These data were
then used for the subsequent group analyses and (3) for subtraction
analysis between controls and dyslexics to determine group
differences.

Data preprocessing: fMRI data were transformed to an
ANALYZE-compatible format and analyzed using the SPM5
software package. Each anatomical T1-weighted image was
realigned to the standard T1 template provided by the SPM5
software package. All realignment parameters were saved and
modeled as confounds within the general linear model (Friston,
Frith, Frackowiak, & Turner, 1995). Besides this procedure no
special correction for linear drifts was performed. Coregistration
of the functional images then relied on the same transformation
matrix. Subsequently, spatial normalization and correction of
MRI images into a standard echoplanar imaging (EPI) template in
MNI standard space (standard space suggested by the Montreal
Neurological Institute) was performed. Finally, the normalized data
sets were smoothed with an isotropic Gaussian kernel (12 mm
full-width at half maximum).

Head displacements during fMRI measurements influence spin
excitation history and, thus, modify the BOLD signals of the
respective scans. In order to account for these artifacts, the SPM5
software estimates the movement parameters during the realign-
ment of functional images by comparing each slice to its reference,
usually the first scan of a measurement series. As a second step of
analysis, SPM5 performs a mathematical adjustment based on a
moving average-autoregression model of spin excitation history to
remove persisting movement-related components (Frackowiak,
Friston, Frith, Dolan, & Mazziotta, 1997). It could be demonstrated
that this procedure removes as much as 90% of the variance due to
movement-related effects in an fMRI time series. The present
experiment measured continuously the complete brain volume
using a TR of 3 s. We checked the head movement parameters in
all (x-, y- and z-) directions after the realignment step of signal
analysis. Based on our experiences from former studies (Riecker,
Brendel, Ziegler, Erb, & Ackermann, 2008; Riecker, Kassubek,
Gröschel, Grodd, & Ackermann, 2006; Riecker et al., 2005), we
decided, prior to the experiment, to exclude those data sets with
more than 2-mm motion in any direction. Due to this procedure
three dyslexics and four controls (all male) had to be excluded from
this study based on movement artifacts. For the statistical analysis a
general linear model (GLM) was used. Estimation of the GLM was
performed after specification of the GLM design and matrix as well
as after dedication of the fMRI data files and filtering parameters.
For this, we used the standard procedure as suggested by SPM5.

Categorical hemodynamic response functions and subtraction
analysis: The resulting contrast images during vowel length
discrimination in the phonological and the temporal condition in
dyslexics and controls provided the data base for all subsequent
steps of statistical analysis. Contrast images (different trials minus
rest) were calculated with one- and two-sample t-tests using SPM5
batch files. After single subject analyses second level group analy-
ses were performed as whole-brain analyses. No region-of-interest
(ROI) analyses were performed. To detect group differences
subtraction analyses with t-tests for independent samples between
controls and dyslexics (and vice versa) were performed for both
the phonological and the temporal stimulus condition. For
anatomical localization of activated areas, the fMRI maps were
superimposed on transverse sections of the structural MR images
averaged across all participants. The height threshold of the
present study at voxel level was set at p < .05 (T > 3.10; family-wise
error; corrected for multiple comparisons).
3. Results

3.1. Behavioral data – Discrimination accuracy for ‘‘different’’ trials

We examined discrimination accuracy for phonological and
temporally manipulated vowels in CVC syllable pairs in normally
reading adults and adults with dyslexia. A three-factorial ANOVA
revealed three main effects: First, a main effect of Group,
F(1,31) = 7.45, p < .05, with dyslexics performing significantly
inferior (M = 83.21%, SD = 11.78%) as compared to controls
(M = 92.08%, SD = 5.71%). Second, a main effect of Stimulus
condition, F(1,31) = 64.97, p < .001, where performance in the
phonological condition (M = 98.51%, SD = 3.39%) was better than
in the temporal condition (M = 76.49%, SD = 18.38%). Third, a main
effect of Vowel type, F(2,62) = 41.51, p < .001. Pairwise compari-
sons showed that the low vowel pair was discriminated
significantly better (M = 96.09%, SD = 7.91%) than the other two
vowel pairs ( : M = 83.36%, SD = 13.28%; :
M = 83.07%, SD = 12.82%; p < .001 for both t-tests).

An interaction of Stimulus condition � Group was found to be
significant, F(1,31) = 5.95, p < .05. Post-hoc analyses revealed that
in the phonological condition, groups did not differ in accuracy,
whereas in the temporal condition, controls showed a significantly
higher response accuracy (M = 84.47%, SD = 11.47%) as compared
with dyslexics (M = 68.98%, SD = 20.70%), t(31) = �2.64, p < .05
(see Fig. 1).
3.2. fMRI data – BOLD response to ‘‘different’’ trials

On the basis of the computation of the categorical hemodynamic
response functions, brain activation during different trials was
compared to brain activation during rest. Initially, fMRI data
analyses of different trials were performed separately according to
the behavioral data analysis, focusing on (a) Group, (b) Stimulus
condition and (c) Vowel type effects. As hemodynamic brain
activation for the three different vowel types (high vs. mid vs. low)
did not differ, they were grouped together for further analyses.
Hence, stimuli were again analyzed only with respect to stimulus
condition (phonological vs. temporal) and group (dyslexics vs.
controls), thus concentrating on the effect of temporal information
processing for vowel length discrimination. For both groups we
found no correlation between measures of behavioral discrimina-
tion performance and measures of brain activity.

During phonological vowel length discrimination (i.e. when
activations in different trials in the phonological condition were
contrasted with rest), only brain activation within the bilateral
auditory cortex (superior temporal gyrus [STG]) could be observed
(Fig. 2, Table 3). During temporal vowel length discrimination (i.e.
when activations in different trials in the temporal condition were



Fig. 1. Discrimination accuracy for different trials (in percent correct) for stimulus
conditions and vowel types for dyslexics and controls (significance of differences:
⁄ = p < .05; ⁄⁄ = p < .01): (top) phonological condition (original long vowel paired
with original short vowel; both vowels differ in spectral and temporal content);
(bottom) temporal condition (original long vowel paired with shortened long vowel;
both vowels are spectrally long and differ only on the temporal dimension).

Fig. 2. Hemodynamic brain activation during the phonological and the temporal
condition. Activations in different trials in the phonological condition (top row) and
in the temporal condition (bottom row) are contrasted with rest. Notes: Brain
activation is displayed on transverse section of the anatomical reference images
(SPM5 template); L = left hemisphere; Z = distance to inter-commissural plane.
Brain regions were determined using the SPM anatomy toolbox (http://www.fz-
juelich.de/inb/inb-3//spm_anatomy_toolbox) and aal (anatomical automatic label-
ing) toolbox (http://www.cyceron.fr/freeware).

Table 3
Categorical analysis during discrimination of vowel pairs in the phonological and
temporal condition in healthy controls and dyslexics.

Phonological condition Temporal condition

Dyslexics Controls Dyslexics Controls

Inferior frontal Left n.s. n.s. n.s. T = 4.02
Gyrus (BA 44/45) [�45 36 0]
Anterior insula Left n.s. n.s. T = 4.09 T = 3.84

[�36 18 3] [�36 15 3]
Right n.s. n.s. T = 4.23 T = 4.54

[42 18 3] [36 18 3]

Superior
temporal

Left T = 3.50 T = 4.24 T = 4.58 T = 3.74

Gyrus (BA 40/41) [�51 �18 0] [�51 �21 3] [�48 �21 0] [�48 �21 3]
Right T = 4.39 T = 6.16 T = 4.89 T = 4.91

[54 �21 3] [54 �18 3] [54 �21 0] [51 �21 3]

Notes: T values represent activation maxima within each region. SPM-coordinates
are given in square brackets. BA = Brodmann Area; n.s. = not significant. Brain
regions were determined using the SPM anatomy toolbox (http://www.fz-jue-
lich.de/inb/inb-3//spm_anatomy_toolbox) and aal (anatomical automatic labeling)
toolbox (http://www.cyceron.fr/freeware).
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contrasted with rest), an additional task specific bilateral
activation of the insular cortex in both groups was found (Fig. 2,
Table 3). Furthermore, controls demonstrated a significant
activation within the left inferior frontal gyrus in the temporal
condition (Fig. 2, Table 3).

In order to detect group differences, subtraction analyses
between controls and dyslexics (and vice versa) in the phonological
and temporal condition were performed, demonstrating no
significant effects. In the temporal condition, the subtraction
analyses showed, however, non-significant tendencies for higher
activations in the left anterior insula (T = 3.06, p = .066) and the left
IFG (T = 3.02, p = .078). Thus, the lack of group differences in the
subtraction analyses might be due to lack of statistical power.
Therefore, we performed additional subgroup analyses based on
high and low discrimination performance in the temporal vowel
length discrimination task to compare the hemodynamic brain
activation in the temporal condition in these subgroups irrespective
if participants were classified as controls or dyslexics. In high
performers, more than 90% of responses were correct (n = 6; five
controls and one dyslexic participant), while in low performers less
than 60% of responses were correct (n = 5; only dyslexics). This
analysis revealed decreased hemodynamic brain activation of the
insular cortices (left anterior insula: T = 3.92, p = .037; right anterior
insula: T = 5.97, p = .008) and the left IFG (T = 5.47, p = .02) in low
compared to high performing participants (see Fig. 3).
4. Discussion

The aim of the current fMRI study was to investigate the neural
characteristics of auditory temporal processing in developmental
dyslexia by means of the German vowel system. In a same–different
task pairs of German vowels differing in vowel length, each
embedded into monosyllabic pseudo-words, were compared. The
accuracy of vowel length discrimination as well as the task specific
hemodynamic brain activation was analyzed. The discrimination of
vowel lengths is a phonological task, as vowel length is phonemic
in German. Long and short German vowels differ with respect to
both their temporal (quantity) and spectral (quality) content.
Based on that, two experimental conditions were compared in
the current study: In the phonological condition, both temporal
and spectral information was available for discrimination. In
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http://www.cyceron.fr/freeware


Fig. 3. Subgroup subtraction analysis (high vs. low performers) during the temporal condition. Activated brain regions with T-values [SPM-coordinates]: 1. Left anterior
insula: 3.92 [�35 21 �3]; 2. Right anterior insula: 5.97 [42 15 �3]; 3. Left IFG: 5.47 [�45 48 �3]. Notes: Brain activation is displayed on transverse section of the anatomical
reference images (SPM5 template); L = left hemisphere; Z = distance to inter-commissural plane. Brain regions were determined using the SPM anatomy toolbox (http://
www.fz-juelich.de/inb/inb-3//spm_anatomy_toolbox) and aal (anatomical automatic labeling) toolbox (http://www.cyceron.fr/freeware).
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contrast, in the temporal condition, spectral information was kept
constant between the two vowels, thus the vowels within the
syllable-pairs differed only with respect to their temporal content.
This approach in addressing phonological as well as temporal
processing within the same task by using experimental stimuli that
do not differ in their linguistic content and that show comparable
complexity, is unique. Furthermore, in contrast to other imaging
studies that preferentially utilized passive listening paradigms,
participants of this experiment had to make explicit judgments
concerning phonological vs. temporal vowel length differences.
This allows for a direct comparison of the participants’
performance and the corresponding neural activation.

The behavioral results of this fMRI study replicate the results of
our previous experiment (Groth et al., 2011). Based on the
discrimination performance for different trials, the behavioral
findings obtained in the current fMRI experiment suggest a
temporal auditory processing deficit in dyslexic individuals: In
the phonological condition, when both spectral as well as temporal
information were available for decision making (as is the case in
natural German language), accuracy was equivalent in dyslexics
and controls. However, when only temporal information was
available for vowel length discrimination, dyslexics performed less
accurately than controls. Attentional differences between dyslexics
and controls (see e.g. Rüsseler, Kowalczuk, Johannes, Wieringa, &
Münte, 2002) seem unlikely to explain these results, as phonolog-
ical and temporal trials were presented in pseudo-randomized
order throughout the whole experiment. Rather, it seems that
adult dyslexics adequately exploit the combination of temporal
and spectral information in phonological vowel length processing,
but fail to discriminate vowel lengths when they are deprived of
spectral information, as is the case in the temporal vowel length
processing task. As spectral processing of vowel length was not
investigated, the results of the current fMRI study as well as of
the behavioral study by Groth et al. (2011) leave open the question
whether adult dyslexics are selectively impaired in the temporal
processing of vowel length or if their performance is impaired
whenever acoustic cues signalling vowel length differences are
removed (see also Groth et al. (2011) for a more detailed discussion
of this point).

Based on the observed temporal auditory processing impair-
ment in our dyslexic sample this fMRI study addressed the neural
activation pattern of auditory temporal processing of linguistic
material and its possible disruption in developmental dyslexia. In
the phonological condition, hemodynamic brain activation was
observed bilaterally within the auditory cortices (STG) in controls
and dyslexics. Analysis of the temporal condition revealed an
additional bilateral activation of the anterior insular cortices in
both groups and a significant activation within the left IFG in
controls. Group subtraction analyses did however not demonstrate
significant effects, although there was a tendency (p < 0.1) of
increased hemodynamic activation in the left anterior insula and
left IFG. A subgroup subtraction analysis based on performance
in the temporal condition (high performers with over 90% correct
responses [n = 6; 5 controls and 1 dyslexic] were compared to
low performers with less than 60% correct responses [n = 5; only
dyslexics]), showed significantly decreased hemodynamic
activation of the anterior insular cortices and the left IFG in low-
compared to high-performing participants.

4.1. Neural correlates of temporal auditory processing of vowel length
in control participants

Generally, studies in healthy controls demonstrate functional
hemispheric asymmetry during analyzing speech. The left hemi-
sphere is supposed to process information in shorter temporal
integration windows (25–50 ms; e.g., Ackermann & Riecker,
2004; Ackermann et al., 2001; Hickok & Poeppel, 2000, 2004; Ivry
& Robertson, 1998; Poeppel, 2001; Riecker et al., 2008; Zatorre,
Belin, & Penhune, 2002), providing higher temporal resolution at
the expense of lower spectral resolution. Vice versa the right
hemisphere is proposed to preferentially process information over
longer time windows (150–250 ms; Jamison, Watkins, Bishop, &
Matthews, 2006; Poeppel, 2001; Schönwiesner, Rübsamen, & von
Cramon, 2005; Zatorre & Belin, 2001), at least for non-speech
stimuli. This is further supported by a current study by Abrams,
Nicol, Zecker, and Kraus (2008), who found that slow temporal
features in speech (like the speech envelope) are preferentially
processed by the right hemisphere. In consequence, hemispheric
differences might reflect a higher specialization of the left
hemisphere concerning rapid temporal processing, and of the right
hemisphere for fine and subtle extraction of the spectral informa-
tion of the (speech) signal.

In contrast to previous studies, during temporal vowel length
discrimination such a lateralization effect was found only at the
level of the left IFG, whereas during phonological vowel length
discrimination, specific hemodynamic brain activation of the left
and right auditory cortex could be observed. When focusing on
the hemodynamic brain activation specific to the processing of
temporal stimuli again bilateral activation of the auditory cortex
(STG) was present. This is in accordance with other studies, like
for example by Zaehle, Wüstenberg, Meyer, and Jäncke (2004)
who found primary and secondary auditory cortex activation dur-
ing perception of rapid temporal information independent of the
linguistic demands. They investigated rapid temporal information
processing by means of a gap detection and syllable discrimination
task with a sparse sampling paradigm. Though, in their study an
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exclusively left-sided task specific activation was reported, which
was not found in our study. This might be due to the differing
acquisition paradigm. Continuous scanning (as performed in our
study in contrast to sparse sampling which was used by Zaehle
et al. (2004)), with its acoustic scanner noise might of course
interfere with the auditory stimuli, so that fine-graded hemody-
namic signal changes are not detected. On the other hand, several
neuroimaging studies comparing slow and fast spectral changes
failed to show such lateralization effects (Hall, Hart, & Johnsrude,
2003; Temple et al., 2000) on the level of the auditory cortex.

In addition to the activation of the auditory cortices, a clear
bilateral activation of the anterior insular cortices was revealed
for the control group in temporal processing of vowel length,
suggesting that vowel length contrasts in the temporal condition
were processed differently than in the phonological condition.
The insular cortex has been suggested by previous studies to be
an important neural substrate for processing rapid temporal
aspects of non-speech as well as speech stimuli (Ackermann
et al. (2001) and Steinbrink et al. (2009); for review, see Bamiou,
Musiek, & Luxon, 2003). Especially the anterior insula, which was
also found in this study, was identified as part of a frontostriatal
timing circuit (Kosillo & Smith, 2010). However, the clear role of
the anterior insula in timing remains uncertain (for review, see
Kosillo & Smith, 2010). Many studies suggest a lateralization effect
within this region to the left hemisphere during temporal process-
ing (Ackermann & Riecker, 2004; Ackermann et al., 2001; Hickok &
Poeppel, 2000, 2004; Ivry & Robertson, 1998; Riecker et al., 2008;
Tervaniemi & Hugdahl, 2003; Zatorre et al., 2002). Asymmetric
activation of the insula however, could not be replicated in our
study. One possible explanation for this finding is that the duration
differences between long and short vowels used in our stimuli are
not adequate in order to elicit a strong lateralization effect as
reported in other papers. In our study the absolute durational
differences between long and short vowels of a pair ranged from
39 to 65 ms (see Table 2).

Poeppel (2001) proposes that speech signal information within
a short temporal integration window of 25–50 ms is preferentially
extracted by left hemisphere mechanisms. Belin et al., 1998 used in
their study stimuli with either rapid formant transitions of 40 ms
(in the range of Poeppels’ proposed time window) or slow transi-
tions of 200 ms. They too, found a clear left-biased asymmetry
for the processing of rapid frequency transitions. However, when
parametrically analyzing the hemodynamic brain activation
specific to the three different vowel types used in our study (high
vowel pair with a durational difference of 39 ms, mid
vowel pair with a durational difference of 41 ms and low
vowel pair with a durational difference of 65 ms) no
differing activation pattern and no lateralization effect could be
observed between the first two vowel types, which duration differ-
ences lie in the short temporal integration window proposed by
Poeppel (2001), and the low vowel type with a longer time range.
So the question remains why this lateralization effect could not be
observed in this study.

Another reason might be that the brain activation during the
highly cognitive task of this study overlays the subtle activation
differences for rapid and slow temporal processing. Maybe a passive
listening paradigm would have revealed such differences and
lateralization effects as reported by other studies. On the other hand,
not all previous studies report a clear lateralization effect. Gandour
et al. (2002) investigated vowel length discrimination for Thai
vowels in an fMRI experiment and found bilateral activation of the
insular cortex. Similarly, Kosillo and Smith (2010) summarize that
the issue of hemispheric lateralization in time perception, either in
the insula or more generally, remains unsolved.

In addition to the bilateral activation of the insula the temporal
stimulus condition elicited a supplementary activation of the left
IFG in control participants. Now, at the level of the IFG a clear
lateralization effect, as mentioned before, is existent. This is in
accordance with previous studies who describe the left IFG as an
important neural region within a network for processing rapid
temporal cues (Joanisse & Gati, 2003; Tervaniemi & Hugdahl,
2003) in speech and non-speech stimuli. Gandour et al. (2002)
for example report in their vowel length discrimination task acti-
vation of left prefrontal areas like the left IFG, irrespective if vowel
length differences were long or short. They suggest that in left pre-
frontal regions, like the IFG, segmental as well as suprasegmental
duration features are processed. In a parametric passive listening
paradigm, with speech and non-speech stimuli presented at six dif-
ferent frequency rates (1–9 Hz), Steinbrink et al. (2009) tested
rate-dependent auditory processing capabilities in controls and
dyslexics. They too, found a significant hemodynamic activation
of the left IFG in response to speech and nonspeech stimuli.

On the other hand, the activation of the left IFG might also be an
effect of task difficulty. Results from Poldrack et al. (2001), where
participants performed an auditory sentence verification task on
speech samples that were temporally compressed to different de-
grees, suggest that left IFG activation might tend to increase as a
function of any manipulation that results in increased processing
demands. This might also apply to our experiment. The discrimina-
tion of vowel length in the phonological condition is somehow eas-
ier as both spectral as well as temporal information are available
for decision making. In contrast to that during the temporal condi-
tion participants have to rely solely on the temporal information as
it is the only distinguishing factor between the two given vowels,
thus making the task harder and resulting in increasing processing
demands.

4.2. Neural correlates of temporal auditory processing of vowel length
in dyslexia

Like control participants, dyslexics show bilateral hemody-
namic brain activation within the auditory cortices in the phono-
logical vowel length discrimination task, and additional bilateral
activation of the anterior insula in the temporal vowel length dis-
crimination task, which is in accordance to the aforementioned
studies on temporal auditory processing in participants without
reading deficits. Activation of the left IFG in the temporal condi-
tion, as observed in the control group, was not found in dyslexics.

A group subtraction analysis (controls vs. dyslexics and vice
versa), performed for both the phonological and temporal condi-
tion, did not reveal significant activation differences between dys-
lexics and controls. This lack of group differences is at odds with
results by Heim et al. (2010), who studied syllable, word and tone
discrimination in dyslexic children and found increased activation
in the right inferior frontal sulcus and middle frontal gyrus, as well
as reduced activation in the right superior temporal cortex in the
dyslexic group. Methodological differences (e.g. concerning age of
participants, stimulus materials and design) might, however,
explain the discrepancy of the findings.

Still, the lack of group differences is especially unexpected in
the temporal condition, as on the behavioral level dyslexics clearly
show lower performance in the temporal vowel length discrimina-
tion task than controls. The question remains why the observed
behavioral deficit cannot be found on the neural level? Maybe
the statistical power is not sufficient. A tendency towards differing
brain activations between dyslexics and controls can be seen in the
temporal condition of our study, though significance is not
reached. To solve this problem of statistical power an additional
subgroup subtraction analysis was performed. When comparing
groups based on their discrimination performance (high perform-
ers with 90 and more percent correct vs. low performers with 60
and less percent correct) activation within both anterior insular
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cortices and the left IFG is significantly higher in the high perform-
ing group during temporal processing of vowel length.

With respect to the neural response of dyslexics, noticeably, the
high performing group comprises, with five controls and one
dyslexic, mostly control participants. But still, one dyslexic
participant is also found in this high performing group. Therefore
one has to consider that dyslexia is unlikely to represent a single
core deficit. First, only children with multiple deficits might devel-
op manifest literacy impairments leading to developmental
dyslexia (Bishop, 2006; Snowling, 2008). Second, there might be
diagnostic subgroups of dyslexic individuals that are characterized
by different core deficits (Aaron, Joshi, & Williams, 1999; Heim
et al., 2008; Lachmann & van Leeuwen, 2008; Lachmann et al.,
2005). This problem of heterogeneity in dyslexia might also be
the reason for the lack of significant results in the group subtrac-
tion analysis.

Still, within the low performing group only dyslexic participants
are found (n = 5), all exhibiting decreased activation patterns in the
mentioned brain regions. Quite some recent studies argue for a dis-
ruption of the neural response in prefrontal/frontal regions to rapid
acoustic stimuli in developmental dyslexia (Corina et al., 2001;
Gaab et al., 2007; Ruff et al., 2002; Steinbrink et al., 2009; Temple
et al., 2000).

On the level of the anterior insula a decreased hemodynamic
activation is found for the group of low performing dyslexics dur-
ing temporal auditory processing of linguistic stimuli. This was
also observed in the study by Steinbrink and colleagues (2009),
where dyslexic adults passively listened to click and syllable
trains presented at six different frequency rates ranging from 1
to 9 Hz. In the control group, activation of the left anterior insula
increased linearly with presentation rate, while activation of its
right counterpart decreased with presentation rate. This hemody-
namic activation pattern was found for both the click and the
syllable condition. In dyslexics, in contrast, rate-dependent
hemodynamic activation of the left and right insula was
restricted to the click condition only and lacking for the speech
stimuli. Moreover, like in our study, dyslexics generally exhibited
reduced activation of both the left and the right insular region in
both conditions.

As to the neural response of the left IFG in dyslexics our findings
exhibit in accordance to previous studies a decreased activation of
the left IFG in low performing dyslexics during the temporal condi-
tion. For example, Gaab and colleagues (2007) investigated in their
study the hemodynamic brain activation of children with and
without reading deficits to complex non-linguistic stimuli with
either rapid (40 ms) or slowed (200 ms) frequency transitions. An
increased response to the rapid vs. slow stimuli was observed in
the left Brodmann Area 10 of the normal-reading population. This
sensitivity was lacking in dyslexics. Furthermore, group analyses
exhibited greater activation in the left IFG, as well as other brain
regions, in normal reading compared to dyslexic children. Gaab
et al. (2007) replicated with their study the findings by Temple
and colleagues (2000) that performed the same experiment with
normal reading and dyslexic adults.

The observed decreased activation within the left and right
insular cortex as well as in the left IFG in low performing dyslexics
during the discrimination of temporally manipulated linguistic
items might reflect a functional deficit in the specialization of the
prefrontal/frontal cortex for rapid temporal processing of speech
parameters. Since decreased brain activations in dyslexics were
only found for a subgroup, conclusions to the total population of
dyslexics should, however, be drawn with great care and need
investigation in future studies. Cautiously interpreted, however,
the decreased neural response in the low performing subgroup
can be viewed as further evidence for a temporal auditory process-
ing deficit in dyslexia.
5. Conclusion

The present study provides further evidence that the anterior
insular cortex bilaterally as well as the left IFG represent parts of
a neural network which is engaged in the temporal encoding of
linguistic auditory material and contributes to temporal auditory
processing. At least at the level of the left IFG the additional
activation in our control population during temporal auditory pro-
cessing of vowel length supports further the assumption of a left
hemispheric superiority for rapid temporal processing. The ob-
served decreased activation within the anterior insula bilaterally
and the left IFG in the group of low performing participants, which
were all dyslexics, during the processing of temporal stimuli, might
be indicative of a temporal auditory processing deficit in dyslexia
with impaired lateralization and/or specialization of auditory
frontal regions. However, we have to keep in mind that the
observed activation differences occurred only for a subgroup of
dyslexics. For a definite conclusion this data needs to be verified
on the basis of further examinations.
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