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Abstract

Speech sound disorder (SSD) is common, yet its neurobiology is poorly understood. Recent 

studies indicate atypical structural and functional anomalies either in one hemisphere or both 

hemispheres, which might be accompanied by alterations in inter-hemispheric connectivity. 

Indeed, abnormalities of the corpus callosum – the main fiber tract connecting the two 

hemispheres – have been linked to speech and language deficits in associated disorders, such as 

stuttering, dyslexia, aphasia, etc. However, there is a dearth of studies examining the corpus 

callosum in SSD. Here, we investigated whether a sample of 18 children with SSD differed in 

callosal morphology from 18 typically developing children carefully matched for age. 

Significantly reduced dimensions of the corpus callosum, particularly in the callosal anterior third, 

were observed in children with SSD. These findings indicating pronounced callosal aberrations in 

SSD make an important contribution to an understudied field of research and may suggest that 

SSD is accompanied by atypical lateralization of speech and language function.
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Introduction

Speech sound disorder (SSD) is a pervasive speech production deficit occurring in the 

absence of a frank neurological lesion or known cause (Morgan et al., 2016). SSD is 

common, occurring in 3.5% – 5% of pre-school children (Eadie et al., 2015, Reilly et al., 

2015), and encompasses articulation and phonological impairments, which can further be 

categorized into disordered or delayed profiles (Eadie et al., 2015, Reilly et al., 2015, Dodd 

et al., 2017). Articulation impairments are phonetic-level errors (i.e., they affect motor 

planning and execution), such as a lisp on/s/or distortion of/r/(Gunther and Hautvast, 2010, 

Dodd et al., 2017, Morgan et al., 2017). Phonological impairments manifest as errors in the 

phonemic rules of one’s language, where incorrect rules (phonological processes) are 

applied, such as producing “t” for ‘k’, “tat” for ‘cat’, or “gog” for ‘dog’ (Dodd et al., 2017, 

Morgan et al., 2017). SSDs may be associated with literacy difficulties and, in the longer 

term, with restricted educational and vocational attainment (Mann and Foy, 2007, Johnson et 

al., 2010a, Lewis et al., 2011). There is heterogeneity of the SSD phenotype, where 

individuals may present with any combination of articulation or phonological errors, and this 

symptomatology has been well characterized in early and middle childhood, adolescence, 

and even adulthood (Beitchman et al., 2001, Johnson et al., 2010b, Wren et al., 2012, Eadie 

et al., 2015, Dodd et al., 2017, Morgan et al., 2017). Despite this thorough phenotypic 

characterization, causation for SSD is poorly understood. While multifactorial genetic and 

environmental influences are indicated (Graham and Fisher, 2015), explicit etiological 

pathways remain unknown.

From a neurobiological perspective, there have been only a limited number of imaging 

studies examining structural and functional correlates of SSD and associated speech 

pathologies (for review, see Liegeois et al., 2014, Morgan et al., 2016). The few existing 

findings seem to suggest structural or functional anomalies in several cortical and 

subcortical areas, such as the pre- and post-central gyrus, the supramarginal gyrus, the 

middle and superior temporal gyrus, the fusiform gyrus, the cingulate, the insula, the basal 

ganglia including globus pallidus, as well as several white matter tracts and the cerebellum 

(Preston et al., 2012, Liegeois et al., 2013, Morgan et al., 2013, Kadis et al., 2014, Preston et 

al., 2014, Redle et al., 2015, Silveri et al., 2016). In terms of laterality, some of the 

aforementioned studies report aberrations in both hemispheres, while others point to the left 

hemisphere in particular. The question arises whether communication channels between 
hemispheres are also affected. It is possible, for example, that SSD is accompanied by 

aberrations of cerebral commissures. The corpus callosum is the main commissure system of 

the human brain. It connects the right and left hemisphere through more than 200 million 

fibers, not only facilitating inter-hemispheric communication but also modulating 

hemispheric specialization, including language-dominance. Thus, the corpus callosum 

appears to be a plausible brain structure and attractive candidate when exploring the 

underlying anatomical substrates of SSD.

To our knowledge, there is only one study noting atypicality of the corpus callosum in SSD, 

where significant effects were evident within the splenium and anterior body of the corpus 

callosum (Preston et al., 2014). Furthermore, callosal aberrations have been observed 

(among other brain abnormalities) in other speech- and language-related conditions, such as 
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childhood or adult stuttering (Choo et al., 2011, Connally et al., 2014, Chang et al., 2015, 

Civier et al., 2015, Chow and Chang, 2017) and dyslexia (Hynd et al., 1995). With respect to 

the specific callosal subregions affected, these latter non-SSD studies revealed mixed 

findings implicating the splenium, the (anterior) midbody, and the callosal anterior third, 

including genu and rostrum1, in addition to the corpus callosum as a whole. Moreover, a 

recent stroke study in adults with aphasia linking interhemispheric connectivity to speech 

fluency seems to point to the callosal midbody as well as the rostral body (Pani et al., 2016). 

Results are similarly inconsistent with respect to the direction of the effect: Some studies 

revealed larger measures of the corpus callosum (as well as other cerebral features) in 

healthy controls, while others reported enlarged features in affected individuals (Hynd et al., 

1995, Choo et al., 2011, Connally et al., 2014, Chang et al., 2015, Civier et al., 2015, Pani et 

al., 2016, Chow and Chang, 2017).

The goal of the current study was thus three-fold: (1) to examine whether SSD is 

characterized by significant deviations in callosal morphology; (2) to determine the exact 

location of the possible aberration; and (3) to elucidate the direction of the SSD-related 

effect (i.e., callosal reduction versus enlargement). For this purpose, we applied a refined 

computational method to calculate the thickness of the corpus callosum with a high regional 

specificity (i.e., at 100 equidistant points across the callosal surface) in a sample of children 

with SSD and age-matched typically developing children. In addition, we conducted an 

exploratory analysis using tensor-based morphometry to complement (and possibly extend) 

the outcomes of the aforementioned ‘callosal thickness’ approach.

Experimental Procedures

Early Language in Victoria Study (ELVS)

The children included in the present study were selected from a large pool of participants 

recruited for the Early Language in Victoria Study; ELVS (Reilly et al., 2007, Reilly et al., 

2010). ELVS is a longitudinal epidemiological community cohort study of 1,910 children 

who were enrolled at 8 months of age in 2003/2004. With language development being 

tracked almost annually, language trajectories in those children were well-known from 

infancy to time of scanning when children were between 9;3 years and 11;3 years old. Ethics 

approval (HREC31225) was obtained from the Human Research Ethics Committee at the 

Royal Children’s Hospital, Melbourne (Australia). At least one parent provided informed 

consent and children provided oral assent. Further information on ELVS, including inclusion 

and exclusion criteria, is detailed elsewhere (Reilly et al., 2007, Reilly et al., 2010). 

However, information as relevant to the current study (i.e., pertaining to children with SSD 

as well as typically developing children) is provided below.

ELVS Eligibility Criteria

Inclusion criteria for children with SSD as well as typically developing children were a non-

verbal IQ of ≥ 80 on the Kaufman Brief Intelligence Test; KBIT (Kaufman and Kaufman, 

1For clarity, study outcomes (ours and others) are described by referring to well-known vertical callosal segments (Witelson, 1989). 
There, the splenium represents the posterior fifth, the isthmus two fifteenths, the posterior midbody and anterior midbody each one 
sixth. The remaining anterior third may be further subdivided in rostral body, genu, and rostrum.
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2004) at age 4, and the Wechsler Abbreviated Scales of Intelligence; WASI (Wechsler, 1999) 

at age 7. Moreover, children in both groups were required to be English native speakers and, 

aside from SSD, to be free of any neurodevelopmental disorders (e.g., attention-deficit/

hyperactivity disorder, autism spectrum disorder, developmental coordination disorder) and 

any other significant medical or developmental issues. Importantly, children in both groups 

were also required to have normal language scores (≥85) as per the Clinical Evaluation of 

Language Fundamentals (CELF) assessment tool using CELF Preschool-II (Wiig et al., 

2004) at age 4, and CELF-IV (Semel et al., 2003) at ages 5 and 7. SSD children showed 

impaired speech, defined as a score of ≤ 85 on the Goldman-Fristoe Test of Articulation; 

GFTA-II (Goldman and Fristoe, 2005) at age 4 and/or as per diagnosis of articulation or 

phonological errors (Dodd et al., 2017, Morgan et al., 2017). Typically developing children 

were required to have normal speech as based on the GFTA-II and in conversation.

Study-specific Speech Assessments

To assess speech performance at age 9–11, the GFTA-II was administered as a single-word 

test that elicits all the speech sounds of English language in initial, medial and final 

positions. All sounds were transcribed and assessed for the presence of articulation and 

phonological errors to confirm a diagnosis of SSD (Dodd et al., 2017, Morgan et al., 2017). 

In addition, conversational samples were rated to confirm the presence of errors noted in 

single-word stimuli in connected speech. Articulation disorder was denoted as a phonetic-

based distortion (e.g., interdental and lateral lisps, de-rhoticism), with the distortion 

occurring more frequently than the correct production of that phone. Articulation disorder 

could also include an omission error, with the phone absent in the child’s phonetic inventory 

but present in >90% of peers (Dodd et al., 2002, Dodd et al., 2017). Phonological disorder 

was defined as use of a phonological process that is atypical and seen in <10% of the 

normative sample population at any age (Dodd et al., 2003). A phonological delay was 

denoted as use of a phonological process that occurs in typically developing speech, but that 

is used beyond an age where it is typically resolved in >90% of peers (Dodd et al., 2003).

Sample Characteristics

The current study included 18 children with SSD and 18 typically developing (TD) children, 

closely matched for age (SSD [mean ± SD]: 123.22 ± 3.90 months; TD: 122.44 ± 3.71 

months). The groups did not differ significantly with respect to sex (SSD: 7 boys/11 girls; 

TD: 10 boys/8 girls), handedness (SSD: 17 right-/1 non-right; TD: 15 right-/3 non-right), the 

CELF-IV total language scores (SSD: 101.39 ± 10.36; TD: 107.28 ± 8.55), the CELF-IV 

receptive language scores (SSD: 100.83 ± 8.47; TD: 105.83 ± 8.39), and the CELF-IV 

expressive language scores (SSD: 102.78 ± 10.66; TD: 109.00 ± 9.88). However, as 

expected, SSD children had significantly lower GFTA-II scores than typically developing 

children (SSD: 99.72 ± 4.39; TD: 103 ± 2.54; p=0.011). Comparing the GFTA-II scores 

within the SSD group between age 4 and age 9–11 (i.e., when image data were acquired) 

revealed a significant change over time (93.00 ± 9.13 versus 99.72 ± 4.39; p=0.0013). 

Moreover, as shown in Table 1, the speech diagnostic profiles changed from 4 years to 9–11 

years. Nevertheless, the vast majority of the SSD group (16/18) had persistent speech errors 

at age 9–11.
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Image Data

Participants were scanned at the Florey Institute of Neuroscience and Mental Health in 

Melbourne, Australia (https://www.florey.edu.au/). All brain images were acquired on a 

Siemens 3 Tesla Skyra system with a 20-channel head coil using the following parameters: 

TR = 1900 ms, TE = 2.49 ms, flip angle = 9°, matrix size = 256 × 256, field of view: 240 × 

240 mm2, voxel size = 0.9 × 0.9 × 0.9 mm3. For each participant, the acquired brain images 

were immediately inspected for motion artifacts and the scan was repeated if necessary. All 

images were corrected for magnetic field inhomogeneities and spatially normalized using 6-

parameter (rigid-body) transformations in SPM12 (http://www.fil.ion.ucl.ac.uk/spm) using 

the CAT12 toolbox (http://www.neuro.uni-jena.de/cat/). In addition, the total intracranial 

volume was estimated for each brain (in cm3) to be included as a covariate in the statistical 

model (SSD [mean ± SD]: 1,609.11 ± 126.64; TD: 1,595.00 ± 128.63).

Callosal Thickness

Using the preprocessed images, the corpus callosum was outlined manually and blind to 

group status in each brain’s midsagittal section (Luders et al., 2003, Luders et al., 2007a). 

Inter-rater reliability was assessed by comparing callosal traces produced by two 

experienced operators (E.L. and F.K.) using the Jaccard index (Jaccard 1901), as previous 

described (Luders et al., 2016). The Jaccard index across duplicate traces in ten subjects was 

0.94 indicating a high inter-rater reliability. Nevertheless, all callosal outlines were carefully 

checked (and corrected if indicated) to ensure that they precisely reflected the size and shape 

of each individual corpus callosum. Subsequently, callosal thickness was established in a 

number of successive steps, as illustrated (Luders et al., 2006, Luders et al., 2018) and 

further described in detail elsewhere (Luders et al., 2011, Luders et al., 2014). Briefly, the 

upper and lower callosal boundaries were first separated into 100 nodes and re-sampled at 

regular intervals rendering the discrete points comprising the two boundaries spatially 

uniform. Then, a new midline curve was created by calculating the 2D average from the 100 

equidistant nodes representing the upper and the lower callosal boundaries. Finally, the 

distances between the 100 nodes of the upper as well as the lower callosal boundaries to the 

100 nodes of the midline curve were calculated (in mm). These distances – indicating 

callosal thickness at 100 locations distributed evenly over the callosal surface – were entered 

as the dependent variables into the statistical analysis.

Statistical Analysis

Differences in point-wise callosal thickness between children with SSD and typically 

developing children were assessed using a general linear model, while removing the 

variance associated with age and total intracranial volume. The resulting point-wise 

significance values (p) were projected onto the mean callosal surface created from all 

participants included in this study (n=36). Alpha was set at 0.05. To control for multiple 

comparisons, a Monte Carlo simulation using 10,000 permutations was employed, as 

previously established (Thompson et al., 2004, Luders et al., 2009, Anastasopoulou et al., 

2016). Last but not least, effect sizes (Cohen’s d) were calculated and projected onto the 

mean callosal surface.
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Exploratory Analysis

To complement the main analysis directed at investigating point-wise callosal thickness, we 

used tensor-based morphometry to examine voxel-wise information reflecting the shape and 

size of the corpus callosum. For this purpose, all brain images were corrected for magnetic 

field inhomogeneities and spatially normalized to the DARTEL template provided by the 

CAT12 toolbox using 12-parameter (affine) transformations and high-dimensional warping 

(Ashburner, 2007). The Jacobian determinants – which encode the local expansions/

contractions necessary to match the individual brains to the DARTEL template – were then 

derived from the resulting normalization matrices and smoothed using an 8 mm FWHM 

Gaussian kernel. Closely following the statistical approach described above, voxel-wise 

group differences were assessed using a general linear model, while removing the variance 

associated with age and total intracranial volume. Since we were only interested in callosal 

effects (as opposed to whole-brain effects), a mask was created to restrict the outcomes of 

the statistical analysis to the corpus callosum. The resulting point-wise significance values 

(p) were projected onto the mean brain created from all participants (n=36). Due to the 

exploratory nature of this analysis, corrections for multiple comparisons were not applied. 

This entire analysis was conducted in SPM12 (http://www.fil.ion.ucl.ac.uk/spm) using the 

CAT12 toolbox (http://www.neuro.uni-jena.de/cat/); the mask was created in MRIcron 

(http://www.mccauslandcenter.sc.edu/crnl/mricron/).

Results

As shown in Figure 1 (top panel), applying the ‘callosal thickness’ approach, we observed 

significantly thinner corpora callosa in children with SSD compared to typically developing 

children. More specifically, such effects were evident within the anterior third of the corpus 

callosum – especially in the rostral body but also partly within genu and rostrum – as well as 

the most rostral part of the anterior midbody (Witelson, 1989). These findings were 

confirmed by permutation testing (p=0.048) and substantiated by Cohen’s d indicating 

moderate to large effect sizes (Figure 1, bottom panel). No region of the corpus callosum 

was significantly thicker in children with SSD compared to typically developing children, 

even if we abstained from applying corrections for multiple comparisons.

As shown in Figure 2, applying tensor-based morphometry, we also observed significant 

effects at the dorsal border of the callosal anterior third, specifically the rostral body, 

indicating volumetric contractions in children with SSD compared to typically developing 

children. Effect sizes were moderate, with Cohen’s d ranging between 0.60 and 0.76. No 

region of the corpus callosum was significantly expanded in children with SSD compared to 

typically developing children.

Discussion

The outcomes of our study suggest that SSD is accompanied by regional aberrations in 

callosal morphology in affected children, specifically a reduced thickness as well as 

volumetric contractions (the latter only on a trend level; p≤0.05 uncorrected). Comparable 

data are extremely sparse, but our findings seem to corroborate other scientific reports 

proposing the corpus callosum to be involved in the pathogenesis of related speech disorders 
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(Hynd et al., 1995, Choo et al., 2011, Connally et al., 2014, Chang et al., 2015, Pani et al., 

2016, Chow and Chang, 2017).

Effect Location and Direction

In terms of the exact spatial location, SSD-related aberrations in the current study were 

confined to the anterior third/anterior midbody, callosal regions heavily connected to various 

(pre)frontal, premotor and supplemental motor areas of the cortex (Witelson, 1989, Hofer 

and Frahm, 2006, Zarei et al., 2006), some of them involved in speech and language 

production. Given that SSD is defined as a pervasive speech deficit, the spatial location of 

the observed effect seems plausible and also is in agreement with outcomes of other studies, 

where significant links have been detected between speech-related functions and the callosal 

anterior third and/or anterior midbody (Hynd et al., 1995, Choo et al., 2011, Preston et al., 

2014, Chang et al., 2015, Civier et al., 2015, Pani et al., 2016). The only existing corpus 

callosum-related study in SSD also revealed significant effects within the callosal anterior 

body but additionally within the splenium (Preston et al., 2014). Moreover, in contrast to our 

findings, affected children had greater (rather than smaller) white matter volumes than 

children with typical speech (Preston et al., 2014). This opposite direction is intriguing and 

warrants an explanation. However, given the lack of other callosal data in SSD, a solid frame 

of reference is missing and we can only speculate that the discrepant findings across studies 

are due, at least in part, to the differing nature of the cohorts assessed, the speech 

phenotyping procedures used, and/or the morphometric approach applied. While it is 

impossible to arrive at a definite (and justified) answer at this point, it seems worth pointing 

out that callosal findings in other speech disorders are similarly inconsistent: some studies 

revealed larger measures in healthy controls than in affected individuals, other studies report 

the opposite effect (Hynd et al., 1995, Choo et al., 2011, Connally et al., 2014, Chang et al., 

2015, Civier et al., 2015, Pani et al., 2016, Chow and Chang, 2017). Clearly, additional 

studies are required to further develop this under-investigated field of research.

Possible Links to Functional Lateralization

As discussed elsewhere (Luders et al., 2007b, Luders et al., 2016), a thinner corpus callosum 

(or smaller callosal areas) might indicate fewer axons and/or reduced axonal diameters. 

Thus, smaller callosal dimensions, as currently observed, are likely to reflect a decreased 

inter-hemispheric connectivity and signal conduction in speech/language-related channels 

overall. Impaired inter-hemispheric signal conduction, in turn, might be associated with an 

atypical lateralization of speech and language function. More specifically, in the typically 

developing brain, the language perception/speech production network shows a leftward 

asymmetry, at least for some structures (Dubois et al., 2009). Such leftward asymmetry 

seems to be maintained by exerting inter-hemispheric inhibition – from the left to the right 

hemisphere – across the corpus callosum (Tzourio-Mazoyer et al., 2016). Indeed, analyses in 

normative cohorts revealed a positive correlation between callosal size and the degree of 

left-lateralization for language (Josse et al., 2008). Pathological conditions, on the other 

hand, were suggested to be accompanied by decreased inter-hemispheric inhibition altering 

hemispheric dominance for language (Tzourio-Mazoyer et al., 2016), as also supported by 

reports of atypical functional lateralization in developmental communication disorders 

(Njiokiktjien, 1990, Fabbro et al., 2002, Mayes et al., 2015). Thus, the detected aberrations – 
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i.e., reduced anterior callosal dimensions in SSD – might point to a reduced lateralization of 

speech and language functions in affected children, perhaps due to a disadvantageous 

recruitment of the right-hemispheric (frontal) cortex during speech production, similar as has 

been argued with respect to stuttering (Civier et al., 2015).

Etiology and the Quest for Causation

Given the complex genetics of SSD, the heterogeneity of the phenotype, and the relatively 

subtle neural involvement in this condition compared to most cerebral malformation 

syndromes, identifying specific genetic contributions remains challenging. Nevertheless, a 

possible reason for aberrations of the anterior third (over any other callosal region) might be 

deduced from the order of precedence during neurodevelopment: That is, the corpus 

callosum originates at 10–12 weeks of gestation and follows an anterior-to-posterior gradient 

(Rakic and Yakovlev, 1968, Achiron and Achiron, 2001). It is possible that maturation of the 

corpus callosum – perhaps of the anterior third, in particular – is for some reason delayed or 

accelerated in children with SSD prepartum and/or negatively impacted postpartum, 

potentially due to disruption of genes important for callosal development (Parrini et al., 

2016). That being said though, it remains an open question whether callosal aberrations 

would be identifiable at birth in children who later present with SSD. In other words, 

callosal aberrations might have caused (or contributed) to the speech disorder, but could also 

be a consequence thereof. More specifically, according to our understanding of brain 

plasticity, it is possible that SSD is initiated by other factors (e.g., environmental or 

endogenous). As a consequence, aberrations in callosal morphology might arise (e.g., due to 

atypical brain functioning, unusual stimulation/deprivation, or use of compensatory 

mechanisms), possibly further enhancing speech impairments and ultimately leading to a 

clinical symptomatology. Alternatively, although perhaps less likely, links between callosal 

dimensions and functional speech/language lateralization in SSD might be devoid of any 

causal relationship with each other, but simply underlie the same developmental 

mechanisms, similarly as has been argued, for example, for callosal morphology and 

handedness (Habib et al., 1991).

Conclusion and Implications for Follow-up Studies

The present findings indicating pronounced aberrations in the brain’s largest white matter 

tract significantly contribute to an understudied field of research and may support that SSD 

is accompanied by atypical lateralization of speech and language function. Future studies, 

ideally longitudinal in nature, may further expand this line of research by complementing 

indicators of callosal macro-structure with descriptors of callosal micro-structure, such as 

based on callosal fiber tracking using diffusion tensor imaging. Moreover, follow-up 

research combining callosal measures with other cortical, subcortical, perhaps even 

cerebellar measures of brain structure (e.g., gray matter density, cortical thickness, or via 

shape/size estimates) as well as measures of brain function (e.g., behavioral, 

electrophysiological, or oxygenation/perfusion parameters) are indicated to provide a more 

comprehensive account of the neurobiology of SSD. Last but not least, genetic studies are 

required to foster our understanding of the mechanistic pathways leading to SSD.
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Highlights

• There is a link between callosal morphology and speech sound disorder 

(SSD).

• The corpus callosum is thinner in children with SSD than in typically 

developing children.

• The group difference was particularly evident within the callosal anterior 

third.
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Figure 1. Group Differences in Point-wise Callosal Dimensions (Callosal Thickness)
Thinner callosal regions in children with SSD compared to typically developing children 

within the callosal anterior third, extending into the anterior midbody. The posterior part of 

the corpus callosum points to the left; the anterior part points to the right. Top Panel: 

Statistical significance, with the color bar encoding uncorrected significance (p); the 

significance profile is confirmed by permutation testing (p=0.048). Bottom Panel: Effect 

size, with the color bar encoding Cohen’s d (effect sizes: <0.2 trivial; 0.2–0.5 small; 0.5–0.8 

moderate; >0.8 large).
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Figure 2. Group Differences in Voxel-wise Callosal Dimensions (Tensor-based Morphometry)
Significant callosal contractions in children with SSD compared to typically developing 

children within the dorsal callosal anterior third. The color bar encodes the uncorrected 

statistical significance (p). The posterior part of the corpus callosum points to the left; the 

anterior part points to the right.
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Table 1

Speech-diagnostics at age 4 and age 9–11 (n=18)

number of children affected

at age 4 at age 9–11

Articulation Disorder 6 12

Phonological Disorder 2 0

Phonological Delay 4 3

Articulation Disorder + Phonological Disorder 2 0

Articulation Disorder + Phonological Delay 1 1

Articulation Disorder + Phonological Disorder + Phonological Delay 1 0

Phonological Disorder + Phonological Delay 2 0

Resolved 0 2*

*
One child presents with inconsistent sub-clinical phonetic distortions.
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