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Abstract 
Neural activation of slow acoustic variations that are important for syllable identification is 

more lateralized to the right hemisphere than activation of fast acoustic changes that are important 

for phoneme identification. It has been suggested that this complementary function at different 

hemispheres is rooted in a different degree of white matter myelination in the left versus right 

hemisphere.  

The present study will investigate this structure-function relationship with Diffusion Tensor 

Imaging (DTI) and Auditory Steady-State Responses (ASSR) respectively. With DTI we examined white 

matter lateralization in the cortical auditory and language regions (i.e. posterior region of the 

superior temporal gyrus and the arcuate fasciculus) and white matter integrity in the splenium of the 

corpus callosum. With ASSR we examined interhemispheric coherence to slow, syllabic-rate (i.e. 4 Hz) 

and fast, phonemic-rate (i.e. 20 Hz) modulations. These structural and functional techniques were 

applied in a group of normal reading adults and a group of dyslexic adults for whom previously 

reduced functional interhemispheric connectivity at 20 Hz has been reported (Poelmans et al., 2012). 

This sample was chosen since it is hypothesized that in dyslexic readers insufficient hemispheric 

asymmetry in myelination might relate to their auditory and phonological problems.  

Results demonstrate reduced white matter lateralization in the posterior superior temporal 

gyrus and the arcuate fasciculus in the dyslexic readers. Additionally, white matter lateralization in 

the posterior superior temporal gyrus and white matter integrity in the splenium of the corpus 

callosum related to interhemispheric coherence to phonemic-rate modulations (i.e. 20 Hz). 

Interestingly, this correlation pattern was opposite in normal versus dyslexic readers. These results 

might imply that less pronounced left white matter dominance in dyslexic adults might relate to their 

problems to process phonemic-rate acoustic information and to integrate them into the phonological 

system. 
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1. INTRODUCTION 

1.1. Reading & dyslexia 

Spoken language comprehension depends on the recognition and interpretation of 

meaningful units, such as words, phrases or sentences. These high-level perceptual constructs are 

assembled from pre-lexical, acoustic-phonetic cues that are integrated and categorized along 

multiple timescales. In time windows of ± 20-80 ms (12-50 Hz) segmental information about for 

example phoneme identity is clustered, whereas in longer time windows of ± 150-300 ms (3-7 Hz), 

important suprasegmental information about for example syllables is processed (Obrig, Rossi, 

Telkemeyer, & Wartenburger, 2010; Pöppel, Idsardi, & van Wassenhove, 2008). It is assumed that 

precise processing of acoustic cues signalling these syllabic- and/or phonemic-rate time windows in 

speech is crucial for the development of well-specified phonological representations (Nittrouer, 

2006). During development, the explicit awareness of these phonological representations changes in 

grain size. Preschool children manipulate speech mainly at the syllable level, and it is only during 

reading acquisition, when children learn that every speech sound (phoneme) corresponds to a 

written symbol (grapheme), that explicit phoneme level representations develop (Anthony, Lonigan, 

Driscoll, Phillips, & Burgess, 2003; Ziegler & Goswami, 2005). 

Difficulties in processing and representing phonological information is considered the core 

deficit in developmental dyslexia (e.g., Snowling, 2000; but see Ramus & Szenkovits, 2008), a 

hereditary neurological disorder characterized by severe and persistent reading and/or spelling 

impairments despite normal intelligence and adequate educational opportunities (Vellutino, 

Fletcher, Snowling, & Scanlon, 2004). Yet, it remains unspecified whether these phonological 

problems in dyslexia only implicate the phoneme- or also the syllable level. According to the 

traditional view of the phonological deficit theory the locus of the deficit is at the phoneme level (de 

Gelder & Vroomen, 1991; Goswami & East, 2000; Snowling, 2000; Swan & Goswami, 1997), but some 

recent theories favour a deficit at the syllable level (Goswami, 2002; Lambrecht Smith, Roberts, 

Locke, & Tozer, 2010; Maionchi-Pino, Magnan, & Ecalle, 2010). In addition, given that several studies 

have shown that auditory processing skills support a predictive influence on phonological and 

eventually on reading development (Boets et al., 2011; Corriveau, Goswami, & Thomson, 2010; 

Leppänen et al., 2010), it has been suggested that a fundamental deficit in auditory processing 

indirectly underlies the reading and spelling problems in individuals with developmental dyslexia 

(e.g., Tallal, 1980; for a review, Farmer & Klein, 1995). Similarly to the discussion on the locus of the 

phonological deficit, auditory processing problems were originally thought to involve difficulties in 

processing brief, rapidly successive and fast dynamic acoustic cues characteristic for phonemes, but 

some recent theories place the locus of an auditory deficit in the slow changing dynamic cues 
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characteristic for syllables (Goswami, 2011). To date, the psychophysical studies are inconsistent as 

to whether individuals with dyslexia only demonstrate a decreased sensitivity to temporal cues 

within the syllable range or whether this deficit manifests over a wider range of temporal 

information (adults: McAnally & Stein, 1997; Menell, McAnally, & Stein, 1999; Witton et al., 1998; 

Witton, Stein, Stoodley, Rosner, & Talcott, 2002; Stuart, McAnally, Mckay, Johnston, & Castles, 2006; 

children: Lorenzi, Dumont, & Fullgrabe, 2000; Rocheron, Lorenzi, Fullgrabe, & Dumont, 2002). 

Defining the neurobiological component of how phonemic-rate and syllabic rate acoustic cues are 

typically integrated into more abstract phonological units and how this deviates in dyslexic readers 

can assist in finding the locus of the deficit in dyslexia. 

1.2. Auditory and phonological processing in normal readers 

According to the hierarchical model of speech processing (Hickok & Pöppel, 2007), early 

cortical structures such as heschl’s gyrus and the supratemporal plane are sensitive to unstructured 

and simple time-structured acoustic signals respectively, whereas higher level structures such as the 

superior temporal gyrus are best responsive to complex sublexical spectrotemporal signals and are 

thought to be involved in the construction of sound-based representations of speech (Hickok & 

Pöppel, 2004). Next, at the level of the anterior and posterior superior temporal sulcus an abstract 

representation of speech units, insensitive to acoustic variances, is obtained (Okada et al., 2010; 

Peelle, Eason, Schmitter, Schwarzbauer, & Davis, 2010). From the superior temporal cortex, speech 

signals are processed in two parallel streams. In a ventral stream, sound-based representations of 

speech are mapped onto conceptual representations (Rauschecker & Scott, 2009; Pöppel et al., 

2008). This stream engages areas in the left anterior superior temporal sulcus and middle temporal 

gyrus. It is evidenced that the ventral anatomical counterpart of this sound-to-meaning stream is the 

extreme capsule fiber system or inferior fronto-occipital fasciculus (Frey, Campbell, Pike, & Petrides, 

2008; Wong, Chandrasekaran, Garibaldi, & Wong, 2011). In addition, starting from the posterior 

temporal cortex, a dorsal stream projects towards inferior parietal and frontal (Broca’s and 

premotor) regions and is functionally responsible for mapping phonemic representations onto motor 

representations (Pöppel et al., 2008) and for sustaining the phonological aspects of speech 

perception (Chevillet, Jiang, Rauschecker, & Riesenhuber, 2013; Saur et al., 2010). Saur et al. (2010) 

demonstrated that the functional connection between the frontal and temporoparietal components 

is mediated via the arcuate fasciculus (often used interchangeably with the superior longitudinal 

fasciculus (Brauer, Anwander, & Friederici, 2011) or as one of its subdivision (Makris et al., 2005)). 

Thus, phonological processing during speech perception depends both on acoustically-based 

processes in the posterior temporal areas but also on a dorsal interaction with frontal regions.   
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Of special interest with regard to how phonemic- and syllabic-rate acoustic cues are 

processed is the large body of evidence that the activation of these areas is mainly lateralized to the 

left hemisphere during the phonetic analysis of speech (for a review see Tervaniemi & Hugdahl, 

2003). According to the domain-driven hypothesis, linguistic aspects of speech drive this 

lateralization (Dehaene-Lambertz et al., 2005; Dehaene-Lambertz et al., 2010; Rosen, Wise, Chadha, 

Conway, & Scott, 2011) whereas the signal-driven hypothesis assumes that spectrotemporal aspects 

determine the left-right bias. According to the latter hypothesis, spectral acoustic cues and slow 

temporal modulations are preferentially processed in the right auditory cortex, whereas temporal 

acoustic analyses, such as the analysis of duration as well as faster modulations, are rather left 

lateralized (for a review see Pöppel et al., 2008; Zatorre & Gandour, 2008). According to Pöppel and 

colleagues (2008), this functional specialization is situated in the non-primary auditory cortex and 

rooted in the length of integration windows, being between 20-50 ms (i.e. 12-50 Hz) in the left and 

between 150-300 ms (i.e. 3-7 Hz) in the right hemisphere. Hence, the signal-driven hypothesis 

explains a left lateralization for phoneme identification (e.g. Jäncke, Wüstenberg, Schulze, & Heinze, 

2002; Dehaene-Lambertz & Gliga, 2004; Zatorre, Meyer, Gjedde, & Evans, 1996) and a right 

lateralization for prosody and syllable identification (Meyer, Alter, Friederici, Lohmann, & von 

Cramon, 2002; Zatorre, Evans, Meyer, & Gjedde, 1992; Zatorre, 1988) based on the length of the 

integration windows of important acoustic cues instead of their linguistic content (like domain-driven 

models). Growing experimental evidence supports the claim that not linguistic but rather acoustic-

temporal characteristics drive hemispheric asymmetry (Boemio, Fromm, Braun, & Pöppel, 2005; 

Husain et al., 2006; Joanisse & Gati, 2003; Zaehle, Wustenberg, Meyer, & Jancke, 2004). 

Nevertheless, there remain points of discrepancies across studies such as the observation that 

phonemes and fast modulations sometimes engage a bilateral activation pattern instead of a clear 

left dominance (fast modulated non-speech: Belin et al., 1998; Boemio et al., 2005; Pöppel et al., 

2008; Telkemeyer et al., 2009; consonant-vowel-combination: Benson, Richardson, Whalen, & Lai, 

2006; Binder et al., 2000; Joanisse et al., 2003). It seems that experience and familiarity with 

phonetic categories interact with these hemispheric patterns of specialization.  

In addition to their functional specialization, the left and right primary auditory and superior 

temporal cortices also differ in volume (e.g. review Shapleske, Rossell, Woodruff, & David, 1999), an 

asymmetry which is mainly present in white rather than in grey matter (Penhune, Zatorre, 

MacDonald, & Evans, 1996; Warrier et al., 2009). This finding fits with the hypothesis of Zatorre and 

colleagues (2001; 2002) that the observed functional hemispheric asymmetry for spectrotemporal 

information is specifically related to hemispheric asymmetry of white matter myelination, rather 

than to volume asymmetry per se. A more myelinated left auditory cortex would lead to faster neural 

processing and this would underlie the left specialization for analyzing fast temporal information. 
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Direct evidence for white matter lateralization is provided by a post-mortem analysis of the posterior 

superior temporal lobe, which confirmed the greater white matter volume in the left than in the right 

hemisphere and showed that this difference was due to greater myelin sheath thickness in the left 

hemisphere (Anderson, Southern, & Powers, 1999). A non-invasive MRI-technique that is relatively 

sensitive to white matter microstructure in vivo is diffusion tensor imaging (DTI). DTI provides 

parameters, such as fractional anisotropy (FA) which indirectly measures the degree of myelination 

and/or axon density (Beaulieu, 2002), and is adept to virtually reconstruct white matter pathways in 

vivo, via tractography (Basser, Pajevic, Pierpaoli, Duda, & Aldroubi, 2000). To date, evidence is 

missing on white matter lateralization of the auditory regions, measured by DTI. It has, however, 

been repeatedly demonstrated that the dorsal white matter tract departing from these regions, the 

arcuate fasciculus, has a leftward asymmetry in fractional anisotropy (Thiebaut de Schotten et al., 

2011; Rodrigo et al., 2007; Büchel et al., 2004; Catani et al., 2007; Barrick, Lawes, Mackay, & Clark, 

2007; Eluvathingal, Hasan, Kramer, Fletcher, & Ewing-Cobbs, 2007; Hagmann et al., 2006; 

Matsumoto et al., 2008; Makris et al., 2005; Nucifora, Verma, Melhem, Gur, & Gur, 2005; Powell et 

al., 2006; Parker et al., 2005; Vernooij et al., 2007). This suggests that auditory regions, which are 

important for processing temporal modulations in speech, may also demonstrate a left hemispheric 

white matter lateralization. 

 

1.3. Auditory and phonological processing in dyslexic readers 

A large body of evidence allocates the well-known phonological problems in dyslexia to a 

functional and structural deficit in left temporoparietal areas (reviews by: Eden & Zeffiro, 1998; 

Shaywitz, 1998; Shaywitz et al., 2002; meta-analysis: Richlan, Kronbichler, & Wimmer, 2009) and in 

the arcuate fasciculus (Vandermosten et al., 2012). Less is known however about the neural 

correlates of the auditory processing problems that are often observed in dyslexic readers. Several 

studies assign the auditory problems in dyslexia to deviant hemispheric specialization of the auditory 

system to process rapidly versus slowly changing acoustic cues. Functional imaging studies have 

indeed demonstrated a leftward bias for fast compared to slow transitions in normal readers, 

whereas this asymmetry was not present in their dyslexic peers (Gaab, Gabrieli, Deutsch, Tallal, & 

Temple, 2007; Ruff, Cardebat, Marie, & Démonet, 2002). Recently, it has been proposed that this 

asymmetry is rooted in a similar hemispheric asymmetry of spontaneous neural oscillatory activity at 

frequencies near the syllabic (i.e. theta band activity, 3–6 Hz) and the phonemic (i.e. gamma band 

activity, 28–40 Hz) rates and that a disturbance in the spontaneous oscillations in these frequency 

bands may lead to auditory processing problems observed in dyslexia (Goswami, 2011). Indeed, 

several EEG and MEG studies provided evidence that in dyslexic readers fast acoustic changes at the 
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phonemic-rate were less lateralized to the left (Lehongre, Ramus, Villiermet, Schwartz, & Giraud, 

2011) and slow syllabic-rate modulations are less lateralized to the right hemisphere (Abrams, Nicol, 

Zecker, & Kraus, 2008; 2009; Hämäläinen, Rupp, Soltész, Szücs, & Goswami, 2012). In addition to 

lateralization differences, we have shown in a previous study that lower left hemispheric responses 

to phonemic-rate modulations were accompanied by lower intra- and interhemispheric coherence in 

dyslexic readers, suggesting that phonemic-rate information is less well integrated in the dorsal 

phonological system in dyslexic adults (Poelmans et al., 2012). These studies indicate that a 

disturbance in hemispheric lateralization of syllabic- and/or phonemic-rate modulations is present in 

dyslexia and raises the possibility that the connection of the auditory system with the phonological 

system is not optimal in dyslexia.  

Concerning structural asymmetry in normal versus dyslexic readers, there is mixed evidence 

for a decreased left asymmetry in the adjacent planum temporale (for reviews see Beaton, 1997; 

Eckert & Leonard, 2000; Morgan & Hynd, 1998). Though volume measures are a valuable index for 

asymmetry, we expect especially a reduced asymmetry in microstructural white matter properties, 

such as myelination, to be at the basis of the temporal processing problems in dyslexic readers. In 

general, DTI-studies provide only indirect evidence for this hypothesis by showing group differences 

in the white matter microstructure in the left and often not in the right hemisphere (for a review see 

Vandermosten, Boets, Sunaert, Wouters, & Ghesquière, 2012). More direct evidence for reduced 

lateralization in white matter microstructure, as calculated by a lateralization index for segments of 

several white matter tracts, was provided by Niogi & McCandliss (2006). In their study, a significantly 

lesser degree of left lateralization in the temporoparietal region (i.e. superior corona radiata) in 

dyslexic relative to normal readers was demonstrated. However, no evidence is available on group 

differences in laterality concerning the full arcuate fasciculus and its projection point to auditory 

regions (i.e. posterior part of STG). 

  

1.4. Hypothesis and aims of the present study 

Based on the above-cited evidence for a complementary function of each hemisphere in 

processing slow and fast temporal modulations and the suggestion that this is rooted in hemispheric 

differences of myelination, we hypothesize that dyslexics might have an insufficient leftwards 

myelination asymmetry that relates to their auditory temporal processing problems. However, in 

order to verify this hypothesis, evidence is lacking on three crucial points. First, more evidence is 

required on hemispheric differences in white matter, and especially in myelination, of regions 

involved in auditory processing. As mentioned in 1.2, asymmetries in the volumes of the auditory 

cortex and its surrounding areas have been observed. However, DTI-studies which investigate 
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hemispheric differences in microstructural white matter properties (including myelination) only exist 

for the arcuate fasciculus and not for its projection point to auditory regions (STGp). Moreover, as 

mentioned in 1.3, it is not known whether dyslexic readers have the same degree of white matter 

asymmetry as normal readers in the arcuate fasciculus and STGp. Second, in normal readers evidence 

is lacking on the direct relationship between functional neural specialization for slow and fast 

temporal modulations on the one hand and structural measures, such as the lateralization of 

myelination in regions responsible for processing this information, on the other hand. Only one study 

investigated spectrotemporal specialization of each hemisphere in relation to the anatomy of the 

auditory regions (Warrier et al., 2009). Yet, this study focused on volume parameters (instead of 

myelination) and on primary auditory regions (instead of secondary auditory regions, where 

hemispheric specialization for spectrotemporal acoustic information is primarily expected (Pöppel et 

al., 2008; Zaehle, Geiser, Alter, Jancke, & Meyer, 2008)). Third, no evidence is available on this 

function-structure relationship in dyslexic readers. Given that dyslexic readers are impaired in 

processing rapidly changing signals and that they tend to demonstrate decreased volumetric and 

functional lateralization, it is interesting to investigate whether lateralization of white matter 

integrity in the auditory regions and dorsal tract is also reduced in dyslexic readers, and whether the 

relation between these structural lateralization indices and functional specialization of each 

hemisphere differs from normal readers.  

Therefore, the first aim of the present study was to investigate microstructural white matter 

lateralization in auditory and language regions in normal reading and dyslexic adults by means of DTI. 

DTI is a structural MRI technique that provides a quantitative index of the degree of anisotropy, i.e. 

FA, which is to some extent determined by microstructural white matter properties. Yet, it is 

important to note that, due to the large voxel size of DTI, the extracted FA-index does not relate 

directly to myelination properties but is simultaneously sensitive to a variety of microstructural 

effects of which especially axon properties play a crucial role (Alexander, Pierpaoli, Basser, & Gee, 

2001). We are particularly interested in FA of the posterior region of STG (STGp), since this region is 

involved in acoustic spectrotemporal analysis as well as in the arcuate fasciculus, since the 

integration of acoustic information into phonological representations takes place here. Additionally, 

FA of the callosal projections via the splenium may be important, since these may underlie 

hemispheric asymmetry in STGp (Westerhausen, Grüner, Specht, & Hugdahl, 2009). Second, the 

central aim is to investigate whether FA-lateralization in the dorsal fiber tract and its posterior 

projection point (arcuate fasciculus and STGp) and FA in the splenium of the corpus callosum is 

related to neural processing of slow, syllabic-rate and faster, phonemic-rate modulations. In a 

previous study, which involved an extended sample of the present study, we have shown that adults 

with dyslexia demonstrate reduced left hemispheric phase-locking to phonemic-rate modulations 
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and that this decrease was accompanied by lower intra- and interhemispheric coherence in dyslexic 

readers (Poelmans et al., 2012). Given that the integration of auditory information into the dorsal 

phonological system depends on a large network of intra- and interhemispheric connections, it is 

interesting to examine whether interhemispheric coherence to syllabic- and phonemic-rate 

modulations is related to FA-lateralization of the dorsal fiber tract and its posterior projection point 

and with FA in the splenium of the corpus callosum. By also including dyslexic readers, it will be 

possible to examine whether this correlational pattern was different for both groups. 

2. METHODS 

2.1. Participants 

Twenty dyslexic and 20 normal reading adults (age range 19-32 years), recruited from the 

student population of the University of Leuven, participated. All were native Dutch speakers, without 

a history of brain damage, language problems, psychiatric symptoms, visual problems or hearing loss. 

All participants were predominantly right-handed as assessed by the Edinburgh Handedness 

Inventory (Oldfield, 1971), had adequate nonverbal intelligence (standard score > 90 on the Matrices 

subtest of WAIS-III (Wechsler, 1992)), and adequate audiometric pure-tone hearing thresholds (< 25 

dB HL on all octave audiometric frequencies). The 40 participants of the present study were identical 

to the sample described in Vandermosten et al. (2012) and partly overlap with the sample described 

in Poelmans et al. (2012). All individuals with dyslexia had a formal diagnosis of developmental 

dyslexia and scored below the 3rd percentile of a university norm group (Depessemier & Andries, 

2009) on both standardized reading tests. The 20 normal reading individuals reported no history of 

reading difficulties and scored above the 20th percentile of the university norm group on both 

reading tests. Both groups were matched for gender, age and nonverbal intelligence. As defined, 

performance on word and pseudoword reading and spelling was significantly poorer in the dyslexic 

compared to the normal reading group. Table 1 displays descriptive statistics for the two groups. The 

study was approved by the local Ethical Board and informed consent was obtained from all 

participants according to the Declaration of Helsinki. 
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Table 1 Participant characteristics  

 
Dyslexic readers 

(N = 20) 

Normal readers 

(N = 20) 

Test statistics 

 

 M (SD) M (SD)  

Subject characteristics    

Gender (male/female) 7/13 8/12 χ²(1) = 0.11, p = 0.744 

Age (years) 22.1 (3.1) 21.4 (3.0) t(38) = -0.66, p = 0.514 

Non-verbal IQ 108 (10) 106 (10) t(38) = -0.54, p = 0.592 

Defining literacy measures 

Word reading
a
 66.1 (1.9) 99.8 (11.4) t(38) = 13.10, p < 0.0001 

Pseudoword reading
a
 66.0 (1.8) 107.9 (9.8) t(38) = 18.75, p < 0.0001 

Spelling
a
 69.3 (6.5) 105.8 (9.6) t(38) = 14.04, p < 0.0001 

a = Standardized scores with population average M = 100 and SD = 15 
 

2.2.  Structural measures: DTI 

2.2.1. Data acquisition 

All participants underwent MRI examination on a 3T system (Philips, Best, The Netherlands). 

The DTI data were acquired using a single spin shot EPI with SENSE acquisition. DTI images covering 

the entire brain and the brainstem were acquired with the following parameters: matrix size = 112 x 

109; field of view (FOV) = 220 x 220 mm²; repetition time (TR) = 11043 ms, echo time (TE) = 55 ms, 68 

contiguous sagittal slices (slice thickness = 2.2 mm; voxel size = 1.96 x 1.96 x 2.2 mm³), acquisition 

time = 10 min 34 s. A pair of diffusion gradients was applied along 45 non-collinear directions with a 

b-value of 800 s/mm². Additionally, one set of images with no diffusion weighting (b = 0 s/mm²) was 

acquired. Two identical DTI datasets were consecutively acquired for each subject to increase the 

signal-to-noise ratio, bringing the total acquisition time to 21 min and 8 s.  

2.2.2. Data processing 

DTI images were first visually checked for possible artefacts. DTI post-processing involved 

correcting for eddy-current and motion-induced artefacts using CATNAP with the required 

reorientation of the b-matrix (Landman et al., 2007; Leemans & Jones, 2009). Fractional anisotropy 

(FA) was extracted from 2 left and right brain regions: the posterior part of the Superior Temporal 

gyrus (STGp) and the arcuate fasciculus (Figure 1). In addition, we delineated the fibers passing 

through the splenium of the corpus callosum (CCsplenium) (Figure 1). This posterior part of the CC 

was chosen as it is demonstrated that it connects the bilateral STGp (Westerhausen et al., 2009). 

Concerning fibertracking for the arcuate fasciculus and CCsplenium, a whole brain tractography was 
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first calculated for each concatenated DTI dataset using a seed point of [2 2 2], fractional anisotropy 

(FA) threshold of 0.2 to seed and end tracking, angle threshold of 40°, and fiber length range of 50-

500 mm. Fibertracking of arcuate fasciculus and CCsplenium was done in native space and an 

average FA was obtained per tract. To reconstruct the arcuate fasciculus, we defined the regions of 

interest in line with the protocol of Wakana et al. (2007), there referred to as 'SLF', and for 

CCsplenium, the splenium was delineated on the midsagittal slice in line with the protocol of 

Witelson (1989). Concerning the bilateral STGp, the individual concatenated datasets were nonrigidly 

normalized to MNI (Montreal Neurological Institute) space using the software ExploreDTI (Leemans 

et al., 2009). In addition, FA-data were smoothed with a 6mm Gaussian kernel. Each participant’s DTI 

data were masked based on their individual FA map at a threshold of 0.15 in order to restrict the 

analyses to white matter. Subsequently, the region of interest of STGp was defined based on the 

Harvard-Oxford atlas in MNI space at 25% probability threshold. The region of interest of STGp was 

placed on the smoothed masked normalized FA-maps of each individual, and FA-values were 

extracted.  

Next, given our focus on structural asymmetry in white matter integrity, we calculated a 

lateralization index (LAT) for the arcuate fasciculus and STGp according to the following formula:  

 

         
                    

                   
      

 

A negative lateralization score indicates the FA is relatively left lateralized across two regions 

of interest while a positive lateralization score reflects relative right FA-lateralization. Values close to 

zero indicate no lateralization. 

 

 

Figure 1 Left arcuate fasciculus (depicted in yellow), STGp (depicted in light blue), and CCsplenium 

(depicted in red). Left panel: sagittal view from the left. Right panel: coronal view from posterior. 
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2.3.  Electrophysiologic measures: ASSR 

Neural sensitivity to syllabic- and phonemic-rate modulations was investigated by means of 

auditory steady-state responses (ASSRs) in the EEG. The ASSR is a neural oscillatory activity that is 

evoked by a rhythmic auditory stimulus (Picton, John, Dimitrijevic, & Purcell, 2003; 2011). ASSRs 

measure how well the auditory system phase-locks to the stimulus rhythm (by means of response 

strengths) and how well neural oscillations in both hemispheres cohere in their response to syllabic- 

and phonemic-rate modulations (by means of phase coherence). ASSRs were recorded in the same 

sample of participants as the DTI recording. This participant sample is a subgroup of the sample 

reported in Poelmans et al. (2012). 

2.3.1. Stimuli 

ASSRs were recorded to continuous amplitude modulated speech-weighted noise stimuli. 

The noise carriers were derived from the speech-weighted masking noise of the “Leuven Intelligibility 

Sentence Test” (LIST: van Wieringen & Wouters, 2008). This noise represents the long-term average 

speech spectrum of 730 sentences of a female speaker. Noises were 100% amplitude modulated at 

3.91 Hz and 19.53 Hz. For simplicity, these modulation frequencies will be further referred to as the 

rounded frequencies: 4 Hz and 20 Hz respectively. These modulation frequencies were selected 

because of their importance in speech intelligibility (Shannon, Zeng, Kamath, Wygonski, & Ekelid, 

1995), representing the syllabic- and phonemic-rate respectively. Stimuli were generated in Matlab 

R14. In the experiment, all stimuli were presented monaurally to the right ear with ER-3A insert 

phones, at 70 dB SPL. 

2.3.2. Data acquisition 

The continuous EEG was recorded by 10 surface Ag/AgCl electrodes on the scalp, placed in 

accordance with the international 10-20 system for electrode placement (Malmivuo & Plonsey, 

1995). EEG was recorded from two central electrodes, Oz and Fpz, three left hemispheric electrodes, 

P3, F3 and M1 (left mastoid) and three corresponding right hemispheric electrodes, P4, F4 and M2 

(right mastoid). The reference electrode was placed at Cz and the ground electrode at the right 

clavicle. Inter-electrode impedances were kept below 5 kOhm at 30 Hz. The electrodes were 

connected to a low-noise Jaeger-Toennies multichannel amplifier. Each EEG channel was amplified 

with a gain of 50000 and band-pass filtered between 0.2 and 100 Hz (6 dB/octave) for 4 Hz and 

between 2 and 100 Hz (6 dB/octave) for the 20 Hz modulation. Because the ASSR is a frequency-

specific response, these filter settings only served to minimize the number of artefacts in the EEG. 

The amplified EEG signals were recorded and stimuli were presented by a RME Hammerfall DSP 

Multiface multichannel soundcard in combination with the experimental Setup ORL for Multichannel 

ASSR (SOMA) (Van Dun et al., 2008) at a sampling rate of 32 kHz and downsampled to 1 kHz. The 
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continuous EEG was recorded in epochs. Each epoch consisted of 1024 samples (corresponding to 

1.024 seconds). Sixteen successive epochs were clustered into a sweep. Online artifact rejection was 

set to 100 µV, to exclude muscle artefacts. For each stimulus, 18 artifact-free sweeps were recorded. 

The EEG was recorded in a double-walled and soundproof booth with a Faraday cage. Participants 

were asked to lie down on a bed and to watch a soundless movie to stay alert. Two ASSR recordings 

were carried out for each stimulus within the same session. 

 

2.3.3. Data processing 

Data analyses were performed by means of Matlab R14. Ten percent of the recorded epochs, 

i.e., those with the largest noise values, in each recording were rejected to exclude artefacts. Sweeps 

were reconstructed by clustering 16 consecutive noise-free epochs. For each recording, the 

remaining 16 sweeps of EEG were weighted-averaged in the time domain (John, Dimitrijevic, & 

Picton, 2001) and transformed into the frequency domain using a Fast Fourier Transform (FFT). 

Because the test and retest did not differ significantly, both recordings were linked together and FFT 

statistics were carried out over the linked data, i.e., after 32 sweeps. Data-analyses was performed 

on response-SNRs of parietal (P3, P4) and mastoid electrodes (M1, M2) (for a detailed description of 

the data analysis see: Poelmans et al., 2012). For these electrode pairs interhemispheric phase 

coherence was calculated, according to the following formula: 

         
        

 

                 
 

 

Phase coherence is based on the degree of coherence between neuronal oscillatory networks 

in both hemispheres and is a sensitive marker of functional connectivity between distant brain 

regions. Coherence analyses are based on the idea that brain regions involved in the same process 

show increased coherence (i.e. neuronal cooperation) in order to integrate processed information 

into integrated constructs (Weiss & Mueller, 2003), and present a measure of a consistent 

relationship between the amplitude-fluctuations of two regions, irrespective of their phase. Phase 

coherence is calculated as a correlation in the time domain between two signals, recorded 

simultaneously at different scalp electrodes at a given frequency (or frequency band). The coherence 

at frequency f between signals 1 and 2 indicated as C12(f) is calculated as the squared magnitude of 

the cross-spectral density of the signal pair W12(f), normalized by dividing with the product of the 

power spectra of the two signals, respectively W11(f) and W22(f) (Nunez & Srinivasan, 2006). 

Coherence values range between zero and one. Low interhemispheric coherence indicates no 

coherence between active neural networks in the left and the right hemispheres, whereas high 
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coherence indicates a high degree of coherent neuronal activity between both hemispheres. For 4 Hz 

and for 20 Hz, interhemispheric phase coherence was calculated separately for parietal and mastoid 

electrodes and averaged into one measure for interhemispheric coherence to each modulation rate. 

Because of the small number of electrodes, it is important to note that these coherence 

analyses are limited to sensor space. Sensor space analyses can be influenced by the location of the 

underlying source(s) and by factors such as volume conductance. However, given the large distance 

between the analyzed electrodes and the assumed underlying sources (e.g. Herdman et al., 2002; 

Millman, Prendergast, Kitterick, Woods, & Green, 2010; Lehongre et al., 2011), the effect of source 

location and volume conductance are thought to be minimal. To additionally decrease the influence 

of these possible confounding factors, ASSR results are only compared between groups and 

separately for the 4 Hz and 20 Hz modulation rates, and not interpreted in terms of absolute 

coherence values.  

2.3.4. ASSR-results 

In a previous study (Poelmans et al., 2012), with an overlapping but larger sample as in the 

present study, we reported that adults with dyslexia demonstrated reduced phase coherence 

between the left and the right hemisphere for phonemic-rate but not for syllabic-rate responses 

(Poelmans et al., 2012). That is, normal reading adults demonstrated higher interhemispheric 

coherence than dyslexic adults for 20 Hz (mean difference: 0.11, SE: 0.05, p = 0.040). For 4 Hz, on the 

other hand, interhemispheric coherence did not differ between groups (mean difference: -0.02, SE: 

0.03, p = 0.516). 

2.4. Statistical analyses 

First, in order to investigate whether normal and dyslexic readers showed significant FA-

lateralization in STGp and in arcuate fascisulus, a one sample t-test was applied. Next, to investigate 

group differences in FA-lateralization of STGp and arcuate fasciculus and in FA of CCsplenium, a 

general linear model was applied with group as explanatory variable and with two covariates, i.e. IQ 

and the quality of the DTI data acquisition (i.e. indexed by mean chi square). Finally, in order to 

assess the link of the DTI-measures with the two ASSR-measures, we added 4 Hz interhemispheric 

coherence and 20 Hz interhemispheric coherence as well as their interaction with group as 

explanatory variables to the general linear modal that already contained group and the two 

covariates. To interpret the observed effects, a correlation matrix between the DTI-indices and the 

ASSR-indices (with IQ and mean chi-square as covariates) are provided as well as the scatterplots of 

these residuals. After visual inspection of these scatterplots, the correlations in normal readers 

between 20 Hz ASSRs and STGp and between 20 Hz ASSRs and CCsplenium seemed to be driven by 

outlying values, i.e. standardised residual of > 1.5 SD on both variables (see green and orange circles 
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in Figure 4, upper panel). To investigate whether correlations were confirmed when removing these 

three outlying values, we reran the correlations (Figure 4, lower panel). 

3. RESULTS 

3.1. DTI-indices (FA-lateralization of STGp and arcuate fasciculus, 

and FA in CCsplenium) in dyslexic versus normal readers 
A lateralization index based on the left and right FA-values in STGp and arcuate fasciculus 

was calculated and compared between dyslexic and normal readers. In addition, FA of CCsplenium 

was extracted and compared between both groups. Concerning the STGp, normal readers 

demonstrated a significant left FA-lateralization (t(19) = -4.53, p < 0.001), whereas dyslexic readers 

rather showed a symmetric FA-distribution (t(19) = -0.26, p = 0.801). Group comparison confirmed 

that dyslexic readers had a significantly lower degree of left lateralization than normal readers 

(F(1, 36) = 5.79, p = 0.021) (Figure 2, left panel). This group difference in STGp lateralization was 

rooted in a non-significant tendency of a lower FA in the left and a higher FA in the right STGp in 

dyslexic relative to normal readers (p > 0.17). The individual distribution of lateralization indices is 

displayed in the left panel of Figure 3, and indicates that dyslexic readers have a lower lateralization 

index than normal readers, and additionally, a lower number of dyslexic individuals have a left 

lateralization (i.e. a negative lateralization index in 17 of the 20 normal readers versus 12 of the 20 

dyslexic readers). 

Concerning the arcuate fasciculus, we described in a previous paper (Vandermosten et al., 

2012) that dyslexic readers showed a significant lower FA in the left arcuate fasciculus but not in the 

right compared to normal readers. This could suggest a group difference in the lateralization index, 

which we calculated in the present study. Results indicated a significant left lateralization for both 

normal reading (t(19) = -7.34, p < 0.001) and dyslexic (t(19) = -6.51, p < 0.001) readers, but this left 

FA-lateralization was again less prominent in dyslexic than in normal readers (F(1,36) = 4.39, 

p = 0.043) (Figure 2, right panel). The individual lateralization distribution (Figure 3, right panel) 

demonstrates that almost every normal and dyslexic reader exhibits a left lateralization (i.e. negative 

lateralization index), but that dyslexic readers show this to a lesser extent.  

For the CCsplenium no group differences in FA were found between normal reading and 

dyslexic adults (F(1, 36) = 0.19, p = 0.668).  

To conclude, while the CCsplenium did not demonstrate a difference between normal 

reading and dyslexic adults, group differences were found in the lateralization of STGp and arcuate 

fasciculus. More specifically, STGp and arcuate fasciculus display a left FA-lateralization in normal 
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readers, whereas in dyslexic readers a symmetric FA-pattern in STGp and a less pronounced left FA-

lateralization in arcuate fasciculus is observed. 

 

 

 

 

Figure 2 Average FA-lateralization indices of STGp and arcuate fasciculus, which showed a significant 

difference between normal (blue bars) and dyslexic (red bars) readers. Error bars indicate ± 1 SE.  

 

 

 

 

Figure 3 Individual distribution of the lateralization indices of the STGp (blue bars) and arcuate 

fasciculus (red bars) for normal and dyslexic readers. 
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3.2. Relation between DTI-indices and neural processing of syllabic- 

and phonemic-rate modulations   
In a second step, we investigated the structure-function relationship for each group. To test 

this, each DTI-index (i.e. FA of CCsplenium and FA-lateralisation of STGp and arcuate fasciculus) is 

predicted on the basis of group, the two ASSR-interhemispheric coherence indices (i.e. 4 Hz and 

20 Hz AM) and their interaction with group.  

For arcuate fasciculus, no significant main effects of interhemispheric coherence to 4 Hz 

(F(1, 39) = 0, p = 0.953) and to 20 Hz AM (F(1, 39) = 0.03, p = 0.874), nor an interaction of them with 

group was found (group x 4 Hz: F(1, 39) = 0, p = 0.963; group x 20 Hz: F(1, 39) = 1.08, p = 0.305). This 

is also reflected in no significant correlations of arcuate fasciculus with neural responses to 4 Hz and 

20 Hz modulations in normal readers and dyslexic readers (see Table 2).  

For STGp, no significant main effects of interhemispheric coherence to 4 Hz (F(1, 39) = 0.09, 

p = 0.768) and to 20 Hz AM (F(1, 39) = 0.78, p = 0.384), nor an interaction between interhemispheric 

coherence to 4 Hz and group (F(1, 39)= 2.51, p = 0.123) was found. In contrast, a significant 

interaction was observed between interhemispheric coherence to 20 Hz and group (F(1, 39) = 6.22, 

p = 0.018), implying an opposite contribution for each group on the lateralization of STGp. Indeed, a 

correlational analysis demonstrated a negative correlation coefficient between FA-lateralization in 

STGp and interhemispheric coherence to 20 Hz in normal readers (r = -0.44, p = 0.068), whereas in 

dyslexic readers a positive correlation coefficient was found (r = 0.35, p = 0.157) (Table 2 and Figure 

4, upper panel). Given that this negative correlation in normal readers seemed to be driven by one 

outlying value (i.e. orange circle in Figure 4, upper panel), we reran the correlational analyses. 

Removal of this participant confirmed, and even strengthened, the observed correlation between 

20 Hz ASSRs and STGp in normal readers (r = -0.57, p = 0.016) (Figure 4, lower panel). Overall, these 

analyses suggest that stronger interhemispheric coherence to 20 Hz AM coheres with left FA-

lateralization in STGp for normal readers but with right FA-lateralisation in STGp for dyslexic readers 

(Figure 4).  

For CCsplenium, no signficiant contribution was observed of interhemispheric coherence to 

4 Hz (F(1, 39) = 1.39, p = 0.247) and to 20 Hz AM (F(1, 39) = 0.21, p = 0.654), nor an interaction 

between interhemispheric coherence to 4 Hz and group (F(1, 39) = 0.27, p = 0.606). On the other 

hand, a significant interaction was observed between interhemispheric coherence to 20 Hz AM and 

group (F(1, 39) = 5.80, p = 0.022), implying again an opposite contribution for each group. More 

specifically, normal readers showed a negative correlation coefficient between FA in CCsplenium and 

interhemispheric coherence to 20 Hz AM (r = -0.41, p = 0.094) whereas for dyslexic adults a positive 

correlation coefficient was found (r = 0.47, p = 0.051) (Table 2 and Figure 4, upper panel). In order to 

verify that the correlation in normal readers was not driven by 2 outlying values in the normal 
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reading group (i.e. green circles in Figure 4), we reran the correlational analyses and this resulted in 

an even stronger correlations (r = -0.78, p = 0.004) (Figure 4, lower panel). In sum, this indicates that 

in normal readers, stronger interhemispheric coherence to 20 Hz AM is related to decreased FA in 

CCsplenium, whereas stronger interhemispheric coherence to 20 Hz AM related to higher 

CCsplenium FA in dyslexic readers. 

 

 
Table 2 Correlations of interhemispheric coherence to 4 Hz and 20 Hz with FA-lateralization of STGp 
and arcuate fasciculus and with FA of the CCsplenium in normal (NR) and dyslexic readers (DR).  
 

 Coherence 4 Hz AM Coherence 20 Hz AM 

 NR  DR  NR  DR  

 r p r p r p r p 

Arcuate Fasciculus -0.15  0.546 -0.04 0.858 -0.25 0.312 0.19 0.450 

STGp 0.07 0.776 -0.28 0.267 -0.43 0.068 0.35 0.157 

CCsplenium -0.11 0.658 0.19 0.451 -0.41 0.094 0.47 0.051 
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Figure 4 Scatterplots demonstrating the correlation between interhemispheric coherence to 20 Hz AM 

and FA-lateralization of STGp and FA of the CCsplenium in normal (NR) and dyslexic readers (DR). 
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4. Discussion 
In this study, we examined structural FA-lateralization of the dorsal white matter tract (i.e. 

the arcuate fasciculus) and its posterior endpoint (i.e. STGp) in a sample of normal reading and 

dyslexic adults for whom group differences in functional interhemispheric connectivity at 20 Hz AM 

have been reported previously (Poelmans et al., 2012). The unique contribution of the present study 

is that we investigated the association between white matter (using DTI) and interhemispheric 

coherence to 4 Hz and 20 Hz AM (using ASSR), representing modulation rates which are important 

for respectively syllable- and phoneme-level information in the speech envelope. Moreover, we 

examined whether this relation is different for dyslexic and normal readers. The combination of ASSR 

and DTI revealed that the degree of white matter lateralization in STGp and white matter integrity in 

CCsplenium was related to the amount of coherence between neural oscillations in both 

hemispheres. This association was only signficant for phonemic-rate envelope information (i.e. 20 Hz 

AM) and was opposite in normal reading versus dyslexic adults. 

4.1. Structural FA-lateralization in normal and dyslexic readers 
Previous studies have reported leftward volumetric asymmetries in the planum temporale 

and its surrounding areas (e.g. review  Shapleske et al., 1999). Yet, limited evidence is available on 

lateralization of the microstructural properties of white matter, except for a post-mortem study 

showing more myelination in left versus right superior temporal cortex (Anderson et al., 1999) and 

DTI-studies showing higher FA in left versus right arcuate fasciculus (Thiebaut de Schotten et al., 

2011; Catani et al., 2007; Büchel et al., 2004; Hagmann et al., 2006; Lebel & Beaulieu, 2009; Nucifora 

et al., 2005; Powell et al., 2006). Our DTI-results confirm that normal readers demonstrate a 

leftwards FA-lateralization of the arcuate fasciculus, and extends these findings by also 

demonstrating a left FA-lateralization in STGp.  

Second, our study shows that dyslexic readers do not display this left FA-asymmetry in STGp, 

and only to a smaller extent in the arcuate fasciculus. An abnormal structural lateralization in dyslexic 

readers is supported by early post-mortem and imaging studies that found a reduced volumetric 

asymmetry in the planum temporale, though more recent studies could not replicate this (Eckert et 

al., 2000). Concerning lateralization of microstructural white matter properties, only one DTI-study in 

dyslexic readers explicitly investigated FA-asymmetry in a dyslexic sample (Niogi & McCandliss, 

2006). In line with our results, they reported a decreased left FA-lateralization in the temporoparietal 

region for dyslexic readers, though this region was located medially to the STGp and the arcuate 

fasciculus where we identified lateralization differences. In sum, these group differences indicate 

that left FA-lateralization in posterior language areas might be important for an adequate reading 
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performance. This questions whether there is also a link of FA-lateralization with the underlying 

processes of reading, such as auditory and phonological processing.  

4.2. Does FA-lateralization in STGp relate to functional phonemic- and 

syllabic-rate processing in normal and dyslexic readers? 
In the present study, the relation between FA-lateralization and functional phonemic- and 

syllabic-rate processing was investigated with ASSRs evoked by speech-weighted noise stimuli 

amplitude modulated at 4 Hz and 20 Hz. The benefit of using speech-weighted noise that is 

amplitude modulated at specific frequencies is that (1) top-down effects of semantics are excluded 

since linguistic content is absent, and that (2) the neural responses to modulations that are 

specifically important for phoneme and syllable identification can be separated. Examining 

interhemispheric coherence in response to these auditory stimuli may thus provide unique 

information about processing low-level syllabic- and phonemic-rate envelope cues in speech. 

Given the hierarchical model of auditory processing (Hickok et al., 2004), asymmetry of the 

STGp is expected to be more important for spectrotemporal acoustic analysis whereas asymmetry of 

the arcuate fasciculus is more important for high-level phonological processing. The latter was 

indeed supported by a recent DTI-study, which showed a link between good cognitive performance 

on a phonological test and leftward asymmetry of the arcuate fasciculus in a large group of typical 

developing children and adults (Lebel et al., 2009). The role of auditory processing in relation to FA-

lateralization, especially of the superior temporal cortex, was however still unexplored. Our study fills 

this gap by demonstrating that in normal readers, better phonemic-rate interhemispheric coherence 

related to leftwards FA-lateralization of the STGp. It has been hypothesized that left dominance in 

myelination underlies the left hemispheric preference for processing fast modulation (Zatorre & 

Belin, 2001; Zatorre, Belin, & Penhune, 2002) since the degree of myelination relates to nerve 

conduction velocity (Jack, Noble, & Tsien, 1983). One previous study partly supports this hypothesis 

by demonstrating that more volume in the left auditory cortex, especially white matter volume, 

coheres with neural activity of temporal – and not of spectral – processing (Warrier et al., 2009). 

However, they used volumetric measures which are generally too gross to specifically examine the 

microstructural properties of white matter, such as myelination (Warrier et al., 2009). Given the 

positive relationship between FA and myelination (Hüppi et al., 1998; Werring, Clark, Barker, 

Thompson, & Miller, 1999; Wimberger et al., 1995), the present study provides, for the first time, 

indirect evidence that more myelination (i.e. a higher FA) in the left relative to the right STGp is 

related to better neural processing of fast modulations (such as 20 Hz). This finding supports multi-

time resolution models of speech processing (Hickok et al., 2007; Pöppel, 2003; Ghitza & Greenberg, 

2009), which predict that faster, phonemic-rate modulations are lateralized to the left hemisphere. 
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We note however that in infants this functional left asymmetry for fast acoustic information is not 

consistently found, which leaves open the possibility that the left asymmetry we observed in adults is 

a reflection of particular learning mechanisms (for a review see Minagawa-Kawai, Cristià, & Dupoux, 

2011). This has important implications with regard to the interpretation of our results since left FA-

lateralization might be a consequence of reading experience rather than being at the basis of it. 

Future studies should therefore include preschoolers in order to determine whether a decreased 

leftwards FA-lateralization is an early marker of dyslexia or only present later in life as a consequence 

of reading failure.  

Besides a leftwards dominance for fast modulation, the multi-time model predicts right 

hemispheric activation for slow, syllabic-rate modulations. This prediction was indeed confirmed in a 

large number of functional neuroimaging (Boemio et al., 2005; Belin et al., 1998; Telkemeyer et al., 

2009), as well as EEG/MEG (Abrams et al., 2008; Britton, Blumstein, Myers, & Grindrod, 2009; Luo & 

Pöppel, 2007) studies, both in adults and in infants (Minagawa-Kawai et al., 2011). However, the 

relation between FA-lateralization measures and interhemispheric coherence to the syllabic rate did 

not reach significance level in our study. Although we do not have a final explanation for the lack of 

correlations in the present study, it may be that this functional right hemispheric lateralization for 

syllabic-rate modulations is not rooted in microstructural white matter properties such as 

myelination, or alternatively, in other brain regions than those we investigated. The latter is 

supported by studies demonstrating a different cortical locus for processing syllables and phonemes 

(Siok, Jin, Fletcher, & Tan, 2003; Peeva et al., 2010). Another possible explanation is related to the 

age of the participants (i.e. adult participants). Given that adults’ phonological awareness is more 

tuned to the phoneme level, it might be that - in parallel to their phonological development - adults 

only display correlations for phonemic-rate acoustic modulations, whereas infants or young children, 

who are more tuned to the syllable level, might also display correlations for the syllabic-rate 

modulations. The latter is indeed confirmed by previous studies in children who find correlations 

between neural processing of syllabic-rate amplitude changes and reading skills (e.g. Abrams, Nicol, 

Zecker, & Kraus, 2009). 

In dyslexic readers, no significant relation between FA-lateralization of STGp and 

interhemispheric coherence to 20 Hz or for 4 Hz AM was found. However, assuming the absolute 

correlation values, in dyslexic readers better phonemic-rate phase locking tends to relate to right 

lateralization of STGp. This reversed correlational pattern was confirmed by a significant interaction 

between group and interhemispheric coherence to 20 Hz AM for STGp. It is possible that poor 

readers implement a compensatory mechanism for a less effective left hemispheric network. If 

phonemic-rate acoustic information is insufficiently maintained to be integrated in the left dorsal 

pathway, it may be that dyslexic readers compensate this by depending more than normal readers 
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on a right hemispheric network. Indeed, Hoeft et al. (2011) found that dyslexic readers use the right 

arcuate fasciculus to compensate their literacy problems. Compensation by activation in the right 

hemisphere is also commonly reported in a large variety of language deficits, including dyslexia. 

However, it rarely compensates all aspects of the behavioural profile (Kell et al., 2009; Lehongre et 

al., 2011; Preibisch et al., 2003). Second, it is possible that the formation of phonological 

representations of dyslexic readers relies on acoustic information of larger or smaller time chunks 

than the phonemic rate. Indeed, studies have shown that dyslexic readers phase locked better than 

normal readers to rates higher (50 Hz - 70 Hz: Lehongre et al., 2011) or lower (10 Hz: Hämäläinen et 

al., 2012) than the phonemic-rate. If phonological representations were based on acoustic 

information on a different timescale, they would be over- or underspecified and may be linked to the 

reading problems in dyslexia. 

4.3. Does FA in CCsplenium relate to functional phonemic- and syllabic-

rate processing in normal and dyslexic readers? 
Given that dyslexic readers displayed a symmetric FA-pattern in STGp and no typical 

correlation with interhemispheric coherence to 20 Hz AM, we examined whether this was rooted in 

abnormalities of the callosal white matter fibers underlying this interhemispheric connection. A 

limitation of conventional DTI is that fibertracking is hindered by crossing fibers (Mori, 2007), which 

impedes the direct reconstruction of the fibers connecting the left and right STGp. Nevertheless, 

from post mortem research it is known that the fibers maintaining this connection run through the 

splenium of the CC (Westerhausen et al., 2009), and we therefore delineated the fibers passing 

through that region.  

Our data showed a significant correlation between interhemispheric coherence to 20 Hz AM 

and FA in CCsplenium for both normal and dyslexic readers, which agrees with independent evidence 

that the integrity of the corpus callosum relates to functional interhemispheric coherence (Teipel et 

al., 2009; Pogarell et al., 2005). Given that fMRI (Shaywitz et al., 2003; 2007), DTI (Hoeft et al., 2011) 

and EEG (Dujardin et al., 2011) studies have suggested that dyslexic readers recruit right hemispheric 

areas to compensate for poor left hemisphere functioning, interhemispheric connectivity, both 

structurally and functionally, is especially important in dyslexia. Macrostructure studies of the CC in 

dyslexia are inconsistent, but several studies have shown a difference in the posterior CC, particularly 

in the splenium (Duara et al., 1991; Rumsey et al., 1996). Also at the microstructural level, two recent 

DTI-studies have pointed out group differences in the posterior part of the CC, with dyslexic readers 

having a higher FA than typical readers (Odegard, Farris, Ring, McColl, & Black, 2009; Frey et al., 

2008). Under the assumption that the CC plays an integrative role in hemispheric lateralization, it 

might be that a better structural connectivity of the splenium in dyslexic readers (as reflected by a 
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higher FA) coheres with an atypical hemispheric asymmetry. Previous studies in a typical population 

have indeed shown an inverse relation between indices of lateralization and callosal size (Witelson & 

Goldsmith, 1991) and callosal FA (Westerhausen et al., 2004; 2006; but see Putnam, Wig, Grafton, 

Kelley, & Gazzaniga, 2008 for a positive relation). Given that the splenium region is crucial in 

connecting the left and right STGp (Westerhausen et al., 2009), it might thus be that the better 

structural connection of the splenium in dyslexic readers, as shown in previous DTI-studies, underlies 

the lower asymmetry we observed in STGp for our dyslexic readers. Although our results could not 

confirm FA group differences in CCsplenium, we did find an opposite correlational pattern between 

both groups. In dyslexic readers, FA in CCsplenium related positively with 20 Hz interhemispheric 

coherence, whereas this was negative in typical readers. Furthermore, we know from our ASSR-

results that our dyslexic participants had lower interhemispheric coherence to 20 Hz AM than typical 

readers (Poelmans et al., 2012). Our present results indicate that those dyslexic readers that have 

stronger cohering neural oscillations in response to 20 Hz modulations also have a higher structural 

connectivity in the splenium of the CC as well as a more symmetric FA-pattern in STGp. Based on 

these results, we therefore hypothesize that, relative to normal readers, dyslexic readers 

compensate their phonemic-rate processing problems by relying more on the right STGp via a better 

structural connection in the splenium of the corpus callosum.  

4.4. An integrative model for dyslexia? 
By the combination of the present results together with those of previous studies in largely 

the same sample (Poelmans et al., 2012; Vandermosten et al., 2012) we suggest a speculative model 

on acoustic and phonological processing. First, the present study shows that neural interhemispheric 

coherence to phonemic-rate modulations depends in a typical population on a structural left 

dominance of white matter integrity in STGp (analogue to a functional leftward dominance for fast 

modulations) (Zatorre et al., 2008). Second, in a previous ASSR study, in which the present sample 

was extended up to 60 subjects, a link has been demonstrated between interhemispheric coherence 

to phonemic-rate modulations and speech-in-noise perception. Third, in a previous DTI-report 

involving the same sample as the present study (Vandermosten et al., 2012), it was demonstrated 

that speech-in-noise perception was positively correlated with the left and negatively with the right 

arcuate fasciculus, which suggests that optimal processing of the phonological aspects of speech 

perception depends on a structural left dominance of white matter integrity in the arcuate fasciculus.  

Based on these three findings, we hypothesize that optimal left asymmetry of white matter 

integrity in STGp is crucial for an adequate neural transfer of phonemic-rate information, and that 

the quality by which these acoustic modulations are processed will reflect on further phonological 

processing. Anatomically, these phonological processes seem to take place in the arcuate fasciculus 
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(which connects with STGp). This might imply that, analogue to the importance of left FA-

lateralization in STGp to optimally process phonemic-rate acoustic modulations, left FA-lateralization 

of the arcuate fasciculus might mediate processes depending on phonological representations, such 

as the perception of speech in noise. In contrast to this pattern, the present study shows that 

dyslexic readers are unable to develop sufficient FA-asymmetry in STGp, which corroborates their 

difficulties in neural transfer of phonemic-rate information. Given that left asymmetry in STGp is not 

significantly related to slow modulations, such as syllabic-rate information, the decreased left 

dominance in dyslexic readers seems not to affect auditory transfer of syllabic modulations and 

therefore no group differences are observed in neural interhemispheric coherence to syllabic-rate 

information. However, the decreased asymmetry in STGp and inadequate coherence to phonemic-

rate information can reflect on the further phonological analysis and on building well-specified 

phonological representations at the phoneme level. This might be evidenced by a decreased left 

asymmetry in the arcuate fasciculus and by their deviant performance on phonological tasks 

reported in Vandermosten et al. (2012). Thus, the consistent decreased left dominance 

demonstrated with the present results as well as a decreased functional (Poelmans et al., 2012) and 

structural (Vandermosten et al., 2012) intrahemispheric connectivity in the left hemisphere, might 

indicate that dyslexic readers tend to rely on a less developed network. Friederici (2011) has 

demonstrated that during typical development the functional language network evolves from 

reliance on interhemispheric towards left intrahemispheric connections. At the structural level, this 

finding is supported by developmental DTI-studies showing an early maturation of the CC and a late 

maturation of the arcuate fasciculus (Lebel et al., 2009). Though there is some evidence available in 

literature that the posterior part of the CC is more developed in dyslexic relative to typical readers, 

reflected by a higher FA (Odegard et al., 2009; Frey et al., 2008), the present study could not 

replicate this result. Nevertheless, our results do suggest a compensatory role of the CCsplenium in 

interhemispheric transfer of phonemic-rate modulation, possibly being more processed in the right 

STGp than in normal readers.  

Although our study was able to demonstrate significant group differences (normal versus 

dyslexic readers) and relations between FA-lateralization and functional coherence to phonemic-rate 

modulations, we acknowledge that the obtained effects are only modest and not corrected for 

multiple comparisons. Given that we applied 6 General Linear Model tests to investigate DTI-group 

effects and its relation with ASSR-indices, a Bonferroni-correction would require a significance level 

of p < 0.008. However, none of our obtained group effects (arcuate fasciculus: p = 0.043; STGp: 

p = 0.021) and their interaction with interhemispheric coherence to 20 Hz AM (STGp: p = 0.018; 

CCsplenium: p = 0.022) would survive this correction. Nevertheless, keeping in mind that the 

stringent Bonferonni-correction increases Type II errors (Perneger, 1998; Nakagawa, 2004), we 



25 
 

believe that the obtained effects should not be interpreted as a nul-result, especially since the 

mirrored pattern of correlation in dyslexic versus normal readers is present in two regions. We do 

emphasize that results must be interpreted with caution and that more research is needed to 

investigate whether these effects can be replicated. Further development of the neurological 

techniques (e.g. ASSRs with high-density recordings and coherence analyses at the source level, or 

the possibility to reconstruct crossing fibers with DTI) might be necessary to reduce variability in the 

data and to further unravel the hypotheses we postulated here. In addition, no conclusions can be 

made on what is cause and consequence of reading experience since our study involved adult 

participants. The decreased left-lateralized myelination in dyslexic adults relative to normal reading 

adults could be an a priori difference that has caused the dyslexia, but it is equally likely to be a 

consequence of differences in reading experience and reading efficiency. Nevertheless, we believe 

that our results provide valuable and unique information on the interaction between structural white 

matter lateralization and processing of rapidly changing auditory information, which is of particular 

interest to theories of dyslexia.  

5. Conclusion 
The present study reveals that dyslexic readers have a decreased left lateralization of white 

matter integrity in auditory and dorsal language regions as well as a decreased neural coherence to 

phonemic but not for syllabic modulations. Given that previous studies indicate that neural 

processing of phonemic- versus syllabic-rate modulations is rooted in interhemispheric functional 

differences, the central aim of the present study was to investigate whether this lateralization 

pattern is also present at the structural level, specifically in white matter properties, and whether 

dyslexic readers display a deviant lateralization pattern. Our results reveal that normal readers 

display a link between neural interhemispheric response for phonemic-rate modulations and left FA-

lateralization in STGp, in line with functional lateralization studies, whereas dyslexic readers display 

the opposite pattern, with a tendency to relate more to right lateralization. Additionally, 

interhemispheric coherence to phonemic-rate modulations related differently to FA in CCsplenium 

for normal than for dyslexic readers. We conclude that deficient neural coherence to phonemic-rate 

modulations coheres with dyslexic’s decreased left lateralization in STGp. This might in turn affect 

further phonological processing, which seems to be reflected in a decreased left lateralization of 

arcuate fasciculus. Possibly, dyslexic readers compensate their lack of left lateralization, necessary for 

phonemic-rate acoustic cues and phonological processing, by more interhemispheric white matter 

connections.  
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