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Abstract
Developmental language disorder (DLD) and developmental speech disorder (DSD) are common, yet their etiologies are not 
well understood. Atypical volume of the inferior and posterior language regions and striatum have been reported in DLD; 
however, variability in both methodology and study findings limits interpretations. Imaging research within DSD, on the 
other hand, is scarce. The present study compared grey matter volume in children with DLD, DSD, and typically developing 
speech and language. Compared to typically developing controls, children with DLD had larger volume in the right cerebel-
lum, possibly associated with the procedural learning deficits that have been proposed in DLD. Children with DSD showed 
larger volume in the left inferior occipital lobe compared to controls, which may indicate a compensatory role of the visual 
processing regions due to sub-optimal auditory-perceptual processes. Overall, these findings suggest that different neural 
systems may be involved in the specific deficits related to DLD and DSD.
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Introduction

Language and speech provide the means for a child to engage 
and learn from their environment, as well as express their 
ideas and needs. For most children, language and speech 
development is spontaneous and effortless. However, around 
2–15% of children, depending on age, have significant 
problems with the acquisition of language and/or speech 
for no apparent reason (Campbell et al. 2003; Eadie et al. 
2015; McLeod and Harrison 2009; Shriberg et al. 1999). 

Developmental language disorder (DLD) is diagnosed when 
a child has significant difficulties comprehending and/or pro-
ducing language despite exposure to an adequate language 
learning environment and the absence of sensory or frank 
neurological impairments (Bishop et al. 2016; Reilly et al. 
2015; Tomblin 2015). The term DLD encompasses many 
sub-phenotypes with potential impairments across syntax, 
morphology, phonology, and/or semantics (Leonard 2015). 
By contrast, children with developmental speech disorder 
(DSD) have difficulties accurately producing the vocal 
sounds of their native language appropriate for their age. The 
phenotypes of children with DSD are also variable and can 
include errors that reflect problems with articulatory (i.e., Electronic supplementary material  The online version of this 
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phonetic) and/or phonological (i.e., phonemic) aspects of 
speech production (Dodd et al. 2018a). Longitudinal studies 
have also shown that the phenotypes for children with DSD 
change over time, with one common presentation including 
children who demonstrate phonological errors at one time-
point and later experience articulation errors (Dodd et al. 
2018a, b). DLD and DSD often persist into adolescence 
and adulthood and are associated with an increased risk of 
psychosocial, academic, and occupational difficulties (Law 
et al. 2009; Lewis et al. 2000, 2015; McKean et al. 2017; 
Schoon et al. 2010).

The etiology of DLD and DSD is considered to be a com-
plex interaction between genetics, environment, and neuro-
biology (Graham and Fisher 2013). Although findings are 
inconsistent, structural brain anomalies have been associated 
with DLD and DSD (Liégeois et al. 2014; Mayes et al. 2015; 
Morgan et al. 2016). There is some evidence to suggest that 
the key language regions (e.g., inferior frontal and posterior 
temporal regions) in DLD groups have increased volume 
in the right and/or reduced volume in the left hemisphere 
in contrast to controls (De Fossé et al. 2004; Herbert et al. 
2005; Soriano-Mas et al. 2009; Kurth et al. 2018), although 
other studies do not support this trend (Preis et al. 1998). 
Furthermore, anomalies in the inferior frontal and posterior 
temporal regions have also been reported in other commu-
nication disorders such as dyslexia and stuttering (Beal et al. 
2013; Richlan et al. 2013). The striatum (putamen and cau-
date nucleus) are also proposed as core regions associated 
with DLD due to their role in procedural learning (Krishnan 
et al. 2016; Ullman 2016) and larger putamen volume (Lee 
et al. 2013) and atypical (i.e., both increased and decreased) 
caudate volume (Badcock et al. 2012; Soriano-Mas et al. 
2009) have been reported in DLD when compared to con-
trols. In contrast to DLD, imaging research in DSD is scarce. 
One relatively recent study reported children with persistent 
speech sound errors to have larger grey matter volume com-
pared to controls in bilateral posterior temporal regions and 
left supramarginal gyrus (Preston et al. 2014).

Interpretation of the current imaging literature in DLD 
is limited by small sample sizes (Badcock et al. 2012; De 
Fossé et al. 2004; Girbau-Massana et al. 2014), as well as 
variability across study methodology and findings. Much of 
the research has focused on specific brain regions of inter-
est (e.g., Wernicke’s or Broca’s area) and/or incorporated 
manual methods to examine brain morphology (De Fossé 
et al. 2004; Gauger et al. 1997; Herbert et al. 2005; Preis 
et al. 1998), making findings difficult to compare across 
studies. Interpretation is further complicated by within- and 
between-study variability in the DLD sample’s age (e.g., 
5–17 years), language phenotype, and comorbid diagnoses 
(e.g., reading disorder or speech programming deficit; Bad-
cock et al. 2012; Girbau-Massana et al. 2014; Soriano-Mas 
et al. 2009). Developmental information is rarely reported 

which is important given the proposed link between past 
developmental language trajectories and causal mecha-
nisms (Snowling et al. 2016; Zambrana et al. 2014). Further 
research addressing the limitations of previous imaging work 
is warranted.

Given that DSD and DLD are highly comorbid and have 
some overlap in their symptomatology and etiological 
risk factors (Peterson et al. 2007), it is of interest to know 
whether there are similarities in their underlying neurobiol-
ogy. This can be explored both by comparing children with 
DLD or DSD to appropriate typically developing control 
subjects, and by investigating if there are detectable differ-
ences when the affected groups are directly compared to one 
another. A better understanding of the neurobiological asso-
ciation or dissociation between these disorders may inform 
our understanding of any unique neurobiological characteris-
tics, with the potential to provide insight into distinct causal 
pathways.

The aim of the current study was to investigate grey mat-
ter volume in 9–11 year old children with and without lan-
guage or speech difficulties. Our primary aim was to com-
pare children with DLD or DSD to a typically developing 
control group. In addition, children with DLD and DSD 
were directly compared to each other. Within-group hetero-
geneity was minimized using a participant sample of similar 
age, and a history of consistent developmental language or 
developmental speech difficulties from preschool to early 
adolescence. Differences in grey matter volume were investi-
gated using whole-brain voxel-based morphometry (VBM), 
including small-volume correction for multiple comparisons 
in particular brain regions relating to specific hypotheses. 
Based on significant findings reviewed above, it was hypoth-
esised that children with DLD, compared to controls, would 
show a) reduced volume of the left and/or larger volume of 
the right inferior frontal gyrus (IFG) and posterior superior 
temporal gyrus (pSTG), b) atypical (i.e., smaller or larger) 
caudate volume, and/or c) larger putamen volume when 
compared to controls. Children with DSD were predicted to 
show larger grey matter volume in the pSTG bilaterally and 
the left supramarginal gyrus when compared to the typically 
developing controls. Given the dearth of research directly 
comparing children with DLD and DSD, this part of our 
study is exploratory in nature and our approach was to test 
for significant differences in regional grey matter volume 
between these groups using whole-brain analyses.

Materials and methods

Participant identification

The children in this study were identified through the 
Early Language in Victoria Study (ELVS), a community 
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longitudinal cohort study of language in 1910 children. 
Recruited between 8 and 10 months of age, language and 
speech development was monitored over nine subsequent 
waves via parent and teacher questionnaires and face-to-face 
assessments (Reilly et al. 2018). A subset of this cohort who 
met the inclusion criteria for the present study was invited 
to take part.

Inclusion/exclusion criteria

Children were eligible for the current study if they had (a) no 
history of neurological condition (e.g., epilepsy and acquired 
brain injury), known hearing impairment, persistent stutter-
ing (i.e., after the age of 5 years), or major developmental 
disorder (e.g., Autism Spectrum Disorder, Attention Deficit 
Hyperactive Disorder), (b) were a native English speaker, 
not a twin, and had a non-verbal IQ standard score of ≥ 80 on 
the Kaufman Brief Intelligence Test, Second Edition (KBIT-
II; Kaufman and Kaufman 2004) at age 4 and the Wechsler 
Abbreviated Scales of Intelligence (WASI; Wechsler 1999) 
at age 7 years based on data collected as part of the ELVS. 
In addition, all participants were required to pass an MRI 
safety screen. Eligible children were required to meet addi-
tional group-specific criteria. Children in the DLD group 
were required to score ‘below average’ (i.e., at least one 
standard deviation below the mean) on the receptive or 
expressive language index score on the Clinical Evaluation 
of Language Fundamentals (CELF; Semel et al. 2006; Wiig 
et al. 2006) at ages 4 or 5, 7 years, and at the time of MRI 
scanning (9-11 years). Children in the DSD group were ini-
tially identified based on their performance on the Goldman 
Fristoe Test of Articulation, Second Edition (GFTA-2; Gold-
man and Fristoe 2000) at 4 years of age (i.e., performance 
below the 25th centile). In addition, children in the DSD 
group were required to have articulation and/or phonological 
errors at both 4 years of age and at time of scanning, which 
was assessed by two raters using the GFTA-2 and connected 
speech samples (Dodd et al. 2018a; b; Morgan et al. 2017; 
see section “Participant characteristics” for speech classifi-
cation). All children in the DSD and typically developing 
group were required to have no history of language difficulty 
[i.e., a standard score within the average range on receptive 
and expressive language indices of the CELF (Semel et al. 
2006; Wiig et al. 2006) at 4, 5, 7, and 9–11 years].

Participant characteristics

Participants included 19 children with DLD, 15 with DSD, 
and 45 typically developing controls aged between 9 and 
11 years. Of these, nine children in total were excluded due 
to insufficient quality of T1-weighted images; two each 
from the DLD and DSD groups and five from the typically 

developing controls. Participant characteristics are shown in 
Table 1. Significant group differences were found in core, 
receptive, and expressive language, reading skills, and non-
verbal intellectual abilities. As expected, post hoc t tests 
with Bonferroni adjusted alpha of p < .017 (i.e., adjusted 
for the three group comparisons) showed the children with 
DLD had significantly reduced language scores compared 
to the typically developing and DSD groups, whereas the 
typically developing and DSD groups displayed no signifi-
cant differences. Children with DLD also had significantly 
reduced reading scores and non-verbal intellectual abilities 
compared to the typically developing and DSD groups; how-
ever, these abilities of the DLD group remained within the 
‘average’ range. Reading scores and non-verbal intellectual 
abilities did not significantly differ between the typically 
developing and DSD groups. Speech ratings at 4 years of 
age revealed the children with DSD had speech sound errors 
consistent with phonological disorder (n = 1), phonological 
delay (n = 2), phonological disorder and phonological delay 
(n = 2), articulation disorder (n = 4), phonological disorder 
and articulation disorder (n = 2), phonological delay and 
articulation disorder (n = 1), and phonological disorder, 
phonological delay, and articulation disorder (n = 1). Speech 

Table 1   Participant characteristics

Values are Mean (Standard Deviation)
CELF-4 standard index scores and WASI-2 standard index scores are 
reported with a mean of 100 and a standard deviation of 15
Note. The Freeman–Halton extension of the Fisher’s exact test was 
used for handedness due to the small frequency counts
TD typically developing, DLD developmental language disorder, 
DSD developmental speech disorder, CELF-4 Clinical Evaluation 
of Language Fundamentals, Fourth Edition, WASI-2 PRI Wechsler 
Abbreviated Scale of Intelligence, Second Edition Perceptual Reason-
ing Index, WRAT-4 Wide Range Achievement Test 4, Rec receptive, 
Exp expressive, NVIQ non-verbal IQ, M:F male:female
a Reading data for 14 children is missing (TD n = 10; DLD n = 3; DSD 
n = 1)

TD DLD DSD Statistic P

N 40 17 13 – –
Age (months) 123(6) 123(3) 124(3) χ2(2) = .04 .98
Sex (M:F) 19:21 10:7 3:10 χ2(2) = 18.2 <.000
Left, mixed, right 

handed
3, 2, 35 4, 1, 12 0, 1, 12 χ2(X) = 4.8 .22

CELF-4 (lan-
guage)

 Rec 105(8) 83(9) 104(6) F(2) = 46.2 < .000
 Exp 108(10) 80(9) 106(10) F(2) = 52.6 < .000
 Core 106(9) 80(6) 105(9) F(2) = 64.6 < .000

WASI-2 PRI 
(NVIQ)

102(10) 91(9) 104(11) F(2) = 10.1 < .000

WRAT-4 readinga 109(11) 93(10) 105(10) χ2(2) = 17.1 < .000
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ratings at the time of scanning revealed that children with 
DSD had speech sound errors consistent with articulation 
disorder (n = 9), phonological delay (n = 3), or both (n = 1), 
and more than half of parents reported they had sought 
assistance from a health professional in relation to concerns 
with their child’s speech. These findings are in line with the 
longitudinal work by Dodd et al. (2018b) showing different 
articulation or phonological profiles for the same children 
over time. Seven children in the DLD group also showed 
speech sound errors that were consistent with a phonologi-
cal delay or disorder (n = 5) or articulation disorder (n = 2). 
This is consistent with the high incidence of speech impair-
ment that has previously been reported in children with 
DLD (Lewis et al. 2015; Shriberg et al. 1999). One-way 
between-group analysis of variance revealed no significant 
group differences in total intracranial volume between the 
groups (F(2, 69) = 1.50, p = .23, η2 = .043).

Ethics

The Human Research Ethics Committee at the Royal Chil-
dren’s Hospital in Melbourne Australia approved the pro-
cedures (HREC31225) and informed consent was obtained 
from each child’s parent/guardian.

Materials

Language assessment

The core language subtests of the CELF-4 (Semel et al. 
2006) were administered at the time of scanning to calculate 
the Core Language Index (CLI), Receptive Language Index 
(RLI), and Expressive Language Index (ELI).

Speech assessment

The GFTA-2 (Goldman and Fristoe 2000) sound in words 
subtest was used to elicit the speech sounds of the English 
language in the initial, medial, and final word positions. 
Conversation samples of 5 min in duration were also rated 
to confirm the presence of these errors in connected speech. 
Sound errors in single words and connected speech were 
classified according to the DSD subtypes outlined in Dodd 
et al. (2018a, b) and Morgan et al. (2017).

Reading assessment

The Wide Range Achievement Test, Fourth Edition (WRAT-
4; Wilkinson and Robertson 2006) Word Reading was used 
as a measure of reading level.

Non‑verbal intellectual abilities

The Wechsler Abbreviated Scale of Intelligence, Version 2 
(WASI-2; Wechsler 2011) Perceptual Reasoning Index (PRI) 
was used as measure non-verbal intellectual abilities.

Data acquisition

Testing involved both a mock and a real MRI scan, fol-
lowed by a face-to-face assessment with the child to 
assess language, speech, and non-verbal intellectual abili-
ties. As part of a larger imaging protocol, high-resolution 
T1-weighted MRI images were acquired on a Siemens 3 
Tesla Skyra scanner (Erlangen, Germany) with 20-channel 
head coil at the Florey Institute of Neuroscience and Men-
tal Health, Melbourne. Participants watched a DVD dur-
ing data acquisition via a mirror on the head coil and wore 
ear-bud headphones. Noise-attenuating headphones were 
also worn throughout acquisition and padding was inserted 
around the head to restrict movement. The T1-weighted 
images were acquired in the sagittal plane using a 3D MP-
RAGE sequence with the following parameters: echo time 
(TE) = 2.49 ms, repetition time (TR) = 1900 ms, inversion 
time (TI) = 900 ms, flip angle = 9°, matrix = 256 × 256 × 192, 
and voxel size = 0.9 mm isotropic. Children completed mock 
scanning training prior to the acquisition of MRI data to 
familiarize them with the MRI process and minimize head 
motion artefacts. Images were inspected for motion arte-
facts at the end of acquisition, and if significant motion was 
noted, the T1-weighted MP-RAGE sequence was repeated. 
Prior to analysis, data were visually inspected and scans that 
contained artefacts such as ghosting or blurring due to head 
movement were excluded (see section “Participant charac-
teristics” for details).

Data analysis

Pre‑processing

Statistical analysis was performed using Statistical Para-
metric Mapping (SPM8; http://fil.ion.ucl.ac.uk/spm/softw​
are/spm8) using the VBM8 toolbox (http://dbm.neuro​.uni-
jena.de/vbm8/), executed via MATLAB Release 2014a (The 
MathWorks, Inc., Natick, Massachusetts, United States). 
The T1-weighted images were pre-processed according to 
the VBM8 manual for normalizing segmented images to 
a custom DARTEL template. Customized study-specific 
templates were created for registration (using all participant 
data), which has been shown to produce improved results in 
pediatric samples compared to use of standard adult tem-
plates (Yoon et al. 2009). Normalized grey matter tissue 
classes were modulated using the ‘non-linear only’ option 
in VBM8. The resulting images enable the comparisons of 

http://fil.ion.ucl.ac.uk/spm/software/spm8
http://fil.ion.ucl.ac.uk/spm/software/spm8
http://dbm.neuro.uni-jena.de/vbm8/
http://dbm.neuro.uni-jena.de/vbm8/
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absolute amount of tissue and do not require further correc-
tion for differences in brain size in the statistical analysis. 
The ‘check sample homogeneity using covariance’ function 
in VBM8 was used to assist in assessing data quality by 
identifying outliers that required further assessment. If there 
were no artefacts and images were identified as of sufficient 
quality, they were included in the analysis. Modulated grey 
matter images were smoothed with a 10 mm full-width-
half-maximum isotropic Gaussian kernel, with a resultant 
particular sensitivity to the detection of differences at this 
spatial scale.

Statistical analysis

Hypotheses were tested using independent sample t tests, 
with an absolute threshold mask of 0.1. Covariates were 
age, sex, non-verbal intellectual abilities, and handedness. 
As described, the analysis included non-linear modulation 
which controls for individual differences in total intracranial 
volume, and as such this was not included as a covariate. 
A combination of voxel-wise and cluster-wise corrections 
was used. Voxel-wise statistics provides an indication of the 
intensity of the signal within specific locations within the 
brain. Cluster-level statistics provide an indication of weaker 
but strongly diffuse signals (Woo et al. 2014). A non-sta-
tionarity correction for non-isotropic smoothness in imaging 
data was applied to enable cluster-level statistics to be used 
(Hayasaka et al. 2004; Worsley et al. 1999). For whole-brain 
analyses, t-statistic maps corresponding to volume increases 
and volume decreases were created for each group compari-
son. The voxel-level family-wise error (FWE)-corrected sig-
nificance was set at p < .05 (including Bonferroni correction 
for testing both volume increases and decreases). Cluster-
level significance was set at an initial voxel-level cluster 
defining threshold of p < .001 uncorrected, and cluster-level 
extent threshold of p < .05 FWE-corrected (again including 
Bonferroni correction for testing both volume increases and 
decreases). For small-volume correction related to specific 
hypothesis testing (see next section), in addition to correct-
ing for multiple comparisons within each small volume, 
Bonferroni adjustment was applied to account for the num-
ber of specific tests (i.e., the number of regions of interest 
and/or testing for both volume increases and decreases). This 
resulted in a threshold of p < .007 for the first hypothesis 
(DLD/typical development) which accounted for a correc-
tion for seven comparisons including: reduced volume of left 
IFG, left pSTG, and caudate, and increased volume of the 
right IFG, right pSTG, caudate, and putamen (i.e., p < .05/7 
tests = .007). The threshold for the second hypotheses (DSD/
typical development) was .025 which accounted for a cor-
rection for two comparisons including increased volume in 
bilateral pSTG and supramarginal gyrus (see hypotheses in 
section “Small-volume correction”).

Small‑volume correction

We had the specific hypotheses that: (1) children with 
DLD would show (a) reduced volume of the left and/or 
larger volume of the right IFG and pSTG, (b) atypical 
caudate volume (i.e., reduced or increased volume), and/
or (c) larger putamen volume compared to controls, and 
(2) children with DSD would show larger grey matter 
volume in bilateral pSTG and left supramarginal gyrus 
compared to typically developing controls. To enable 
small-volume correction for multiple comparisons when 
addressing these hypotheses, we delineated eight appro-
priate regions of interest. This included six for the first 
hypothesis (left IFG, right IFG, left pSTG, right pSTG, 
bilateral caudate nucleus, and bilateral putamen) and 
two for the second hypothesis (bilateral pSTG and left 
supramarginal gyrus; see supplementary information for 
anatomical definitions).

Results

The results section is structured to include three separate 
sections. First, we present findings significant at a FWE-
corrected threshold of p < .05. We then report on the results 
from the hypothesis-driven small-volume correction, 
using the appropriate threshold depending on the number 
of regions of interest for the specific hypothesis (see sec-
tion “Small-volume correction”) and the direction of hypoth-
esis (i.e., increase or decrease in grey matter). Third, highly 
significant (p < .001) uncorrected findings are reported for 
the purpose of hypotheses generating for future research.

Whole‑brain results (family‑wise error correction)

Developmental language disorder/typical development

As shown in Table 2 and Fig. 1, whole-brain correction for 
multiple comparisons revealed that the children with DLD 
had a cluster of significantly larger grey matter volume in the 
right cerebellum when compared to the typically developing 
controls.

Developmental speech disorder/typical development

Whole-brain correction revealed that the children with DSD 
had significantly larger peak grey matter volume in the left 
inferior occipital gyrus compared to typically developing 
controls (see Table 2 and Fig. 2).
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Table 2   Significant group 
differences in regional grey 
matter volume for the whole-
brain VBM analysis

DLD developmental language disorder, TD typically developing, DSD developmental speech disorder, IOG 
Inferior occipital gyrus
*p values are whole-brain FWE-corrected (cluster-based statistic for cerebellum, peak-based statistic for 
inferior occipital  gyrus). Cluster-level significance was based on an initial voxel-level cluster defining 
threshold of p < .001 uncorrected, and cluster-level extent threshold of p < .05 FWE-corrected. For data 
reported based on peak-level statistics, peak-level FWE-corrected significance was set at p < .05
a Co-ordinates are in study-specific template space

Contrast Brain region P* (cluster size) t z value xa ya za

DLD > TD Right cerebellum <.000 (5281) 4.60 4.19 26 − 48 − 20
18 − 38 − 29
38 − 57 − 20

DSD > TD Left IOG .01 5.59 4.87 − 26 − 87 − 9

Fig. 1   Statistical parametric maps of regional grey matter volume 
differences in right cerebellum found between children with DLD 
and typically developing speech and language (significant at an ini-
tial voxel-level cluster defining threshold of p < .001 uncorrected and 
cluster-level threshold of p < .05 FWE-corrected; see Table  2). Dis-

played on coronal and sagittal slices of study-specific grey matter 
template at peak threshold at p < .001 uncorrected. Created in SPM8. 
Modulated grey matter images were smoothed with a 10  mm full-
width-half-maximum isotropic Gaussian kernel

Fig. 2   Statistical parametric 
maps of regional grey mat-
ter volume differences in left 
inferior occipital gyrus found 
between children with DSD and 
typically developing speech and 
language. Displayed on coronal 
and sagittal slices of study-
specific grey matter template 
voxel-level significance p < .05 
FWE-corrected (see Table 2). 
Created in SPM8. Modulated 
grey matter images were 
smoothed with a 10 mm full-
width-half-maximum isotropic 
Gaussian kernel
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Developmental language disorder/development speech 
disorder

No significant differences between the DLD and DSD 
groups were detected after whole-brain correction.

Small‑volume correction

Developmental language disorder/typical development

As shown in Table 3, small-volume correction for each 
of the six regions for the first hypothesis (outlined in 
section “Small-volume correction”) revealed the DLD 
group had significantly larger grey matter volume com-
pared to the typically developing control group in the 
right IFG and pSTG, as well as the putamen (right side 
only) at a threshold of p < .05 (FWE-corrected); however, 
these findings were not significant after applying a Bon-
ferroni correction for the number of specific tests (i.e., 
the number of regions of interest and/or testing for both 
volume increases and decreases; see section “Statistical 
analysis”).

Developmental speech disorder/typical development

Small-volume correction of the (a) bilateral pSTG and 
(b) left supramarginal gyrus revealed no significant dif-
ferences between the DSD group and typically developing 
controls.

Uncorrected findings within regions of interest

Developmental language disorder/typical development

There were no additional regions of increased or decreased 
grey matter volume at an uncorrected level between the DLD 
and typical development group that has not already been 
reported in previous section.

Developmental speech disorder/typical development

The DSD group showed increased peak grey matter volume 
within the left supramarginal gyrus region at uncorrected 
levels (p < .001).

Developmental language disorder/development speech 
disorder

Further exploration of uncorrected comparisons at a thresh-
old of p < .001 revealed differences across the right hemi-
sphere. For example, the DLD group had larger peak grey 
matter volume in the transverse temporal gyrus, IFG (pars 
triangularis), parahippocampal gyrus, and caudate tail, and 
less peak grey matter volume in the right cuneus and inferior 
occipital lobe.

Discussion

This study revealed evidence suggesting that different neu-
ral systems may be involved in the specific deficits that 
manifest in DLD and DSD. The study compared regional 
grey matter volumes in 9–11 year old children with devel-
opmental language or speech difficulties to that of typically 
developing controls. It was hypothesised that children with 
DLD would show reduced volume in the left and/or larger 
volume in the right key language regions (i.e., IFG and 
pSTG), as well as larger putamen volume and atypical 
(either larger or smaller) caudate volume when compared 
to controls. Children with DSD were predicted to have 
larger volume, compared to controls in the pSTG bilater-
ally and left supramarginal gyrus. Contrary to predictions, 
children with DLD had larger grey matter volume in the 
right cerebellum compared to controls, whereas children 
with DSD had larger grey matter volume in the left infe-
rior occipital lobe compared to controls, after whole-brain 
correction for multiple comparisons. The DLD group 
also displayed larger volume compared to controls that 
approached significance in the right putamen, IFG and 

Table 3   Significant group 
differences in regional grey 
matter volume following small-
volume correction

DLD developmental language disorder, TD typically developing, IFG inferior frontal gyrus, pSTG posterior 
superior temporal gyrus
*p values are peak voxels after small-volume correction (family-wise error p < .05). Note: These findings 
were no longer significant after applying a Bonferroni correction for the number of specific tests (i.e., the 
number of regions of interest and/or testing for both volume increases and decreases; see section “Statisti-
cal analysis”)
a Co-ordinates are in study-specific template space

Contrast Brain region p* t z value xa ya za

DLD > TD Right IFG .03 3.58 3.36 57 26 − 5
Right pSTG .02 3.86 3.60 45 − 14 3
Right putamen .04 3.61 3.39 32 6 8
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pSTG (i.e., significant differences following small-volume 
correction, but not following a Bonferroni correction for 
the number of specific tests including regions of interest 
and prediction of either increase or decrease of grey mat-
ter). This suggests a trend for the DLD group to have larger 
volume within these brain regions, which provides some 
support for the hypothesis. Finally, the results showed no 
significant differences in grey matter volume between the 
DLD and DSD groups (when directly compared).

Grey matter volume anomalies in developmental 
language disorder

The children with DLD in the present study showed signif-
icant clusters of increased grey matter volume in the right 
cerebellum when compared to typically developing con-
trols. When we used peak-wise statistics, we did not detect 
significant group differences in the cerebellum, which is 
consistent with the previous reports in individuals with 
DLD using VBM (Badcock et al. 2012; Girbau-Massana 
et al. 2014; Soriano-Mas et al. 2009). However, none of 
these past studies included cluster-wise statistics, which 
detect statistically significant clusters on the basis of the 
number of contiguous voxels whose voxel-wise statistic 
values lie above a cluster defining threshold, in combina-
tion with a predefined cluster extent threshold. Taking into 
consideration, both peak and cluster statistics can increase 
sensitivity by detecting weaker but widespread group dif-
ferences (Woo et al. 2014).

It is now well accepted that the cerebellum plays an 
important role in language function (Mariën et al. 2014). 
Research shows that the right cerebellar hemisphere is 
anatomically and functionally connected to cortical lan-
guage regions in the left frontal and parietal lobes (Jis-
sendi et al. 2008; Krienen and Buckner 2009), is engaged 
during fMRI language tasks (Stoodley and Schmahmann 
2009), and that damage to this region, particularly dur-
ing childhood, is associated with language deficits (Riva 
and Giorgi 2000). It also plays an important role in the 
automatization of skills via implicit or procedural learning 
(Nicolson and Fawcett 1990) which has been proposed as 
an underlying deficit in DLD (Ullman and Pierpont 2005). 
The cerebellum also supports various functions via its role 
in timing, sequencing, sensorimotor integration, and pre-
diction (Mariën et al. 2014), all of which are essential in 
language acquisition and function. Therefore, the cerebel-
lar anomalies in the DLD group, especially given they are 
on the right side, are consistent with previous research 
indicating the crucial role the cerebellum plays in sup-
porting skill acquisition and language function. Cerebel-
lar volume abnormalities, albeit reduced, have also been 
described in several other neurodevelopmental disorders 

(e.g., ADHD and dyslexia), both of which show deficits in 
procedural learning (Stoodley 2016). It is possible, there-
fore, that the cerebellar anomalies in the DLD group may 
relate to deficits associated with implicit/procedural skill 
learning, as opposed to language-specific functions.

We found no evidence to support the hypothesis that 
children with DLD would have atypical caudate volume 
compared to controls. Previous research has shown incon-
sistent results, with both increased (Soriano-Mas et al. 
2009) and decreased (Badcock et al. 2012; Herbert et al. 
2003) caudate volume being reported. The DLD group 
in our study did, however, show a trend towards larger 
volume in the right putamen, as well as the right IFG 
and pSTG (i.e., significant differences compared to con-
trols following small-volume correction, but not after the 
appropriate additional Bonferroni correction). The larger 
volume of the right IFG and pSTG reported here is con-
sistent with the previous work reporting increased volume 
in the right and/or reduced volume in the left hemisphere 
for these brain regions, in contrast to controls (De Fossé 
et al. 2004; Herbert et al. 2005; Soriano-Mas et al. 2009; 
Kurth et al. 2018). In regards to the putamen, whole-brain 
VBM studies in DLD have not previously reported vol-
ume anomalies in the putamen (Badcock et al. 2012; Sori-
ano-Mas et al. 2009). However, larger volume has been 
reported in this population when the putamen has been 
examined in region of interest analysis (Lee et al. 2013), 
a technique that greatly increases the sensitivity com-
pared to whole-brain VBM. The findings from the current 
study in the context of previous work suggest that volume 
anomalies of the putamen in DLD may be too subtle to be 
detected using whole-brain VBM.

Grey matter volume anomalies in developmental 
speech disorder

The children with DSD in the current study showed larger 
grey matter volume compared to typically developing con-
trols in the left inferior occipital gyrus. The only other 
reported whole-brain VBM study comparing children with 
and without speech sound errors (to our knowledge) found 
atypical grey and white matter within the occipital lobe 
(Preston et al. 2014). However, that study reported reduced 
grey matter volume in the right occipital lobe rather than 
increased volume on the left as in the present study, and 
those differences were not quite significant. Functional 
anomalies in the occipital lobe have previously been reported 
in DSD groups using task-based fMRI (Preston et al. 2012; 
Tkach et al. 2011). While the visual cortex is not typically 
considered part of the neural network for speech produc-
tion, it does play a role in speech perception via its role in 
processing the visual aspects of speech (Hickok and Poeppel 
2007; Nath and Beauchamp 2011; Pulvermüller and Fadiga 
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2010). Previous work has shown that visual speech infor-
mation (i.e., observed articulations) supports early speech 
development, as it enhances phoneme discrimination and 
assists phonetic category learning (Teinonen et al. 2008). 
It has also been reported that the visual cortex is especially 
important for speech perception when the auditory process-
ing of speech is compromised (Bergeson et al. 2005; Schep-
ers et al. 2015). Furthermore, larger grey matter volume in 
the visual cortex has been associated with greater reliance 
on the visual, compared to auditory, aspects of speech in 
individuals with hearing impairment (Allen et al. 2013). 
Given that DSD has been associated with deficits in audi-
tory speech perception (Edwards et al. 2002; Kenney et al. 
2006), our finding of larger volume in the occipital lobe 
could reflect greater reliance on the brain regions involved 
in the visual aspects of speech perception as a compensa-
tory mechanism for inefficiencies in the auditory-perceptual 
networks, as previously proposed by Preston et al. (2014). 
The visual cortex also plays an important role in reading; 
however, the children with DSD in this study did not show 
significantly reduced reading scores compared to controls, 
and thus, this finding is unlikely to be explained by an under-
lying problem with the network sub-serving reading skills.

Differences between DLD and DSD

We found no significant differences in grey matter volume 
between these groups after correcting for whole-brain mul-
tiple comparisons. Uncorrected results revealed several 
right-sided differences between the groups. For example, 
the children with DLD showed larger grey matter volume 
in the transverse temporal gyrus, IFG, parahippocampal 
gyrus, and caudate tail, as well as smaller volume in the 
right cuneus and inferior occipital lobe. While these results 
are not corrected for multiple comparisons and thus should 
be interpreted with caution, it is interesting that differences, 
albeit subtle, are detected in these brain regions given their 
role in speech, language or learning. In particular, the trans-
verse temporal gyrus and the IFG are fundamental compo-
nents of the speech language network, important in the early 
processing of incoming auditory information and speech/
language production, respectively (Darby and Walsh 2005). 
While further testing in future cohorts is required, the above 
subtle differences could provide potential targets for focused 
hypotheses in future research.

Strengths and limitations

Some characteristics and limitations of this study should be 
considered when interpreting the results. Strengths include 
the narrow age range designed to enhance sample homo-
geneity and the well-documented developmental history of 
participants, confirmed by longitudinal data. In particular, 

the detailed developmental histories enabled confirmation of 
persistence (or absence) of language/speech difficulties from 
preschool to early adolescence, and verified the absence of 
a history of other developmental difficulties. The concomi-
tant caveat of the age range being purposely restricted to 
children between 9 and 11 years is that these findings do not 
necessarily generalize to children outside this age range. An 
additional strength of the current study was that we used a 
whole-brain VBM analysis protocol (http://dbm.neuro​.uni-
jena.de/vbm8/) which is less biased than region of interest 
analysis and enables easier replication in future research. 
Despite attempts to maximize group homogeneity, the DLD 
and DSD groups did nonetheless show heterogeneity in their 
respective phenotypes. The DSD group included children 
with errors consistent with articulation disorder, phonologi-
cal disorder, or both, while the DLD group included chil-
dren with primary receptive, primary expressive, and mixed 
receptive/expressive language impairments.

Summary and conclusion

The results from this study provide an important piece of the 
puzzle regarding how the brains of 9–11 years of children 
with DLD and DSD differ structurally from typical con-
trols. We found evidence to suggest an association between 
cerebellar anomalies and DLD which is consistent with the 
important role that the cerebellum plays in language and 
skill acquisition during development, and may be associated 
with the procedural learning deficit proposed in DLD. In 
addition, we found a relationship between DSD and regional 
grey matter volume in the left inferior occipital gyrus, pos-
sibly indicating a compensatory role of the visual processing 
regions due to sub-optimal auditory-perceptual processes.

Future directions

Given that underlying neurobiology is influenced by a com-
plex interaction between genes and environmental experi-
ences, research in DLD and DSD would likely benefit from 
a more holistic approach. Future research in individuals 
with and without DLD and DSD that incorporates genetic, 
imaging, cognitive-behavioural, and environmental data 
is warranted. In particular, large-scale studies that exam-
ine these factors longitudinally would likely lead to better 
understanding of the relationship between neurobiology and 
developmental language and developmental speech disorder 
at various stages of development.

Acknowledgements  LP is funded by an Australian Government 
Research Training Program Stipend Scholarship. AM is supported 
by National Health and Medical Research Council Career (NHMRC) 
Development Fellowship #607315 and Practitioner Fellowship 
#1105008; NHMRC Centre of Research Excellence (CRE) in Child 
Language #1023493; NHMRC CRE Moving Ahead #1023043; and 

http://dbm.neuro.uni-jena.de/vbm8/
http://dbm.neuro.uni-jena.de/vbm8/


3396	 Brain Structure and Function (2019) 224:3387–3398

1 3

HEARing Collaborative Research Centre. This research is also sup-
ported by the CRE in Child Language #1023493 and the Victorian 
Government’s Operational Infrastructure Support Program. Thank you 
to Angela Mayes, Cristina Mei, and Sarah Barton for assistance with 
data collection.

Compliance with ethical standards 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Ethical approval  All procedures performed in studies involving human 
participants were in accordance with the ethical standards of the insti-
tutional and/or national research committee and with the 1964 Helsinki 
declaration and its later amendments or comparable ethical standards.

References

Allen JS, Emmorey K, Bruss J, Damasio H (2013) Neuroanatomical 
differences in visual, motor, and language cortices between con-
genitally deaf signers, hearing signers, and hearing non-signers. 
Front Neuroanat 7:26. https​://doi.org/10.3389/fnana​.2013.00026​

Badcock NA, Bishop DVM, Hardiman MJ, Barry JG, Watkins KE 
(2012) Co-localisation of abnormal brain structure and function 
in specific language impairment. Brain Lang 120:310–320. https​
://doi.org/10.1016/j.bandl​.2011.10.006

Beal DS, Gracco VL, Brettschneider J, Kroll RM, De Nil LF (2013) A 
voxel-based morphometry (VBM) analysis of regional grey and 
white matter volume abnormalities within the speech production 
network of children who stutter. Cortex 49(8):2151–2161

Bergeson TR, Pisoni DB, Davis RAO (2005) Development of 
audiovisual comprehension skills in prelingually deaf chil-
dren with cochlear implants. Ear Hear 26:149–164. https​://doi.
org/10.1097/00003​446-20050​4000-

Bishop DVM, Snowling MJ, Thompson PA, Greenhalgh T (2016) 
Catalise: a multinational and multidisciplinary Delphi consen-
sus study. Identifying Lang Impairments child Pub Library Sci 
11:e0158753. https​://doi.org/10.1371/journ​al.pone.01587​53

Campbell TF et al (2003) Risk factors for speech delay of unknown 
origin in 3-year-old children. Child Dev 74:346–357. https​://doi.
org/10.1111/1467-8624.74020​02

Cho ZH (ed) (2015) 7.0 Telsla MRI brain atlas: in-vivo atlas with 
cryomacrotome correlation, 2nd edn. Springer, Heidelberg. https​
://doi.org/10.1007/978-3-642-54398​-2

Darby D, Walsh K (2005) Walsh’s neuropsychology: a clinical 
approach, 5th edn. Elsevier, Edinburgh

De Fossé L et al (2004) Language-association cortex asymmetry in 
autism and specific language impairment. Ann Neurol 56:757–
766. https​://doi.org/10.1002/ana.20275​

Dodd B, Ttofari-Eecen K, Brommeyer K, Ng K, Reilly S, Morgan 
A (2018a) Delayed and disordered development of articulation 
and phonology between four and seven years. Child Lang Teach 
Therapy 34:87–99. https​://doi.org/10.1177/02656​59017​73595​8

Dodd B, Reilly S, Ttofari-Eecen K, Morgan AT (2018b) Articulation or 
phonology? Evidence from longitudinal error data. Clin Linguist 
Phonet 32(11):1027–1041

Eadie P, Morgan AT, Ukoumunne OC, Ttofari Eecen K, Wake M, 
Reilly S (2015) Speech sound disorder at 4 years: Prevalence, 
comorbidities, and predictors in a community cohort of children. 
Dev Med Child Neurol 57:578–584. https​://doi.org/10.1111/
dmcn.12635​

Edwards J, Fox RA, Rogers CL (2002) Final consonant discrimination 
in children: effects of phonological disorder, vocabulary size, and 
articulatory accuracy. J Speech Lang Hear Res 45:231–242. https​
://doi.org/10.1092/4388/02/4502-0231

Gauger LM, Lombardino LJ, Leonard CM (1997) Brain morphology in 
children with specific language impairment. J Speech Lang Hear 
Res 40:1272–1284

Girbau-Massana D, Garcia-Marti G, Marti-Bonmati L, Schwartz 
RG (2014) Gray-white matter and cerebrospinal fluid volume 
differences in children with specific language impairment and/
or reading disability. Neuropsychologia 56:90–100. https​://doi.
org/10.1016/j.neuro​psych​ologi​a.2014.01.004

Goldman R, Fristoe M (2000) The goldman-fristoe test of articulation, 
2nd edn. American Guidance Service Inc, Circle Pines

Graham SA, Fisher SE (2013) Decoding the genetics of speech and lan-
guage. Curr Opin Neurobiol 23:43–51. https​://doi.org/10.1016/j.
conb.2012.11.006

Hayasaka S, Phan KL, Liberzon I, Worsley KJ, Nichols TE (2004) Non-
stationary cluster-size inference with random field and permuta-
tion methods. NeuroImage 22:676–687. https​://doi.org/10.1016/j.
neuro​image​.2004.01.041

Herbert MR et al (2003) Larger brain and white matter volumes in chil-
dren with developmental language disorder. Dev Sci 6:F11–F22. 
https​://doi.org/10.1111/1467-7687.00291​

Herbert MR et al (2005) Brain asymmetries in autism and develop-
mental language disorder: a nested whole-brain analysis. Brain 
128:213–226. https​://doi.org/10.1093/brain​/awh33​0

Hickok G, Poeppel D (2007) The cortical organisation of speech pro-
cessing. Nat Rev Neurosci 8:393–402. https​://doi.org/10.1038/
nrn21​13

Jissendi P, Baudry S, Balériaux D (2008) Diffusion tensor imaging 
(DTI) and tractography of the cerebellar projections to prefron-
tal and posterior parietal cortices: a study at 3T. J Neuroradiol 
35:42–50. https​://doi.org/10.1016/j.neura​d.2007.11.001

Kaufman AS, Kaufman NL (2004) Kaufman brief intelligence test, 2nd 
edn (KBIT-II). Pearson, Bloomington

Kenney MK, Barac-Cikoja D, Finnegan K, Jeffries N, Ludlow CL 
(2006) Speech perception and short-term memory deficits in per-
sistent developmental speech disorder. Brain Lang 96:178–190

Krienen FM, Buckner RL (2009) Segregated fronto-cerebellar cir-
cuits revealed by intrinsic functional connectivity. Cereb Cortex 
19:2485–2497. https​://doi.org/10.1093/cerco​r/bhp13​5

Krishnan S, Watkins KE, Bishop DV (2016) Neurobiological basis of 
language learning difficulties. Trends Cogn Sci 20:701–714. https​
://doi.org/10.1016/j.tics.2016.06.012

Kurth F, Luders E, Pigdon L, Conti-Ramsden G, Reilly S, Morgan 
AT (2018) Altered gray matter volumes in language-associated 
regions in children with developmental language disorder and 
speech sound disorder. Dev Psychobiol 60(7):814–824

Law J, Rush R, Schoon I, Parsons S (2009) Modeling developmental 
language difficulties from school entry into adulthood: literacy, 
mental health, and employment outcomes. J Speech Lang Hear Res 
52:1401–1416. https​://doi.org/10.1044/1092-4388(2009/08-0142)

Lee JC, Nopoulos PC, Tomblin BJ (2013) Abnormal subcortical 
components of the corticostriatal system in young adults with 
DLI: a combined structural MRI and DTI study. Neuropsycho-
logia 51:2154–2161. https​://doi.org/10.1016/j.neuro​psych​ologi​
a.2013.07.011

Leonard LB (2015) Language symptoms and their possible sources 
of specific language impairment. In: Bavin E, Naigles LR (eds) 
The Cambridge handbook of child language, 2nd edn. Cambridge 
University Press, Cambridge

Lewis BA, Freebairn LA, Taylor HG (2000) Follow-up of children with 
early expressive phonology disorders. J Learn Disab 33:433–444

Lewis BA, Freebairn L, Tag J, Ciesla AA, Iyengar SK, Stein CM, Tay-
lor HG (2015) Adolescent outcomes of children with early speech 

https://doi.org/10.3389/fnana.2013.00026
https://doi.org/10.1016/j.bandl.2011.10.006
https://doi.org/10.1016/j.bandl.2011.10.006
https://doi.org/10.1097/00003446-200504000-
https://doi.org/10.1097/00003446-200504000-
https://doi.org/10.1371/journal.pone.0158753
https://doi.org/10.1111/1467-8624.7402002
https://doi.org/10.1111/1467-8624.7402002
https://doi.org/10.1007/978-3-642-54398-2
https://doi.org/10.1007/978-3-642-54398-2
https://doi.org/10.1002/ana.20275
https://doi.org/10.1177/0265659017735958
https://doi.org/10.1111/dmcn.12635
https://doi.org/10.1111/dmcn.12635
https://doi.org/10.1092/4388/02/4502-0231
https://doi.org/10.1092/4388/02/4502-0231
https://doi.org/10.1016/j.neuropsychologia.2014.01.004
https://doi.org/10.1016/j.neuropsychologia.2014.01.004
https://doi.org/10.1016/j.conb.2012.11.006
https://doi.org/10.1016/j.conb.2012.11.006
https://doi.org/10.1016/j.neuroimage.2004.01.041
https://doi.org/10.1016/j.neuroimage.2004.01.041
https://doi.org/10.1111/1467-7687.00291
https://doi.org/10.1093/brain/awh330
https://doi.org/10.1038/nrn2113
https://doi.org/10.1038/nrn2113
https://doi.org/10.1016/j.neurad.2007.11.001
https://doi.org/10.1093/cercor/bhp135
https://doi.org/10.1016/j.tics.2016.06.012
https://doi.org/10.1016/j.tics.2016.06.012
https://doi.org/10.1044/1092-4388(2009/08-0142)
https://doi.org/10.1016/j.neuropsychologia.2013.07.011
https://doi.org/10.1016/j.neuropsychologia.2013.07.011


3397Brain Structure and Function (2019) 224:3387–3398	

1 3

sound disorders with and without language impairment. Am J 
Speech-Lang Pathol 24:150–163. https​://doi.org/10.1044/2014_
AJSLP​-14-0075

Liégeois F, Mayes AK, Morgan AT (2014) Neural correlates of devel-
opmental speech and language disorders: evidence from neuroim-
aging. Curr Dev Disord Rep 1:215–227. https​://doi.org/10.1007/
s4047​4-014-0019-1)

Mariën P et al (2014) Consensus paper: language and the cerebel-
lum: an ongoing enigma. Cerebellum 13:386–410. https​://doi.
org/10.1007/s1231​1-013-0540-5

Mayes AK, Reilly S, Morgan AT (2015) Neural correlates of childhood 
language disorder: a systematic review. Dev Med Child Neurol 
57:706–717. https​://doi.org/10.1111/dmcn.12714​

McKean C et al (2017) Language outcomes at 7 years: early predictors 
and co-occurring difficulties. Pediatrics. https​://doi.org/10.1542/
peds.2016-1684

McLeod S, Harrison LJ (2009) Epidemiology of speech and language 
impairment in a nationally representative sample of 4- to 5-year-
old children. J Speech Lang Hear Res 52:1213–1229. https​://doi.
org/10.1044/1092-4388(2009/08-0085)

Morgan AT, Bonthrone A, Liegeois F (2016) Brain basis of childhood 
speech and language disorders: are we closer to clinically mean-
ingful MRI markers? Curr Opin Pediatr 28:725–730. https​://doi.
org/10.1097/MOP.00000​00000​00042​0

Morgan AT et al (2017) Who to refer for speech therapy at 4 years of 
age versus who to “watch and wait”? J Pediatr 185:200–204.e201. 
https​://doi.org/10.1016/j.jpeds​.2017.02.059

Nath AR, Beauchamp MS (2011) Dynamic changes in superior tem-
poral sulcus connectivity during perception of noisy audiovisual 
speech. J Neurosci 31:1704–1714. https​://doi.org/10.1523/JNEUR​
OSCI.4853-10.2011

Nicolson RI, Fawcett AJ (1990) Automaticity: a new framework 
for dyslexia research? Cognition 35:159–182. https​://doi.
org/10.1016/0010-0277(90)90013​-A

Peterson RL, McGrath LM, Smith SD, Pennington BF (2007) Neu-
ropsychology and genetics of speech, language, and literacy 
disorders. Pediatr Clin North Am 54:543–561. https​://doi.
org/10.1016/j.pcl.2007.02.009

Preis S, Jäncke L, Schittler P, Huang Y, Steinmetz H (1998) Normal 
intrasylvian anatomical asymmetry in children with developmen-
tal language disorder. Neuropsychologia 36:849–855

Preston JL et al (2012) Functional brain activation differences in 
school age children with speech sound errors: speech and print 
processing. J Speech Lang Hear Res 55:1068–1082. https​://doi.
org/10.1044/1092-4388(2011/11-0056)

Preston JL et al (2014) Structural brain differences in school age chil-
dren with residual speech sound errors. Brain Lang 128:25–33. 
https​://doi.org/10.1016/j.bandl​.2013.11.001

Pulvermüller F, Fadiga L (2010) Active perception: sensorimotor cir-
cuits as a cortical basis for language. Nat Rev Neurosci 11:351–
360. https​://doi.org/10.1038/nrn28​11

Reilly S, McKean C, Morgan AT, Wake M (2015) Identifying and 
managing common childhood language and speech impairments. 
BMJ 350:h2318. https​://doi.org/10.1136/bmj.h2318​

Reilly S et al (2018) Cohort profile: the early language in victoria 
study (ELVS). Int J Epidemiol 47:11–12. https​://doi.org/10.1093/
ije/dyx07​9

Richlan F, Kronbichler M, Wimmer H (2013) Structural abnormalities 
in the dyslexic brain: a meta-analysis of voxel-based morphometry 
studies. Hum Brain Mapp. https​://doi.org/10.1002/hbm.22127​

Riva D, Giorgi C (2000) The cerebellum contributes to higher func-
tions during development. Evidence from a series of children sur-
gically treated for posterior fossa tumours. Brain 123:1051–1061

Rorden C, Brett M (2000) Stereotaxic display of brain regions. Behav 
Neurol 12:191–200

Schepers IM, Yoshor D, Beauchamp MS (2015) Electrocorticography 
reveals enhanced visual cortex responses to visual speech. Cereb 
Cortex 25:4103–4110. https​://doi.org/10.1093/cerco​r/bhu12​7

Schoon I, Parsons S, Rush R, Law J (2010) Children’s language ability 
and psychosocial development: a 29-year follow-up study. Pediat-
rics 126:73–80. https​://doi.org/10.1542/peds.2009-3282

Semel E, Wiig E, Secord W (2006) Clinical evaluation of language 
fundamentals—Australian standardised edition, 4th edn. Harcourt 
Assessment, Sydney

Shriberg LD, Tomblin JB, McSweeny JL (1999) Prevalence of speech 
delay in 6-year-old children and comorbidity with language 
impairment. J Speech Lang Hear Res 42:1461–1481

Snowling MJ, Duff FJ, Nash HM, Hulme C (2016) Language pro-
files and literacy outcomes of children with resolving, emerging, 
or persisting language impairments. J Child Psychol Psychiatry 
57:1360–1369. https​://doi.org/10.1111/jcpp.12497​

Soriano-Mas C, Pujol J, Ortiz H, Deus J, López-Sala A, Sans A (2009) 
Age-related brain structural alterations in children with specific 
language impairment. Hum Brain Mapp 30:1626–1636. https​://
doi.org/10.1002/hbm.20620​

Stoodley CJ (2016) The cerebellum and neurodevelopmental disorders. 
Cerebellum 15:34–37. https​://doi.org/10.1007/s1231​1-015-0715-3

Stoodley CJ, Schmahmann JD (2009) The cerebellum and language: 
evidence from patients with cerebellar degeneration. Brain Lang 
110:149–153. https​://doi.org/10.1016/j.bandl​.2009.07.006

Teinonen T, Aslin RN, Alku P, Csibra G (2008) Visual speech con-
tributes to phonetic learning in 6-month-old infants. Cognition 
108:850–855. https​://doi.org/10.1016/j.cogni​tion.2008.05.009

Tkach JA, Chen X, Freebairn LA, Schmithorst VJ, Holland SK, 
Lewis BA (2011) Neural correlates of phonological processing 
in speech sound disorder: a functional magnetic resonance imag-
ing study. Brain Lang 119:42–49. https​://doi.org/10.1016/j.bandl​
.2011.02.002

Tomblin B (2015) Children with specific language impairment. In: 
Bavin EL, Naigles LR (eds) The Cambridge handbook of child 
language, 2nd edn. Cambridge University Press, Cambridge. https​
://doi.org/10.1017/cbo97​81316​09582​9

Ullman MT (2016) The declarative/procedural model: a neurobiologi-
cal model of language. In: Hickok G, Small SL (eds) Neurobiol-
ogy of language. Academic Press, Amsterdam, pp 953–968. https​
://doi.org/10.1016/b978-0-12-40779​4-2.00076​-6

Ullman MT, Pierpont EI (2005) Specific language impairment is not 
specific to language: the procedural deficit hypothesis. Cortex 
41:399–433. https​://doi.org/10.1016/S0010​-9452(08)70276​-4

Wechsler D (1999) Wechsler abbreviated scale of intelligence. The 
Psychological Corporation, San Antonio

Wechsler D (2011) Wechsler abbreviated scale of intelligence, 2nd edn. 
The Psychological Corporation, San Antonio TX

Wiig E, Secord W, Semel E (2006) Clinical evaluation of language 
fundamentals-preschool: Australian standardised edition, 2nd edn. 
Harcourt Assessment, Sydney

Wilkinson GS, Robertson GJ (2006) Wide range achievement test, 4th 
edn. Psychological Assessment Resources, Lutz

Woo CW, Krishnan A, Wager TD (2014) Cluster-extent based thresh-
olding in fMRI analyses: pitfalls and recommendations. Neu-
roimage 91:412–419. https​://doi.org/10.1016/j.neuro​image​
.2013.12.058

Worsley KJ, Andermann M, Koulis T, MacDonald D, Evans 
AC (1999) Detecting changes in nonisotropic images. 
Hum Brain Mapp 8:98–101. https​://doi.org/10.1002/
(SICI)1097-0193(1999)8:2/3%3c98:AID-HBM5%3e3.0.CO;2-F

Yoon U, Fonov VS, Perusse D, Evans AC (2009) The effect of tem-
plate choice on morphometric analysis of pediatric brain data. 
NeuroImage 45:769–777. https​://doi.org/10.1016/j.neuro​image​
.2008.12.046

https://doi.org/10.1044/2014_AJSLP-14-0075
https://doi.org/10.1044/2014_AJSLP-14-0075
https://doi.org/10.1007/s40474-014-0019-1)
https://doi.org/10.1007/s40474-014-0019-1)
https://doi.org/10.1007/s12311-013-0540-5
https://doi.org/10.1007/s12311-013-0540-5
https://doi.org/10.1111/dmcn.12714
https://doi.org/10.1542/peds.2016-1684
https://doi.org/10.1542/peds.2016-1684
https://doi.org/10.1044/1092-4388(2009/08-0085)
https://doi.org/10.1044/1092-4388(2009/08-0085)
https://doi.org/10.1097/MOP.0000000000000420
https://doi.org/10.1097/MOP.0000000000000420
https://doi.org/10.1016/j.jpeds.2017.02.059
https://doi.org/10.1523/JNEUROSCI.4853-10.2011
https://doi.org/10.1523/JNEUROSCI.4853-10.2011
https://doi.org/10.1016/0010-0277(90)90013-A
https://doi.org/10.1016/0010-0277(90)90013-A
https://doi.org/10.1016/j.pcl.2007.02.009
https://doi.org/10.1016/j.pcl.2007.02.009
https://doi.org/10.1044/1092-4388(2011/11-0056)
https://doi.org/10.1044/1092-4388(2011/11-0056)
https://doi.org/10.1016/j.bandl.2013.11.001
https://doi.org/10.1038/nrn2811
https://doi.org/10.1136/bmj.h2318
https://doi.org/10.1093/ije/dyx079
https://doi.org/10.1093/ije/dyx079
https://doi.org/10.1002/hbm.22127
https://doi.org/10.1093/cercor/bhu127
https://doi.org/10.1542/peds.2009-3282
https://doi.org/10.1111/jcpp.12497
https://doi.org/10.1002/hbm.20620
https://doi.org/10.1002/hbm.20620
https://doi.org/10.1007/s12311-015-0715-3
https://doi.org/10.1016/j.bandl.2009.07.006
https://doi.org/10.1016/j.cognition.2008.05.009
https://doi.org/10.1016/j.bandl.2011.02.002
https://doi.org/10.1016/j.bandl.2011.02.002
https://doi.org/10.1017/cbo9781316095829
https://doi.org/10.1017/cbo9781316095829
https://doi.org/10.1016/b978-0-12-407794-2.00076-6
https://doi.org/10.1016/b978-0-12-407794-2.00076-6
https://doi.org/10.1016/S0010-9452(08)70276-4
https://doi.org/10.1016/j.neuroimage.2013.12.058
https://doi.org/10.1016/j.neuroimage.2013.12.058
https://doi.org/10.1002/(SICI)1097-0193(1999)8:2/3%3c98:AID-HBM5%3e3.0.CO;2-F
https://doi.org/10.1002/(SICI)1097-0193(1999)8:2/3%3c98:AID-HBM5%3e3.0.CO;2-F
https://doi.org/10.1016/j.neuroimage.2008.12.046
https://doi.org/10.1016/j.neuroimage.2008.12.046


3398	 Brain Structure and Function (2019) 224:3387–3398

1 3

Zambrana IM, Pons F, Eadie P, Ystrom E (2014) Trajectories of 
language delay from age 3 to 5: persistence, recovery and late 
onset. Int J Lang Commun Disord 49:304–316. https​://doi.
org/10.1111/1460-6984.12073​

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1111/1460-6984.12073
https://doi.org/10.1111/1460-6984.12073

	Grey matter volume in developmental speech and language disorder
	Abstract
	Introduction
	Materials and methods
	Participant identification
	Inclusionexclusion criteria
	Participant characteristics
	Ethics
	Materials
	Language assessment
	Speech assessment
	Reading assessment
	Non-verbal intellectual abilities

	Data acquisition
	Data analysis
	Pre-processing
	Statistical analysis
	Small-volume correction


	Results
	Whole-brain results (family-wise error correction)
	Developmental language disordertypical development
	Developmental speech disordertypical development
	Developmental language disorderdevelopment speech disorder

	Small-volume correction
	Developmental language disordertypical development
	Developmental speech disordertypical development

	Uncorrected findings within regions of interest
	Developmental language disordertypical development
	Developmental speech disordertypical development
	Developmental language disorderdevelopment speech disorder


	Discussion
	Grey matter volume anomalies in developmental language disorder
	Grey matter volume anomalies in developmental speech disorder
	Differences between DLD and DSD
	Strengths and limitations
	Summary and conclusion
	Future directions

	Acknowledgements 
	References




