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Abstract 

Background: Developmental language disorder (DLD) is a life-long condition 

with no clear biological causes that affects approximately 8% of the 

population. The diagnosis currently relies on behavioural testing that is not 

reliably performed on children younger than school age. Consequently, the 

diagnosis and treatment of DLD is often delayed until after children enter 

formal education. Early work in the field suggests that neural markers of 

language processing could be used to develop an objective diagnostic tool 

that will allow for accurate and early identification of DLD in preschool years 

and thus access to early interventions. Here we propose the use of a novel 

non-invasive neuroimaging technique called functional near infrared 

spectroscopy (fNIRS) to identify neural markers of language processing in 

children with DLD. Additionally, we argue that to understand atypical 

language processing, it is imperative to also investigate typical cortical 

activations in response to language processing to establish the developmental 

trajectories of the language network. Parallel to these studies we also 

investigate patterns of neural synchrony during parent-child interactions. 

Speech and language development in children is thought to rely on successful 

parent-child interactions, however, little is known regarding the underlying 

neural mechanisms from which they arise. 

Methods: Cross-Sectional fNIRS Studies: A total of 36 participants aged 6–16-

year-old (1 participant with DLD) were recruited in two cross-sectional fNIRS 

studies. Participants underwent a 10-minute resting state imaging session and 
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completed a series of computer-administered language and cognitive tasks 

while their brain activity was recorded using fNIRS from the bilateral inferior 

frontal gyrus (IFG) and the bilateral auditory cortices. 

Hyperscanning fNIRS Study: 12 children aged between 3 and 5 years old and 

their mothers participated in this study. Neural synchrony in mother-child 

dyads was measured bilaterally over frontal and temporal areas using fNIRS 

whilst the dyads were asked to play together (interactive condition) and 

separately (independent condition).  Communication patterns were captured 

via video recordings and conversational turns were coded.  

Survey Study: 43 parents of children with DLD and 44 clinicians with DLD 

expertise completed a qualitative online survey detailing their views, concerns 

and recommendations regarding the use of neuroimaging-based tool for the 

diagnosis and monitoring of DLD.  

Results: Cross sectional fNIRS studies: In typically developed children and 

adolescents, widespread connections between the language regions and the 

right IFG appear to continue decreasing as age increases. In contrast 

connections between temporal regions are well established by late childhood. 

Increased activity over right auditory regions is associated with decreased 

language skills.    Whilst data from the DLD participant is described, further 

analysis was not possible due to the limited sample size (n=1). 

Hyperscanning fNIRS study: We successfully recorded inter-brain synchrony in 

bilateral prefrontal and temporal cortices in mother-child dyads while they 

engaged in cooperative and independent play. Compared to the independent 
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condition, mother-child dyads showed increased neural synchrony in the 

interactive condition across the prefrontal cortex and temporo-parietal 

junction. There was no significant relationship found between neural 

synchrony and turn-taking, but neural synchrony was negatively correlated 

with the child’s levels of surgency. 

Survey study: Clinicians and parents perceived that a potential tool that could 

diagnose children with DLD earlier would positively impact the children as it 

would allow them to access interventions earlier. This study offered a unique 

account of the factors to be considered in the design and implementation of 

clinical measures for language disorders from the viewpoints of parents and 

language professionals. 

Conclusions: Overall, this research aimed to identify neural markers of 

language processing in children with DLD and typically developed children to 

help develop an objective early diagnostic tool. Ultimately, this research might 

help maximize the benefits of speech and language therapies to improve the 

quality of life for children with DLD. This can be very impactful translational 

research in language development given that currently no objective neural-

based tools exist for DLD.   
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1 Developmental Language Disorder: an invisible 

disorder 
1.1 Chapter Overview 
This chapter is an introduction to developmental language disorder (DLD); its 

prevalence; risk factors and impact. The current diagnostic and treatment 

pathways and the challenges associated with them are also described. 

Neuroimaging is introduced as a potential objective tool for the diagnosis and 

monitoring of interventions for DLD. Lastly, there is a specific focus on 

functional Near Infrared Spectroscopy (fNIRS) and how it can be utilised for 

imaging children with DLD.     

1.2 Developmental Language Disorder: an invisible disorder 

DLD is defined as developmental language problems that severely impair daily 

life or educational progress and are associated with poor prognosis that 

persist into middle childhood and beyond (Bishop et al. 2017). A diagnosis of 

DLD cannot be given when a language disorder with the characteristics of DLD 

is observed as part of conditions with more complex patterns of impairments 

(Bishop et al. 2017). These conditions include brain injury, acquired epileptic 

aphasia in childhood, certain neurodegenerative conditions, cerebral palsy, 

and oral language limitations associated with sensory-neural hearing loss 

(Tomblin et al. 2015), genetic conditions such as Down syndrome and 

conditions such as autism spectrum disorder (ASD) and/or intellectual 

disability that are commonly linked to genetic or neurological causes (Bishop 

et al. 1998, Bishop et al. 2016, Bishop et al. 2017). 
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People with DLD present a wide constellation of language difficulties. Signs of 

DLD are heavily dependent on the age of the child and their dialect. For 

example, preschool children with DLD typically use short, ungrammatical 

sentences (e.g. “Me happy.”), they have difficulties understanding what has 

been said and expressing their thoughts (Rudolph and Leonard 2016). In 

contrast, primary school children with DLD might struggle to follow complex 

instructions and produce organised and detailed stories (Rudolph and Leonard 

2016). They might also have difficulties using grammatical utterances and 

reading and writing (Rudolph and Leonard 2016). Later in development, DLD 

might present with deficiencies in understanding and producing complex 

grammatical sentences and finding the right words even if they are previously 

learned (Rudolph and Leonard 2016). Children with DLD might also have 

language difficulties in social settings (pragmatic language impairment) 

without presenting a full cluster of deficits related to autism. They appear to 

have difficulties in forming social relationships with their peers and gaining 

peer acceptance due to their linguistic and social cognitive problems (Andrés-

Roqueta et al. 2016). They are also more likely to experience emotional and 

behavioural difficulties which correlate with language deficits (Durkin and 

Conti-Ramsden 2010, Conti-Ramsden et al. 2013), low self-esteem (Wadman 

et al. 2008) and an increased likelihood of being bullied (Knox and Conti‐

Ramsden 2003), compared with their typically-developed peers. These 

psychosocial co-morbidities are more pronounced in adolescents compared 

with DLD adults (Lewis et al. 2016). Some individuals with DLD also exhibit 

deficits in cognitive and affective aspects of theory of mind (ToM) (the ability 
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to recognize mental states and attribute behaviours) (Nilsson and de Lopez 

2016, Vissers and Koolen 2016). However, these deficits imply a 

developmental delay in ToM rather than a disorder (Nilsson and de Lopez 

2016). A negative correlation also exists between literacy skills (Boudreau and 

Hedberg 1999, Catts et al. 2002, Dockrell and Messer 2007, Johnson et al. 

2010, Dockrell et al. 2014, Tambyraja et al. 2015, Pentimonti et al. 2016), 

academic advancement and DLD (Aguilar-Mediavilla et al. 2019) that could 

impact on employment in adulthood. Lastly, children with DLD appear to be at 

higher risk of maltreatment (Lum et al. 2015) and engagement with the justice 

system (Bryan et al. 2015). 

People with DLD might exhibit some or all these deficiencies at different 

stages of their development. For this reason, some researchers have tried to 

create subtypes of DLD based on the domain predominately affected 

(expressive, receptive or a mix both) (Conti-Ramsden and Botting 1999). 

However, even if two people exhibit similar problems in a particular domain, 

they might differ in the degree to which they are affected. Additionally, some 

people with DLD might continue to have difficulties in later developmental 

stages that might have resolved earlier for others (Leonard 2009, Leonard 

2010).  

It is also important to highlight that the clinical picture and the developmental 

trajectory of DLD varies widely from person to person and diagnosis mainly 

relies on exclusionary criteria (Bishop et al. 2017). Thus, it is inappropriate to 

describe DLD in terms of a particular spectrum of symptoms, as any of the 
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signs described above could be a result of other conditions (e.g., autism) that 

have a different aetiology.   

1.2.1 Prevalence 

DLD has a prevalence ranging from 3% to 7% (Tomblin et al. 1997, Norbury et 

al. 2016) . Exact estimates of prevalence vary depending on the age of the 

sample and the definition used for their diagnosis. However, despite its 

relatively high prevalence, DLD is considerably less researched (figure 1.1) 

compared to autism (0.65% prevalence) and Attention Deficit Hyperactivity 

Disorder (5% prevalence) (Bishop 2010, D'Souza and Karmiloff‐Smith 2017).  

Indeed, DLD awareness amongst professionals and the public seems to be far 

less, compared with other developmental disorders such as dyslexia (5-17% 

prevalence, (Shaywitz and Shaywitz 2004) and ASD (Kamhi 2004)). This also 

affects real life outcomes for individuals with DLD. A survey of 70 workplace 

managers in the United Kingdom (UK) reported that less than 30% had ever 

heard of DLD. In contrast all responders knew of ASD and other 

developmental disorders (Lemos et al. 2022). This lack of awareness can be 

partially explained by the high comorbidity of DLD with other conditions such 

Figure 1.1  Annual spending of the National Institute of Health in the 
USA over time. Image adapted from Bishop et al 2010. 
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as reading and auditory processing disorders. In the UK DLD seems to 

disproportionately affect children from disadvantaged social backgrounds 

(Gibson 2015) and children of Chinese, Bangladeshi, Black African, Black 

Caribbean descent (Strand and Lindsay 2009). 

Additionally, the lack of objective diagnostic measures for DLD makes its 

identification particularly difficult. Unfortunately, DLD is also associated with 

many misconceptions regarding its causes and progression thus making it one 

of the most poorly understood and seldom recognised of the developmental 

disorders (Norbury 2017). There has also been a lack of agreement regarding 

the terminology used within the DLD literature (Ebbels 2014, Reilly et al. 

2014). The terms used in the past included developmental dysphasia, 

developmental aphasia, specific language impairment, language impairment 

and others (Bishop et al. 2017). The current terminology (DLD) was adopted 

after a Delphi consensus in 2017 (Bishop et al. 2017).  

1.2.2 Risk Factors 

The same Delphi consensus mentioned above, identified risk factors for DLD, 

including i) a family history of language disorders or dyslexia, ii) male gender, 

iii) being a younger sibling in a large family, and iv) fewer years of parental 

education (Bishop et al. 2017). Epidemiological studies suggest that the 

incidence of DLD is almost equitably distributed between the sexes (Tomblin 

et al. 1997). Furthermore, no associations have been found between language 

impairments and genes on the sex chromosome (Chilosi et al. 2021): perhaps 

reflecting underreporting of language impairments in girls compared to boys. 
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However, in clinical samples and twin studies, DLD is found in boys and girls 

with a ratio of 3 or 4:1 (Chilosi et al. 2021). Thus, more research is needed to 

determine whether gender is a true risk factor for DLD. 

Family history of language disorders is a strong risk factor for DLD (Bishop 

2006). Specifically, using a twin-study design, Bishop and colleagues identified 

deficiencies in grammatical computation and phonological short-term 

memory as hereditable but genetically separable deficiencies associated with 

language impairment (Bishop 2006). However, there are currently no specific 

genetic markers for DLD that enable identification of the disorder via genetic 

screening. Some studies have identified potential candidate pathways and 

genes that might be involved in the aetiology of DLD such as the SETBP1 gene 

(Kornilov et al. 2015). However, currently these genes cannot be classed as 

genetic markers of the condition as they appear to influence some, but not all, 

aspects of DLD. The FOX2P gene was considered to be another promising 

genetic marker for DLD. Disruptions in this gene appear to affect fine motor 

control that can have severe consequences for speech development 

(Newbury and Monaco 2010). However, it seems unlikely that FOX2P is a 

genetic risk factor for more complex language impairments like DLD (Newbury 

and Monaco 2010). 

1.3 The challenge of Diagnosis and Treatment of DLD 
Currently, DLD is identified with a range of exclusionary and inclusionary 

criteria (Bishop et al. 2017). Children undergo extensive language and 

behavioural screening (Bishop et al. 2017). If their language skills are below 

average and there is no other explanation for these deficits, they are 
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diagnosed with DLD (Bishop et al. 2017). Therefore, children from deprived 

linguistic environments, with an intellectual disability, or a history of brain 

injury or a known genetic or neurological cause (such as autism, epileptic 

aphasia, sensorimotor hearing loss) are not diagnosed with DLD (Bishop et al. 

2017). However, since many children have a mixture of problems a diagnosis 

of DLD can co-occur when a child also exhibits a cognitive, sensory-motor or 

behavioural disorder that might or might not have a causal relation to the 

language problems.  

Even though advancements have been made in the diagnosis of DLD, it 

remains nearly impossible to predict outcomes in children under the age of 5 

for three reasons. First, many toddlers with limited vocabulary tend to catch 

up and do not have any long-term problems (Reilly et al. 2010): it has been 

shown that about 40% of later talkers develop DLD later (Rescorla 2011, 

Bishop et al. 2017).  Secondly, many children that are diagnosed with DLD 

have typical language development by the age of 3. Lastly DLD is diagnosed 

with assessments that many toddlers cannot complete as they lack the 

comprehension and reading skills required. Language problems that persist 

beyond the age of 5 tend to be better indicators of further language 

impairments (Stothard et al. 1998, Rice and Hoffman 2015). Therefore, a 

definitive diagnosis cannot be given before the ages of 5-6 years of age. DLD 

can be diagnosed after the age of 5, and even into adulthood, as language 

deficiencies might have gone undetected before then. Additionally, very few 

diagnostic tools are available for adolescents and/or individuals with English 

as their second language (Ramos et al. 2022). 
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A speech and language therapist (SLT) usually provides the diagnosis of DLD, 

followed by a treatment plan. Most available treatments are behavioural in 

nature and are divided into different levels, from very universal approaches 

such as educational packages delivered to all children, to very targeted 

individualised interventions (Law et al. 2003). However, to date little is known 

about the clinical efficacy of different treatments as there have been very few 

randomised controlled trials (Law et al. 2017). It has been reported that 

individualised approaches yield modest treatment effects (Burgoyne et al. 

2018) but the outcomes from these therapies are highly variable (Smith‐Lock 

et al. 2013, Burgoyne et al. 2018). Additionally, interventions that are not 

delivered and/or monitored by SLTs seem to not be as effective, compared 

with therapies that are (McCartney et al. 2015). Lastly, it is important to 

mention that a metanalysis of 15 randomised controlled trials of speech and 

language therapy as an intervention with DLD showed that even though 

children had improvements in the short term, the effects of the language 

therapy did not appear to be long-lasting (Fan et al. 2022). This suggests that 

until better interventions are available children with DLD potentially need life-

long support. 

These findings highlight the difficulties in changing language trajectories and 

the effort and time required to treat the deficiencies associated with DLD 

(Ebbels et al. 2019). Even though continuous support throughout 

development and into adulthood is necessary for people with DLD, it is 

important to mention that early treatment before children enter formal 

education can mitigate some of the negative effects of DLD and may lead to 



Chapter 1 

9 
 

better outcomes in the future (Beitchman et al. 2001, Zhang et al. 2008, 

Norbury et al. 2016).  Systematic reviews and meta-analyses examining the 

effectiveness of interventions for DLD have concluded that the earlier 

interventions are administered the better the outcomes are for the children 

(Rinaldi et al. 2021). However, more work needs to be done to establish which 

treatment options are more effective, the ideal mode of administration, 

duration and linguistic target (Frizelle et al. 2021, Segura-Pujol and Briones-

Rojas 2021). One major challenge in accomplishing that is the lack of 

consistency in the outcomes measured when assessing the effectiveness of 

interventions as well as inconsistencies on when these outcomes are 

measured (Pereira and Lousada 2022). However early intervention requires 

early identification of children with DLD and currently definitive diagnosis 

before the age of 5 years of age is not possible. The development of an 

objective diagnostic and monitoring tool may contribute to the accurate and 

early identification of DLD in preschool years and as well as facilitate early 

interventions. 

1.4 Neuroimaging: An objective tool for DLD 

Neural markers of language processing could be a potential objective tool for 

the diagnosis and monitoring of DLD. However, to date only a few 

neuroimaging studies have been conducted in children with DLD and their 

findings remain inconclusive as different recruitment criteria were used across 

these few studies, all with small sample sizes. Additionally, activations in the 

language network vary widely based on specific stimuli and the demands of 
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the particular task used. These methodological deficiencies, combined with 

the heterogeneity observed in DLD, render the results across studies difficult 

to interpret. One of the only consistent findings are abnormalities in the 

superior temporal gyrus (Review by (Liégeois et al. 2014)). Lastly, functional 

investigations of DLD are very scarce; most findings to date come from 

structural neuroimaging studies alone. More than a decade ago, the 

importance of conducting further functional neuroimaging research was 

highlighted by Im and colleagues. They suggested that conceivably children 

with DLD might display functional neuroimaging deficits in the absence of any 

morphological abnormalities (Im et al. 2007). More specifically, even though 

all of their subjects with DLD had structurally normal Magnetic Resonance 

Imaging (MRI) brain imaging, 87.5% of the group had abnormalities in their 

positron emission tomography (PET) scans in the thalamus, right frontal and 

temporoparietal regions as well as bilateral occipital regions (Im et al. 2007). 

Structural neuroimaging studies measuring grey matter volume and cortical 

thickness have suggested that both these measures progressively reduce 

during development, reflecting synaptic pruning in typically developed (TD) 

children. However, studies of grey and white matter volume in children with 

DLD report contrasting findings (Girbau-Massana et al. 2014). For example, 

whilst Badcock and colleagues reported increased grey matter volume within 

the left inferior frontal gyrus (IFG) in children with DLD compared to controls 

(Badcock et al. 2012), Soriano-Mas et al. (2009) reported increased grey 

matter volume in the right hemisphere (Soriano-Mas et al. 2009). Lastly, an 

MRI study of 33 children showed reduced myelination levels in DLD over 
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cortical frontal areas and the basal ganglia (Krishnan et al. 2022). 

Consequently, larger scale structural neuroimaging studies with replicable 

paradigms are required to help disentangle the structural neural correlates of 

DLD. 

DLD was initially believed to be a result of abnormal lateralization of the 

language network. Language function exhibits asymmetric lateralization to the 

left hemisphere in most individuals, even though a small proportion shows 

right-hemisphere language lateralization or bilateral lateralization. Much of 

the lateralization literature suggests that atypical language development is 

associated with reduced language lateralization to the left hemisphere (Crow 

et al. 1998, Annett 2003, Bishop 2013). This finding has been replicated in 

other morphological and functional imaging studies, including diffusion tensor 

imaging tractography (Vydrova et al. 2015, Morgan et al. 2018, Verly et al. 

2019), structural MRI (De Fossé et al. 2004, de Guibert et al. 2011, Badcock et 

al. 2012, Mayes et al. 2015, Pigdon et al. 2019), magnetoencephalography 

(MEG) (Brown et al. 2014), functional transcranial Doppler ultrasonography 

(Whitehouse et al. 2008) and functional Electroencephalogram (EEG) 

(Leppänen and Lyytinen 1997, Shafer et al. 2000).  

Even though it appears that some individuals with language impairment have 

atypical language lateralization, data from a few published studies have 

concluded that right or bilateral language lateralization is not a risk factor in 

developing a language impairment (Bishop et al. 2014, Wilson and Bishop 

2018, Krishnan et al. 2021, Vansteensel et al. 2021).. Wilson and Bishop 
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suggested that a causal relationship between DLD and language lateralization 

might not exist. Instead, they suggested that the same factors contributing to 

the development of a language impairment might also affect language 

lateralization, in the absence of a causal relationship between the two (Wilson 

and Bishop 2018).  

Functional results, predominately from EEG studies, report a wide range of 

deficiencies. An EEG study of 35 children with DLD reported abnormalities in 

their electroencephalograms particularly in the left language network. Degree 

of abnormality appeared to correlate with the severity of DLD (Lévy-Rueff et 

al. 2012). However, a previous review of clinical and electroencephalographic 

data of 138 children showed abnormal EEG recordings in only 15% of children 

with DLD, many of whom already had a history of seizures (Nasr et al. 2001). 

This suggests that using EEG recordings as a tool to diagnose DLD would lack 

the required sensitivity for a clinical application (Nasr et al. 2001). Other EEG 

studies have reported atypical event related potentials in phonological 

processing and early lexical access (Kornilov et al. 2015, Evans et al. 2022), 

auditory processing (Basu et al. 2010, Shafer et al. 2011, Cheng et al. 2021, 

Evans et al. 2022, Knowland et al. 2022, Peter et al. 2022), abstract semantic 

processing (Lorusso et al. 2015), processing of syntactic and grammatic 

violations (Sabisch et al. 2006, Roa-Rojas et al. 2021), attentional capacities 

(Shafer et al. 2007), prosodic processing (Sabisch et al. 2009), non-word 

repetition (McArthur et al. 2009), performance self-monitoring (Arbel and 

Donchin 2014) and statistical learning (Soares et al. 2022). Auditory brainstem 
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response (ABR) studies have also confirmed the altered speech processing in 

children with DLD (Chinn et al. 2022, Elmahallawi et al. 2022) 

Only a couple of studies have used functional Magnetic Resonance Imaging  

(fMRI) and MEG to study functional deficits underlying DLD. A comparison 

between 8 TD adolescents and 8 DLD children revealed similar brain activity 

between the groups, in the same brain regions, happening at comparable 

timeframes, with similar laterality pattern. Nonetheless, children with DLD 

showed hypo-activation and abnormal patterns of coordination in a few of 

these regions, compared with TD controls (Ellis Weismer et al. 2005). 

Specifically, reduced brain activity was found in the left parietal lobe (involved 

in attentional control), the precentral sulcus (involved in memory processing) 

and the IFG (involved in language processing, retention of verbal information 

(Ellis Weismer et al. 2005)). Overall, this study indicates that children with DLD 

rely on a less functional network, as indicated by regions with reduced 

activation. Badcock and colleagues reported similar reductions in activation in 

the frontal and temporal gyri of 8 children with DLD compared to their 

Figure 1.2 Functional brain activations of typically developed 
children (blue) compared to children with DLD (red) Image adapted 
by Badcock et al., 2012. 



Chapter 1 

14 
 

typically developed peers during a covert object naming task (figure 1.2), 

(Badcock et al. 2012). 

Although an fMRI study investigating shifting attentional control in 6 children 

with DLD failed to report significant differences in task performance between 

children with TD and DLD, it demonstrated abnormal pattern of activations 

that indicated recruitment of compensatory mechanisms (Dibbets et al. 2006). 

Also, abnormal patterns of brain activity were reported in members of a 

Finnish family with DLD, compared with responses from aged-matched 

controls (Hugdahl et al. 2004). Specifically, this family showed hypo-activation 

in Broca’s areas (BA 44) and an area in the middle temporal gyrus bordering 

the superior temporal sulcus (Hugdahl et al. 2004). Vansteesel and colleagues 

also demonstrated that DLD might be characterised by reduced activations in 

temporal regions during a story listening task (Vansteensel et al. 2021). 

Furthermore, a MEG study reported that receptive impairments in children 

with DLD might originate from abnormalities in early auditory processing in 

the right posterior areas of the superior temporal gyrus (STG) (Cardy et al. 

2010). Another MEG study of 11 children with DLD reported activations of 

equal strength in the left hemisphere for words and non-words and defective 

short-term maintenance of the linguistic input (Helenius et al. 2014). TD 

children showed stronger activations only for non-words (Helenius et al. 

2014). However, an fMRI study of 19 children with DLD did not reveal any 

statistically significant differences in brain activations between the DLD and 

the TD group indicating that non-word repetition might not be a sensitive 
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enough marker for DLD (Pigdon et al. 2020). The largest functional 

neuroimaging study of adolescents with DLD to date (N=50) also showed that 

they had similar neural responses to TD children in hemispheric lateralisation 

of frontal regions during an overt verb generation task. Task performance was 

not significantly different between the two groups, thus potentially, the task 

was too simple to elicit differences in cortical activations (Krishnan et al. 

2021).  

To our knowledge only one study of resting state connectivity has been 

conducted with participants with DLD. Hwang and colleagues (2006) 

compared single-photon emission computerized tomography images of 21 

children with DLD to TD children and reported function defects in the inferior 

parietal lobe and the basal ganglia (Hwang et al. 2006). 

Lastly to date only two studies have recorded functional Near Infrared 

Spectroscopy (fNIRS) brain responses in individuals with DLD (Fu et al. 2016, 

Berglund-Barraza et al. 2020). Fu and colleagues investigated syntactic 

processing in 15 children with DLD using an agent assignment task (Fu et al. 

2016). They reported abnormal hemodynamic responses in the DLD group in 

the bilateral inferior frontal and bilateral inferior posterior parietal brain 

regions and left temporal parietal junction (Fu et al. 2016). Berglund-Bazzara 

and colleagues used fNIRS to measure prefrontal brain activations in response 

to a n-back working memory task in two adults with DLD. Participants 

completed a non-word repetition task whilst receiving High-Definition 

transcranial Direct Current Stimulation (HD tDCS) (Berglund-Barraza et al. 
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2020). Results showed different brain patterns both between the TD and the 

DLD group as well within the two participants in the DLD group. After 

receiving the stimulation, brain activity in the DLD group resembled that of 

the TD group (Berglund-Barraza et al. 2020). Even though the sample size in 

this study was very small, it demonstrated the feasibility of using fNIRS to 

differentiate between individuals with and without DLD as well as measure 

the impact of interventions (Berglund-Barraza et al. 2020).  

1.5 Functional Near Infrared Spectroscopy 

FNIRS is a neuroimaging technique used for the functional mapping of the 

human cortex (Wolf et al. 2007). fNIRS is a non-invasive, safe technique that 

uses optic fibres to transfer light to and from the brain (Wolf et al. 2007). 

Because of the flexibility of the fibres, fNIRS can be used for any position or 

posture allowing for more naturalistic experimental environment without 

restraint or sedation and is quite robust to movement artefacts (Wolf et al. 

2007). fNIRS has been used to create brain maps based on the hypothesis of 

neurovascular coupling where a specific stimulus can cause cortical neuronal 

activation which is followed by an increase in metabolic demand and an 

increase in blood flow. This hemodynamic response is characterised by an 

increase in oxyhaemoglobin and total haemoglobin and often, a simultaneous 

decrease in deoxyhaemoglobin (Hu et al. 2012). 

Near-infrared spectroscopy relies on a few facts:  
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• Brain human tissues are relatively transparent to near infrared (NR) light 

(650–1000 nm). NR is about 100 times more likely to scatter rather than 

being absorbed. 

• NR light is either absorbed by pigmented elements (chromophores) or 

scattered in the tissues. One of these chromophores is haemoglobin. 

• Haemoglobin can absorb NR depending on its oxygenation status, 

meaning that the oxygenated and deoxygenated forms of haemoglobin 

have distinctly different absorption spectra and can be differentiated 

when light attenuation is measured at two or more wavelengths. 

• Given the fact that 70–80% of the blood in the brain is in the venous 

compartment, the fNIRS technique offers information mainly about the 

oxygenation changes occurring at the venous blood level. (Ferrari and 

Quaresima 2012, Harrison and Hartley 2019, Pinti et al. 2020). 

fNIRS can thus measure oxyhemoglobin (HbO), deoxyhemoglobin (HbR), and 

total haemoglobin (tHb, tHb = HbO + HbR) (Saager and Berger 2008, Sitaram 

et al. 2009, Kopton and Kenning 2014). However, it is not always the case that 

the haemodynamic response will be characterized by an increase in HbO and 

a decrease in HbR (Ferrari and Quaresima 2012, Kamran et al. 2016, 

Quaresima and Ferrari 2019). In that case, when an HbO decrease is found, it 

is speculated that the signal corresponds to a deactivation of the 

corresponding brain region. There is an ongoing debate regarding which 

measurement better reflects changes in brain activation in response to a 

stimulus (Ferrari and Quaresima 2012, Quaresima and Ferrari 2019). Some 

studies have shown an increase in HbO without a corresponding decrease in 
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HbR. Thus, it seems reasonable to report all three measurements when 

analysing the fNIRS signal (Ferrari and Quaresima 2012), (Nishiyori 2016). 

However, it is worth mentioning that during the analysis of fNIRS data, the 

haemodynamic modality separation (HMS) algorithm is commonly used to 

report cortical activations (Yamada et al. 2012). The HMS assumes that 

changes in HbO and HbR are negatively correlated in the functional responses 

but positively correlated in the motion and physiological noises, rendering the 

HbR signal redundant.  

Haemodynamic responses last for 16s (Ferrari and Quaresima 2012, Nishiyori 

2016, Quaresima and Ferrari 2019). They typically peak around 5-6 second 

after the stimulus presentation that triggers the underlying neuronal activity 

and take approximately a further 10s to fully return to baseline (figure 1.3) 

(Ferrari and Quaresima 2012, Nishiyori 2016, Quaresima and Ferrari 2019).  

Figure 1.3 Graphical representation of the haemodynamic response. The 
haemodynamic response reaches its peak approximately 6sec after stimulus 
presentation and returns to the baseline after about 16sec. Image adapted 
from Ferrari and Quaresima, 2012. 
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Depending on the illumination pattern used, three different fNIRS techniques 

can be described. First, in the continuous wave (CW) technique, the tissue is 

constantly illuminated and the attenuation of light through the head is 

measured. The CW method provides information regarding concentration 

changes in HbO and HbR. CW measurements are more spatially resolved due 

to the lower cost photon detectors (Scholkmann et al. 2014). In the 

frequency-domain (FD) method, the tissue is illuminated with intensity-

modulated light allowing for the measurement of both the attenuation and 

the phase shift of the emerging light (Schroeter et al. 2004). Lastly in the time-

domain technique, the tissue is illuminated with short pulses of light and the 

shape of the pulse after propagation through the tissue can be measured 

(Torricelli et al. 2014). The FD and time-domain methods provide information 

regarding the absorption and reduced scattering coefficients from which it is 

possible to retrieve absolute concentration values of HbO and HbR. The FD 

and time-domain techniques allow for sampling rates of up to 100 Hz, 

whereas the CW instruments have a sampling rate of around 5 Hz (Nishiyori 

2016, Davies et al. 2017). In the present work the Hitachi ETG-4000 system 

that utilises the continuous wave technique will be used. 

One of major limitation of fNIRS is its poor spatial resolution relatively to fMRI 

and PET, that is limited to centimetres. Spatial resolution in fNIRS is limited by 

the physical principles of light propagation restricting to the cortical surface 

and provide no information on subcortical signal changes or activations in 

medial cortical areas, which are distant from the brain's surface  (Ferrari and 

Quaresima 2012, Quaresima and Ferrari 2019, Pinti et al. 2020).However, 
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even though channel distances on the scalp are as sparse as EEG, fNIRS has a 

much higher spatial resolution and more reliable signal propagation compared 

to EEG, (Hu et al. 2012, Pinti et al. 2020). Lastly when analysing fNIRS, factors 

such as hair density and colour, scalp and muscle blood flow and physiological 

noise from the cardiac pulse and breathing need to be considered (Ferrari and 

Quaresima 2012, Quaresima and Ferrari 2019, Pinti et al. 2020). 

1.5.1 Comparison of fNIRS to other neuroimaging techniques 

Traditionally linguistic and auditory studies have utilized electrophysiology 

techniques, and predominately electroencephalograms (EEG) because of two 

of its characteristics: high temporal resolution that allows for construction of 

models of hierarchical and parallel processing steps, and low experimental 

constraints (Besle et al. 2009, Beres 2017). But EEG has low spatial resolution; 

the assignment of a language-specific component to a cortical area is 

somewhat arbitrary – in some instances even with respect to lateralization 

(Besle et al. 2009, Beres 2017). Analysis is less robust when examining longer 

timeframes than 10-1000ms. Event related potential (ERP) studies also have 

very low spatial resolution (the N400 has been located in various location 

across the temporal lobe). On the other hand, fNIRS provides a spatial 

resolution of about 1cm (figure 1.4) (Review by (Obrig 2014)). 

Vascular-based techniques such as fMRI revitalized neurolinguistics research 

as they offered better localization of the activation and the integration over 

longer time frames (Logothetis 2008, Silver et al. 2021). fMRI allowed for the 

detection of the exact functional–anatomical relations in the language 
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network as it has great spatial resolution and depth penetration (Logothetis 

2008, Silver et al. 2021). However, auditory tasks are very challenging due to 

the instrumental noise of the scanner. Whilst speech perception remains 

relatively robust to these effects, under certain conditions, noise remains a 

critical factor with detrimental effects on task performance, particularly in 

research examining the differentiation of subtle acoustic features, such as 

phoneme discrimination (Dietrich et al. 2006, Szameitat et al. 2009). It is 

worth mentioning that PET is also acoustically quiet but is invasive compared 

to fNIRS. 

Additionally, an fMRI experimental set-up is not child-friendly, as it is 

challenging to “convince” children to stay still for a long time. Furthermore, it 

can be quite a claustrophobic environment for anyone, not least a young child 

(Obrig 2014).  

The BOLD signal of the fMRI provides information regarding changes in 

oxygenation (Logothetis 2008). However, many fNIRS studies have shown 

increases in HbO without corresponding decreases in HbR, therefore fMRI 

may not be able to detect these kinds of activations (Gallagher et al. 2012). 

Even though both fMRI and fNIRS measure haemodynamic responses, fNIRS 

has a greater sampling rate (Ferrari and Quaresima 2012). Thus, the latter 

provides a better resolution of the hemodynamic onset, and, potentially 

direct measurement of fast neuronal signals (Gallagher et al. 2012). In fact, 

fMRI appears to be less sensitive in detecting bilateral speech patterns 



Chapter 1 

22 
 

compared to fNIRS (Benke et al. 2006, Gallagher et al. 2012) (figure 1.4, 

(Mehta and Parasuraman 2013)). 

 

1.5.2 FNIRS in Language Research 

FNIRS has been widely used in language and speech research (Minagawa-

Kawai et al. 2008, Ferrari and Quaresima 2012, Quaresima et al. 2012, 

Vanderwert and Nelson 2014, Soltanlou et al. 2018, Tassi et al. 2022). FNIRS is 

non-invasive posing no risks for participants thus allowing for long testing 

runs. Traditional neuroimaging techniques are very sensitive to motion 

artefacts caused by head and mouth movements during overt speech (Zhang 

et al. 2017). Thus, most neuroimaging investigations of speech production use 

covert speech or sparse sampling to avoid effects of blood pressure and 

Figure 1.4 Graphical representation of comparison between different 
neuroimaging techniques. FNIRS has a better temporal resolution compared to 
fMRI (y-axis) and a better spatial resolution compared to EGG (x-axis) as well as 
allowing for a great degree of mobility (z-axis). Image adapted from Mehta and 
Parasuraman, 2013. 
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respiratory changes (Zhang et al. 2017). However, studies have reported that 

systemic artefact removal on fNIRS signals can be used to process overt 

speech successfully accounting for motion artefacts (Zhang et al. 2017). fNIRS 

has also been used successfully in studies of speech production in stuttering 

individuals (Walsh et al. 2017). Additionally, it has been used in bilingual 

studies in both children and adults (Groba et al. 2019, Sun et al. 2022). It has 

also been ideal for hearing loss research particularly in populations with 

hearing aids and cochlear implants (Anderson et al. 2017, Anderson et al. 

2019, Bortfeld 2019). fNIRS has been shown to be effective in identifying 

language laterality and language specific areas such as Broca’s area 

independently of task used (Kennan et al. 2002, Cui et al. 2011, Ota et al. 

2011, Arun et al. 2018). 

Group-level fNIRS reliability has been investigated in a phonological verbal 

fluency task and a finger tapping task, where high reliability was reported but 

only based on small sample sizes (Sato et al. 2006). Since then, investigations 

with larger samples have shown acceptable group-level reliability in visual 

stimulation, finger tapping, verbal fluency tasks, prefrontal activations and 

social perception in infants, (Plichta et al. 2006, Plichta et al. 2007, 

Schecklmann et al. 2008, Blasi et al. 2014, Huang et al. 2017). Recently, 

Wiggins and colleagues demonstrated the test-retest reliability of fNIRS for 

auditory stimulation (Wiggins et al. 2016). 

Quantitative comparisons between fNIRS and fMRI also support fNIRS validity 

for creating resting state connectivity maps (RSC) (Zhang et al. 2011, Duan et 
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al. 2012). RSC maps are particularly important in language research as they 

allow for investigations of the language network in populations unable to 

perform task-based neuroimaging. Studies comparing the laterality index of 

the language network between resting state fMRI and task-based fMRI have 

found strong correlations between the two  (Tanaka and Stufflebeam 2016, 

Sair et al. 2017, Smitha et al. 2017). Gallagher and colleagues have 

demonstrated that RSC patterns of the language network measured with 

fNIRS are highly correlated with task-based measures of fNIRS, both for 

language localization as well as for hemispheric language dominance 

(Gallagher et al. 2016). These results validate the use of RSC analysis using 

fNIRS for evaluating language function.  

An emerging field of research on language development in children is 

hyperscanning. Hyperscanning is the simultaneous recording of brain activities 

of two or more individuals (Dumas et al. 2010). The importance of measuring 

brain activity concurrently during human interactions has been recognised for 

a long time. In 2002 the first hyperscanning experiment was conducted using 

fMRI (Montague et al. 2002) and since then EEG is the most commonly 

neuroimaging modality used (Czeszumski et al. 2020). However, the evolution 

of fNIRS has revolutionised the field. The portability of fNIRS and its 

robustness to participant movements has allowed for designing naturalistic 

experiments that can be particularly suitable for imaging paediatric 

populations and investigating language and communication patterns. Indeed, 

a series of studies has validated its use for exploring parent-child interactions 
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(Reindl et al. 2018, Miller et al. 2019, Nguyen et al. 2020, Wang et al. 2020, 

Hoyniak et al. 2021, Kruppa et al. 2021, Nguyen et al. 2021). 

1.6 Summary 

This chapter underscores the pressing clinical requirement for the 

advancement of novel assessments tailored to Developmental Language 

Disorder (DLD), aiming to enhance the diagnostic and monitoring processes. It 

outlines the viability of leveraging language processing brain activations to 

detect distinct neural indicators of DLD, which can subsequently be integrated 

into an objective neural-based assessment tool for DLD. A significant portion 

of the existing neuroimaging research has lent support to investigations 

focused on the language network to uncover distinct processes affected 

within the brains of individuals with DLD. Consequently, our present study will 

centre on the examination of brain activations within the language network 

using fNIRS. In the next chapter, we will delve into behavioural tasks capable 

of eliciting activations within the language network, particularly targeting the 

linguistic domains known to be impacted in individuals with DLD. The 

meticulous selection of appropriate tasks, tailored to address deficiencies 

present in individuals with DLD, holds paramount importance as it paves the 

way for the identification of pertinent neural markers.  
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2 Potential Neural Markers for DLD 
2.1 Chapter Overview 

This chapter focuses on potential neural markers that can be measured with 

fNIRS and possibly be used clinically for the diagnosis and monitoring of 

interventions in children with DLD. The overall aims of the PhD are discussed, 

and an overview of the research conducted is summarised at the end. 

2.2 Potential Neural Markers for DLD 

2.2.1 Language Processing 

Children with DLD exhibit deficits in phonological awareness, grammatical and 

semantic processing and memory and control systems (Boudreau and 

Hedberg 1999, Rice et al. 2004, Leonard 2009, Schulz 2010, Vandewalle et al. 

2012, Claessen et al. 2013, Farquharson et al. 2014, Pavelko et al. 2018, 

Aguilar-Mediavilla et al. 2019, Gillam et al. 2021). 

2.2.1.1 Phonological awareness  

Phonological awareness refers to the ability to categorise and manipulate the 

sounds of language (Bishop et al. 2017). Children with DLD tend to fail to 

recognise a phoneme when it is presented with another auditory event 

(Factor and Goffman 2022), particularly during the earliest stages of 

development. A phoneme is “the smallest distinct sound unit in a given 

language” (Matthews 2014). Additionally, children with DLD can have 

difficulties segregating words into phonemes (Mengisidou and Marshall 2019, 

Cheng et al. 2022). These difficulties can have negative consequences on 

language acquisition, word learning and literacy (Vandewalle et al. 2012).  
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It has been argued that the phonological deficits observed in DLD are 

underlined by an auditory processing disorder (APD), which would impair 

successful phonemic awareness and perception of speech. As a result, 

children with DLD would fail to develop phonological, syntactic and semantic 

skills like their typically developed peers (Rosen 2003). Some researchers have 

suggested that a subgroup of children with DLD experience difficulties in 

discriminating speech from non-speech sounds when they occur rapidly (Tallal 

1980, McArthur and Hogben 2001) and when they vary in spectral frequency 

(McArthur and Bishop 2005, Mengler et al. 2005). Event related potential 

(ERP) studies also support these behavioural findings by demonstrating 

abnormal brain responses to sounds by about one third to one half of children 

with DLD (McArthur and Bishop 2004, Bishop et al. 2007, McArthur et al. 

2009). Since auditory deficits are not found in all cases of DLD, and some 

studies have failed to replicate the above findings, it has been argued that an 

auditory deficit could compromise phonological skills but is not sufficient to 

cause DLD (Bishop et al. 1999, Briscoe et al. 2001, Rosen 2003, Dawes and 

Bishop 2009). Additionally, others have argued that the apparent auditory 

processing deficits seen in children with DLD are a result of a more global 

processing deficit (Hartley et al. 2003). Thus, it can be concluded that APD and 

DLD might share common pathological causes, which would explain their high 

comorbidity but that does not indicate a causal relationship between the two 

(Rota-Donahue et al. 2016). 

Neuroimaging investigations of auditory processing in children with DLD have 

predominantly been conducted using EEG as described in section 1.4.  
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2.2.1.2 Grammar 

The prevalence of grammatical deficits in DLD has led many to describe a 

specific grammatical subtype of DLD (Heather and Jackie 2003, Rice et al. 

2006). Difficulties have been identified both in morphology as well as syntax 

(Rice et al. 2006, Leonard 2009). Syntax refers to the relationship between 

words and other units within a sentence, and morphology refers to the 

grammatical structure of words (Matthews 2014). In terms of their expressive 

morpho-syntactic skills, children with DLD persistently omit morphological 

inflections leading to the formation of the extended optional infinitive 

hypothesis (Rice et al. 1995, Wexler 2003, Rice et al. 2004, Lin 2006).  An 

inflection is “any form or change of form which distinguishes different 

grammatical forms of the same lexical unit” (Matthews 2014).  In typical 

language development, there is an optional infinitive stage where children use 

tense markings (e.g., “–ed” in a past tense verb) optionally. However, they 

move past that stage around the age of 5 years old, whereas children with 

DLD do not (Bishop 2014, Calder et al. 2022). Morphological errors persist 

throughout early stages of language development in children with DLD but 

become less prominent later in adolescence (Miller et al. 2008, Duinmeijer 

2013).  

Children with DLD also have prominent difficulties in decoding complex 

syntactic structures (Duinmeijer 2013, Hsu and Bishop 2014). They struggle to 

interpret the grammatical relationships between elements of a sentence (e.g., 

determine agent), especially in complex structures (passive sentences, relative 

clauses) (Dick et al. 2004, Montgomery and Evans 2009, Fu et al. 2016). 
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Difficulties with complex syntactic structures persist well into adolescence. 

Teenagers with DLD tend to either avoid using them when producing language 

(Marinellie 2004, Tuller et al. 2012) or make more errors when doing so 

(Avram et al. 2013, Delage and Frauenfelder 2020). Thus, in the investigations 

of neural markers of syntactic processing in children with DLD it is not 

appropriate to use a spontaneous speech production task (Nippold et al. 

2008) since children with DLD avoid using complex syntax altogether.  

2.2.1.3 Semantics 

Whilst the domain of semantics has not received as much attention in DLD 

investigations (Schulz 2010), it is important that neural signatures of semantic 

processing are explored. Children with DLD display well-documented word 

finding difficulties and poorer naming of objects, arising potentially from poor 

semantic representations and weak mental lexicon connections (Marinellie 

and Johnson 2002, Messer and Dockrell 2006, Sheng and McGregor 2010). 

Children with DLD also might struggle forming mental representations of 

verbs (Sheng and McGregor 2010, Andreu et al. 2012) and abstract concepts 

(Leroy et al. 2012, Vigliocco et al. 2018). Also, they might have difficulties 

retrieving meaning for already known words (Katsos et al. 2011).  

Children with DLD struggle with decoding meaning from word combinations 

(Katsos et al. 2011). This difficulty is more pronounced when general all-

purpose verbs are used (e.g., “get wet” vs “get the joke”) (Rice and Bode 

1993, Kambanaros and Grohmann 2015). They have pronounced difficulties in 

processing the meaning of a sentence and deciding which nouns can be 

plausible in the context of particular sentence (e.g. in the sentence “The rock 
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bleeds.” the noun “rock” is implausible) (Thordardottir and Weismer 2002, 

Ebbels 2007, Andreu et al. 2012, Pijnacker et al. 2017). 

2.2.1.4 Memory and control systems 

Language deficits especially morpho-syntactic and phonological processing in 

children in DLD have been associated with reduced working memory 

capacities (Ellis Weismer et al. 2017), (Conti-Ramsden et al. 2015). That 

prevents children from forming mental representations of sound sequences 

and encoding them in their short-term storage (Baddeley et al. 1998, Ellis 

Weismer et al. 2000, Ellis Weismer et al. 2005, Leonard et al. 2007). 

Difficulties in working memory impair attention and perception and may 

account for the observed difficulties to follow directions and complete tasks 

(Gathercole and Baddeley 1990, Archibald and Gathercole 2006, Leonard et 

al. 2007, Montgomery and Evans 2009).  

Short-term phonological working memory has received particular attention. 

Deficiencies in that modality are well-documented in children with DLD (Alt 

2011, Conti-Ramsden et al. 2015, Lum et al. 2015), highly heritable and some 

consider it to be a phenotypic marker of DLD (Bishop et al. 1995). On the 

other hand, findings are inconclusive in the case of non-verbal working 

memory (NVWM). Some behavioural studies have reported NVWM deficits in 

children with DLD (Bavin et al. 2005, Im‐Bolter et al. 2006, Marton 2008, 

Henry et al. 2012, Vugs et al. 2014) while others have not (Archibald and 

Gathercole 2006, Archibald and Gathercole 2007, Ellis Weismer et al. 2017).  

It is also worth mentioning that some studies have suggested that children 

with DLD exhibit deficits in procedural learning (autonomous learning). 
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However, the results of these studies remain inconclusive, and do not provide 

insights into the developmental trajectories of procedural learning in DLD 

(Ullman and Pierpont 2005, Lum and Bleses 2012, Mayor-Dubois et al. 2014, 

Desmottes et al. 2016, West et al. 2018). A metanalysis of 18 studies 

investigating procedural learning in children with DLD between the ages of 9 

and 11 concluded that procedural learning appears to be present but delayed 

in DLD compared to typically developed children (Zwart et al. 2019). Deficits in 

procedural learning are in agreement with the observed deficiencies in motor 

skills in DLD (Sanjeevan and Mainela-Arnold 2019). Lastly children with DLD 

seem to also have impaired executive control functions such as shifting 

attention and inhibition (Im‐Bolter et al. 2006, Henry et al. 2012, Engel de 

Abreu et al. 2014, Vissers et al. 2015, Sikora et al. 2019). However, it has not 

been established whether these difficulties are causally related to DLD and if 

so what the direction of that relationship is. Identifying neural markers of DLD 

may shed some light on the relationship between cognition and language 

development, not only in children with DLD, but also in typically developing 

children.  

2.2.1.5 Sentence Repetition 

A task that allows for examination of all linguistic characteristics (i.e. 

phonological awareness, grammar and semantics) as well testing memory 

demands during language processing is sentence repetition (Levelt 2001). 

Sentence repetition of semantically and syntactically plausible sentences has 

been well described in previous literature as a potential screening tool for DLD 

in English as well as other languages (Stokes et al. 2006, Archibald and 



Chapter 2 

32 
 

Joanisse 2009, Hesketh and Conti-Ramsden 2013, Leclercq et al. 2014, 

Theodorou et al. 2017, Fitton et al. 2019, Vang Christensen 2019, Pham and 

Ebert 2020, Taha et al. 2021, Wang et al. 2022). Ability to repeat sentences 

accurately has been used as a measure of grammatical proficiency and it also 

reflects short-term phonological memory (Klem et al. 2015, Polišenská et al. 

2015) Additionally, language processing and consequently sentence repetition 

also involve executive control (Smith and Jonides 1999, Novick et al. 2005, 

Badre and Wagner 2007).  

Therefore, it allows for a thorough examination of multiple facets of language 

processing, which is particularly important in children with DLD as they have 

highly variable phenotypes. Additionally, sentence repetition is an easy-to-

follow verbal task thus ensuring that younger children can be tested and 

accounts for the high comorbidity between DLD and reading disorders, since it 

does not require reading stimuli. Thus, it is an appropriate task to identify 

neural markers of language processing that are unique to children with DLD.   

Currently, there has only been a handful of neuroimaging studies of language 

repetition in DLD. Rinker and colleagues studied electrophysiological 

responses in preschool children with DLD vs typically developed children using 

a non-word repetition task and found no group differences in brain activity 

(Rinker et al. 2014). Berglund-Bazzara and colleagues measured overt non-

word repetition in two young adults with DLD compared to 21 controls and 

reported that activity over frontal lobes was significantly different both 

between the two groups as well as between the two participants with DLD 
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(Berglund-Barraza et al. 2020). This work, as mentioned above, demonstrates 

the feasibility of using language repetition to detect differences in neural 

activations between people with and without DLD. However, the small sample 

size and the lack of recordings over language processing areas prevent us 

from making any conclusions about the potential differences in the language 

network. 

It is also worth mentioning that no neuroimaging work has explored the 

neural signatures of sentence-level repetition in children with DLD.  

In typically developed individuals, neuroimaging literature from both 

functional investigations as well as tractography studies has shown that 

sentence repetition is supported by a complex neural network across the peri-

Sylvanian cortex that engages both language comprehension and language 

production mechanisms (Leonard et al. 2011, Majerus 2013, Moritz-Gasser 

and Duffau 2013). Bilateral temporal regions covering the auditory cortices 

are tasked with processing the auditory stimuli (Kovelman et al. 2014) i.e. the 

sentence to be repeated. Structures supporting the ventral stream for 

language in the temporoparietal lobe such as Wernicke’s area are recruited to 

decode the semantic and syntactic information of the stimuli which are then 

stored in the phonological working memory at the Sylvania fissure at the 

boundary of the parietal and temporal lobes (Stp) (Hickok et al. 2003, 

Rogalsky et al. 2015). Sentence reconstruction engages the dorsal language 

stream including frontal regions such the IFG and Broca’s area as well as 

motor cortex areas that support articulation (Hickok and Poeppel 2004, 
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Hickok and Poeppel 2007, Saur et al. 2008, Majerus 2013). Subcortical regions 

such as the putamen which is involved in motor responses and single word 

selection processes are also recruited (Argyropoulos et al. 2013) (van Heuven 

et al. 2008, Ali et al. 2010, Tremblay and Small 2011). Investigations of brain 

lesions in patients with aphasia are in line with these findings as they have 

shown that impaired sentence repetition performance is associated with 

reduced connectivity between the IFG and middle temporal gyrus and 

damage to the arcuate fasciculus i.e., the fibre tracks that connect them. 

Lesions to the posterior superior temporal gyrus as well as the anterior insula, 

a subcortical area beneath the IFG are also thought to lead to sentence 

repetition deficits (Berthier et al. 2012, Northam et al. 2018). 

Language repetition activates mainly the left hemisphere however functional 

investigations have shown that increased task demands lead to activations in 

right hemispheric regions. A study showed that when presented with 

sentences with more complex word order, participants showed activations in 

right temporal regions (Segaert et al. 2013). Additionally, Melzer and 

colleagues reported brain activations in right temporal and frontal regions due 

to increased phonological demands were associated with poorly recalled 

sentences (Meltzer et al. 2017).  

Some studies have shown that repeating syllables, words or non-words, or 

short sentences might be relying more heavily on the dorsal language stream 

without engaging the ventral stream (Liégeois et al. 2016). Repeating those 

utterances requires auditory and phonological processing in the temporal 
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lobes, access to working memory in the left IFG and motor processes for 

language production (Suh et al. 2007, Sierpowska et al. 2017). However, it 

does not tap into semantic and syntactic processing as short stimuli like single 

words can be reproduced from memory alone. For instance, activity in the left 

IFG is reduced when recalling sentences consisting of 6 words compared to 

producing original sentences of the same length reflecting decreased 

demands on semantic processing (Tremblay and Small 2011). It is worth 

noting that the authors did not compare repetition and production of longer 

sentences. On the contrary, other work has shown that repeating longer 

sentences especially ones that are semantically coherent and/or have 

complex syntactic structure requires processing of the conceptual 

relationships between the words (McDaniel et al. 1998). Recreating that 

stimuli recruits processes that support standard language planning and 

production processes such as retrieving the semantic message from 

phonological working memory and regenerating its grammatical and syntactic 

structure (Mascelloni et al. 2019). Thus, sentence repetition is a valuable 

index of language proficiency that engages the entire language network. 

To date there have been very few investigations of sentence repetition in 

children. In late childhood non-word repetition engages similar patterns to 

adults namely bilateral posterior temporal regions involved in auditory, 

phonological and semantic processing, left temporoparietal junction involved 

in phonological working memory and bilateral frontal regions involved in 

speech production and motor areas involved in articulation control 

(Buchsbaum et al. 2005). Lum and colleagues demonstrated that sentence 
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repetition performance in an off-line behavioural task was negatively 

correlated with resting state power in the theta frequency band (Lum et al. 

2022). Power in that band declines from late childhood to adolescence as part 

of typical development thus indicating that resting state oscillatory activity is 

related to language proficiency as measured by sentence repetition skills (Lum 

et al. 2022). However, the neural network supporting repetition in younger 

children is unknown. To our knowledge there are no investigations of on-line 

overt sentence-level repetition processing in children of any age.  

2.2.2 Resting State Connectivity Patterns 

Cortical connectivity complements task-related investigations of language 

processing by providing information on the underlying mechanisms of 

cognitive processes. Resting state connectivity (RSC) refers to low-frequency 

regional brain activity that occurs spontaneously in the absence of stimuli 

(Tomasi and Volkow 2012). Investigation of RSC in language processing brain 

regions have identified an underlying network that spreads across both 

hemispheres and includes the inferior frontal gyrus, the middle frontal gyrus, 

and inferior temporal and temporo-parietal areas (such as the supramarginal 

gyrus, planum temporale, Sylvian parieto-temporal, superior temporal gyrus, 

and inferior parietal cortex) (Price 2010, Tomasi and Volkow 2012, Yin et al. 

2019). The RSC language network appears to be left lateralised very early in 

life (Liu et al. 2022) and the degree of left lateralisation increases with age 

(Holland et al. 2007, Reynolds et al. 2019, Bruchhage et al. 2020). For 

instance, a study investigating RSC patterns in 3- and 5-year-old children 
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reported higher degree of left lateralisation in RSC of the IFG and the STG in 

the older children (Xiao et al. 2016). The same group also showed that 

children appear to have stronger interhemispheric RSC between the right and 

left IFG whereas adults showed increased RSC between the IFG and STS in the 

left hemisphere (Xiao et al. 2016). Similarly, findings from task-dependant 

studies of language processing indicate that connectivity also increases intra- 

hemispherically within the left hemisphere whereas decrease or no change 

are observed in the connectivity within the right hemisphere (Gaudet et al. 

2020). This increase in left connectivity asymmetry also reflects a shift from 

inter-hemispheric to intra-hemispheric connectivity with age (Yamada et al. 

2010, Perani et al. 2011, Youssofzadeh et al. 2017) and potentially an 

automation of language skills. 

Investigations of RSC offer practical advantages to task-dependant 

explorations of language processing. Namely, participants are not required to 

understand or perform a specific task, allowing us to study the RSC in the 

language network in prelingual children, and or children with cognitive and 

communication needs that prevent them from completing language tasks. 

Additionally, the language networks detected by fNIRS RSC analysis show 

good test-retest group-level reliability with activations found in the language 

network in response to language processing tasks (Gallagher et al. 2016). 

Thus, validating RSC as a way of exploring the language network. 

To date there have not been any investigation into the RSC patterns of 

children with DLD. However, based on studies of typically developed children 
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as well as children with other developmental disorders, RSC could potentially 

be a great neural marker for diagnosing and monitoring DLD. 

In a longitudinal study from 5 to 6 years old Xiao et al demonstrated that 

increased RSC in the language network positively correlated with 

advancements in sentence comprehension ability (Xiao et al. 2016). Another 

longitudinal study followed up children from infancy to school age (mean age 

6.5 ± 0.96 years) and found that RSC patterns in infancy could predict 

language and literacy skills in childhood (Yu et al. 2021).  Alcauter et al also 

demonstrated that RSC within left regions and subcortical regions of the 

language network could predict reading speed in 6-9 year old children 

(Alcauter et al. 2017). These findings indicate that RSC could potentially also 

be used to predict outcomes for children with DLD.  

Similar findings have been reported in older children in studies exploring the 

relationship between RSC and reading ability (Koyama et al. 2011, Li et al. 

2017, Benischek et al. 2020). Namely, RSC patterns between areas typically 

associated with reading (i.e., fusiform gyrus, motor areas, IFG and STG) and 

were positively associated with reading performance  (Koyama et al. 2011, Li 

et al. 2017, Benischek et al. 2020). Qi et al demonstrated that higher RSC 

across the language network were correlated with better language skills in a 

sentence comprehension task and an increase in connectivity between the 

left IFG and left temporoparietal regions was observed in relation to increased 

age from 4 to 9 years old (Qi et al. 2021). Higher connectivity and integration 

of the language resting state networks have also been found to be positively 



Chapter 2 

39 
 

correlated with academic attainment across a variety of school subjects in 7- 

to 9-year-old children (Chaddock-Heyman et al. 2018). 

Another reason why RSC patterns could be a potential neural marker for DLD 

is the fact that abnormal RSC patterns have been identified in children with 

other developmental disorders such as autism (Gabrielsen et al. 2018) and 

epilepsy (Ailion et al. 2022). For example, a study showed that children who 

stuttered had reduced RSC in areas associated with rhythmic discrimination 

compared children who did not stutter (Chang et al. 2016). Furthermore, 

Haghighat et al demonstrated that RSC in language processing areas in young 

children and adolescents were different not only when compared to typically 

developed age-matched controls but also between the two ASD age groups 

(Haghighat et al. 2021). This finding highlights the possibility to identify not 

only differences in RSC between typically developed children and children 

with DLD but to also track maturational changes in children with DLD. Finally, 

resting state connectivity patterns have been used for the early diagnosis of 

Tourette syndrome in children from 3 to 16 years old (Wen et al. 2018). The 

authors described a set of disrupted regions that were used to differentiate 

between typically developed children and children with Tourette’s with an 

accuracy of 88.79%. (Wen et al. 2018) 

Lastly, measuring RSC patterns in children with DLD could be an ideal tool to 

monitor the effectiveness of interventions developed for DLD. Currently there 

is no published work on the potential neural changes of resting and active 

networks of children with DLD after treatment. However, studies on other 
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clinical populations have shown successfully that RFSC can detect changes in 

pre and post intervention. Two randomised control trials (RCTs) in autistic 

children receiving music therapy and a reading training program vs no 

intervention both showed that participants in the intervention group not only 

had significant higher RSC in the relevant brain regions compared to the 

control group but also higher RSC from pre to post-intervention (Maximo et 

al. 2017, Sharda et al. 2018). Zhu et al reported similar findings where in deaf 

children receiving exercise intervention vs control RSC between subcortical 

regions and the frontal gyrus was significantly different both between groups 

as well as pre and post intervention (Zhu et al. 2021). Resting state 

connectivity patterns of children with autism were also used to quantify brain 

network changes after transcranial direct current stimulation therapy (Zhu et 

al. 2021). Finally, changes in RSC were also detected in children with reading 

difficulties after receiving a reading training program (Horowitz-Kraus et al. 

2014, Horowitz-Kraus and Holland 2015). 

The findings discussed above refer to investigations of cortical connectivity 

between brain regions have used functional connectivity (FC) analysis. FC 

describes the correlations across neurophysiological events that occur in 

spatial remote brain regions. FC analyses provide a wealth of information on 

statistical dependencies of neural activations patterns; however, it does not 

offer any insights into the causal relationships between neural systems 

(Babaeeghazvini et al. 2021). On the other hand, directed connectivity (DC) 

analysis overcomes this limitation by using the data to produce a model of the 

causal influences between different brain regions. DC is typically quantified 
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using Granger Causality (Granger 1969) and dynamic causal modelling (Friston 

et al. 2013). However, in this project, DC will be assessed using Phase Transfer 

Entropy (PTE). PTE addresses some of the limitations imposed by Granger 

Causality and dynamic causal modelling as it is not sensitive to signal noise 

and does not require a preconceived model of underlying neural patterns 

(Lobier et al. 2014). 

2.2.3 Neural Synchrony Patterns 

A child’s social, emotional, and cognitive development has been shown to be 

directly influenced by the quality of parent-child interactions in early 

childhood. Indeed, behavioural studies have shown a strong correlation 

between parent-child interactions and children’s emotional regulation, 

language, and social competence outcomes (Osterling et al. 2002, Cartmill et 

al. 2013, Hollenstein et al. 2017, Romeo et al. 2018, Cooke et al. 2019, Justice 

et al. 2019). For these reasons, parent-child interactions have been the target 

of numerous treatment plans for children (Jeong et al. 2021). A global 

systematic review and meta-analysis showed that interventions that targeted 

parent-child interactions improved the child’s cognitive, language, and motor 

development (Jeong et al. 2021). 

Particularly for DLD, a recent longitudinal study of 73 children of DLD followed 

them up from the age of 4 until the age of 6-7 years old and assessed the 

association between language development and quality of parent child 

interactions. The findings suggest parental behaviour alone was not predictive 

of language outcomes, instead the level of behavioural attachment between 
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parents and children was related to future language skills (Jokihaka et al. 

2022). Additionally, parent implemented therapies are shown to be effective 

tools to stimulate language acquisition for children with DLD (Alpert and 

Kaiser 1992, Crowe et al. 2004, Justice et al. 2005, Allen and Marshall 2011, 

Law et al. 2019). Additionally, a non-randomised control trial showed that a 

parent-based shared book reading therapy improved mother-child 

communication styles and enhanced the child’s expressive language skills 

(Lavelli et al. 2019). Another control trial of 30 children at risk of developing 

DLD showed that after receiving parent-implemented language intervention, 

they showed vocabulary scores within the normal ranges for their age (Law et 

al. 2019). Lastly a metanalysis of 76 studies showed that children with DLD 

showed significant improvements in social communication after receiving 

parent implement interventions (Roberts et al. 2019). However, it is worth 

noting that many of the studies reviewed above included relatively small 

sample sizes and were not randomised. Additionally, different outcomes to 

track language development were used making it hard to draw definitive 

conclusions regarding the effectiveness of these therapies. What is more, it is 

still unclear what are the mechanisms behavioural and neural that drive their 

effects on language development for children with DLD. 

In typically developed children, successful mother-child interactions are 

thought to rely on behavioural, physiological, and neural synchrony (Harrist 

and Waugh 2002, Feldman 2007, Leclère et al. 2014, Davis et al. 2017). In this 

context, synchrony describes the phenomenon where interacting partners 

mutually adapt their behaviour in real time in response to one another 
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(Delaherche et al. 2012). Behavioural synchrony refers to the coordination of 

verbal and non-verbal communication (e.g., eye gaze, posture etc) whereas 

physiological synchrony encompasses coordination of biological rhythms such 

as heart rate and breathing patterns (Feldman 2007, Miles et al. 2009, 

Valdesolo and DeSteno 2011, Hoehl et al. 2020). Neural synchrony is defined 

as the temporal alignment of concurrent brain activity between interacting 

partners (Dumas et al. 2010). Neural synchrony between pairs can be 

measured using hyperscanning. 

Even though, currently, there are no studies of neural synchrony between 

parents and children with DLD, a wealth of evidence exists already 

demonstrating the relationship between behavioural and physiological 

synchrony and parent-child interactions for typically developed children 

(Carollo et al. 2021). This body of work has proven first and foremost the 

presence of neural synchrony between parent-child dyads as well as its 

significance with regards to child development.  Neural synchrony is 

associated with interactions of parents and children, and might be a neural 

marker of behavioural coordination, in cooperation tasks (Atzil and Gendron 

2017, Leong et al. 2017, Miller et al. 2019). Thus, a positive feedback loop is 

created, whereby interaction leads to neural synchrony and neural synchrony 

could potentially underlie better interactions. Neural synchrony between 

parents and children appears to be supported by nonverbal behavioural 

reciprocity cues such as joint attention and mutual eye gaze, as well as the 

participants’ current mental states and personality characteristics (Hasson et 
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al. 2012, Reindl et al. 2018, Azhari et al. 2019, Azhari et al. 2020, Nguyen et al. 

2020).  

To sum up, the section above highlight that the constellation of difficulties 

found in DLD leads to an array of potentially useful neural markers. Having 

reviewed the literature, we identify a need for exploring these markers in 

more ecologically valid task scenarios. 

2.3 Aims of the thesis 

The aim of this thesis was to investigate neural markers of language 

processing in typically developed children and children with DLD using fNIRS. 

As described above diagnostic and monitoring tools for DLD are currently 

lacking. Additionally, the maturational trajectory of the language network in 

both typically developed individuals, as well as children with DLD remains 

elusive. Furthermore, the relationship between standardised measures of 

language proficiency and brain activity are not well understood. Thus, 

identifying cortical patterns of language processing in typically developed 

children and children with DLD could not only shed light on the neural basis of 

DLD but also might lay the groundwork for the development of clinical tools 

for DLD. These clinical tools could enable the identification of DLD and access 

to interventions at an earlier stage than currently possible leading to better 

language outcomes. To successfully design and implement clinical measures 

for language disorder the unique account of the factors to be considered from 

the viewpoints of parents and language professionals are essential. Lastly, 

technological developments have allowed for the neuroimaging of two or 

more individuals simultaneously. The clinical applications of that are just 
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beginning to be explored and as part of this thesis we aimed to investigate it 

between mothers and their children. 

The key aims of this thesis are as follows:  

i. Characterise cortical patterns of language processing in typically 

developed children and adolescents. 

ii. Characterise cortical patterns of language processing in children 

and adolescents with DLD. 

iii. Explore cortical patterns of resting state connectivity in typically 

developed children and adolescents. 

iv. Examine the feasibility of a free-play hyperscanning paradigm to 

measure mother-child neural synchrony. 

v. Explore the opinions of end users of neuroimaging-based tool for 

the diagnosis and monitoring of DLD. 

2.4 Thesis Structure 
The aims described above were accomplished by conducting two cross-

sectional fNIRS studies of typically developed children and children with DLD, 

a resting state connectivity fNIRS study, a hyperscanning fNIRS study and a 

survey of parents and clinicians. More specifically: 

Chapter 3 describes the patterns of cortical activation during overt and covert 

language processing in typically developed children and adolescents. 

Maturational trajectories and the use of fNIRS as a predictive tool of language 

performance are explored. 
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Chapter 4 investigates the validity of using a sentence repetition paradigm to 

measure neural markers of language processing in TD children and children 

with DLD. 

Chapter 5 details the patterns of resting state connectivity and their 

relationship with standardised language assessments in TD children. 

Chapter 6 assesses the feasibility of a free play paradigm for the 

measurement of inter-brain synchrony between mothers and children. 

Chapter 7 presents the views of clinicians with DLD experience and families of 

children with DLD regarding the use of a neuroimaging-based tool for the 

diagnosis and monitoring of DLD. 

Chapter 8 summarises the main findings of each experiment and provides an 

overall discussion of the project aims. The limitations, impact and future 

direction of this work is presented. 

2.5 The impact of Covid-19 

On the 20th of January 2020 the Director General of the World Health 

Organisation declared the outbreak of the 2019 novel Coronavirus (Covid-19) 

as a Public Health Emergency of International Concern. Following that, on the 

26th of March 2020 the British government announced an order to “stay at 

home” marking the first national lockdown (26/3/20 to 13/05/20). Since then, 

the country entered two more national lockdowns (5/11/20-2/12/20 and 

6/1/21-06/03/21) and Covid-19 related restrictions remained until the 24th of 
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February 2022 when the government announced the “Living with Covid” plan 

(UKHSA 2022).  

As a result of the above all research activities that required face to face 

contact were postponed and all laboratory facilities were inaccessible from 

March 2020 until November 2020. That was a time of great uncertainty as it 

could not be predicted when research activities would resume. That made it 

nearly impossible to create a contingency plan and we were unsure regarding 

the degree to which we needed to change the initial aims and scope of this 

thesis. Nonetheless an online survey querying the opinions of parents and 

clinicians regarding a neuroimaging-based clinical tool for DLD was launched 

in the summer of 2020. The survey was extremely valuable not only because it 

offered insightful guidance on the development of fNIRS as a clinical tool from 

the perspective of its potential end users but also because it allowed me to 

delve into a different field of research and develop qualitative research skills.  

Research activity was allowed to resume from November 2020. We worked 

very hard to ensure that all possible safety measures were in place and 

competed risk assessments that were approved by both the University of 

Nottingham as well as by the Nottingham University Hospitals Trust. However, 

the continuous lockdowns and restrictions meant that members of the public 

were not allowed to travel for non-essential purposes until March 2021. The 

number of cases and deaths also caused by the virus created increased fear 

and anxiety. Additionally, shortages in personal protective equipment meant 

that any available stock needed to be reallocated to health care and other 
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workers in essential capacities. All the above resulted in further delays in 

restarting research activities. When face to face research was allowed to 

resume, recruitment of participants for the second study that aimed to 

characterise patterns of cortical activity in children and adolescents with DLD 

started immediately. Given that the study was portfolio adopted, it was 

eligible for support by NUH research staff (e.g., Research Nurses/Research 

Practitioners) which would be crucial in identifying and recruiting patients in a 

timely manner. However, due to staff redeployments, the NUH could not offer 

any assistance to non-Covid-related recruiting studies. That further impacted 

our ability to recruit participants. 

To deal with that, we decided to design and perform a new fNIRS 

hyperscanning experiment, that would not only strengthen the data 

presented in this thesis but also allow us to investigate a very novel avenue of 

neuroimaging that is of both academic as well as clinical interest. The above 

experiment was conducted in May and June of 2021. Recruitment for this 

study targeted mothers and children aged 3 to 5 years old. That population in 

contrast to the 6- to 16-year-olds had less school-related obligation and were 

thus easier to recruit outside of school-holidays. 
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3 Neural markers in typically developed children. 

3.1 Introduction  

The present study aimed to characterise the neural patterns of language 

processing in relation to age and task demands in a sample covering the 

developmental stages from late childhood to adolescence, using both 

receptive and expressive tasks that covered main linguistic domains 

(phonological awareness, semantics, syntax and verbal fluency). These 

domains were targeted because previous neuroimaging studies in typical 

language development have provided well-documented patterns of neural 

processing (Weiss-Croft and Baldeweg 2015, Skeide and Friederici 2016, 

Bartha-Doering et al. 2018). Overall language processing and working memory 

were assessed using a sentence repetition task. Even though, as described in 

section 2.2.1.5. neuroimaging findings of neural activations children in 

response to sentence repetition, it is also commonly used as a diagnostic, 

prognostic as well as a rehabilitation tool for language disorders and/or 

aphasia as a result of stroke or head injury (Hosomi et al. 2009, Schlaug et al. 

2009, Kempler and Goral 2011, Ramanan et al. 2020). 

fNIRS investigations of developmental maturation in the language network 

during overt language production, compared to receptive or covert 

paradigms, remain rare (Paquette et al. 2015, Walsh et al. 2017, Zhang et al. 

2017).  The tasks used have been well described in previous literature to 

reflect linguistic proficiency that starts to develop in preschool years and 

continues to grow through adulthood  (Wiig et al. 2003, Dick et al. 2004, Wiig 
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et al. 2013, Paquette et al. 2015, Fu et al. 2016, Gallagher et al. 2016). 

Additionally, the decision was made to incorporate a diverse range of tasks, 

not only to target numerous linguistic domains but also due to the fact that 

the majority of documented neural activation patterns in response to these 

tasks originate from studies utilizing fMRI and other neuroimaging techniques. 

As a result, the inclusion of a wide array of tasks would facilitate an 

investigation into the neural markers associated with these tasks as measured 

by fNIRS. This approach aims to ascertain whether any specific tasks exhibit 

higher reliability in capturing selective language processing responses. To 

comprehensively characterise neural markers of language processing, we 

recorded fNIRS activations bilaterally over the left and right IFG and the left 

and right auditory cortices. We did not expect to detect significant activations 

in the right IFG since it is not heavily involved in speech and language 

processing. It was hypothesised that participants would exhibit left language 

lateralisation while completing the language tasks (Weiss-Croft and Baldeweg 

2015). Additionally, if language specialization in temporal areas is established 

earlier in childhood, age would not be a predicting factor of brain activation 

patterns. In that case, participants who perceived the tasks as less demanding 

and/or performed better, would show left-lateralised activations mainly 

confined to more posterior brain regions reflecting an automation of language 

skills. In contrast, if language specialisation is not already established by late 

childhood, we expected that brain activations would be positively with age in 

the left IFG and perhaps the right auditory cortex irrespective of task 

performance. 
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3.2 Methods  

3.2.1 Participants 

Thirty children between the ages of 6 and 15 years 11 months old (11 males, 

mean age: 11.31 years, SD=2.42) participated in the study. The goal of having 

25 individuals in each group was established using insights from earlier 

research on test-retest reliability carried out by our lab involving adults. This 

research indicated that a sample size of 24 was adequate for obtaining 

dependable fNIRS data (Wiggins et al. 2016). Subsequent to this, a sequence 

of investigations from our lab has unveiled strong results in paediatric studies 

with comparable sample sizes (Mushtaq et al. 2019, Lawrence et al. 2021). 

Our objective was to include an additional participant per group to 

accommodate potential data gaps. One participant was excluded from the 

analysis later due to missing data. Participants were recruited using posters in 

various setting such as staff rooms in the University of Nottingham, primary 

and secondary schools, and community centres. The study was also advertised 

online through social media in parent groups as well as through emails to 

existing participant databases of the NIHR Hearing theme of the BRC.  

All participants were native English speakers with normal or corrected-to-

normal vision, no known hearing problems, and no history of cognitive or 

motor impairment. They also passed a pure tone audiometry air-conduction 

hearing screen performed at 20 dB HL at 0.5, 1, 2, and 4 kHz in both ears 

(procedure adapted from BSA, 2018). All participants scored within or above 

the normal range in the behavioural and language assessment detailed in 
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section 3.2.2 and were considered to have typical language and cognitive 

abilities (table 3.1). Detailed results can be seen in the Appendix 9.1. Hand 

preference was assessed using the abbreviated Edinburgh Handedness 

Inventory (Oldfield 1971). All participants were right-handed except for three 

(handedness was entered as a between subjects’ factor in the analysis but no 

effects were identified thus no further results are reported). Each participant 

gave verbal assent, and written informed consent was obtained from the 

accompanying parents or guardians. The study was approved by the 

University of Nottingham Faculty of Medicine and Health Sciences Research 

Ethics Committee (ref no: 192-1901). 

3.2.2 Behavioural Assessments 

All participants completed the standardised cognitive and language tests 

described in table 1. These were used to assess non-verbal skills and language 

proficiency. The assessments chosen are widely used in paediatric language 

research and clinical settings. Reported scores are scaled standard scores 

derived using the normative datasets provided in each assessment’s 

handbook (mean 100 ± 15).  

Non-verbal intelligence was assessed using the Block Design and Matrices 

subtests of the Wechsler Abbreviated Scale of Intelligence - Second Edition 

(WASI-II). The block design task requires participants to reconstruct a given 

design using red and white blocks within a specified time-limit. This task 

reflects the child’s ability to visually perceive analyse and reconstruct abstract 

figures. It measures perceptual organization, spatial visualization and 
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reasoning and visual-motor coordination. The matrices task requires 

participants to select the option that completes an incomplete matrix or 

series. It reflects the child’s ability to perform mental manipulations of 

abstract symbols and perceive the relationships between them. It measures 

non-verbal fluid reasoning. 

Receptive and expressive vocabulary skills were assessed using the Vocabulary 

subtest of the WASI-II. Participants were asked to name pictures and give 

definitions to words presented by the examiner visually and orally. This 

assessment is a measure of expressive and receptive vocabulary, verbal 

knowledge and fund of information. It also provides information regarding 

other cognitive abilities of the examinee such as memory, learning ability and 

language development. 

Receptive grammar skills were assessed using the Test for Reception of 

Grammar- Version 2 (TROG-2). TROG-2 assesses the examinee’s 

understanding of grammatical contrasts marked by inflections, function words 

and 

word 

Figure 3.1 Participant completing the Block Design subtest of the 
WASI. 
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order. Participants are given a sentence comprised of a restricted simple 

vocabulary of nouns, verbs and adjectives and are asked to choose between 

four pictures the one that better depicts the sentence.  

Reading ability was assessed using the Test of Word Reading Efficiency 

(TOWRE). More specifically, the TOWRE evaluates sight word recognition and 

phonemic decoding. Participants were asked to read out loud two lists of 

words of increasing difficulty: the Sight Word Efficiency (SWE) list and the 

Phonemic Decoding Efficiency (PDE) list. The SWE subtest assesses the 

number of real words printed in vertical lists that an individual can accurately 

identify within 45 seconds. The PDE subtest measures the number of 

pronounceable non-words presented in vertical lists that an individual can 

accurately decode within 45 seconds. 

Finally, the parents/ guardians of the children completed the Children’s 

Communication Checklist – Second Edition (CCC-2) assessment. The CCC-2 

was used to evaluate aspects of language and communication that are not 

easy to measure with tasks during the fNIRS recordings, particularly the 

domain of pragmatics. 

N (male) 29 (11) 

 Mean SD 

Age  11.31 2.42 

Cognitive Measures   

Performance IQa 111.59 13.25 

Estimate of general cognitive abilitya 111.58 10.17 

Grammar Comprehensionb 101.97 9.79 

Sight Word efficiencyc 104.76 11.20 

Phonetic decoding efficiencyc 113.17 10.54 

General Communication Composited 75.00 19.95 
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Table 3.1 Age characteristics of the sample and group means and standard 
deviations scores for the standardised language and behavioural measures. 
Scores are standard scores (mean 100 ± 15) except for the general 
Communication Composite where scores greater than 58 are considered 
normal. 

 aWechsler Abbreviated Scale of Intelligence – 2nd Edition, bThe Test for 
Reception of Grammar - Version 2, c The Test of Word Reading Efficiency – 2nd 
Edition, dThe Children's Communication Checklist - 2nd Edition. 

3.2.3 Procedure 

After obtaining informed consent from the participants and their 

parents/guardians and completing the behavioural assessments, participants 

completed the language tasks while their brain activity was recorded using 

fNIRS. During the fNIRS measurements participants were seated comfortably 

in a sound-attenuated room with dimmed lighting, approximately 80cm from 

a visual display unit and a Genelec 8030A loudspeaker mounted above the 

display. Each task was comprised of an equal number of language and control 

condition blocks. Both the task and block order were pseudorandomised for 

each participant. Each block had a 17-23s duration (depending on the specific 

task) and was followed by a rest period of passive cross fixation with random 

duration in the range 17-23s. The fNIRS imaging lasted approximately 40 

minutes and was split in two runs for participant comfort. 
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3.2.4 Equipment 

Brain activity was measured with a continuous wave fNIRS system (Hitachi 

ETG-4000, Japan). Measurements were taken from a total of 44 channels 

using two 5x3 optode arrays placed bilaterally over the temporal and frontal 

lobes. Optode placement was standardized using the international 10–20 

System, where the middle optode of the top row was aligned towards 

position Cz and the middle optode of the bottom row was placed vertical to 

the preauricular point (Lawrence et al. 2018) (figure 3.2a). To account for the 

average optode placement relative to underlying cortical anatomy a 3D 

digitizer was used to record anatomical surface landmarks (nasion, right and 

left tragus, inion and Cz) and optode placement. Additionally head 

circumference was obtained to account for potential anatomical differences 

due to head anatomy (details in the Appendix section 9.2) Digitisation 

measurements were obtained from a sample of 12 children between the ages 

of 6 and 16 years old. These recorded positions were registered to the “Colin 

27” atlas brain (Collins et al. 1998) using the AtlasViewer tool (Aasted et al. 

2015). Registration results are seen in figure 3.2b.  

Figure 3.2: a) Photograph of the typical optode array placement on a participant, 
and b) Illustration of mean optode placement across the temporal and frontal 
regions obtained from the digital registration to the “Colin 27” atlas brain. 
Red/blue coding indicates optical sources/detectors, respectively. Channels 5, 10, 
7, 12, 29, 31, 33 and 35 covered the predefined ROIs. 

a b 
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3.2.5 Stimuli/tasks 

Participants completed five language tasks accompanied by control tasks. The 

control tasks attempted to replicate the non-linguistic cognitive demands of 

each language task such as motor movements, articulation and attention 

demands, as well as the response to auditory/visual sensory stimulation. 

Baseline measurements for each task were taken during rest while 

participants silently fixated on the computer screen. 

Participants underwent a practice session prior to the fNIRS recording. 

Throughout the fNIRS procedure, all participants were instructed to focus on a 

centrally located black cross on the computer monitor. In tasks that required 

overt responses, the cross turned white whilst participants were expected to 

provide an answer and turned black again during rest periods or audio 

playback. The background colour of the screen was grey for all conditions and 

tasks. All overt responses were recorded. 

All auditory stimuli were recorded prior to the experiment in a soundproof 

booth from a female native English speaker. Single word stimuli were spoken 

at a rate of approximately one word per 500ms and sentence stimuli were 

spoken at a rate of approximately one word per 300ms. All images were taken 

from the International Picture-Naming Project 

(https://crl.ucsd.edu/experiments/ipnp/) which is an open-access online 

resource (Szekely et al. 2004). Sentence and word stimuli in all tasks were 

adapted from the Clinical Evaluation of Language Fundamentals - Fifth Edition 

(Wiig et al. 2013). To minimize processing demands, especially in younger 
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participants who might not be proficient readers yet, all sentences and words 

were presented orally. 

Language Condition  

Participants completed 5 language tasks: semantic verbal fluency, 

phonological awareness, sentence repetition, syntactic comprehension, and 

semantic comprehension. Graphical examples are given in figures 3.3a and 

3.3c. Participants also completed a short working memory task, but since the 

focus of the present study is specifically on language processing, we do not 

analyse the results of that task here. 

Verbal Fluency 

Verbal fluency tasks are commonly used to determine language laterality 

(Gallagher et al. 2012, Paquette et al. 2015). Five semantic categories 

meaningful to young children (animals, clothes, jobs, fruits, and sports) were 

visually presented and participants were given 20s to name as many words as 

possible belonging to the given category. Performance in this task was 

quantified by adding the number of unique words that belonged to each 

category. Number of words was converted to a percentage using the highest 

number of correct words recorded by a participant (60 words). Conversion to 

percentages was done to enable averaging of all task performance for later 

comparisons.  

Phonological awareness  

Phonological awareness was investigated using a phoneme substitution 

paradigm. The advantage of this approach over others is that it requires 
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participants to perform multiple levels of processing as they will be asked to 

identify, delete and replace phonemes as well as voice the new word that will 

occur (Wiig et al. 2013). More specifically, participants were orally presented 

with a word followed by a phoneme. They were instructed to substitute the 

first phoneme of the original word with the phoneme they heard and overtly 

name the new word (e.g., word: “dive”, phoneme: /v/, new word: “vive”). The 

task was comprised of 15 trials split into 5 blocks. Participants received 1 point 

when producing the correct word and 0 points for any mistakes.  

Sentence repetition 

Ability to decode sentences, store them in phonological working memory 

process word order and semantic relationships, interpret syntactic meanings 

and reproduce them was assessed using a sentence repetition task (Stokes et 

al. 2006). Participants were asked to repeat overtly an orally presented 

sentence. The sentence length was between 10 and 14 words. Shorter 

sentences were not used as they might not allow for investigations of the 

language system. If the sentence length is short enough to be within their 

memory capacity, participants are able to imitate a sentence perfectly 

without utilizing their linguistic knowledge (Wiig et al. 2013). This task was 

comprised of 10 trials. Participants received 2 points if they recalled the 

sentence perfectly and 1 point if they had a minor mistake. The highest 

possible score was 20 points.  

Syntactic comprehension  

Syntactic sentence comprehension was assessed using an agent assignment 

task. Tasks like that evaluate children’s ability to decode complex syntactic 
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structures (Dick et al. 2004, Montgomery and Evans 2009, Hsu and Bishop 

2014). Participants listened to 10 sentences and were asked to click on the 

picture across a choice of three that depicted the agent of the sentence. The 

sentences were semantically implausible to ensure that agent assignment 

depended predominantly on syntactic knowledge rather than semantic 

plausibility.  

Semantic comprehension  

Semantic sentence comprehension was assessed using a semantic violation 

task, that examines participants’ ability to decode semantic meaning (Wang et 

al. 2021). Participants listened to 10 sentences and were asked to judge by 

clicking on happy green or sad red face whether the sentence made sense 

semantically or not, respectively.  During the syntactic and semantic 

comprehension tasks participants were awarded 1 point for each correct 

response and 0 points for any missed or incorrect response.  

Control condition 

The language tasks that involved auditory stimuli were accompanied by a 

control condition where that same stimulus was time reserved. Language 

tasks requiring an overt response following the auditory stimulus included an 

overt digit articulation control task. Participants were instructed to read aloud 

the digits “1” and “3”. The period of presentation was equal to the response 

period of the corresponding language task (figure 3.3d). The digits “1” and “3” 

were chosen because saying “1” involves pushing the lips and saying “3” 

involves protruding the tongue (Richardson et al. 2010). Language tasks 
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requiring a mouse click response following the auditory stimulus included a 

control mouse click condition. In this control task participants were presented 

with the same visual stimuli as the corresponding language task. One of the 

images was starred and participants were instructed to click on the starred 

item (figure 3.3b).  

 

Figure 3.3 Graphical representations of the computer-based language tasks 
and the control conditions. a) One block of the semantic comprehension task. 
b) One trial of the control mouse clicking task for the semantic comprehension 
task. c) One block of any of the tasks comprised by an auditory stimulus and 
an overt response period. d) One trial of the control articulation task. 

3.2.6 fNIRS data 

fNIRS data were pre-processed via MATLAB 2019b (MathWorks, Natick, MA) 

using the HOMER2 package (Huppert et al. 2009) incorporating with 

customised scripts (Wiggins and Hartley 2015, Anderson et al. 2017, Mushtaq 

et al. 2019, Lawrence et al. 2021). The raw fNIRS intensity signals were first 
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converted into changes in optical density followed by correction of motion 

artifacts using wavelet filtering (via the HOMER2 

hmrMotionCorrectionWavelet function that removed outlying wavelet 

coefficients outside the 0.725 inter-quantile range) (Molavi and Dumont 

2012). The signals were then bandpass filtered between 0.01 and 0.5 Hz (via a 

zero-phase 3rd-order Butterworth filter) to attenuate low frequency drifts and 

cardiac oscillations. Using the modified Beer-Lambert Law, optical density was 

converted to estimated changes in the concentration of HbO and HbR 

(Huppert et al. 2009). The haemodynamic modality separation (HMS) 

algorithm was used to extract cortical activation (Yamada et al. 2012). This 

was done by trying to isolate the functional component of the haemodynamic 

signals from systemic physiological interference(Yamada et al. 2012) assuming 

that changes in HbO and HbR are negatively correlated in the functional 

responses but positively correlated in the motion and physiological noises 

(Yamada et al. 2012). Using this algorithm has demonstrated greater reliability 

of fNIRS signal quality (Wiggins et al. 2016). Moreover, to further improve the 

signal quality, channels with potential poor signals were detected using scalp 

coupling index (SCI) (Pollonini et al. 2014). Following protocols developed by 

our lab (Wijayasiri et al. 2017, Anderson et al. 2019, Mushtaq et al. 2019, 

Lawrence et al. 2021), signals were bandpass filtered at 0.5-2.5 Hz and 

channels with poor signal quality were excluded for subsequent analyses. 

Lastly, the General Linear Model (GLM) was used to quantify the response 

amplitude (Wiggins et al. 2016, Lawrence et al. 2018). The conditions included 
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in the design matrix were a set of thee regressors for each experimental 

condition (i.e., language processing, control and rest). 

After applying the HMS algorithm, HbO and HbR become statistically 

redundant therefore only the beta estimates of the HMS signal (mean beta 

weights) were used in the subsequent analysis (Wiggins et al. 2016, Lawrence 

et al. 2018). These beta weights were used to quantify the amplitude of 

cortical activation for the language condition vs rest and the language vs the 

control condition. The false discovery rate (FDR) method  was applied across 

channels in all fNIRS analyses to correct for multiple comparisons (Benjamini 

and Hochberg 1995).  

Brain activations were derived from predefined regions of interest (ROIs) that 

were determined based on previous adult and paediatric cortical fNIRS 

responses to language tasks  (Lawrence et al. 2018, Mushtaq et al. 2019). 

More specifically, channels covering Broca’s area in the left frontal cortex and 

Wernicke’s area in the left temporal cortex, as well as the corresponding 

regions in the right hemisphere, were selected. The channels covering the 

frontal regions were numbers 31, 35 in the left hemisphere and 5, 10 in the 

right hemisphere. The channels covering temporal regions were numbers 29 

and 33 in the left hemisphere and 7 and 12 in the right hemisphere (figure 

3.2b).  

3.2.7 Statistical analysis 

Beta weights were obtained for each language task separately. Preliminary 

analysis suggested that the variations in stimuli didn't alter cortical fNIRS 

responses. Therefore, to explore language processing overall and increase the 
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statistical power to detect activation, especially after controlling for multiple 

comparisons across channels, the beta weights were averaged across 

language tasks for subsequent analysis.  

A mixed measures ANOVA was performed to explore the effects of region, 

hemisphere, condition, on mean beta weights. The within-subject factors 

were hemisphere (left, right), region (frontal, temporal) and condition 

(language vs control). Bonferroni correction for multiple comparisons and 

Greenhouse–Geiser adjustments for violation of sphericity were performed 

(corrected p values are reported).  

In addition, to exploring the relationship between age, performance and 

hemodynamic responses, age and performance were added as covariates in 

the linear models. Additionally, correlation and regression analyses were 

conducted. Histograms and the Shapiro-Wilk test confirmed normality of the 

distribution of beta weights, age and standardised language assessments and 

post-hoc diagnostic measures verified that the assumptions of bivariate linear 

regression were met in each model: 1) a scatterplot indicated  linearity 

between the predictor and dependent variable; 2) a  Durbin-Watson test 

demonstrated independence of observations; 3)  case wise diagnostics 

confirmed the absence of significant outliers; 4) visual examination of 

histograms and normal P-P plots indicated that the standardised residuals of 

the regression model were normally distributed, and; 5) the assumption of 

homoscedasticity was met. The Bonferroni correction was applied to all 
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comparisons and correlations to counteract the problem of multiple 

comparisons and statistical significance was set at p < .05. 

3.3 Results 

3.3.1 Behavioural results 

 All participants completed the computer-administered language tasks 

successfully. Details for each task separately are presented in table 2. Age was 

positively correlated with average performance across all participants 

(R(27)=.83, p<.001, Bonferroni corrected for 6 comparisons) and as well as 

performance in each task separately (Verbal Fluency: R(27)=.762, p<.001, , 

Bonferroni corrected for 6 comparisons Sentence Repetition: R(27)=.546, 

p=.015, , Bonferroni corrected for 6 comparisons, Syntactic Comprehension: 

R(27)=.723, p<.001, Bonferroni corrected for 6 comparisons, Semantic 

Comprehension: R(27)=.545, p=.01, Bonferroni corrected for 6 comparisons, 

Phonological Awareness: R(27)=.611, p<.001, Bonferroni corrected for 6 

comparisons). 

  

Task Mean SD 

Verbal Fluency (%) 40.45 12.08 

Sentence Repetition (%) a 86.07 14.93 

Syntactic Comprehension (%) 79.66 16.58 

Semantic Comprehension (%) 83.10 17.55 

Phonological Awareness (%) 79.31 12.13 

Table 3.2 Performance in each language task. Reported means are derived 
from the conversion of scores to percentages. aPerformance from one 
participant was not recorded. 
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3.3.2 fNIRS results  

Figure 3.4 shows the topographic representations of the contrast between 

activity recorded during the language condition vs rest, during the control 

condition vs rest and during the language vs the control, for all participants.  

In the language condition vs rest contrast, channel 14 showed significant 

activation at a group level but no other individual channel showed significant 

activation compared to rest (q < 0.05, FDR corrected) (figure 3.4a). However, 

to confirm that successful fNIRS measurements were taken, haemodynamic 

activity over the preselected ROIs was contrasted against rest using one-

sample t-tests. Activity was significantly higher than 0 over the left (t24 = 

3.609, p< 0.05) and right (t28 = 3.178, p<0.05) auditory cortices but not over 

the left (t28 = 1.709, p= 0.099) and right (t24 = 0.242, p=0.810) IFG.   

When activity during the control condition was contrasted against rest 

multiple channels showed statistically significant activation (Ch 7, 11, 14, 19, 

20, 21, 24, 29, 33, 34) (q < 0.05, FDR corrected) (figure 3.4b), however the t 

values between the language vs rest contrast and the control vs rest contrast 

were in most cases very similar. Thus, to examine whether more channels 

were activated in the control vs the language condition, the two conditions 

were directly compared (figure 3.4c). Channel 31 covering inferior frontal 

areas showed significant activation (q < 0.05, FDR corrected) in the language 

vs the control condition (figure 3.4c). Activity in other channels did not reach 

significance because perhaps that contrast is more subtle requiring greater 
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power to detect a significant effect. Plots of the block-averaged time course of 

haemoglobin concentration change for the language and control condition for 

each of the four ROIs are presented in figure 3.5.   

a 

c 

b 

Figure 3.4  Topographic representation of the mean hemodynamic response 
recorded overall over bilateral temporal and frontal regions. Circled highlighted 
channels show significant activation (q < .05, FDR corrected). (a) Contrast 
between the language condition vs rest. (b) Contrast between the control 
condition vs rest. (c) Contrast between the language condition vs the control. 
Note that the maps are interpolated from single-channel results and the overlay 
on the cortical surface is for illustrative purposes only. 



Chapter 3 

68 
 

 

Figure 3.5 Block-averaged haemodynamic time courses. These are displayed 
for the language processing (left panel) and control conditions (right panel) 
for each of the 4 ROIs. The shaded grey areas indicate the stimulation period 
(0s to ≈17s). 
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3.3.3 Effects of region and hemisphere per condition 

 To begin with two separate RM-ANOVAs were performed using the mean 

beta weights to examine the effects of region (auditory vs frontal) and 

hemisphere (left vs right) in the language processing and control condition to 

explore ipsilateral and contralateral neural activity during language processing 

vs silence and during active control vs silence respectively.  In the language 

condition there was a statistically significant effect of hemisphere (F (1,28) = 

11.477, p < .01, Bonferroni corrected for 3 comparisons) with increased 

activation in the left hemisphere over the right hemisphere (mean dif. = .027, 

SE =.008, df=28, p = .002). In the control condition there was only a significant 

main effect of region (F (1,28) = 34.894, p < .001, Bonferroni corrected for 3 

comparisons) with increased neural activity in the auditory regions compared 

to frontal regions (mean dif. = .068, SE =.011, df=28, p < .001). Detailed results 

in table 3.3. 

Language Condition 

Main effects 

Region F (1,28) = 3.581 p > .05 

Hemisphere F (1,28) = 11.477 p = 0.006 

Two-way Interactions 

Region x Hemisphere F (1,28) = 0.353 p > .05 

Control Condition 

Main effects 

Region F (1,28) = 34.89 p < .001 

Hemisphere F (1,28) = 0.071 p > .05 

Two-way Interactions 

Region x Hemisphere F (1,28) = 1.118 p > .05 

Table 3.3 The results of the 2-way ANOVA between region and hemisphere. 
Highlighted in yellow is the main effect of hemisphere that reached statistical 
significance at p<.05. 
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3.3.4 Relationship between ROI and condition 

An MR-ANOVA was performed to explore the effects of ROI (LA, LIFG, RA, 

RIFG) and condition (language processing, control). There was a main effect of 

ROI (F (3,84)=11.549, p<0.01, Bonferroni corrected for 3 comparisons) and a 

significant interaction between ROI and condition (F(3,84)=6.301, p<0.001, 

Bonferroni corrected for 3 comparisons). There was no effect of condition (F 

(1,28)=.881, p>.05, Bonferroni corrected for 3 comparisons). 

Pairwise comparisons indicated that haemodynamic responses were 

significantly higher in language processing vs the control condition in the LIFG 

area (mean dif. = .051, SE=.014, df=28, p< .001). In the RA area responses 

were significantly higher in the control condition vs the language processing 

condition (mean dif.= .02, SE = .009, df=28, p =.044). The was no difference in 

activity between conditions in the LA (mean dif.= .011, SE = .02, df=28, p 

Figure 3.6 Mean beta weights derived from each ROI for the language processing and 
control conditions. Dotted columns represent mean beta weights during the control 
condition. Error bars represent 95% confidence intervals. Not depicted the statistically 
significant difference between LA-RIFG in the language processing condition and the 
statistically significant difference between LA-LIFG, LA-RIFG, RA-LIFG, RA-RIFG in the 
control condition. * p<.05, ***p<.001. 
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=.593) and RIFG regions (mean dif.= .013, SE = .009, df=28, p =.178) (figure 

3.6). 

Also worth mentioning is that in the control condition activity in the LA and RA 

regions was higher compared to both the LIFG and RIFG regions. (LA vs LIFG: 

mean dif. = .076, SE=.015, df=28, p<.001, LA vs RIFG: mean dif. =.071, SE=.013, 

df=28, p<.001, RA vs LIFG: mean dif. =.065, SE=.018, p=.009, RA vs RIFG: mean 

dif.  =.059, SE=.013, df=28, p<.001). In the language condition activity over the 

LA and LIFG regions were higher compared to the RIFG region (LA: mean dif. 

=.047, SE=.015, df=28, p=.026, LIFG: mean dif. =.033, SE=.011, df=28, p=.029) 

(figure 3.6). 

3.3.5 Task analysis 

Sentence repetition 

There was a statistically significant effect of ROI (F (3,84)=.10.147, p<.001, 

Bonferroni corrected for 3 comparisons) and condition (F(1,28)= 8.478, p= 

.021, Bonferroni corrected for 3 comparisons) but no interaction between the 

two (F(3,84)=1.945, p=.128). Activity in the RIGF was lower compared to 

activity in the LA (mean dif = -.071, SE = .012, df=28, p<.001), the RA (mean dif 

= -.066, SE = .015 df=28, p<.001) and the LIFG (mean dif = -.057, SE = .015, 

df=28, p=.003). Pairwise comparison showed that activity in the language 

processing condition was higher compared to the control condition (mean dif. 

=.045, SE=.016, df=28, p=.007). 

Verbal Fluency 
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There was not a statistically significant effect of ROI (F (3,84)=.1.19, p=.319, 

Bonferroni corrected for 3 comparisons) and condition (F(1,28)= .297, p= .59, 

Bonferroni corrected for 3 comparisons). The interaction between the two 

was (F (3,84)=9.529, p<.001, Bonferroni corrected for 3 comparisons). 

Pairwise comparison showed that activity in the LIFG region was higher in the 

language processing condition vs the control condition (mean dif. =.064, 

SE=.029, df=28, p=.035). The reverse was observed in the LA and RA areas (LA: 

mean dif. = -.076, SE=.027, df=28, p=.008, RA: mean dif. = -.058, SE=.026, 

df=28, p=.032). No difference in activity between conditions was found in the 

RIFG region (mean dif. =.031, SE=.023, df=28, p=.197). 

No differences were found between ROIs in the language processing 

condition. In the Control condition activity in the LA was higher compared to 

the LIFG and the RIFG (LA vs LIFG: mean dif. =.104, SE =.026, df=28, p=.003, LA 

vs RIFG: mean dif. =.082, SE =.023, df=28, p=.008). 

Phonological Awareness 

There was a statistically significant effect of ROI (F (3,84)=9.255, p<.001, 

Bonferroni corrected for 3 comparisons).  Activity in the RIGF was lower 

compared to activity in the LA (mean dif = -.071, SE = .012, df=28, p<.001), the 

RA (mean dif = -.066, SE = .015 df=28, p<.001) and the LIFG (mean dif = -.057, 

SE = .015, df=28, p=.003). The effect of condition did not survive the 

correction for multiple comparisons (F (1,28)= 5.462, p= .081, Bonferroni 

corrected for 3 comparisons) and there was no interaction between the ROI 

and condition (F(3,84)=1.935, p=.13, Bonferroni corrected for 3 comparisons).  
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Receptive Syntax 

There was not a statistically significant effect of condition (F (1,24)=1.186, 

p=.285, Bonferroni corrected for 3 comparisons) but the effect of ROI 

(F(3,84)= 3.975, p= .033, Bonferroni corrected for 3 comparisons) and the 

interaction between the two was statistically significant (F(3,84)=3.862, 

p=.036, Bonferroni corrected for 3 comparisons).  

Pairwise comparison showed that activity in the RA region was higher in the 

control condition vs the language processing condition (mean dif. =.074, 

SE=.027, df=28, p=.009). No difference in activity between conditions was 

found in the RIFG region (mean dif. =-.020, SE=.019, df=28, p=.306), the LA 

region (mean dif. =-.031, SE=.025, df=28, p=.238), and the LIFG region (mean 

dif. =.047, SE=.039, df=28, p=.235). 

No differences were found between ROIs in the language processing condition 

or the control condition. 

Receptive Semantics 

There was no statistically significant effect of ROI (F (3,84)=2.012, p=.118, 

Bonferroni corrected for 3 comparisons) and condition (F(1,28)= 1.154, p= 

.292, Bonferroni corrected for 3 comparisons) and there was no interaction 

between the ROI and condition (F(3,84)=1.15, p=.325, Bonferroni corrected 

for 3 comparisons). 
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3.3.6 Relationship between neural activity and age during language 

processing tasks 

We hypothesised that age might be a predicting factor of neural activity 

during the language processing condition and vice versa. However, result 

showed that there was no interaction between ROI and age (F (3,81)=1.297, 

p=0.281, Bonferroni corrected for 3 comparisons). Separate regression 

analysis for each ROI showed no association with age (LA: R(27)=.07, p=.718, 

LIFG: R(27)=-.312, p=.10, RA: R(27)=-.304, p=0.109, RIFG: R(27)=-.044, p=.819). 

3.3.7 Relationship between neural activity and performance during language 

processing tasks 

We also hypothesised that performance might be a predicting factor of neural 

activity during the language processing condition and vice versa. However, 

result showed that there was no interaction between ROI and performance 

(F(3,81)= 2.397, p=0.074). Separate regression analysis for each ROI showed 

that performance and activity in the RA and the LIFG regions were associated 

with each other (RA: R(27)=-.534, p=.003, LIFG: R(27)=-.423, p=.022). After 

controlling for age, performance was still associated with activity in the RA but 

activity in the LIFG regions was not (RA: R(27)=-.530, p=.004, LIFG: R(27)=-

.311, p=.108). 

There was no association between performance and the LA and RIFG regions 

(LA: R(27)=.051, p=.791, RIFG: R(27)=-.137, p=.478). There was no interaction 

between age and performance for any ROI for any task and thus no further 
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analysis was conducted (figure 3.7). Detailed results for each task can be 

found Appendix section 9.2. 

3.3.8 Relationship between neural activity and behavioural language 

assessments during language processing tasks 

Lastly, we explored whether neural activity, age and performance were 

associated with the behavioural language assessments that the participants 

completed. Scores were not associated with performance, age or neural 

activity for any ROI for the Sight Word efficiency (F(6,28)=.472, p=.422, 

Bonferroni corrected for 3 comparisons), Phonetic decoding efficiency 

(F(6,28)=.557, p=.759, Bonferroni corrected for 3 comparisons) or the General 

Communication Composited (F(6,28)=.453, p=.438, Bonferroni corrected for 3 

comparisons). However, the model was statistically significant for the Test for 

Reception of Grammar - Version 2 that measures grammar comprehension 

Figure 3.7 Correlation graphs between mean beta weights during the language 
condition and performance in each ROI. The top row of panels corresponds to 
activations in the left hemisphere (auditory cortex and IFG). The bottom row of 
panels corresponds to activations in the right hemisphere. Fit lines and equations 
included for the correlations that reached statistical significance. 
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(F(6,28)=.2.85, p=.033, Bonferroni corrected for 3 comparisons). The only 

statistically significant coefficient was neural activity over the right auditory 

regions (p=.002) and that relationship remained significant after controlling 

for age and performance (R(27)=-.520, p=.005) (figure 3.8).   

Figure 3.8 Correlation graph between mean beta weights during the 
language condition and scores in the Test for Reception of Grammar 
- Version 2 in the right auditory cortex. 
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3.4 Discussion 
In the present study we aimed to investigate the maturation of language 

processing from late childhood to adolescence as a function of age and 

performance using fNIRS. Our results showed that haemodynamic activity in 

response to language processing in the right auditory depends on 

performance but not age. Better performers showed decreased activations in 

right auditory regions irrespective of age. This finding suggests that cerebral 

specialisation in the left auditory regions for language processing could 

potentially already be established by late childhood and suggests that 

increased activity in right auditory regions could be indicative of language 

processing difficulties. Our results suggest that during late childhood, 

language processing becomes predominantly localized in the left temporal 

regions, while the right temporal regions become active based on task 

demands. Additionally, the left IFG appears to continue to undergo 

developmental changes throughout late childhood and adolescence. 

As discussed in the introduction, a shift in activation with increased age is 

observed from frontal regions, associated with higher level processing, to 

more posterior regions, associated with lower-level processing, and indicates 

an automation in skills (Weiss-Croft and Baldeweg 2015, Gaudet et al. 2020). 

Our results indicate that this shift is established prior to 6-7 years old as we 

found no association between age and neural responses in our sample.  

However, no differences were observed between activations within the left 

hemisphere. This perhaps means that intrahemispheric specialisation to more 



Chapter 3 

78 
 

posterior regions of the left hemisphere is still developing throughout late 

childhood and adolescence.  

The left IGF is typically associated with higher level conceptual processing and 

executive functioning and is recruited as a result of increased cognitive 

demands (Binder et al. 2009, Taylor et al. 2013). Thus, that could potentially 

explain the negative relationship between left frontal neural activations and 

performance in our study; participants who performed worse, found the tasks 

more challenging and recruited their left IFG more to complete the tasks. 

However, controlling for age mitigated that relationship, potentially because 

of the strong positive correlation between age and task performance. This 

finding could also indicate that the left IFG is still undergoing age-related 

specialisation across late childhood and adolescence hence the impact of age 

and is in line with findings suggesting that frontal regions mature later 

compared to more temporal regions (Turkeltaub et al. 2003, Shalom and 

Poeppel 2008, Berl et al. 2014, Skeide and Friederici 2016, Weiss et al. 2018). 

We can speculate that in adults age would not impact the relationship 

between performance and left IFG activity. 

On the other hand, activity in the right auditory cortex was associated with 

performance regardless of age. RA regions were engaged more in language 

processing when participants struggled more with the tasks and that 

relationship was not affected by the age of the participant. This finding 

suggests that interhemispheric lateralisation of temporal areas is established 

by late childhood and resembles adult-like patterns of activation for language 
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processing (Rysop et al. 2022). This conclusion is corroborated by the strong 

negative correlation between RA neural activity and grammar comprehension, 

as measured by the Test for Reception of Grammar - Version 2, after 

controlling for both age and performance. This is particularly important when 

considering that to date very few investigations have explored the 

relationship between brain activations and objective language skills measured 

by standardised language assessments (Bartha-Doering et al. 2018, Gaudet et 

al. 2020). This indicates that RA activity might be a suitable neural marker for 

linguistic proficiency in school aged-children and adolescents. That can be 

particularly relevant when exploring the neural underpinnings of language 

processing in clinical populations with language deficiencies.  

It is worth mentioning that during the language processing condition, the 

overall left hemispheric lateralisation observed is in line with previous findings 

that have reported that language lateralisation in the left hemisphere is 

present very early in life. However, in our sample activity over the left 

auditory region was not significantly higher compared to the right auditory 

regions. That could be due to the stimuli used in the language processing 

condition. To begin with, all stimuli (except for the verbal fluency task) 

involved processing of auditory speech and imaging literature from both 

adults as well as school-aged children show that processing of speech acoustic 

engages mainly temporal areas in both hemispheres (Hickok and Poeppel 

2007, Peelle 2012, Price 2012, Mushtaq et al. 2019). Additionally, most stimuli 

included phonological as well as semantic processing. Previous literature has 

shown bilateral temporal activations in typically developed school-aged 
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children in response to semantic processing (Chou et al. 2006, Yeatman et al. 

2010, Bartha-Doering et al. 2018).   

Methodological considerations 

One major limitation of previous language investigations was the lack of an 

appropriate higher level control condition to isolate language specific activity 

(Weiss-Croft and Baldeweg 2015). In this study we tried to overcome this by 

using time-reversed speech to account for the non-linguistic properties of 

speech. Time-reversed speech has similar acoustic and phonetic complexity to 

the original speech; harmonic complexity, spectro-temporal variations and 

many phonetic features are retained. We also used a control mouse clicking 

task and a number articulation task, which included overt repetition of the 

numbers “1” and “3” (Richardson et al. 2010), where appropriate, to account 

for the response elements of each task. Comparisons between the brain 

responses during the language tasks differed significantly compared to brain 

responses during the control condition in the left IFG and right auditory 

cortex. That confirms the validity of using a more complex control condition 

rather than rest to distinguish between language processing and neural 

responses to the non-linguistic cognitive demands.  The lack of difference in 

the left auditory region might be due to the nature of the time-reversed 

speech stimulus. Even though, it can be used as a control in terms of the 

spectro-temporal content of the stimulus, it is neither a speech nor a non-

speech stimulus. As a result, listeners could have recognised the stimulus as 

speech played backwards and tried hard to understand it, explaining the brain 

activations in left and right auditory regions observed in the control condition.  
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Our results in the left auditory region are in agreement with a previous study 

from our laboratory by Mushtaq and colleagues who found that neither time-

reserved speech nor signal correlated noise appear to be suitable auditory 

controls for isolating speech-specific processing using fNIRS (Mushtaq et al. 

2019). Another methodological strength of our study was the use of overt 

expressive language tasks as we were not limited by concerns regarding in-

scanner movement contaminating our data (Quaresima et al. 2012, Zhang et 

al. 2017). That allowed us not only to accurately measure task performance 

but to also include sentence-level expressive language.  

Additionally, the left lateralisation of neural activity in the left IFG, indicates 

that the chosen language tasks were sufficiently demanding to elicit robust 

activations in that region. This is important given that all participants 

completed the same tasks and task difficulty was adjusted to be suitable for 

both the younger and older participants.  

Unfortunately, we were not able to draw any conclusions regarding specific 

maturational changes and influence of task demands when examining each 

task separately for different language functions. However, averaging neural 

responses across all language tasks offers us the opportunity to look at 

language processing using a more holistic approach. This has high ecological 

validity and is crucial to understanding language difficulties in populations 

where deficiencies are not confined in one linguistic domain (e.g. phonological 

processing) but co-occur, such as developmental language disorder (DLD) 

(Bishop et al. 2017). DLD is characterised by a constellation of language 
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problems ranging from phonological to syntactic deficits. To date little is 

known about the brain basis of this atypical language development, however, 

given its complex phenotype the answer is not likely to lie only in one 

linguistic domain (Liégeois et al. 2014).  

Limitations and Future directions 

In this investigation a cross sectional study design was used to examine 

developmental patterns of language from late childhood to adolescence with 

a relatively small sample size. However, unlike the maturational changes in 

infancy and early childhood, developmental trajectories in childhood and 

adolescence occur over longer timescales and are characterised by high inter-

individual variability (Parviainen et al. 2011, Hoff et al. 2013, Irimia et al. 2014, 

Brown 2017). Thus, collecting longitudinal data from a larger sample of 

participants would enable us to define more precisely the trajectory of 

language development and validate some of the results presented here. 

Furthermore, other than task type and task demands other factors could also 

be influencing maturational changes of the language network such as 

maternal education and maternal depression. In our sample socioeconomic 

status and maternal factors did not vary significantly, thus we do think that 

they affected our findings, but future investigations should aim to recruit 

participants from a wider range of socioeconomic backgrounds and take that 

into consideration when analysing their data (Conant et al. 2017, Younger et 

al. 2019, Farah et al. 2021).  Additionally, our neuroimaging data were limited 

by the relatively modest spatial resolution (on the order of 1.0-1.5cm) of the 

fNIRS technology and the lack of measurements beyond the outer cortex 
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(Quaresima et al. 2012). Furthermore, even though the fNIRS data were pre-

processed to account for systemic physiological interference, it is important to 

consider that the possibility that breathing in relation to speech could cause 

fNIRS artefacts (Tachtsidis and Scholkmann 2016). In the present study the 

risk of that was minimised by including a high-level baseline that mimicked 

the breathing demands of the language task. However, ongoing 

advancements in fNIRS technology such as the use of multi-distance channel 

set ups that can improve fNIRS' low signal to noise ratio regress out influences 

from the extracerebral layer (Phan et al. 2016) (Tachtsidis and Scholkmann 

2016) as well as the use of high density diffuse optical topography (HD-DOT) 

(Wheelock et al. 2019, Borjkhani and Setarehdan 2020, Liu et al. 2020)  that 

can provide greater spatial sensitivity are very promising avenues for future 

investigations. Lastly, it is important to acknowledge that even though 

differences in head size could influence optode placement and consequently 

the recorded fNIRS responses (Whiteman et al. 2018), previous investigation 

from our lab with similar samples have not found head circumference to be a 

confounding factor.  

3.5 Summary 
To conclude, we explored maturational changes and effects of task demands 

on neural patterns of language processing from late childhood to adolescence. 

Our findings indicate that language processing is left lateralised in temporal 

regions by late-childhood and the right temporal regions are recruited as a 

function of task performance. The left IFG is still undergoing maturational 

changes throughout late childhood and adolescence.  Future studies with 
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larger sample sizes are required to further strengthen this conclusion.  Our 

results provide some insights into the changes the language network 

undergoes from late childhood to adolescence in typically developed children 

and may lay the groundwork for future investigations of language disorders in 

this age range.  
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4 Sentence repetition in TD and DLD 
4.1  Chapter Overview 
In this study we aimed to use sentence repetition to study neural markers of 

language processing in children and adolescents with and without DLD. As 

described in section 2.2.1.5, the ability to repeat words or sentences has 

extensive clinical applications as a diagnostic, prognostic and rehabilitation 

tool (Hosomi et al. 2009, Schlaug et al. 2009, Kempler and Goral 2011, 

Ramanan et al. 2020). Investigations particularly in the field of aphasia have 

used sentence repetition to study neural markers of stroke and brain trauma 

in the language network (Macoir et al. 2021). Sentence repetition is also being 

used routinely as a behavioural diagnostic marker for DLD (Pham and Ebert 

2020). Thus, we want to explore the neural signature of sentence repetition in 

typically developed children as well as children with DLD to potentially 

uncover neural markers of DLD that could be used for the diagnosis, prognosis 

and intervention pathways. The purpose of this study was two-fold; firstly, to 

describe the neural network supporting sentence repetition in typical 

development and DLD and secondly to determine if sentence repetition can 

be used to identify atypical neural activity in children with DLD compared to 

typically developed children.   

We used fNIRS to record neural activations in areas conventionally assumed 

to be recruited during sentence repetition; namely bilateral regions covering 

the auditory cortices and the inferior frontal cortices. fNIRS is particularly 

suited for this study as it allows for overt sentence repetition. Covert language 

processing not only activates different neural pathways but also makes it 
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challenging to measure task compliance and performance (Shuster and 

Lemieux 2005, Pei et al. 2011).  

Participants also completed a non-verbal n-back working memory (NVWM) 

task to help us isolate neural activations as a result of working memory 

demands. NVWM does plays a role in processing linguistic stimuli, but there is 

no indication that it is causal factor in DLD. Behavioural findings are mixed 

with some studies reporting NVWM deficits in children with DLD (Bavin et al. 

2005, Im‐Bolter et al. 2006, Marton 2008, Henry et al. 2012, Vugs et al. 2014) 

while others do not (Archibald and Gathercole 2006, Archibald and Gathercole 

2007, {Ellis Weismer, 2017 #24, Ellis Weismer et al. 2017). Thus, we also 

investigated neural patterns of non-verbal working memory in children with 

DLD to shed light in the ongoing debate regarding the role of non-verbal 

working memory in DLD.  

We hypothesised that children with DLD would show deficits in sentence 

repetition but not in NVWM compared to typically developed children. Based 

on the findings of our previous investigation on language processing in 

children and adolescents we predicted that both groups would show greater 

activation in right temporal regions as a function of performance, but that 

activations in that region would be greater in magnitude for the DLD group. 

Given the previously reported sentence repetition deficits in children with 

DLD, we hypothesized that we would observe reduced left-hemispheric 

lateralisation and more widespread activations, including in the right inferior 

frontal regions in children with DLD compared to children with TD. Lastly, we 



Chapter 4  

87 
 

anticipated that both groups would show greater activations in frontal regions 

compared to temporal regions in the NVWM task and that activity would not 

differ between the two groups after controlling for age and performance. 

4.2 Methods 

4.2.1 Participants 

Five typically developed children (1 male, mean age=13.12 years, SD=.073) 

and one child with DLD (female, age = 6.9 years) between the ages of 6 and 15 

years 11 months participated in the study. Typically developed participants 

were recruited though physical and online advertisement posters in schools, 

community spaces and social media. Children with DLD were recruited 

through the same channels as TD participants but also through targeted 

emails to all the private speech and language practitioners in the 

Nottinghamshire area, and to the Special Educational Needs Coordinators of 

primary and secondary schools. Additionally, parent support groups and 

charity organisations shared the study through their newsletters and social 

media accounts. Lastly, participants with DLD were identified through the 

Nottinghamshire Healthcare and the Derbyshire Community Health Services 

NHS Foundation Trusts.   

The initial recruitment target of 25 participants per group was not reached 

due to a halt of research activity during the Covid-19 pandemic as described in 

section 2.5. Please see section 3.2.1 for a justification on the target sample 

size. 
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All participants were native English speakers with normal or corrected-to-

normal vision, no known hearing problems, and no history of cognitive or 

motor impairment. They also passed a pure tone audiometry air-conduction 

hearing screen performed at 20 dB HL at 0.5, 1, 2, and 4 kHz in both ears 

(procedure adapted from (BSA 2018)). All participants completed the 

standardised cognitive and language tests described in section 3.2. Reported 

scores are scaled standard scores derived using the normative datasets 

provided in each assessment’s handbook (mean 100 ± 15) (table 4.1).  The 

typically developed children scored within the normal range and were 

considered to have typical language and cognitive abilities. The child with DLD 

scored below 58 at the CCC-2 assessment and at least 2 SD units below 

standard scores for the TROG assessment confirming their DLD diagnosis. 

Hand preference was assessed using the abbreviated Edinburgh Handedness 

Inventory (Oldfield 1971). All participants were right-handed except for one in 

the TD group (handedness was entered as a between subjects’ factor in the 

analysis but no effects were identified thus no further results are reported). 

Each participant gave verbal assent, and written informed consent was 

obtained from the accompanying parents or guardians.  

The study was approved by the Nottingham Research Ethics Committee and 

sponsored by the University of Nottingham Faculty of Medicine and Health 

Sciences Research Ethics Committee (ref no: 269962). 
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4.2.2 Procedure 

After obtaining informed consent from the participants and their 

parents/guardians and completing the behavioural assessments, participants 

completed the computer tasks while their brain activity was recorded using 

fNIRS. During the fNIRS measurements participants were seated comfortably 

in a sound-attenuated room with dimmed lighting, approximately 80cm from 

a visual display unit and a Genelec 8030A loudspeaker mounted above the 

display. Both the task and block order were pseudorandomised for each 

TD 

N (male) 5(1) 

 Mean SD 

Age  13.12 .073 

Cognitive Measures   

Performance IQa 96.00 5.19 

Estimate of general cognitive abilitya 103.20 6.04 

Grammar Comprehensionb 100.40 7.03 

Reading Abilityc 98.2 4.62 

General Communication Composited 74.00 5.41 

DLD 

N (male) 1(0) 

 Value 

Age  6.92 

Cognitive Measures   

Performance IQa 85 

Estimate of general cognitive abilitya 70 

Grammar Comprehensionb 76 

Reading Abilityc 120 

General Communication Composited 13.00 

Table 4.1 Age characteristics of the sample and group means and standard 

deviations scores for the standardised language and behavioural measures. 

Scores are standard scores (mean 100 ± 15) except for the general 

Communication Composite where scores greater than 58 are considered 

normal. 

 aWechsler Abbreviated Scale of Intelligence – 2nd Edition, bThe Test for 

Reception of Grammar - Version 2, c The Test of Word Reading Efficiency – 2nd 

Edition, dThe Children's Communication Checklist - 2nd Edition. 
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participant. Each block had a 17-23s duration (depending on the specific task) 

and was followed by a rest period of passive cross fixation with random 

duration in the range 17-23s. The fNIRS imaging lasted approximately 40 

minutes and was repeated twice (20 minutes per run). 

4.2.3 Equipment 

The laboratory set up and equipment were identical to the on described in 

section 3.2.4. Briefly, brain activity was measured using a continuous wave 

Hitachi ETG-4000 fNIRS system bilaterally over the IFG and the auditory 

cortices with two 3x5 arrays. ROIs were predefined based on previous 

research conducted by our laboratory and visual inspection of the digitisation 

measurements obtained from a sample of 12 children.  

4.2.4 Stimuli 

The sentence repetition condition was accompanied by a control condition as 

described in section 3.2.5. To summarise participants were asked to listen to a 

time-reversed sentence and read aloud the digits “1” and “3”. The period of 

presentation was equal to the response period of the corresponding 

sentence.  

Sentence Repetition 

In a block design, participants were presented with 40 sentence stimuli that 

were between 10 and 14 words long. Shorter sentences were not used as they 

might not allow for investigations of the language system. If the sentence 

length is short enough to be within their memory capacity, participants are 

able to imitate a sentence perfectly without utilizing their linguistic knowledge 

(Slobin and Welsh 1967, Wiig et al. 2013). Sentences were adapted from the 
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Sentence Repetition subtest of the Clinical Evaluation of Language 

Fundamentals- Fifth Edition (CELF-5) standardised language assessment. The 

CELF is standardised for ages 5 to 21 years old and is widely used in paediatric 

research and clinical settings for the diagnosis of language impairments. 

Therefore, the sentence stimuli used in this task contained appropriate 

vocabulary for our study population (Wiig et al. 2013).  

Participants completed two runs of the task. Each run comprised of 20 

sentences split into 10 blocks. During each block, participants listened to two 

sentences each lasting approximately 4 seconds and were then given an 

additional 5 seconds to repeat it aloud as accurately as they could. While 

listening to the stimulus, participants focused on a black cross in the middle of 

computer screen. When the cross turns white they were prompted to repeat 

the sentence. The background colour of the screen was grey for all conditions 

and tasks.  Trials were separated by an interval rest period of approximately 2 

seconds to ensure participants had stopped talking before the start of the 

next trial. Each block lasted approximately 20 seconds and blocks were 

separated from each other by a 20-second resting period. 

Working memory 

In a block design, participants were presented with 40 shapes during a visual 

N-back task. In line with Ellis Weismer et al. (2017) abstract shapes were used 

to limit the use of verbal mediation or rehearsal strategies (Ellis Weismer et al. 

2017). The N-task was split into two difficulty levels to minimise the risk of 

ceiling or floor effects. On the easier version participants were asked to assess 
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whether the shape on the screen matched the shape that appeared on the 

screen immediately before (1-back). On the harder version they were asked to 

assess whether the shape on the screen matched the shape that appeared on 

the screen one trial before (2-back).  

Participants completed two runs of the task comprised by 40 trials split into 4 

blocks. During each block, participants were presented with an instruction 

indicating whether the block is 1-back or 2-back. Block presentation was 

randomised across participants. Each stimulus was presented for 1.5 seconds, 

with an inter-stimulus interval of 0.5 seconds. During stimulus presentation 

children had to press a green button if the shape matched the shape 

immediately presented before or one trial before (depending on the block) or 

a red button if it did not. Each block lasted approximately 20 seconds and 

blocks were separated from each other by a 20-second resting period. While 

at rest participants looked silently at a black centrally placed cross. 

4.2.5 FNIRS Data 

fNIRS analysis was conducted in an identical manner to the one described in 

section 3.2.6. To summarise, it was conducted with custom scripts developed 

in our laboratory (Wijayasiri et al. 2017, Anderson et al. 2019, Mushtaq et al. 

2019, Lawrence et al. 2021), along with functions provided by the Homer2 

package using MATLAB. The pre-processing process included the application 

of algorithms that accounted for movement artefacts, poor optode-scalp 

contact and interfering signals from cardiac and respiratory oscillations. The 

modified Beer-Lambert Law was then applied to convert the optical density to 

estimated changes in HbO and HbR concentrations with a differential path-
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length factor of 6 (Huppert et al. 2009). The separation algorithm (HMS) was 

applied to isolate the functional component of the haemodynamic signal, 

suppress physiological interferences, and detect cortical activations (Yamada 

et al. 2012, Wiggins et al. 2016, Wijayasiri et al. 2017, Lawrence et al. 2018). 

Response amplitude was quantified using the GLM and the beta estimates of 

the HMS signal (mean beta weights) were used in the subsequent analysis 

(Wiggins et al. 2016, Lawrence et al. 2018).  

These beta weights were used to quantify the amplitude of cortical activation 

for the sentence repetition condition vs rest, the sentence repetition vs the 

control condition and the NVWM condition vs rest. The false discovery rate 

(FDR) method  was applied across channels in all fNIRS analyses to correct for 

multiple comparisons (Benjamini and Hochberg 1995).  

4.2.6 Statistical analysis 

A mixed measures ANOVA was performed to explore the effects of region, 

hemisphere, condition, on mean beta weights. The within-subject factors 

were hemisphere (left, right), region (frontal, temporal) and condition 

(language vs control, 1-back vs 2-back). Bonferroni correction for multiple 

comparisons and Greenhouse–Geiser adjustments for violation of sphericity 

were performed (corrected p values are reported).  

In addition, to explore the relationship between age, performance and 

hemodynamic changes responses, age and performance were added as 

covariates in the linear models. Additionally, correlation and regression 

analyses were conducted. The Bonferroni correction was applied to all 



Chapter 4  

94 
 

comparisons and correlations to counteract the problem of multiple 

comparisons and statistical significance was set at p <0.05. 

4.3 Results 

4.3.1 Behavioural results 

 All participants completed the computer-administered language tasks 

successfully. Details for each task separately are presented in table 4.2. Age 

was positively correlated with average performance in the sentence repetition 

task and the NVWM 1-Back and moderately correlated with performance in 

the NVWM 2-Back task, however, none of the relationships were statistically 

significant (Sentence Repetition: R(3)=.667, p=.219, NVWM 1-back: R(3)=.783, 

p=.118, NVWM 2-Back: R(3)=.300, p=.624). Additionally, there was not a 

statistically significant difference between performance in the 1-back and 2 -

back tasks (mean dif: 14.17, SE: 5.53, df=4, p=.062). The DLD participant 

scored lower in all tasks compared to the TD group. In the sentence repetition 

task, the participant attempted to repeat the stimuli demonstrating 

comprehension of task demands but based on the grading methods the 

participant received a score of 0.  

TD 

Task Mean SD 

Sentence Repetition (%) 75.00 6.47 

NVWM 1-Back (%) 90.00 7.29 

NVWM 2-Back (%) 75.83 8.98 

DLD 

Task Score 

Sentence Repetition (%) 0 

NVWM 1-Back (%) 41.67 

NVWM 2-Back (%) 8.33 

Table 4.2 Performance in each task for each group. Reported means are 
derived from the conversion of scores to percentages. 
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4.3.2 fNIRS results  

To confirm that successful fNIRS measurements were taken, haemodynamic 

activity over the preselected ROIs was contrasted against silence for each task 

and each condition using one-sample t-tests. These comparisons could not be 

performed in the DLD group due to the small sample size; therefore, the 

results below refer to the TD group alone.  

During the sentence repetition task activity was significantly higher than 0 

over the right IFG (t4 = 6.674, p= .012) and left IFG (t4 = 2.289, p=0.042) but 

the later did not survive correction for multiple comparisons (p=.168). Activity 

was not different than 0 over the left (t4 = -.758, p= 0.245) and right (t4 = -

1.902, p=0.065) auditory cortices.  

During the control condition of the sentence repetition task activity was 

significantly higher than 0 over the right IFG (t4 = 2.984, p= .04) and 

significantly below 0 over the left auditory cortex (t4 = -5.044, p=.016). There 

were no differences in activity over the left IFG (t4 =.824, p=.228) and the right 

auditory cortex (t4 =1.187, p=.150). 

During the NVWM 1-back task, activity was not significantly different than 0 

over any ROI (LA: t4 = .815, p= .23, RA: t4 = -.906, p= .208, left IFG: t4 =.828, p= 

.227, right IFG: t4 = -1.458, p= .109). During the NVWM 2-Back task activity 

was significantly lower than 0 over the left (t4 = -3.671, p= .044) and right (t4 = 

-3.862, p= .036) IFG but not over the left (t4 = -1.458, p= 0.109) and right (t4 = 

1.856, p=0.069) auditory cortices. 
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Plots of the block-averaged time course of haemoglobin concentration change 

for the sentence repetition and working memory conditions for the TD and 

DLD groups for each of the four ROIs are presented in figure 4.1, 4.2 and 4.3 

respectively.     
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Figure 4.1 Block-averaged haemodynamic time courses. These are displayed for 
the sentence repetition (left panel) and control conditions (right panel) for each of 
the 4 ROIs. The shaded grey areas indicate the stimulation period (0s to ≈22s). 
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Figure 4.2  Block-averaged haemodynamic time courses. These are displayed 
for the 1-back NVWM (left panel) and 2-back NVWM (right panel) for each of 
the 4 ROIs. The shaded grey areas indicate the stimulation period (0s to ≈20s). 
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Figure 4.3 Block-averaged haemodynamic time courses. These are displayed for the sentence repetition task (top panels) and the 
NVWM task (bottom panels) for 3 of the ROIs. Due to missing data, no time-courses could be produced for the right IFG in either 
task. The shaded grey areas indicate the stimulation period (0s to ≈20s). 



Chapter 4  

100 
 

4.3.3 Effects of region, hemisphere and condition per task  

 

Two separate RM-ANOVAs were performed using the mean beta weights to 

examine the effects of i) region (auditory vs frontal), ii) hemisphere (left vs 

right) and iii) condition in the sentence repetition (language processing vs 

silence) and the NVWM tasks (1-back vs 2-back). Some main effects and 

interactions were statistically significant prior to applying statistical 

corrections but none survived statistical corrections.  

Namely, in the sentence repetition condition, there was a statistically 

significant effect of region (F (1,4) = 18.421, p = .013, effect size: .822, 

Bonferroni corrected for 7 comparisons) with increased activation in the 

frontal regions over the auditory cortices (mean dif. = .084, SE =.020, df=3, p = 

.013). Even though the interaction effect between condition and region did 

not meet the threshold for statistical significance (F(1,4)= 7.270, p=.054, effect 

size: 645, Bonferroni corrected for 7 comparisons), the post hoc comparison 

showed that that was mainly driven by increased activity in frontal regions in 

the active condition (SR: frontal vs auditory mean dif. = .16, SE =.045, df=3, p = 

.025, control frontal vs auditory mean dif. = .009, SE =.016, df=3, p = .603) 

(figure 4.4). 

There was no effect of condition (F(1,4)= .301, p=.612, Bonferroni corrected 

for 7 comparisons) and hemisphere (F(1,4)= .000, p=.997, Bonferroni 

corrected for 7 comparisons) and there were no interactions between region 

and hemisphere (F(1,4)= .648, p=.466, Bonferroni corrected for 7 

comparisons), hemisphere and condition (F(1,4)= 3.432, p=.138, Bonferroni 
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corrected for 7 comparisons) or region, hemisphere and condition (F(1,4)= 

1.375, p=.306, Bonferroni corrected for 7 comparisons) (figure 4.4).     

 

 

In the NVWM back task there were no significant main effects (condition: 

F(1,4)= .553, p=.498, , Bonferroni corrected for 7 comparisons, region: F(1,4)= 

2.627, p=.180, Bonferroni corrected for 7 comparisons, hemisphere: F(1,4)= 

005, p=.945, Bonferroni corrected for 7 comparisons). There was a statistically 

significant interaction between region and hemisphere (F(1,4)= 17.819, 

p=.013, effect size: .817, Bonferroni corrected for 7 comparisons), driven by 

greater activation in the RA compared to the right IFG (mean dif. = .127, SE 

=.017, df=3, p = .002). There were no differences in the left hemisphere (mean 

dif. = -.024, SE =.048, df=3, p = .650). There were no other interaction effects 

that reached statistical significance; condition & region: F(1,4)= 5.857, p=.073, 

Figure 4.4  Mean beta weights derived from each ROI for the sentence repetition 
and control conditions. Faded columns represent mean beta weights during the 
control condition. Note that no statistically significant differences were found. 
Error bars represent 95% confidence intervals.  
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Bonferroni corrected for 7 comparisons, Condition & hemisphere: F(1,4)= 

4.362, p=.105, Bonferroni corrected for 7 comparisons, condition, region and 

hemisphere: F(1,4)= 3.590, p=.131, Bonferroni corrected for 7 comparisons) 

(figure 4.5).  
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Due the small sample size in the DLD group (N=1), it was not possible to 

conduct a formal statistical analysis. Figure 4.6 below depicts the cortical 

activations recorded in the DLD group (figure 4.6). 

 

Figure 4.5 Mean beta weights derived from each ROI for the 1-back and 2-
back NVWM tasks. Dotted faded columns represent mean beta weights 
during the 2-back NVWM. Note that no statistically significant differences 
were found. Error bars represent 95% confidence intervals.  

Figure 4.6 Beta weights derived from each ROI (except the right IFG) for the 
sentence repetition (blue and orange) and NVWM tasks (green and yellow). 
Faded columns represent the control condition of the sentence repetition task 
and the 2-back NVWM task. Beta weights during the control condition.  
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4.3.4 Relationship between neural activity, age and task performance  

To explore the relationship between neural activity and age and task 

performance we included age and performance as covariates in three 

separate linear models. However, neither age nor performance seemed to 

covary with neural activity. (2-back: age: F(3,6)=.339, p=.707, Bonferroni 

corrected for 2 comparisons, performance: F(3,6)=.092, p=.961, Bonferroni 

corrected for 2 comparisons, back1: age: F(3,6)=2.085, p=.204, Bonferroni 

corrected for 2 comparisons, performance: F(3,6)=.926, p=.484, Bonferroni 

corrected for 2 comparisons, SR age: F(3,6)=.545, p=.670, Bonferroni 

corrected for 2 comparisons, performance: F(3,6)=1.785, p=.250, Bonferroni 

corrected for 2 comparisons). 

4.3.5 Relationship between neural activity and performance during 

behavioural assessments 

Because the sample size was too small it was not possible to explore whether 

neural activity was a predictor of task performance or performance in the 

behavioural assessments. Thus, instead, we ran a partial correlation analysis 

controlling for age. 

During the sentence repetition task neural activity was only correlated 

between the sight word efficiency and activity in the left auditory cortex 

(R(2)=-.970, p=.024, Bonferroni corrected for 3 comparisons), however after 

controlling for age that relationship no longer held (R(2)=-.982, p=.072). 

Activity over the left IFG was correlated to TROG scores after controlling for 

age but that relationship did not survive statistical correction (R(2) = .957, 

puncorrected= .043). To further explore these two findings, we run two linear 

regression models, one for SWE with age and LA activity as predictors and one 
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with age and LF activity as predictors for TROG. It is worth mentioning, that 

due to the small sample size it was difficult to determine whether 

assumptions of linear regression analysis were met. Visual inspection of the 

histogram and p-p plot of residuals suggested no notable violation of the 

assumption of normal distribution of the residuals. A plot of standardised 

residuals versus standardised predicted values was generated but with only 

five data points the assumption of homoscedasticity could not be suitably 

assessed. LF activity during SR and age accounted for 94.2% of the observed 

variability in TROG (R2= .942), with an adjusted R2 of .884. The model however 

did not reach statistical significance (F (2,4 )=16.264, p= .058). LA activity 

during SR and age accounted for 96.4% of the observed variability in SWE 

outcomes (R2= .962), with an adjusted R2 of .928. The model reached 

statistical significance (F (2,4)=26.696, p= .036). However only activity over the 

LA was a significant contributor. The model without age also reached 

statistically significant with an adjusted R2 of .921 (F (2,4) =47.954, p= .006). 

No other relationships were present before or after controlling for age.  

4.4 Discussion 
The present work aimed to explore the neural markers of language processing 

in response to sentence repetition in typically developed children and children 

with DLD. 

It is important to highlight that due to effects of the COVID-19 pandemic the 

sample sizes of both groups were very small (DLD: n=1 and TD: n=5). 

Unfortunately, that led to a low statistical power. As a result, it is highly likely 

that we detected effects that were not genuine (type I errors) or that we were 
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unable to detect genuinely true effects (type II errors or false negatives) 

(Sterne and Davey Smith 2001). We tried to control for type 1 errors as much 

as possible by applying the Bonferroni correction for multiple comparisons, 

which is considered a rather conservative method (Curtin and Schulz 1998). 

Additionally, when reporting results that reached statistical significance, we 

also reported the effect sizes, as those do not depend on the sample sizes. 

However, that might have further led to an increased probability of false 

negative findings (Button et al. 2013). Nonetheless in the typically developed 

group some trends were identified. These are discussed below. 

To begin with, in our sample we did not observe strong left lateralised 

activations in response to sentence repetition. In temporal areas that was 

expected given the auditory nature of the stimulus. As discussed in chapter 

three, both the right and left auditory cortices are involved in decoding 

auditory linguistic information. Additionally, processing of relatively longer 

length of the sentences is thought to engage right temporal regions (Cooke et 

al. 2002).  

In frontal regions even though it was hypothesised that activity over the left 

IFG would be higher compared to the right IFG, no difference between the 

two was found. One possible explanation for that could lie in the function of 

the right IFG in attentional control (Hartwigsen et al. 2019). That region is not 

only recruited in parallel to its left homologue during overt language 

production but is also heavily involved when sustained attention is required. 

Thus, in our study it is plausible that the lack of hemispheric lateralisation in 
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frontal regions during sentence repetition resulted from the nature of the 

stimuli that participants were expected to repeat. Additionally, a trend that 

did not reach statistical significance after applying statistical corrections 

indicated that frontal regions had increased activations compared to temporal 

regions. That potentially reflects a combination of processing demands 

including syntactic processing, working memory processing and articulation 

demands. Untangling these could be a very interesting avenue for future 

research as it would further our understanding of the neural network that 

supports sentence level processing and overt language production. A possible 

way of achieving this would be to add a varying waiting period between the 

sentence and the repetition time allowing to separate sentence processing 

demands, memory retrieval and articulation.    

Based on the findings of our previous study, described in chapter 3, we 

expected that activity over the right auditory cortex during language 

processing would be predictive of task performance as well as performance in 

a standardised assessment of grammatical contrasts. However, in this study 

we did not find a relationship between language performance and RA activity. 

Instead, we identified activity over the LA was associated with reading ability 

as measured by a standardised assessment where greater negative activation 

related to poorer reading ability. This is in agreement to other neuroimaging 

studies of reading that have reported that children with reading difficulties 

showed greater suppressed activity in left temporoparietal brain regions 

(Simos et al. 2011).  This finding can have important clinical applications for 

DLD given that it is well documented that children with DLD have a lower 
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performance in phonological awareness tasks as well as in reading abilities 

(Lara-Díaz et al. 2021).  

Lastly, based on the findings of the study described in chapter three, we 

expected that the control condition would allow us to isolate unique frontal 

lobe activity in response to sentence repetition. However, we did not see an 

effect of condition on brain activity in any ROI. One possible explanation is 

that in the present study the control condition required an overt verbal 

response that posed significant demands on the frontal language network for 

articulation, thus preventing us from detecting difference between the 

sentence repetition and control conditions. In contrast, in our previous study 

the control condition required both overt as well as covert responses, perhaps 

resulting in overall lower recruitment of the IFG. This finding indicates that a 

high-level control condition with overt articulation might not be ideal for 

fNIRS investigations of sentence repetition. However, future investigation 

with larger sample sizes are required to draw further conclusion from this. 

A secondary aim of this work was to explore the differences, if any, between 

NVWM neural responses between TD children and children with DLD. 

Unfortunately, due to the small sample size of both groups that was not 

feasible in the context of this study. Nonetheless, we were able to replicate 

some findings of previous neuroimaging work of NVWM in TD children.  

To begin with, NVWM in both children and adults is supported by areas in the 

bilateral temporoparietal cortices. Particularly, the right inferior parietal gyrus 

is involved in pattern recognition, memory retrieval and attentional shifts to 
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salient features of a stimulus (Tops and Boksem 2011). In our sample we 

recorded high activation over the right auditory regions in response to the n-

back memory task. Given the relatively poor spatial resolution of fNIRS 

combined with the proximity between the auditory cortex and the 

supramarginal gyrus, it is likely that the activations we recorded over the RA 

reflect activations in the inferior parietal gyrus.  

Secondly, we did not find stronger frontal activations compared to temporal 

activations nor a left lateralised activation in frontal areas. This is in 

agreement with the findings of a large meta-analysis of neural responses to n-

back memory tasks in late childhood that reported that hemispheric 

dominance was not established and brain activations in frontal regions were 

less homogenous compared to those of adults (Yaple and Arsalidou 2018). 

This is possibly due to the delayed maturation of frontal regions in children.  

We hypothesised that we would detect a difference in neural activations 

between the 1-back and the 2-back tasks. However, we did not find a 

statistically significant difference between the two that was also reflected 

behaviourally by the participants’ task performance. Future investigations 

could perhaps include a third condition of 3-back or a longer delay between 

stimulus presentation and response to further alter task demands. 

Non-verbal working memory (or visual working memory) is supported by brain 

regions dedicated to sensory processing including frontal and temporoparietal 

areas (Ungerleider et al. 1998, Eriksson et al. 2015, Ren et al. 2019). 

Activations in frontal areas and specifically the IFG bilaterally are involved in 
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maintaining attention to the stimuli as well as the overall task goals assisting 

ultimately in successful task completion (Raye et al. 2002, Zhang et al. 2003). 

Activity in frontal areas in children is not yet strongly lateralised by late 

childhood perhaps due to delayed maturation of frontal areas. Thus, the lack 

of hemispheric lateralisation in our sample was expected.  

NVWM is also supported by parietal networks including the inferior and 

superior parietal gyri, (Koenigs et al. 2009). A large meta-analysis of neural 

responses in late childhood to n-back memory tasks similar to the one 

performed by our participants highlighted the role of the right parietal gyrus 

(Yaple and Arsalidou 2018). Parietal regions are thought to be involved in 

pattern recognition (Finke et al. 2006), memory retrieval and attentional shifts 

to salient features of a stimulus (Arsalidou and Taylor 2011, Tops and Boksem 

2011, Seghier 2013). 

Similarly, there were no differences between 1-back and 2-back NVWM. Given 

the increased demands of the 2-back we hypothesized increased activity in 

the IFG in that task. Even though results did not reach significance there was 

reduced activity in the left IFG in the 2-back compared to the 1-back, if that 

observation reflects a true difference (not due to small sample size) that could 

be explained by the fact that when increased cognitive demands we 

disengage if a task becomes too difficult (Pergher et al. 2019) . Behaviourally 

that could be reflected by the marginally significantly higher performance in 

the 1-back task compared to the 2-back task.  
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We hypothesised that children with DLD would exhibit different patterns of 

activations in response to sentence repetition compared to TD children but 

similar patterns in NVWM. Based on the limited body of neuroimaging studies 

in DLD we also hypothesised that children with DLD would show reduced 

activations compared to TD children. Unfortunately, due to the small sample 

size it was not possible to examine these hypotheses in children with DLD. 

However, this very preliminary work demonstrated the feasibility of imaging a 

relatively young child with DLD using an overt task. The child comfortably 

competed both runs of the sentence repetition and NVWM tasks 

demonstrating the suitability of fNIRS as a suitable image modality for 

assessment of individuals with DLD.  

4.5 Summary 

This chapter sought to establish the feasibility of measuring cortical responses 

during sentence repetition in typically developed children and children with 

DLD. Unfortunately, we were not able to compare the two groups to uncover 

unique patterns of neural activation in DLD. However, we were able to show 

the feasibility of measuring cortical responses in TD children during an overt 

sentence repetition task using fNIRS. In our knowledge this is the first time an 

online overt sentence repetition paradigm has been deployed in this 

population. Even though most findings did not reach the threshold for 

statistical significance, some trends were observed. Namely, TD children 

showed strong frontal activations in response to language processing and 

activity over the left auditory cortex was associated with reading abilities. 

Further, the NVWM tasks led to increased activations over the right auditory 
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cortex and bilateral frontal activations in concordance to previous 

neuroimaging findings. Future work should seek to assess these trends with a 

larger number of both TD as well as children with DLD.  
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5 Resting state connectivity in the language 

network of typically developed children and 

adolescents 

5.1 Chapter Overview 

In this study, we explored the connectivity patterns of the resting state 

language network in typically developed children and adolescents. 

Investigation of RSC in language processing brain regions have identified an 

underlying network that  spreads across both hemispheres and includes the 

inferior frontal gyrus, the middle frontal gyrus, and inferior temporal and 

temporo-parietal areas (such as the supramarginal gyrus, planum temporale, 

Sylvian parieto-temporal, superior temporal gyrus, and inferior parietal 

cortex) (Price 2010, Tomasi and Volkow 2012, Yin et al. 2019). The RSC 

language network appears to be left lateralised very early in life (Liu et al. 

2022) and the degree of left lateralisation increases with age  (Holland et al. 

2007, Reynolds et al. 2019, Bruchhage et al. 2020). For instance, a study 

investigating RSC patterns in 3- and 5-year-old children reported higher 

degree of left lateralisation in RSC of the IFG and the STG in the older children 

(Xiao et al. 2016). The same group also showed that children appear to have 

stronger interhemispheric RSC between the right and left IFG whereas adults 

showed increased RSC between the IFG and STS in the left hemisphere (Xiao 

et al. 2016). Similarly, to findings from task-dependant studies of language 

processing it appears that connectivity also increases intra- hemispherically 
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within the left hemisphere whereas decrease or no change are observed in 

the connectivity within the right hemisphere (Gaudet et al. 2020). This 

increase in left connectivity asymmetry also reflects a shift from inter-

hemispheric to intra-hemispheric connectivity with age (Yamada et al. 2010, 

Perani et al. 2011, Youssofzadeh et al. 2017) and potentially an automation of 

language skills. 

However, even though the resting state language network is well investigated 

in younger children below the age of 6 years old and in adults, the age of 

maturation is yet unknown. Thus, it is important to continue building upon 

this literature by exploring the developmental trajectories of the language 

network in late childhood and adolescence. 

The findings discussed above refer to investigations of cortical connectivity 

between brain regions have used functional connectivity (FC) analysis. FC 

describes the correlations across neurophysiological events that occur in 

spatial remote brain regions (Babaeeghazvini et al. 2021). FC analyses provide 

a wealth of information on statistical dependencies of neural activations 

patterns; however, it does not offer any insights into the causal relationships 

between neural systems (Babaeeghazvini et al. 2021). On the other hand, 

directed connectivity (DC) analysis overcomes this limitation by using the data 

to produce a model of the causal influences between different brain regions 

(Babaeeghazvini et al. 2021). DC is typically quantified using Granger Causality 

(Granger 1969) and dynamic causal modelling (Friston et al. 2013). However, 

in this project, DC will be assessed using Phase Transfer Entropy (PTE). PTE 
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addresses some of the limitations imposed by Granger Causality and dynamic 

causal modelling as it is not sensitive to signal noise and does not require a 

preconceived model of underlying neural patterns (Lobier et al. 2014). PTE has 

been traditionally used to characterise functional connectivity in 

electroencephalographic (EEG) and magnetoencephalographic (MEG) 

recordings (Lobier et al. 2014) and is now being increasingly incorporated to 

the analysis of fNIRS data, as it produces potential causal inferences about the 

observed relationships between neural entities without a requirement of any 

prior assumptions (Lobier et al. 2014, Martínez-Cancino et al. 2020, Wang and 

Chen 2020, Marriott Haresign et al. 2022). 

5.2 Methods 

5.2.1 Participants 

Thirty-five children and adolescents between the ages of 6 and 15;11 years 

old (19 female, mean age= 11.43 years, SD= 2.51) took part in this study. 

Please see section 3.2.1 for a justification on the target sample size. Six 

participants were excluded from subsequent analysis due to excessive 

movement during the session that led to missing data from the right IFG. All 

participants were native English speakers with normal or corrected to normal 

vision and no known hearing, language, or cognitive problems; children with a 

history of cognitive or motor impairment, as reported by the parents, were 

excluded. All participants completed the behavioural assessments described 

in section 3.2.3. Mean scores can be found in table 5.1 and details can be 

found in section 9.3 of the appendix. Participants were identified from the 
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National Institute of Health Research (NIHR) Nottingham Biomedical Research 

Centre (BRC) Hearing Sciences participant database, and via online 

advertisements on parent Facebook groups in the Nottinghamshire area. This 

investigation was approved by the University of Nottingham Faculty of 

Medicine and Health Sciences Research Ethics Committee (ref: 192-1901) and 

the Nottingham Research Ethics Committee (ref: 269962). 

5.2.2 Procedure 

After obtaining informed consent from the participants and their 

parents/guardians and completing the behavioural assessments described in 

section 3.3.3, participants sat comfortably in a sound-attenuated room with 

dimmed lighting, approximately 80cm from a visual display unit. They were 

instructed to keep their eyes open focused on a centrally placed cross on the 

display and try to not think of anything specific. The background colour of the 

N (male) 29 (15) 

 Mean SD 

Age  11.30 2.65 

Cognitive Measures   

Performance IQa 112.07 11.22 

Estimate of general cognitive abilitya 111.41 13.77 

Grammar Comprehensionb 102.83 9.98 

Sight Word efficiencyc 105.31 10.76 

Phonetic decoding efficiencyc 112.10 10.80 

General Communication Composited 74.93 17.94 

Table 5.1 Age characteristics of the sample and group means and standard 
deviations scores for the standardised language and behavioural measures. 
Scores are standard scores (mean 100 ± 15) except for the general 
Communication Composite where scores greater than 58 are considered 
normal. 

 aWechsler Abbreviated Scale of Intelligence – 2nd Edition, bThe Test for 
Reception of Grammar - Version 2, c The Test of Word Reading Efficiency – 2nd 
Edition, dThe Children's Communication Checklist - 2nd Edition. 

 



Chapter 5 

117 
 

screen was grey throughout the duration of the task. The duration of the 

resting state connectivity recordings lasted for 10 minutes. Following the 

resting state data collection participants completed the language tasks 

described in chapters three and chapter four. 

5.2.3 Equipment 

The equipment, study programming, laboratory set-up, optode array and 

positioning procedure used were identical to that described in chapter three 

and four (please refer to sections 3.2.4 and 4.2.3). 

5.2.4 fNIRS Data 

The first step in the analysis of the fNIRS data was the pre-processing of the 

fNIRS signal, which was conducted in a similar manner to the one described in 

section 3.2.  

Following the application of the HMS algorithm and the GLM the isolated HMS 

signal was used with open-accessed MATLAB codes that calculate the PTE 

(Fraschini 2017). PTE calculates the degree of certainty in one signal given the 

past values of another signal using phase entropies. It thus quantifies the 

extent to which two different neural activities causally influence one another 

(Lobier et al. 2014). 

The following formulas were used (Lobier et al. 2014): 

PTEx→y = H(θy(t),θy(t′)) +H(θy(t′),θx(t′)) −H(θy(t′))− H(θy(t),θy(t′),θx(t′)) (1) 

t′ = t – δ         (2) 

H = −Σplog(p)         (3) 
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where PTEx→y (formula (1)) calculates the synchrony between two signals x(t) 

and y(t) with information flowing from x to y (i.e., y follows x). θx(t) and θy(t) 

refer to the instantaneous phase (via Hilbert transform) at time t of the two 

signals, respectively. δ (formula (2)) denotes the time lag between the two 

signals. The time lag δ can be predetermined or it can be modulated by the 

duration of the frequency cycle. In this instance we followed the open-

accessed MATLAB codes by Fraschini (2017) and defined the time lag as the 

time duration of approximately one cycle of the selected frequency (0.01Hz-

0.5 Hz) (Fraschini 2017). p refers to probability of instantaneous phases and H 

is the phase entropy where the summation was implemented over the 

number of phase bins, each of which corresponds to the probability (p in the 

formula) of the occurrence of that bin in the given time series (formula (3)) 

(Fraschini 2017). Greater PTEx→y reflects smaller entropy (i.e., greater 

certainty) of θy given in the past values of θx, hence informing greater 

information flows from x to y.  

The pre-processed signals were averaged across channels within each ROI in 

the time domain before PTE was applied to measure the connectivity 

between each ROI. Even though, averaging across channels could potentially 

disrupt the temporal structure of the signal, here we opted for that approach 

following findings that suggested that averaging signals from a limited set of 

channels overlying a specific cortical region of interest enhanced the reliability 

of fNIRS measurements (Wiggins et al., 2016). Additionally, exploratory 

analysis of single channel recordings required increased comparisons for 

multiple comparisons that led to non-significant findings and thus these 
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results are not reported here.  As there were four ROIs (bilateral IFG and 

bilateral auditory cortices), this resulted in 12 PTE values (information flow 

from left to right and right to left hemisphere and from auditory cortices to 

the IFG and from the IFG to the auditory cortices). 

5.2.5 Statistical analysis 

Mixed measures ANOVAs were performed to explore the effects of direction 

(frontal to sensory areas vs sensory to frontal and left to right hemisphere vs 

right to left hemisphere), region (IFG and auditory cortex) and hemisphere 

(left and right) on cortical connectivity. Gender was entered as a between 

subjects’ factor. Linear regression analyses were performed to determine the 

relationship between standardised language assessments (TROG, CCC-2, 

TOWRE SE and TOWRE PE) and cortical connectivity and cortical connectivity 

and age.  Histograms and the Shapiro-Wilk test confirmed normality of the 

distribution of PTE, age and standardised language assessments, and post-hoc 

diagnostic  measures verified that the assumptions of bivariate linear  

regression were met in each model: 1) a scatterplot indicated  linearity 

between the predictor and dependent variable; 2) a  Durbin-Watson test 

demonstrated independence of observations; 3)  case wise diagnostics 

confirmed the absence of significant outliers; 4) visual examination of 

histograms and normal P-P plots indicated that the standardised residuals of 

the regression model were normally distributed, and; 5) the assumption of 

homoscedasticity was met.  The threshold for statistical significance was set at 

p < .05. To counteract the problem of multiple comparisons the Bonferroni 
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corrections were applied to the correlation analyses and the post hoc multiple 

comparisons. 

5.3 Results 

5.3.1 Effect of hemisphere, region and direction on information flow during 

resting state 

5.3.1.1 Interhemispheric resting state connectivity 

A repeated measures ANOVA with within subject variables the ROI (IFG vs 

auditory cortex) and the hemispheric direction of the information flow (left to 

right hemisphere vs right to left) was run to explore whether i) there was a 

difference in the connectivity from the left to right and from the right to the 

left hemispheres and ii) there was a difference in the connectivity within 

temporal regions compared to frontal regions. There was a statistically 

significant main effect of direction (F(1,28)=6.674, p=.045) with higher resting 

connectivity from right to left vs left to right hemisphere (mean dif.=.121, 

se=.047, p=.015) (figure 5.1a). Additionally, there was a significant main effect 

of ROI (F(1,28)=25.127 p<.001) with stronger connectivity between temporal 

regions compared to frontal regions (mean dif.=.304, se=.061, p<.001) (figure 

5.1b). There was no interaction effect between ROI and hemispheric direction 

(F(1,28)=2.065, p=.162) (Table 5.2). 

5.3.1.2 Intrahemispheric resting state connectivity 

A repeated measures ANOVA with within subject variables the hemisphere 

(left vs right) and the regional direction of the information flow (frontal to 

sensory vs sensory to frontal) was run to explore whether i) there was a 
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difference in the connectivity from the IFG to the auditory cortex (frontal to 

sensory) vs from the auditory cortex to the IFG (sensory to frontal) and ii) 

there was a difference in the connectivity within the left compared to right 

hemisphere. There was a statistically significant main effect of direction 

(F(1,28)=36.055, p<.001, Bonferroni corrected for 3 comparisons) with higher 

resting connectivity from frontal to sensory areas vs connectivity from sensory 

to frontal (mean dif. =.263, se=.044, df=28, p<.001) (figure 5.1c). There was no 

effect of hemisphere (F(1,28)=2.754 p=.108, Bonferroni corrected for 3 

comparisons) indicating that there is  lack of evidence for significant 

difference in the connectivity between the left IFG and the LA vs the right IFG 

and the RA. There was no interaction effect between hemisphere and regional 

direction (F(1,28)=.803, p=.378, Bonferroni corrected for 3 comparisons) 

(Table 5.2). 

5.3.1.3 Inter and Intra hemispheric resting state connectivity 

A repeated measures ANOVA with within subject variables the regional 

direction of information (IFG to auditory cortex vs auditory cortex to IFG) and 

the hemispheric direction of the information flow (left to right hemisphere vs 

right to left) was run to explore whether i) there was a difference in the 

connectivity from the left auditory to right frontal regions and right auditory 

to left frontal regions and vice versa. There was a statistically significant main 

effect of hemispheric direction (F(1,28)=6.408, p=.017, Bonferroni corrected 

for 3 comparisons) with higher resting connectivity from right to left vs left to 

right hemisphere (mean dif. =.119, se=.047, df=28, p=.017) (figure 5.1a). 

Additionally, there was a significant main effect of regional direction 
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(F(1,28)=36.803 p<.001, Bonferroni corrected for 3 comparisons) with 

stronger connectivity from frontal to temporal regions compared to temporal 

to frontal regions (mean dif.=.274, se=.045, df=28, p<.001) (figure 5.1c). There 

was no interaction effect between regional and hemispheric direction 

(F(1,28)=.361, p=.553, Bonferroni corrected for 3 comparisons) (Table 5.2).  

 

  

Figure 5.1 Graphical Representation of the resting state connectivity in children 
and adolescents. a) Stronger overall connectivity from the right towards the left 
hemisphere, b) stronger bilateral connectivity between temporal regions 
compared to the bilateral connectivity between frontal regions and c) stronger 
overall connectivity from frontal towards temporal regions. 
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5.3.2 Relationship between age and resting state connectivity 

Regression analyses were performed with the age as the predictor and RSC as 

the dependant variable to explore whether the degree of connectivity 

changed with age. Age accounted for 14.4% of the variability observed in the 

connectivity from the RA to the RIFG and 18.2% of the variability observed in 

the connectivity from the RA to the LIFG with both models reaching the 

threshold for statistical significance (p=.042 and p=.021 respectively). Similarly 

age also accounted for 16.2% of the variability in the decrease of connectivity 

between left and right IFG (model statistically significant with p=.031). Lastly, 

age accounted for 14.6% of the variability observed in the connectivity from 

Table 5.2 The results of the 2-way ANOVA between region and hemispheric 
direction, hemisphere and ROI direction and ROI direction and hemisphere 
direction. Highlighted in yellow is the main effect of hemisphere that reached 
statistical significance at p<.05 

Interhemispheric resting state connectivity 

Main effects 

Direction F (1,28) = 6.674 p > .05 

ROI F (1,28) = 25.127 p < 0.001 
Two-way Interactions 

Direction x ROI F (1,28) = 2.065 p > .05 

Intrahemispheric resting state connectivity 

Main effects 

Direction F (1,28) = 36.055 p < .001 

Hemisphere F (1,28) = 2.754 p > .05 
Two-way Interactions 

Direction x Hemisphere F (1,28) = 0.803 p > .05 

Inter and Intra hemispheric resting state connectivity 

Main effects 

Hemisphere direction F (1,28) = 6.408 p = .017 

ROI direction F (1,28) = 36.803 p < .001 

Two-way interactions 

Hemisphere direction x ROI direction F (1,28) = 0.803 p > .05 
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the LA to the RIFG (model statistically significant with p=.041). All other 

models were not statistically significant. Detailed results in table 5.2.  

  

Model 
 

Regression analyses of age as predictor of PTE 

 R2 Adj. R2 F b SE b β t p 

Left Auditory 
to Left IFG 

.052 .017 1.484 -.024 .019 -.228 -1.22 .234 

Left Auditory 
to Right 
Auditory 

.032 -.004 .881 -.018 .019 -.178 -.939 .356 

Right 
Auditory to 
Right IFG 

.144 .112 4.542 -.032 .015 -.379 -2.13 .042 

Right 
Auditory to 
Left Auditory 

.014 -.023 .371 -.009 .015 -.116 -.609 .548 

Left IFG to 
Left Auditory 

.000 -.037 .002 .001 .013 .009 .962 .962 

Left IFG to 
Right IFG 

.162 .131 5.211 -.040 .017 -.402 -2.28 .031 

Right IFG to 
Right 
Auditory 

.024 -.013 .651 -.019 .023 -.153 -.807 .427 

Right IFG to 
Left IFG 

.083 .049 2.436 -.037 .024 -.288 -1.56 .130 

Left Auditory 
to Right IFG 

.146 .115 4.630 -.033 .016 -.383 -2.15 .041 

Left IFG to 
Right 
Auditory 

.042 .006 1.171 -.024 .022 -.204 -1.08 .289 

Right 
Auditory to 
Left IFG 

.182 .152 6.024 -.043 .018 -.427 -2.45 .021 

Right IFG to 
Left Auditory 

.037 .001 1.036 -.012 .012 -.192 -1.02 .381 

Table 5.3  Summary of bivariate linear regression statistics for age in the prediction 
of resting-state connectivity. Statistically significant models with p <.05 are 
highlighted in red. b refers to the unstandardised regression coefficient, while β 
symbolises the standardised regression coefficient. 
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5.3.3 Relationship between resting state connectivity and standardised 

language assessments 

Regression analyses were performed with the RSC as the predictor and the 

standardised language assessments as the dependant variable to explore 

whether RSC could predict language skills in children and adolescents. No 

model of RSC statistically predicted performance in the CCC-2, the TROG 

(table 5.3) or the TOWRE Phonemic Word Efficiency. However, connectivity 

between the RA and the RIFG accounted for 13.4% of the variability observed 

in the TOWRE Sight Word Efficiency assessment. All other models were not 

statistically significant. Detailed results in table 5.4. Given that age accounted 

for the connectivity between RA and RIFG, they were fitted in the same model 

with TOWRE SE as the dependant variable. The model was statistically 

significant (R2= .272, Adj. R2= .216, F= 4.855, p=.016) (figure 5.2). 

 

 

Figure 5.2 Correlation graph between the PTE value of cortical connectivity RA-
RIFG (x-axis) and scores in the TOWRE Sight Word Efficiency assessment (y-axis). 
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Model Regression analyses of PTE as predictor of CCC-2 Regression analyses of PTE as predictor of TROG 

 R2 Adj. 
R2 

F b SE b β t R2 Adj. 
R2 

F b SE b β t 

Left Auditory to Left IFG .004 -.033 .116 -4.262 12.509 -.065 -.341 000 -.037 .000 .070 6.974 .002 .010 

Left Auditory to Right Auditory .008 -.029 .217 -5.980 12.829 -.089 -.466 .001 -.036 .035 -1.335 7.162 -.036 -.186 
Right Auditory to Right IFG .024 -.012 .678 12.450 15.121 .156 .823 .007 -.03 .185 3.656 8.489 .083 .431 
Right Auditory to Left Auditory .022 -.014 .616 13.060 16.640 .149 .785 .008 -.029 .206 -4.232 9.327 -.087 -.454 

Left IFG to Left Auditory .023 -.014 .623 -15.48 19.619 -.150 -.789 .002 -.035 .060 -2.698 11.028 -.047 -.245 
Left IFG to Right IFG .002 -.035 .052 2.991 13.179 .044 .227 .002 -.035 .061 1.817 7.331 .048 .248 

Right IFG to Right Auditory .006 -.030 .175 -4.448 10.632 -.080 -.418 .001 -.036 .019 -.821 5.932 -.027 -.138 

Right IFG to Left IFG .000 -.037 .013 1.1.59 10.158 .022 .114 .009 -.028 .241 -2.761 5.628 -.094 -.491 

Table 5.4: Summary of bivariate linear regression statistics for resting-state connectivity in the prediction of CCC-2 scores (left) and TROG scores (right). No 
model was statistically significant with p >.05. Please note that regression models for the resting state connectivity between the following areas were not 
included as  resting state connectivity between those areas was not expected to provide meaningful information with regards to changes in CCC-2 or TROG 
scores: Left Auditory to Right IFG, Right IFG to Left Auditory, Right Auditory to Left IFG and Left IFG to Right Auditory.  
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Model Regression analyses of PTE as predictor of TOWRE_SE Regression analyses of PTE as predictor of TOWRE_PE 

 R2 Adj. R2 F b SE b β t R2 Adj. R2 F b SE b β t 

Left Auditory to Left IFG .023 -.013 .645 5.964 7.428 .153 .803 .032 -.003 .906 7.069 7.425 .180 .952 

Left Auditory to Right Auditory .059 .025 1.706 -9.784 7.490 -.244 -1.306 .002 -.035 .043 -1.605 7.750 -.040 -.207 

Right Auditory to Right IFG .134 .102 4.194 -17.49 8.540 -.367 -2.048 .016 -.021 .427 -5.980 9.147 -.125 -.654 

Right Auditory to Left Auditory .003 -.034 .087 2.973 10.074 .057 .295 .033 -.003 .915 9.531 9.967 .181 .956 

Left IFG to Left Auditory .015 -.022 .405 7.519 11.809 .122 .637 .022 -.014 .618 9.290 11.815 .150 .786 

Left IFG to Right IFG .040 .004 1.121 -8.205 7.750 -.200 -1.059 .008 -.029 .205 3.584 7.914 .087 .453 

Right IFG to Right Auditory .130 .098 4.042 -11.99 5.964 -.361 -2.010 .028 -.008 .777 -5.582 6.333 -.167 -.881 

Right IFG to Left IFG .010 -.027 .267 3.130 6.062 .099 .516 .055 .020 1.558 7.426 5.949 .234 1.248 

Table 5.5 Summary of bivariate linear regression statistics for resting-state connectivity in the prediction of TOWRE SE scores (left) and TOWRE PE scores (right). 
Statistically significant models with p <.05 are highlighted in red. Please note that regression models for the resting state connectivity between the following areas 
were not included as resting state connectivity between those areas was not expected to provide meaningful information with regards to changes in TOWRE_SE 
or TOWRE_PE scores: Left Auditory to Right IFG, Right IFG to Left Auditory, Right Auditory to Left IFG and Left IFG to Right Auditory. 
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5.4 Discussion 

This study aimed to explore the direction of interhemispheric and 

interhemispheric connectivity in the language network in children and 

adolescents during a resting state paradigm. Additionally, the relationship 

between age and RSC as well as between RSC and language performance 

were investigated. The use of PTE as a novel approach to analyse neural 

connectivity patterns also provided valuable insights into the direction of the 

flow of information between the examined regions. 

 To begin with, we hypothesised that the left lateralisation of the language 

network would be evidenced by an increased intrahemispheric connectivity 

between frontal and auditory regions in the left vs the right hemisphere. 

Similarly interhemispheric connectivity between homologue areas would be 

less compared to intra hemispheric connectivity. However, 

electrophysiological studies of auditory and phonological processing have 

demonstrated a faster transmission of information from the non-specialised 

to the specialised hemisphere that is reflected by a unidirectional flow of 

information (Vallar et al. 1988). In our study we found that information overall 

flowed from the right to the left hemisphere supporting that notion.  

Age related changes in the RS language network remain elusive. In the 

present study a decrease in the flow of information from the left auditory 

region and the left IFG towards the right IFG as a function of age was found. 

Previous work has also demonstrated that as age increases the language 

network is comprised by local connections rather than long-range and 
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bilateral ones (Doesburg et al. 2016, Kadis et al. 2016, Poblano et al. 2016, 

Youssofzadeh et al. 2017). Furthermore, as described in chapter 3, the 

maturation of the language network and consequently of language skills is 

reflected by a shift in activation to more posterior brain regions. The findings 

of this study provide further evidence for that theory by demonstrating 

reduced connections of all areas with the right IFG as age increases. 

Additionally, the increased bilateral connectivity between the right and left 

auditory regions compared to connectivity between frontal regions provides 

further evidence that that shift is perhaps established early in childhood. 

Similarly others have reported that the language network is already tightly 

synchronised by the age of 6 (Weiss-Croft and Baldeweg 2015), (Wilke et al. 

2009).  

Results also showed an increased connectivity from frontal to sensory areas vs 

connectivity from sensory to frontal areas. This finding is in agreement with 

others that have shown that development is characterised by an increase in 

the modulatory influence of the IFG in temporal and parietal regions. This 

recruitment of frontal to sensory control might facilitate the specialisation of 

the language network that supports the separation of language processing 

with development. For instance, the specialisation of temporal regions for 

phonological processing and parietal regions for orthographical control. The 

increase of frontal to sensory control might also reflect an automation in 

language skills as frontal to sensory processing involves using previous learnt 

skills and information. 
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In our sample we found no gender differences in RSC patterns. Previous 

findings remain inconclusive as to whether there are gender differences in 

brain connectivity within the language network. Some have found that 

females display increased structural and functional interhemispheric 

connectivity compared to males  (Satterthwaite et al. 2015, Zhang et al. 2016), 

however other studies have not detected any differences in RSC patterns 

(Solé-Padullés et al. 2016). One possible explanation is that these differences 

are task dependant; many of the studies that have shown gender differences 

in connectivity have utilised active paradigms where participants completed 

language tasks (Rubia 2013). Thus, it is possible that we did not detect any 

differences due to our paradigm, however future work is needed to further 

investigate this and continue accounting for gender in statistical analyses. 

In the current study, RSC between bilateral temporal and frontal regions did 

not predict grammatical acknowledge, parental communication evaluation 

and phonemic discrimination, however it was associated with sight word 

efficiency. Specifically, reduced connectivity between the right auditory cortex 

and the right IFG was associated with higher TOWRE SWE scores. When 

accounting for age the predictiveness of the model increased indicating that 

younger children with lower connectivity from the right auditory cortex to the 

right IFG had better scores.  This finding might indicate that increased 

language proficiency correlates with a decreased reliance on the right IFG and 

points towards a refinement of phonological processing towards more 

temporal regions. It is noteworthy however that very few investigations have 
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considered the RIFG when exploring effective connectivity of the intrinsic 

language networks.  

However, these findings did not replicate others that have reported positive 

correlations between increased RSC within the left hemisphere and measures 

of language skills. Many studies that have reported on that have measured 

language proficiency in younger children when skills develop at a much faster 

pace. Thus, we might not have found an effect between connectivity with the 

left hemisphere and language skills because connectivity plays a salient role in 

early development and reaches maturation in late childhood (Su et al. 2021). 

Another possible explanation is that the standardised assessments that were 

used to assess language skills might not have been sufficiently challenging to 

generate a large variability in testing scores. Even though celling effects were 

not observed, most participants performed above the average score for their 

age. More comprehensive assessments such as the CELF-5 (Wiig et al. 2013) 

could be used in the future to explore whether RSC predicts language 

proficiency in older children.  

The present study explored RSC patterns in a cross-sectional sample of 

children and adolescents, however a longitudinal study capturing a wider age 

range would offer invaluable insight into the development of the language 

RSC network. It is also important to mention that a small portion of recruited 

participants was excluded from the final analysis due to missing data. 

Participants were instructed to stay still and avoid head movements but were 

not interrupted during the session unless the cap had visibly moved. The 
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excluded participants moved significantly during the 10 minutes of the 

imaging sessions and that resulted in poor optode-scalp contact especially 

over the right IFG region. Examining the study notes revealed that those 

participants were quite unrestful towards the end of the 10 minutes. Thus, 

perhaps future investigations could deploy shorter paradigms or split their 

resting state data collection session in two offering participants a break in 

between. A shorter session could still reliably record resting state connectivity 

patterns. Wu and colleagues demonstrated that a paradigm as short as 2 

minutes was sufficient to differentiate between typically developed children 

and children with autism (Wu et al. 2022). In the present study after piloting 

the experiment with three children aged 6, 10 and 12 years old we considered 

the 10-minute duration appropriate but that might not be feasible for all 

children, particularly those with additional needs. Another alternative would 

be presenting a silent visual stimulus (such as an animated movie clip) on the 

screen during the RSC sessions it has been shown that does not affect 

recordings from the fronto-tempoparietal networks. This type of paradigm is 

typically deployed when imaging infants and toddlers (Bell and Cuevas 2012, 

Whedon et al. 2020) but could also be applied with older children to ensure 

that they stay engaged. Nevertheless, it's crucial to emphasize that the 

patterns observed during the resting state signify inherent manifestations of 

spontaneous cognitive processes. Consequently, these patterns could vary 

among individuals based on the approaches they employ during the resting 

state task. For instance, participants who concentrate on visual stimuli in their 

vicinity while attempting to achieve a state of mental quietude may exhibit 
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distinct resting state connectivity patterns compared to those who 

contemplate future plans. Conducting additional research would provide the 

means to ascertain potential dissimilarities in resting state connectivity 

patterns among individuals, as well as methods to systematically account for 

these variances.  

5.5 Summary 

This chapter explored the resting state connectivity patterns of the language 

network of typically developed children and adolescents. The use of PTE 

offered novel insights into the direction of the flow of information. Overall, 

the findings of this study reveal that the network continues to mature 

throughout this period with widespread connections towards right frontal 

regions points towards decreased reliance on that region as age increases. A 

strong interhemispheric connectivity between auditory cortices resembles 

adult like patterns of activation indicating that these regions have already 

reached maturation by late childhood. This work demonstrates the feasibility 

of measuring RSC patterns in the language network using fNIRS in this 

population. Given this, the simplicity of taking these recordings as well as the 

applications of RSC measurements in other developmental disorders, it would 

be very valuable to examine the resting state language network in children 

with DLD. 
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6 Hyperscanning 

This chapter has been adapted from: 
 
Papoutselou, E., Harrison, S., Mai, G., Patil, N., Buck, B., Wiggins, I.  and 
Hartley, D., Investigating mother-child inter-brain synchrony in a naturalistic 
paradigm: A functional near infrared spectroscopy hyperscanning study 
Manuscript submitted for publication December 2022, European Journal of 
Neuroscience.  
 
Author contributions: EP and DH conceived and designed the study, EP and SH 
collected the data, GM, BB, and IW contributed the analysis tools, EP, NP and 
GM performed the analysis, EP wrote the paper, SH, GM, BB, NP, IW and DH 
revised the paper. 
 

6.1 Chapter Overview 

This chapter explores the patterns of neural synchrony between mothers and 

their children while they play together and separately. As described in chapter 

2.2.7 interbrain synchrony patterns could potentially be a neural marker of 

the underlying mechanisms that support language development in children 

with DLD. Thus, as a first step we explored these patterns in a sample of 

typically developed children to test the feasibility of a paradigm that could be 

deployed with young children with DLD. 

To date, the majority of this research has been conducted using tasks that do 

not accurately reflect naturalistic social interactions between parents and 

children and many that are too complicated for prelingual children and/or 

children with communication needs. Typically employed paradigms are either 

passive (book reading to a child; for instance, see (Bembich et al. 2022)) or are 

goal-directed (solve a puzzle, play a computer game etc; e.g.(Liao et al. 2015)). 

Very few studies have examined neural synchrony between parents and 
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children during ecologically valid interactions that represent real-life 

scenarios. Piazza and colleagues (2020) showed that there was an alignment 

in neural synchrony between infants and unrelated adults which appeared to 

be supported by mutual eye gaze and changes in the adult’s infant directed 

speech patterns (Piazza et al. 2020).  Whilst their paradigm included free play, 

book reading and rhythm signing, the authors did not discuss the specific 

structure of their task. Consequently, it was unclear how long each element 

lasted for and what the duration of the free play was (Piazza et al. 2020).  In 

another study with a naturalistic paradigm, Nguyen et al., (2021) 

demonstrated that neural synchrony increased as a function of the number of 

conversational turns taken during conversations between toddlers and their 

mothers (Nguyen et al. 2021). Investigations of neural synchrony during 

adversity and child irritability have utilised free play as a recovery condition. 

(Quiñones-Camacho et al. 2020, Hoyniak et al. 2021). Recently, Norton et al., 

developed a “social EEG” paradigm where they were able to successfully 

measure neural synchrony between parent-child pairs using a naturalistic set 

up where participants solved age-appropriate puzzles, read books and 

watched movies (Norton et al. 2022). 

The current study aims to examine the feasibility of measuring neural 

synchrony patterns between mothers and their young children using a 

naturalistic free play paradigm. In this paradigm, the pairs were instructed to 

play as they would at home with toys that did not have any performance 

demands and allowed the pairs to interact as much or as little as they wanted. 

We also introduced an independent condition where the pairs played with the 
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same toy but separately. This allowed us to mimic a situation where the 

parent and the child attend to the same stimuli without interaction. In turn, 

this allowed for confirmation that any observed neural synchrony was not the 

result of similar motor and attentional requirements of the stimuli. We 

hypothesised that, with the naturalistic paradigm, neural synchrony between 

the pairs will be higher in the interactive compared to the independent 

condition. 

Neural synchrony was measured bilaterally over frontal and temporoparietal 

brain regions in line with previous fNIRS hyperscanning studies involving 

verbal communication and problem solving (Nguyen et al. 2020, Nguyen et al. 

2021). Regions of interest (ROIs) included 4 channels covering the 

temporoparietal junction (TPJ) and 4 channels in the prefrontal cortex (PFC) in 

each hemisphere (Nguyen et al. 2021, Zhou et al. 2022). The TPJ is involved in 

attention, language, and memory processing as well as self-awareness (Lee 

and McCarthy 2016). The PFC is also recruited during attention and inhibition 

control and decision making (Fuster 2001). 

Neural synchrony was analysed using phase transfer entropy PTE. PTE has 

significant benefits particularly in the field of hyperscanning as it accounts for 

the potential time lags between the brain activities of the two participants 

and quantifies the degree of interbrain synchrony in different directionalities 

(i.e., how the brain of one participant follows the other and vice versa) 

(Marriott Haresign et al. 2022). This method is advantageous over other 

hyperscanning analysis techniques that do not specifically identify or compare 

synchronies in different directionalities (Lobier et al. 2014). 
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To investigate what might be driving the hypothesised increased neural 

synchrony (or lack thereof) in the interactive condition we examined 

conversational patterns between the pairs and personality traits of both the 

mother and the child. Since previous hyperscanning studies have shown that 

neural synchrony is positively correlated with patterns of verbal 

communication (Dollar and Stifter 2012, Ahn et al. 2018, Pérez et al. 2019, 

Nguyen et al. 2021), we were interested in examining this behaviour, given 

that participants were free to talk with each other but, unlike previous 

studies,  they were not required to do so. Considering that participants were 

not obligated to engage in interactions, we opted for a straightforward 

approach by using turn-taking as a metric to measure verbal communication 

patterns. This allowed us to investigate whether a connection existed 

between verbal communication and neural synchrony. We refrained from 

employing a more intricate analysis, similar to the one detailed by Nguyen and 

colleagues (Nguyen, Schleihauf et al. 2021), as there was no assurance that 

participants would engage in substantial conversations. 

Additionally, both behavioural and neuroimaging studies have reported that 

personality traits influence the quality of behavioural and neural synchrony in 

mother-child dyads (Reindl et al. 2018, Azhari et al. 2019). Thus, we also 

studied the association between child temperament and neural synchrony, as 

well as maternal emotion regulation. 
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6.2 Methods 

6.2.1 Participants 

Twelve pairs of mothers (mean age= 35.42 years, SD= 5.21) and children 

between the ages of 3 and 4 years 11 months old (7 female, mean age= 3.97 

years, SD= 0.62) took part in this study. All participants were native English 

speakers with normal or corrected to normal vision and no known hearing, 

language, or cognitive problems; children with a history of cognitive or motor 

impairment, as reported by the parents, were excluded. Participants were 

identified from the National Institute of Health Research (NIHR) Nottingham 

Biomedical Research Centre (BRC) Hearing Sciences participant database, and 

via online advertisements on parent Facebook groups in the Nottinghamshire 

area. This investigation was approved by the University of Nottingham Faculty 

of Medicine and Health Sciences Research Ethics Committee (ref: 18-0520). 

6.2.2 Behavioural Assessments 

To assess the mothers’ and children’s personality traits, mothers were asked 

to fill in two questionnaires prior to the hyperscanning session. Child 

temperament was quantified using the Very Short form of the Early Childhood 

Behaviour Questionnaire (VS-ECBQ) (Putnam et al. 2001, Putnam and 

Rothbart 2006). The VS-ECBQ is comprised of 36 questions that relate to 3 

child temperament dimensions: Surgency, Effortful Control and Negative 

Effect. Surgency refers to levels of activity, impulsivity, shyness, and positive 

anticipation. Effortful Control encompasses levels of attention and inhibition 

control. Negative affectivity describes levels of discomfort, anger/frustration, 
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sadness, and fear.  The VS-ECBQ is rated on a Likert scale with a score of 1 

indicating “never” and a score of 7 indicating “always”. A “Not Applicable” 

(NA) option was available if the parent had not encountered a particular 

situation. Items included statements such as: “When playing indoors, how 

often did your child like rough and rowdy games?”. 

Maternal emotion regulation was assessed using the Emotion Regulation 

Questionnaire (ERQ) (Gross and John 2003). The ERQ is a 10-question survey 

with 6 questions comprising the Cognitive Reappraisal subscale and 4 the 

Expressive Suppression subscale. Questions were rated on a 7-point Likert 

scale where a score of “1” indicated “strongly disagree” and a score of “7” 

“strongly agree”. Items included statements like: “When I am feeling negative 

emotions, I make sure not to express them.” 

6.2.3 Procedure 

The mother-child dyads attended one research appointment where the 

mothers provided written informed consent and the children expressed 

verbal assent. Pairs were comfortably seated at a 90ᵒ angle at a table suitable 

for toddlers whilst wearing the fNIRS caps. They were given age-appropriate 

toys that included a potato head with a variety of accessories or building 

blocks to play with. These toys were chosen as they did not pose any 

performance demands and would allow the pairs to play freely.  

Each session was recorded by two cameras placed to capture both 

participants. The experiment lasted for approximately 20 minutes and was 
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comprised of two conditions (interactive and independent) that were 

repeated twice in a pseudorandomised order. 

During the interactive condition, the dyads were instructed to play together 

for 5 minutes “as they would at home”. The researchers observed the 

interactions from outside the room and mothers were allowed to remove 

their face coverings to allow for a more organic environment. During the 

independent condition, the mother and child were separated by an opaque 

screen and were instructed to play with their respective toys silently for 5 

minutes. One researcher remained in the room to ensure the child’s safety. 

6.2.4 Turn taking analysis 

Turn-taking was quantified based on the recordings of the interactive 

condition manually One conversational turn was defined as a continuous pair 

of utterances between mother and child spoken in any order within 5s 

between speakers, i.e., the gap between speakers would not exceed 5s (e.g., 

Mother: “Do you like the blue arms?” Child: “Yes, blue arms!”) (Bishop et al. 

1998, Gilkerson et al. 2018, Romeo et al. 2018, Quiñones-Camacho et al. 

2021). Laughs and acknowledgement sounds were counted as part of a turn if 

they were produced in response to something the other participant said. Ten 

percent of the video recordings were also coded independently by a second 

researcher with inter-rater reliability at 83%. 
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6.2.5 Equipment 

 Two continuous wave fNIRS systems (Hitachi ETG-4000, Japan; sampling rate 

at 10 Hz) were used to measure brain activities in each dyad (one for each 

participant). The mother’s cap was comprised of 48 optodes arranged in three 

arrays: one 3x5 array over the PFC and two 3x3 arrays bilaterally over the TPJ 

(see Fig 1). The child’s cap was comprised of 16 optodes arranged in four 2x2 

arrays over the same areas. Fewer optodes were used for the children to 

make the cap lighter and more tolerable for the children, whilst retaining 

coverage over the ROIs. Before placing the probes, child head circumference 

was measured using a tape measure to account for variability in head shape 

and size. Placement of the optodes was standardized using the international 

10–20 System (Jasper 1958). 

Figure 6.1 A) Experimental set up during the interactive (top panel) and 
independent conditions (bottom panel). B) Illustration of the probes overlaying 
the ROIs (yellow circles) for the mother (top panel) and the child (bottom 
panel) bilaterally over the prefrontal cortex and the temporoparietal junction 
(only the left hemisphere depicted here). The red circles represent the emitter 
optodes, the blue represent the detector optodes and the black lines represent 
the channels. The figures are for illustrative purposes only, not to scale. 
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6.2.6 fNIRS Data  

Pre-processing of the fNIRS data from both participants were analysed 

according to the process described in section 3.2. Some additional steps were 

added to account for the naturalistic free-play paradigm in the current study. 

To begin with, we considered that systemic physiological confounds may not 

be eliminated completely after the preprocessing. We thus further divided the 

pre-processed signals into frequency sub-bands that correspond to specific 

types of possible physiological confounds and then focused on the band which 

led to significant neural synchrony (i.e., synchrony that was significantly 

greater for the interactive than the independent play). This was conducted so 

that we could detect which frequency range may be least contaminated by 

these confounds that led to optimal measures for neural synchrony. To avoid 

arbitrary choices of frequency bands, we chose three sub-bands based on the 

previous literature: 0.01-0.05 Hz, 0.05-0.2 Hz, and 0.2-0.5 Hz which reflect 

ranges for the autonomic, myogenic, and respiratory activities, respectively 

(Rossi et al. 2007). It is important to note that these frequency bands rely on 

findings of adult participants. Literature on the frequency bands in paediatric 

populations remains scarce, however one investigation in infants reported 

comparable ranges for respiratory (approx. 0.25 Hz) and myogenic (approx. 

0.1 Hz) activity (Boas et al. 2004). Zero-phase 3rd-order Butterworth filters 

were additionally applied to obtain fNIRS signals at each band (N.B., to avoid 

duplicate cut-off slopes applied on the lower/upper bound of the already-pre-

processed signal, lowpass and high pass filters at 0.05 and 0.2 Hz was used to 

obtain the sub-bands at 0.01-0.05 and 0.2-0.5 Hz, respectively). We also 
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included the 0.01-0.5 Hz range (i.e., without further filtering the pre-

processed signals). Here, we focused on the range at 0.05-0.2 Hz which was 

the only frequency band that showed significant neural synchrony. This 

reflected that myogenic confounds could be most effectively attenuated at 

this frequency range.  

Neural synchrony between the mother-child dyads was measured using PTE 

(Lobier et al. 2014, Ursino et al. 2020). Compared to other methods typically 

used in fNIRS hyperscanning studies such as wavelet coherence 

transformation (WCT), PTE allows for measuring the directionality of neural 

synchrony that considers potential time lags between brain activities in each 

participant (Cao et al. 2018, Wang and Chen 2020). Also, as the 

haemodynamic response functions (HRF) could be different between children 

and adults (Minagawa-Kawai et al. 2011), PTE has a specific advantage for 

which it does not require the assumption of the same HRF for both 

participants as required by other methods like WCT and Granger Causality. 

We applied the open-accessed MATLAB codes that calculate the PTE 

(Fraschini 2017) using the formulas  detailed in section 5.2.5. 

Here, the time lag δ was set at 4 seconds according to previous reports that 

showed that neural synchrony between adults and children peaked when the 

time lag between the two signals (i.e. signal from adult and signal from child) 

was approx. 4s (Piazza et al. 2019, Zhao et al. 2021). The pre-processed signals 

were averaged across channels within each ROI in the time domain before PTE 

was applied to measure the neural synchrony between the dyads. As there 
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were four ROIs (bilateral TPJ and bilateral prefrontal cortices) for each 

participant and each ROI could potentially become synchronised with any ROI 

of the other participant, this resulted in 32 PTE values for each dyad i.e., 16  

for each directionality (information flow from child to mother i.e., C2M or 

from mother to child i.e. M2C). 

6.2.7 Statistical analysis 

Statistical analysis was performed on IBM SPSS Statistics (version 27.0) (Corp 

2020). Pearson’s correlations were used to explore the relationships between 

the behavioural measures and turn taking (i.e., number of turns completed by 

each pair averaged across the two interactive sessions) and linear regressions 

were used to explore how behavioural measures and turn taking influenced 

the neural synchrony between the pairs. Histograms and the Shapiro-Wilk test 

confirmed normality of the distribution of PTE, age and standardised 

behavioural assessments. Repeated measures ANOVAs were performed to 

explore the effects of condition, direction, and ROI on neural synchrony. PTE 

was the dependent variable, and condition (interactive vs. independent play), 

directionality (child to parent vs. parent to child) and ROI (left TPJ, right TPJ, 

left PFC and right PFC) were the independent variables. The threshold for 

statistical significance was set at p < 0.05. To counteract the problem of 

multiple comparisons the Bonferroni corrections were applied to the 

correlation analyses and the post hoc multiple comparisons. 
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6.3 Results 

6.3.1 Behavioural Results 

Correlation analysis was performed to investigate the relationship between 

manually annotated turn taking, maternal emotional regulation, maternal age, 

and child temperament. There was no statistically significant association 

between turn taking and any other behavioural measure (surgency: r(10) = -

.194, p = .547 , Bonferroni corrected for 5 comparisons, effortful control: r(10) 

= -.136, p = .674, Bonferroni corrected for 5 comparisons, cognitive 

reappraisal: r(10) = -.069, p = .830, Bonferroni corrected for 5 comparisons), 

but a weak negative correlation was found with the child’s negative affect 

(r(10) = -.35, p= .27, Bonferroni corrected for 5 comparisons) and the mother’s 

expressive suppression (r(10) = -.38, p = .23, Bonferroni corrected for 5 

comparisons). Maternal age was also weakly correlated with expressive 

suppression (r(10) = -.527, p = .078, Bonferroni corrected for 5 comparisons) 

but no other behavioural measure (surgency: r(10) = -.011, p = .972, 

Bonferroni corrected for 5 comparisons, effortful control: r(10) = -.369, p = 

.237, negative affect: r(10) = .317, p = .315, Bonferroni corrected for 5 

comparisons, cognitive reappraisal: r(10) = -.205, p = .524, Bonferroni 

corrected for 5 comparisons). 

6.3.2 Neural synchrony during free play 

We used fNIRS to measure neural synchrony in the mother-child pairs 

simultaneously while they played together (interactive condition) and 

separately (independent condition). fNIRS data were analysed across four 

regions (left and right temporo-parietal areas and left and right prefrontal 
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areas) using PTE which also provides information on the direction of the 

connectivity i.e., mother to child or child to mother).  

Firstly, we investigated the effect of condition and direction on neural 

synchrony averaged across all ROIs. There was a statistically significant main 

effect of condition (F(1,11) = 14.93, p = .009, Bonferroni corrected for 3 

comparisons). However, there was no effect of direction (p = .07, Bonferroni 

corrected for 3 comparisons) or an interaction between condition and 

direction (p = .055, Bonferroni corrected for 3 comparisons). Post hoc paired 

t-tests showed that neural synchrony in the interactive condition was 

statistically significantly higher compared to the independent condition (mean 

dif = .053, df=11, p =.003). The effects of condition were also significant after 

controlling for child’s gender (F(1,10) = 14.12, p = .024, Bonferroni corrected 

for 4 comparisons).  

We also performed an exploratory post hoc analysis for the interaction 

between condition and direction (even though it was not statistically 

significant). Descriptive statistics showed that in both the interactive and 

independent conditions C2M neural synchrony (Interactive mean = 1.16, SD = 

.020, independent mean = 1.08, SD = .023) was lower compared to the M2C  

neural synchrony (Interactive mean = 1.17, SD = .016, independent mean = 

1.147, SD = .022). Paired t-tests showed that C2M and M2C neural synchrony 

were not statistically significantly different in either condition (independent: 

mean dif = -.07, p = .052; Interactive: mean dif = -.012, p = .557). However, 

when comparing neural synchrony in each condition for each direction, child 

directed neural synchrony was statistically significantly higher in the 
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interactive compared to the independent condition (mean dif = .08, df=11, p < 

.001). There was no statistically significant difference between conditions for 

the mother directed neural synchrony (mean dif = .025, df=11 p = .337) (figure 

6.2). 

However as stated above, since there wasn’t a statistically significant main 

effect of direction or a statistically significant interaction between direction 

and condition, further analysis was conducted using the average neural 

synchrony between the two directions. 

 

Subsequent analysis to determine whether there was an effect of region in 

the neural synchrony between the mother’s and the child’s brain areas found 

no evidence in either condition (child hemisphere: (F(1,11) = 2.44, p = .147, 

Bonferroni corrected for 3 comparisons), child region (F(1,11) = 4.37, p = .61, 

Figure 6.2 Boxplots of mean neural synchrony across all ROIs in the interactive 
and independent condition. Bars represent neural synchrony for the two 
directions (child to mother in blue & mother to child in orange) and the average 
of the two in grey. Neural synchrony in the interactive condition was statistically 
significantly higher compared to the independent condition (mean=.053, 
p=.003). Child to mother neural synchrony was significantly higher in the 
interactive compared to the independent condition (mean=.08, p<.001). 
**p<.01, ***p<.001 (Bonferroni corrected). 
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Bonferroni corrected for 3 comparisons), mother hemisphere (F(1,11) = 3.24, 

p = .099, Bonferroni corrected for 3 comparisons), mother region (F(1,11) = 

2.29, p = .159, Bonferroni corrected for 3 comparisons).  

6.3.3 Neural synchrony in relation to turn taking 

We assessed whether the observed increased neural synchrony in the 

interactive condition could be attributed to the conversational patterns of the 

pairs. A linear regression showed that turn taking was not a predictor of 

neural synchrony (F(1,10) < .001, p = .986) (Table 6.1). 

Model Regression analyses of turn taking as predictor of neural synchrony 

Variable B 95% CI β t p 

(constant) 1.17 [1.05 1.28]   22.254 .000 

Turn taking -.001 [-.004 .004] -.006 -.018 .986 

Table 6.1  Regression analysis summary for turn taking as a predictor of neural 
synchrony. Note: R2 adjusted <.001, CI = confidence interval for B 

6.3.4 Neural synchrony in relation to personal characteristics 

Maternal factors 

We hypothesised that maternal emotion regulation might be a predicting 

factor of neural synchrony during the interactive condition. However, results 

showed that neural synchrony between the pairs was not affected by either 

cognitive reappraisal (F(1,10) = .144, p = .712, Bonferroni corrected for 3 

comparisons) or expressive suppression (F(1,10) = .13, p = .726, Bonferroni 

corrected for 3 comparisons), nor a combination of the two (F (2,9) = .087, p = 

.917, Bonferroni corrected for 3 comparisons). Maternal emotion regulation 

was also not a predicting factor of the mother to child direction of the 
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synchrony (cognitive reappraisal: F(1,10) = .223, p = .647, Bonferroni 

corrected for 3 comparisons, expressive suppression: F(1,10) = .001, p = 

.978,Bonferroni corrected for 3 comparisons, combination: F(1,10) = .13, p = 

.88, Bonferroni corrected for 3 comparisons. 

Child Factors 

Child temperament was also considered as a potential candidate for 

predicting neural synchrony. We found that the combination of child 

temperament variables (negative affect, effortful control and surgency) did 

not significantly predict neural synchrony in the interactive condition (F(3,8) = 

1.89, p = .21, R2 = .415, Bonferroni corrected for 4 comparisons). However, 

when examined separately, child surgency was found to be associated with 

neural synchrony (F(1,10) = 6.4, p = .03). This factor explained 39.0% of the 

variance in neural synchrony (R2 = .390). Further correlations showed that 

neural synchrony was negatively moderately correlated with child surgency 

(R(10) = -.625, p = .03) (figure 6.3). Similar results were found between C2M 

neural synchrony and child surgency (linear regression: F(1,10) = 13.56, p = 

.004, R2 = .576; bivariate correlation: R = -.759, p = .004). 
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Figure 6.3 Correlation between child surgency (x-axis) and mean neural 
synchrony in the interactive condition (y-axis). (R=-.625, p=0.03). Line of 
best fit equation: y=1.46-0.05*x 
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6.4 Discussion 

This study examined the neural synchrony between pairs of mothers and their 

young children under naturalistic conditions. In contrast to previous work that 

has established the presence of neural synchrony between parent-child pairs 

during problem solving-oriented tasks, we employed a free play paradigm 

where participants did not have a specific goal and could interact freely. As 

hypothesised, we showed higher levels of neural synchrony between the 

dyads in the interactive condition compared to the independent condition. 

This finding validates the use of free play paradigms in investigations of neural 

synchrony between parents and their children. We also explored the influence 

of turn taking and maternal and child personality traits on neural synchrony, 

but no strong association between any of the relationships examined was 

found. 

Neural synchrony was significantly higher in the interactive compared to the 

independent condition over bilateral prefrontal areas and the bilateral 

temporoparietal junction. This is in line with previous research that has 

reported synchrony in prefrontal areas during parent-child cooperative 

performance (Reindl et al. 2018, Miller et al. 2019, Nguyen et al. 2020). These 

regions are also involved in attention and executive functioning, indicating 

that these processes support neural synchrony especially during cooperative 

interactions (Azhari et al. 2019). The TPJ is also recruited during interpersonal 

interactions as it is associated with language processing, self-reference and 

processing of one's own and others' mental states (Monticelli et al. 2021). 
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Further analysis into connections between specific ROIs between mother and 

child did not reveal an effect of hemisphere or region.  

Consistent with previous work, we also found no effect of child gender on 

neural synchrony (Reindl et al. 2018, Azhari et al. 2019, Nguyen et al. 2020). 

However, previous studies of neural synchrony between adults suggest that 

there are differences in synchrony between same-sex pairs, compared with 

mixed-gender pairs (Cheng et al. 2015). Additionally, Miller and colleagues 

reported that in their sample mother-son dyads showed less synchrony than 

mother-daughter pairs in the control task but no differences in the 

cooperation task, perhaps reflecting differences in how their mother-son pairs 

approached the tasks (Miller et al. 2019). Nonetheless, it would be interesting 

to further explore whether child gender affects parent child interactions and 

the neural synchrony between them with larger sample sizes and across 

different developmental stages.  It is also worth noting that in this study we 

only recruited pairs of children and their biological mothers. Initial findings 

have demonstrated that similar neural synchrony is present during biological 

father-child interaction (Azhari et al. 2021, Nguyen et al. 2021). It would be of 

great scientific, as well as ecological, interest to continue this work and 

further investigate neural synchrony in father-child pairs as well as carer-child 

pairs (where the adult is someone other than the child’s biological parent, 

such as an adoptive parent, grandparent, or other primary caregiver).  

Neuroimaging data from the pairs were analysed using PTE, which allowed us 

to also investigate the directionality of the neural synchrony. Even though the 
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effect of direction did not reach the assigned levels for statistical significance, 

it is worth mentioning that C2M neural synchrony in the interactive condition 

was statistically significant compared with the independent condition. A 

similar difference was not found for M2C neural synchrony. This might be an 

indication that the neural synchrony between the dyads could be primarily 

driven by the child. Similarly, Quiñones-Camacho et al. suggested that the 

neural synchrony in their set up might be driven by child-related, and not 

maternal characteristics (Quiñones-Camacho et al. 2020). However larger 

sample sizes and further work would be required to properly explore this.  

In this study, participants were instructed to play as they would at home, be 

that interactively or separately; they were not explicitly told to collaborate, 

communicate, or aim for a specific goal. Nonetheless, despite the pairs being 

permitted to approach the task as they pleased, and despite varying degrees 

of communication between each dyad, higher neural synchrony was 

measured in the interactive condition compared to the independent one. 

Even though it is reported that levels of neural synchrony are affected by the 

intensity and type of the interaction (Gvirts and Perlmutter 2020), our findings 

are also corroborated by investigations in both adult dyads and parent-child 

dyads with similar paradigms, demonstrating significant levels of neural 

synchrony when dyads interact in low demand contexts (Piazza et al. 2020, 

Nguyen et al. 2021). Quiñones-Camacho at el. showed similar levels of neural 

synchrony when parents and toddlers completed a goal-oriented task and an 

unstructured free play task (Quiñones-Camacho et al. 2020). Above chance-

level neural synchrony was also observed during face-to-face mother-child 
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and adult pair conversations (Jiang et al. 2012, Nguyen et al. 2021). A possible 

explanation of the presence of high neural synchrony in the absence of a 

complex, goal-oriented task is the setting of, and the interacting partners in, 

these low-demand interactions (Gvirts and Perlmutter 2020). Neural 

synchrony appears to be enhanced when partners are facing one another 

(Jiang et al. 2012, Jiang et al. 2017) and  are sharing gazes and smiles (Nguyen 

et al. 2020, Piazza et al. 2020). Additionally, neural synchrony is fostered when 

interacting with “familiar” and “significant” partners and when exhibiting joint 

attention to mutually important stimuli (Kinreich et al. 2017, Pan et al. 2017, 

Djalovski et al. 2021).  However, not all of these behaviours are required for 

neural synchronisation of individuals. For instance, it has been shown that 

neural synchrony can arise during verbal communication and joint computer 

games even if participants are unable to see each other (Ahn et al. 2018, 

Pérez et al. 2019). Conversely, it has been suggested that mutual eye gaze is a 

fundamental interactive stimulus that is associated with increased neural 

synchrony (Noah et al. 2020). Therefore, mechanisms that support neural 

synchrony appear complex and multifaceted. In this study, neural 

synchronisation was perhaps due to the fact that interacting partners were 

biological mothers and children who were able to exchange both verbal and 

non-verbal communication cues. It is possible that these factors 

“compensated” for the lack of a goal-oriented task and sustained face to face 

interaction. This finding is exceptionally important when considering its 

implications for examining neural synchrony in clinical populations with 

speech, communication, and behavioural disorders. Children with 
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communication problems are often unable to complete complex tasks that 

require verbal communication and/or sustained attention due to their poor 

language outcomes and behavioural difficulties that might stop them from 

completing (Wintgens 2013, Hollo and Chow 2015, Hage et al. 2021). 

Additionally, behavioural studies have highlighted time and time again that 

low quality parent-child interactions can have a negative impact on childhood 

development (Bornstein and Tamis-LeMonda 1989, Baumwell et al. 1997, 

Simpkins et al. 2006, Takeuchi et al. 2015, Justice et al. 2019, Scheiber et al. 

2022). As a result, parent-implemented therapies, that target parent-child 

interactions and train parents how to optimally interact with their children, 

have been shown to be highly effective (McConachie and Diggle 2007, Thomas 

et al. 2017, Rieth et al. 2018, Curtin et al. 2021, Koly et al. 2021, Lyons et al. 

2022, van Noorden et al. 2022). Deploying paradigms that would allow 

investigations into neural synchrony in these populations can offer valuable 

insights into the neural underpinnings of communication disorders as well as 

the mechanisms that drive the efficacy of parent implemented therapies. This 

could, in turn, help clinicians better evaluate the effects of their parent-

implemented therapies and use it to personalise goals to ensure better 

outcomes for the child. 

A secondary aim of this study was to explore the relationship between turn-

taking and neural synchrony. Previous studies have found a positive 

correlation between turns and neural synchrony in adult dyads (Wilson and 

Wilson 2005, Stephens et al. 2010, Hasson et al. 2012, Ahn et al. 2018, Pérez 

et al. 2019). Nyugen et al. also presented similar findings during conversations 
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between mothers and children (Nguyen et al. 2021). However, such a 

relationship was not identified in the current study.  One possible explanation 

might be the way turn taking was coded. In the present study, given the 

relatively young age of the participants, only relevant and alternating turns 

were included in the analysis as those would indicate more definitively that 

the participants - especially the children - were paying attention to one 

another. Another possible explanation for the lack of association between 

neural synchrony and turn taking may be the requirements of the task. The 

dyads were asked to ‘just play’, and direct communication between the pair 

was not required for successful completion of the task, therefore allowing less 

turns to be taken. Ergo, the activities the dyads have been asked to carry out 

could heavily affect the degree of correlation between neural synchrony and 

turn-taking.  

A further aim of this work was to examine whether personality traits of both 

the mother and the child influenced neural synchrony. Previous studies have 

reported that emotional regulation as well as child temperament can affect 

neural and behavioural synchrony between parent child dyads (Azhari et al. 

2019, Santamaria et al. 2020, Hoyniak et al. 2021, Quiñones-Camacho et al. 

2021). In this study we observed that child surgency was negatively correlated 

to neural synchrony. Surgency characterises individuals that are cheerful, 

responsive, and impulsive (Putnam et al. 2001, Oldehinkel et al. 2004). 

Surgency in children can support relationships with their peers and help 

children to be socially competent (Putnam and Stifter 2005, Rimm-Kaufman 

and Kagan 2005). However, behavioural studies also suggest that surgency 
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can be maladaptive, leading to higher levels of externalising behavioural 

problems such as aggression (Gunnar et al. 2003, Berdan et al. 2008, Stifter et 

al. 2008). Additionally, children with high levels of surgency might employ 

distraction/self-soothing behaviours, which in some contexts might be 

advantageous (for example when an outcome is delayed) but problematic 

when faced with goal-oriented situations (Dollar and Stifter 2012). Since 

interpersonal synchrony requires mutual attentiveness, it is possible that high 

levels of activity and spontaneity can make a child more distracted by their 

environment and hinder their ability for neural synchrony with their parent.  

We did not find any evidence that suggested that maternal emotional 

regulation and the other child temperament dimensions (i.e., effortful control 

and negative affect) were related to neural synchrony. In contrast, Reindl et 

al. reported a positive relationship between parent and child emotional 

regulation to their neural synchrony during collaboration, and Azhari et al 

found that maternal stress levels were negatively correlated with mother-

child neural synchrony  when the pairs watched a movie (Reindl et al. 2018, 

Azhari et al. 2019).In our study we did not measure maternal stress so we 

cannot speculate on how it might associate with our neural synchrony 

measurements. We might not have been able to detect an association 

between maternal emotional regulation and neural synchrony due to our 

small sample size.  Additionally, Reindl and colleagues deployed a paradigm 

with higher-demands i.e., cooperative computer game which might have 

resulted in a higher degree of neural synchrony compared to our lower-

demands interactive free play paradigm. That might have also accounted for 
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the lack of association between maternal factors and neural synchrony in our 

study. 

Limitations 

Our study had a few limitations. To begin with, participant recruitment was 

performed during the summer of 2021 amidst the ongoing Covid-19 

pandemic, which led to our relatively small sample size. Even so, despite the 

relatively small sample size of 12 dyads, the study accomplished its aim of 

exploring the feasibility of measuring the relationship between neural 

synchrony and turn taking using a free play paradigm. Furthermore, the data 

from the dyads were analysed at group level and some research suggests that 

small sample size matters more for the analyses of individual differences than 

for the group analyses (Lakens and Evers 2014). It's important to note that 

when analysing the fNIRS data, given the emerging nature of the field, we 

drew from both prior research and exploratory pilot studies conducted by our 

team. As a result, we chose to extrapolate the PTE signal within the frequency 

range of 0.05-0.2Hz and set the time delay between brain signals at 4 seconds. 

It's highly probable that if a different frequency range had been chosen, it 

would have impacted the duration of the time delay, as this delay is 

dependent on the length of the frequency cycle (Fraschini 2017). Therefore, in 

future investigations, researchers should carefully examine their data to 

determine the most suitable frequency range and subsequently establish the 

most appropriate time delay. Additionally, it is well documented in 

behavioural investigations of synchrony and parent-child interactions that the 
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nature of the parent-child relationship evolves as the child grows up (Farran 

and Kasari 1990, Davis et al. 2018), thus longitudinal studies would be 

valuable in understanding how neural synchrony changes over a child’s 

development. Thirdly, it is well documented that mutual eye gaze promotes 

interpersonal and inter-brain synchronisation (Hirsch et al. 2017, Dravida et al. 

2020), Kelley et al. 2020, Noah et al. 2020). However, our video recording 

setup did not allow us to perform analysis on non-verbal behavioural cues 

such mutual eye gaze that could have offered additional information on the 

factors influencing neural synchrony. For that reason, in subsequent studies, 

we will employ eye tracking glasses that continue to allow for naturalistic 

experimental set ups but also capture eye gaze data (Nivetha Saravanan In 

Preperation). Furthermore, it's important to note that in our current study, 

we used the basic turn-taking metric to assess conversational patterns. 

However, future research endeavours could consider incorporating more 

comprehensive analyses to gain a deeper insight into the relationship 

between verbal communication patterns and patterns of neural synchrony. 

These additional analyses might encompass factors such as the total time 

each participant spends speaking, the number of utterances made by each 

speaker, and the relevance of responses (e.g., whether the speaker addresses 

the same thematic content as the previous speaker). Lastly, fNIRS has poor 

depth penetration that does not allow imaging of subcortical regions(Fukui et 

al. 2003)., Our fNIRS machines are wired and so they require participants to 

stay in one place. Truer naturalistic play may be recorded via the use of 
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wireless fNIRS set ups that do not have such strict restriction on movement 

around a room.   

6.5 Summary 

This study investigated examined neural synchrony between mother-child 

dyads in a low-demand free play paradigm. We found neural synchrony 

significantly increased while the pairs played together compared to when 

playing separately. These findings provide valuable evidence of neural 

synchrony in naturalistic interactions. The observed link between neural 

synchrony and child surgency suggests that the child’s ability to engage with 

their parent is fundamental to the quality of parent child-interactions. Given 

the importance of mother-child interactions in childhood development, the 

findings of this study can form the foundations for future investigations of the 

neural underpinnings of parent-implemented therapies as well as neural 

synchrony in pre-lingual children and/or children with communication needs.  
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7 Opinions of clinicians and parents 

This chapter has been adapted from: 
 
Papoutselou, E., Harrison, S., Wiggins, I.  and Hartley, D.,  
under review. Clinicians’ and parents’ opinions of an objective  
measure of speech understanding for use in paediatric cochlear implant  
settings. Manuscript submitted for publication April 2023, International 
Journal of Language & Communication Disorders 
 
Author contributions: EP and DH conceived and designed the study, EP 
collected the data, EP and SH performed the analysis, EP wrote the paper, SH, 
IW and DH revised the paper. 
 

7.1 Chapter Overview 

This chapter details the results of a qualitative survey of parents of children 

with DLD and clinicians working with children with DLD. The survey was 

conducted in the summer of 2020. Parents and clinicians were asked to 

provide their opinions on a neuroimaging-based tool for the diagnosis and 

monitoring of interventions for DLD. More specifically, given the variability in 

managing DLD, clinicians discussed the clinical pathways they currently use for 

the diagnosis and intervention of DLD. Parents and clinicians commented on 

the ideal age for the identification of DLD and the factors that would influence 

them when considering whether to support a neuroimaging tool for DLD. 

Lastly, given that parents would be the ones consenting on behalf of their 

child for any assessment to be done, they were asked how they would want a 

neuroimaging tool to be used for the diagnosis of DLD and the monitoring of 

interventions. 
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7.2 Methods 

7.2.1 Participants 

Forty-four parents of children with DLD (5 male) and forty-three clinicians 

working with children with DLD (1 male) completed a parental and clinician’s 

survey, respectively. All participants were older than 18 years old. Detailed 

characteristics of both groups are presented in the Results section.  

Both surveys were available online and the survey links were advertised 

through social media. The parental survey was also promoted by charity 

organisations working with children with DLD and their families such as 

“Afasic -Voice for Life”, “I CAN” and “The Children's Communication Charity”. 

The clinicians’ survey was also shared with DLD professionals by the 

Association of Speech and Language Therapists in Independent Practice and 

the Royal College of Speech and Language Therapists. 

Each participant gave informed consent prior to completing the survey. The 

study was approved by the University of Nottingham Faculty of Medicine and 

Health Sciences Research Ethics Committee (ref no: 37-0620). 

7.2.2 Measures and Procedure 

The surveys were hosted using the JISC platform and consisted of multiple-

choice questions and free text questions. Questions for the clinicians’ survey 

were developed in collaboration with professionals with paediatric and 

communication disorder experience. The advice of parents with children with 

speech and language difficulties was also sought when developing the 

parents’ questionnaire. The surveys were also reviewed by the Biomedical 
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Research Centre Hearing Sciences Patient and Public Involvement Steering 

Group. 

Both surveys included four basic demographic questions (age, gender, 

education level, employment). Parents were asked questions with regards to 

their child with DLD (age of child, age of DLD diagnosis etc) whereas clinicians 

were asked about their professional experience with DLD (years of 

experience, diagnostic and intervention pathways). In the core part of the 

surveys both groups were given a detailed explanation of how a neuroimaging 

tool like fNIRS might be used for diagnosis and monitoring of DLD. 

Subsequently, they were asked to comment on the suitability, acceptability, 

and potential benefits and/or disadvantages of such a tool. All questions were 

required to ensure participant compliance except for an optional question at 

the end where participants could express any other thoughts/comments or 

feedback. The option “Prefer not to say” was offered in the multiple-choice 

demographic questions. The full surveys can be found in the Appendix section 

9.4. 

7.2.3 Data analysis 

7.2.3.1 Quantitative 

Descriptive statistics were used to present the key sample characteristics. 

Frequencies and percentages were calculated for categorical variables and 

means, and their standard deviations were used for continuous variables. 

Results were presented in bar charts using the statistical software SPSS v.27 

(Corp 2020). 
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7.2.3.2 Qualitative Data 

Answers to open ended questions were analysed on NVivo 11/12 (QSR 

International Pty Ltd., 2015) using an inductive thematic analysis approach 

and the formal steps of thematic analysis (Braun and Clarke 2006) were 

followed as described below. Two independent researchers (EP and SH) 

examined the raw data extensively to familiarise themselves with its contents 

and categorise it into thematic codes. Coding was compared and any 

discrepancies were discussed until an agreement was reached between the 

two raters.  

7.3 Results 

7.3.1 Demographics & DLD experience 

Forty-three clinicians (mean age: 42.35, SD= 10.45) completed the survey out 

of which only one was male (2.3%). All responders were Speech and Language 

Therapists (SLTs) who had either a Bachelor’s (48.8%) or a master’s degree 

(51.2%) and had on average 15.45 years (SD=8.88) of experience working with 

children with DLD. 

Forty-four parents (mean age=39.98, SD=7.42) filled in the survey. Five had 

completed up to secondary education (11.4%), ten had completed further 

education (22.7%), fourteen had received a bachelor’s degree (31.8%), 

thirteen a master's degree (29.6%), and two had received a Doctorate (4.5%). 

The average age of their children, at the time the survey was taken, was 8.95 

(SD = 4.41) and the mean age of their child’s DLD diagnosis was 6.14 years (SD 

= 3.65). The children received a diagnosis on average 3.30 years (SD = 3.71) 
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after the parents had initially sought help for their child’s speech and 

language concerns. It is noteworthy that the time from referral to diagnosis 

was highly variable and ranged between 0 months to 14.33 years. 

7.3.2 Current Clinical Pathways 

Clinicians were asked to describe the clinical pathway that a child might follow 

once they are identified as potentially having DLD. Clinicians discussed the 

diagnostic process, the available interventions, and the monitoring of the 

child’s progress. The themes that emerged from their responses were 

diagnosis, rehabilitation and change of strategy. These are elaborated upon in 

the following paragraphs. 

7.3.2.1 Diagnosis 

Clinicians described the process they would follow to diagnose a child as 

having DLD. Within this theme, they highlighted that the diagnosis for DLD is 

given over time and relies on monitoring the progress of the child.  The 

following subthemes emerged: Case history and Assessments.   

7.3.2.2 Case history 

First, SLTs said that they would collect a child’s case history, including 

information from the child’s schools, their parents and other professionals 

involved in the child’s care: 

“Discussion with teaching and support staff as well as SENDCo, 

examination of school work, discussion with any other professionals 

involved” PT1: Female SLT, 41 yo 
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7.3.2.3 Assessment 

Responders described the types of assessments they would use to provide a 

diagnosis of DLD. These included standardised formal assessments (e.g., CELF-

5) and clinical observations either at a home or during school visits. Some SLTs 

evaluated the impact of the deficiency on a child’s everyday life when 

considering whether the child had DLD. They also relied on their previous 

clinical experience and informal assessments: 

“The main thing I would be looking at are functional impact of 

language disorder.” PT28: Female SLT, 36 yo 

“We might go and observe the child in school.” PT20: Female SLT, 30 yo 

Clinicians highlighted that sometimes when using the currently available 

assessments they might not be able to give a definitive diagnosis of DLD, in 

which case they would consider a differential diagnosis while monitoring the 

child’s progress. However, others stressed that a lack of a DLD diagnosis can 

limit the support children can access at school: 

“The lack of reliable standardised assessment could jeopardise a child’s 

access to a language class as there are some strict cut off points for 

standardised scores as part of the application criteria”. PT36: Female 

SLT, 52 yo 

7.3.2.4 Rehabilitation 

Clinicians said that children with DLD could receive, as part of their 

rehabilitation, SLT therapy, home plans and/or support at school. They 

mentioned that children would be offered blocks of individual therapy with an 
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SLT, but they stressed that this type of support is usually time restricted due 

to limited funding and capacity within the healthcare services. 

Children might also receive therapy at school. The SLT services would design a 

programme based on the child’s individual needs and train the school staff to 

deliver it. In some cases, if the school could “buy” SLT time, the therapists 

might deliver the intervention directly. However, that type of support is only 

available during term time and cannot be offered to students unless they have 

an education, health and care plan (EHCP) in place which usually requires an 

official diagnosis. For children younger than school age, the SLTs would 

provide treatment plans to be delivered by the parents at home: 

“Very little direct language therapy done by SLTs. Delivered by school 

staff.” PT18: Female SLT, 44 yo 

“If under the age of 4 this may be parent training”. PT37: Female SLT, 

47 yo 

“1:1 blocks of intervention that are time limited from SALT or SALT 

assistant”. PT19: Female SLT, 33 yo 

“From KS2 onward students do not receive speech and language 

therapy unless they have an EHCP”. PT30: Female SLT, 32 yo 

7.3.2.5 Change strategies 

Clinicians discussed the different strategies they would use if there was 

uncertainty regarding the diagnosis or a treatment plan or if they needed to 

make changes to the diagnosis or the intervention a child was receiving. 
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Within this theme, clinicians highlighted that they would put in place a period 

of monitoring so that they could continue reassessing the progress and needs 

of the child.  

“Continue assessment and observation with a view to establish nature 

of language disorder.” PT09: Female SLT, 53 yo 

Three subthemes emerge: 

7.3.2.5.1 Referrals/Second opinion 

In this subtheme, participants explained that they would potentially seek out 

a second opinion from other colleagues and/or refer the children to other 

services. As a result, they hoped that they would be able to better understand 

the child’s deficiencies in order to offer more appropriate support and to 

investigate whether a differential diagnosis might be needed: 

“A second opinion may also be sought from a specialist speech and 

language therapist”. PT30: Female SLT, 32 yo 

7.3.2.5.2 More support 

If a child was not making the expected progress under their care plan, many 

clinicians would take steps to increase the level of support the child was 

receiving either by offering extra therapy sessions or by liaising with the 

child’s school: 

“Increased therapy sessions, further investigation into possible 

underlying barriers (e.g., a processing disorder).  Advise parents on 

statutory assessment with a view to potential EHCP with increased 
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support in mainstream school or possible specialist school setting then 

being considered.” PT41: Female SLT, 47 yo 

7.3.2.5.3 Less support 

However, others explained that, in their setting, if a child was not progressing 

as expected that might lead to them receiving a lower level of support and 

potentially being discharged: 

“They would move to a lower level of intervention”. PT06: Female SLT, 

47 yo 

“Child likely to have episode closed until school or parent re contact”. 

PT19: Female SLT, 33 yo 

7.3.3 When would it be beneficial for parents and clinicians to know whether 

a child has DLD? 

One benefit of a neuroimaging tool would be its ability to help provide a DLD 

diagnosis earlier that it is currently possible, thus, to begin with parents and 

clinicians were asked to comment on the ideal age for the diagnosis of DLD. 
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Both groups agreed that it would be beneficial to be able to identify DLD in 

prelingual children; 81.8% of parents (36 responders) and 86% of clinicians (37 

responders) (figure 7.1).  

Most parents would like a diagnosis as early as possible with 79.6% (35 

responders) wanting to know by the time their child was 3 years old (43.2% 

between 0 and 18 months and 36.4% between 18 and 36 months old). 

However, 20.5% of parents thought a diagnosis of DLD would be beneficial 

when their child was 3 to 5 years old (figure 7.2). 

Figure 7.1 Bar chart representing parents’ (blue) and clinicians’ (pink) responses 
to whether it would be beneficial to know whether a child was likely to have DLD 
before they were old enough to demonstrate their language abilities 
behaviourally. Y-axis represents percent of responses. 
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 Clinicians in general were more conservative with 44.2% considering the ideal 

age for diagnosis between 3-5 years old. 16.3% of clinicians thought children 

should be diagnosed with DLD between 0 to 18 months old, 30.2% between 

the ages between 18 and 36 months old and 2.3% between 5 and 6 years old 

(figure 7.2). 

When analysing participants’ explanations regarding their ideal age of 

diagnosis, the following themes emerged: Future outcomes, Feeling prepared, 

Parental engagement, Effectiveness of intervention, and Accuracy. 

7.3.3.1 Future Outcomes 

Many responders, particularly parents, cited that the clinical diagnosis of DLD 

opens access to therapeutic interventions and, consequently, better 

outcomes for their children. Thus, many believed that an earlier diagnosis 

Figure 7.2 Bar chart representing parents’ (blue) and clinicians’ (pink) responses 
to the question “At what stage of a child’s development would it be most 
beneficial to you, as a parent, to know whether your child has DLD?”. Y-axis 
represents percent of responses. 
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than is currently possible may reduce the negative impact of DLD on a child’s 

language and socio-behavioural development: 

“This would allow us to implement the necessary advice /support at an 

earlier stage before their DLD becomes more severe and (hopefully) 

reduce the impact on child's academic attainment, mental health and 

social communication/interaction.” PT02: Female SLT, 32 yo 

“Early identification and treatment is key and the window for early 

intervention is small. Support for language development is not harmful 

so risk is minimal.” PT01: Female SLT, 41 yo 

 

However, some participants in the clinicians group felt that depending on how 

the tool was used to provide a diagnosis for prelingual children, it might have 

the opposite effect with some children receiving less support: 

“The cut-off points are likely to be controversial and may lead to 

inequalities of access to services.” PT33: Female SLT, 52  yo 

7.3.3.2 Feeling prepared 

Both clinicians and parents felt that a diagnosis would help them prepare 

themselves on how to help the child. They argued that an earlier diagnosis 

may provide them with more time to find appropriate resources and support: 

“Had I had known that he was 'high risk' of having it I could have put 

things into place and educated myself”. PT20: Female Parent, 40 yo 

 

“If there was a non-invasive test that could be run even earlier, e.g., 1-
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2 years it would give huge insight for us professionally but also allow us 

to give more tailored support to both children and families.” PT28: 

Female SLT, 36 yo 

7.3.3.3 Parental engagement 

Clinicians believed that an earlier diagnosis would allow them to engage with 

the parents and, vice versa, parents felt that an early diagnosis would 

facilitate their interactions with clinicians to benefit their child’s care:  

“We will be able to provide needed medical attention”. PT15: Female 

Parent, 41 yo 

“It would be helpful to convince parents of the importance of learning 

to sign to support comprehension, for example. They might engage 

more if we could say that we know their child will have persisting 

difficulties with language.” PT25: Female SLT, 53 yo 

However, others thought that a diagnosis before the language deficiencies 

had a functional impact on the child’s day-to-day life might have a negative 

impact on parents and clinicians: 

“I think as parents we can worry too much, and children develop in 

different ways and times. It would have been helpful to have it 

identified before his current age though.” PT44: Female Parent, 41 yo 

 

“I think that, before the age of 18 months (or possibly even later), it 

would be difficult for a parent to really understand DLD and it's (sic) 

implications.” PT30: Female SLT, 32 yo 
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7.3.3.4 Effectiveness of Intervention 

Participants commented that the ideal age for DLD diagnosis would depend 

on the existing treatment options. Many believed that the available treatment 

plans are targeted towards older children. Thus, an earlier diagnosis would 

not have a significant impact, since the current interventions might not be 

effective before a certain age: 

“Strategies would be pretty much the same I think and there's no extra 

support for a child with DLD that I know of.” PT07: Female Parent, 37 

yo 

7.3.3.5 Accuracy  

Participants argued that in some cases a language delay might be resolved as 

a child grows older. Thus, they were concerned that if diagnostic tools were 

used too early, they might not be able to provide an accurate diagnosis and 

differentiate between “late talkers” and those with DLD. 

“May be easier at this age (5 years old) to differentiate between those 

will delay who will improve and those who will go on to meet the 

criteria for DLD.” PT19: Female SLT, 33 yo 

However, some parents would welcome a tool that could provide an early and 

accurate diagnosis to avoid the “wait and see” advice from professionals: 

 

“I had never heard of this I knew obviously of speech issues, but I feel 

we failed him and could have done something sooner, it was always a 

case of. Oh I didn't talk till I was twenty and I'm now a neuro surgeon.” 
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PT22: Female Parent, 38 yo 

 

7.3.4 What factors would influence parents and clinicians to support a 

neuroimaging tool for DLD? 

Clinicians and parents were further asked with free text questions to describe 

the factors that would influence them to adopt and accept a neuroimaging 

tool as part of the diagnostic and monitoring pathway for DLD. The following 

themes emerged: Consequences of result, Practical Considerations, Tool 

metrics. 

7.3.5 Consequences of result 

When discussing the adoption of a new tool, clinicians and parents considered 

the consequences of the test results for access to treatment and further 

support. 

Some participants highlighted that a neuroimaging tool might be helpful but 

were concerned with the access to support after the test results:  

“Availability of remedial and preventative treatment soon after 

identification.” PT01: Female SLT, 41 yo 

“Transparency of the support that might be offered based on such 

monitoring tests”. PT26: Female Parent, 42 yo 

Parents, also, noted that the test results needed to be recognised by schools 

and funding bodies as that would affect the support that their child can 

access: 

“Whether the diagnosis was recognised by schools, helped schools get 
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funding to support my child etc.” PT07: Female Parent, 37 yo 

7.3.6 Practical considerations 

Participants in both groups identified a wide range of practical considerations 

that were subdivided in the following subthemes: Accessibility, Child comfort, 

Cost, Ease of use, Location, Support from parents and clinicians, Compatibility 

with other assessment, Service administering the test, Clarity/ Interpretation 

of result, Time and Safety. 

7.3.6.1 Accessibility 

Clinicians were concerned with how accessible a neuroimaging tool would be 

to the families. A main point being whether the tool would be appropriate for 

bilingual and families who have English as an additional language: 

“Language barriers – i.e., if parents are unable to access services in 

their own language – it’s hard for the NHS to adapt this to make it 

accessible.” PT13: Female SLT, 27 yo 

7.3.6.2 Child Comfort 

Participants also highlighted the importance of child comfort and non-

invasiveness of the equipment during testing: 

“From a service-user point of view it needs to be comfortable and not 

onerous”. PT33: Female SLT, 52 yo 

“If it would cause my child distress”. PT11: Female Parent, 46 yo 
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7.3.6.3 Cost 

Parents as well as independent and SLTs working within the NHS discussed 

cost as a factor that would influence their decision to adopt a new diagnostic 

tool: 

“I’d be open to all however cost could be an issue within NHS”. PT20: 

Female SLT, 30 yo 

“Expense I am an independent practitioner so I would not be able to 

afford a very expensive product”. PT37: Female SLT, 47 yo 

Clinicians also commented on the additional resources and training that might 

be required. They were concerned with the additional cost that would be 

accrued when required to re-train staff and purchase resources: 

“The time/expense of training could discourage managers”. PT34: 

Female SLT, 29 yo 

7.3.6.4 Ease of use 

Another practical concern that emerged particularly in the clinicians’ group 

was the need for a tool that would be easy to use and administer: 

“Ease of administration especially with younger children – (short 

attention span)”. PT36: Female SLT, 52 yo 

7.3.6.5 Location 

Participants in the parent group discussed the importance of the location of 

the testing. The distance they would have to travel to access the tool as well 
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as potentially being in an unfamiliar environment would influence their 

decision on whether to support its adoption: 

“Overly long distance to reach a clinic that utilizes the device”. PT36: 

Female Parent, 31 yo 

“It should be done in school/nursery where the child feels comfortable, 

and the parent is able to attend”. PT14: Female Parent, 31 yo 

7.3.6.6 Support from parents and clinicians 

Parents thought it was also important that any new tool should be 

recommended by clinicians and, respectively, clinicians believed that it was 

vital for parents to be supportive of any new test: 

“Discuss with parents”. PT21: Female SLT, 35 yo 

“Concerns raised from professionals”. PT06: Female Parent, 50 yo 

7.3.6.7 Compatibility with other assessments 

Both groups of participants agreed that an objective new tool should be used 

as an adjunctive tool rather than replacing existing measures. They thought 

subjective measures of the child’s behaviour and progress such as clinical 

observations and functional impact of DLD should remain in the roster of tools 

for the diagnosis and monitoring of DLD: 

“I am concerned that a monitoring tool might produce different results 

from what professionals and parents are seeing in their environment”. 

PT06: Female SLT, 47 yo 
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“As long as the tool is not used in isolation. I’d want it to be part of a 

wider assessment of progress”. PT07: Female Parent, 37 yo 

7.3.6.8 Service using the tool 

In this subtheme, clinicians and parents discussed the role and characteristics 

that the service using the tool should have. Both groups noted that the staff in 

the service should be qualified and experienced. There should also be a strong 

line of communication between the service, the parents and other health 

professionals involved in the child’s care: 

“Strong liaison between the testing team and SALT team”. PT28: 

Female SLT, 36 yo 

“A test done by someone with no experience”. PT32: Female Parent, 28 

yo 

7.3.6.9 Clarity/Interpretation of result 

Another important factor when considering the adoption of a new tool was 

how clear the results would be and how easy it would be to disseminate them 

to others: 

“If the results were difficult for parents and non-specialist colleagues to 

understand”. PT32: Female SLT, 54 yo 

“I would need to be absolutely clear what the results would show”. 

PT25: Female SLT, 53 yo 
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7.3.6.10 Time 

Within the time theme, responders discussed the importance of length of 

testing and length of waiting period for results. 

They highlighted the need for a tool that would not require a lengthy testing 

paradigm and/or additional appointments as that would not only be 

uncomfortable for the child but it would also take up a considerable amount 

of clinician’s time: 

“Additional examinations can be very tiring for our kids as they work 

hard to try and get through everyday tasks that are simple and come 

natural to us but not to them”. PT24: Female Parent, 37 yo 

“If it was quicker than doing other review assessments”. PT34: Female 

SLT, 29 yo 

Additionally, parents and clinicians wanted the results of the new testing tool 

to be readily available so that they could offer the best possible support as 

soon as they could: 

“Shorter time to diagnosis than is currently available”. PT03: Male 

Parent, 38 yo 

7.3.6.11 Safety 

Parents were concerned about the safety of any new tool and would want to 

know any side effects associated with it: 

“Knowing the test was safe”. PT42: Female Parent, 31 yo 
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7.3.7 Tool Metrics 

Participants in both groups highlighted the importance of certain metric 

characteristics the tool should have before they could support its 

implementation. Within this theme three subthemes emerged: Accuracy, 

Evidence-based and Effectiveness. 

7.3.7.1 Accuracy 

To begin with, participants wanted a diagnosis and monitoring tool for DLD to 

be accurate and reliable. Additionally, they would prefer a tool that can 

provide them with information on the severity and type of a child’s DLD, as 

well as their future outcomes, since that would influence the necessary 

intervention. Lastly it would be important for any tool to be accurate for 

children with a more complex clinical picture such as children with genetic 

conditions and/or children with complex needs. 

“Accuracy of findings, leading to targeted support leading to improved 

outcomes”. PT02: Female Parent, 38 yo 

“Accuracy in terms of measuring outcome based on baseline and retest 

linked to interventions”. PT08: Female SLT, 52 yo 

7.3.7.2 Evidence based 

Similarly, responders in both groups described the need for sufficient 

scientific evidence for the tool: 

“If there was a strong evidence base… the tool would be more likely to 

be funded”. PT34: Female SLT, 29 yo 
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7.3.7.3 Effectiveness 

Parents and clinicians reported that any new tool would have to be effective. 

It would need to provide meaningful information, an accurate diagnosis and 

the ability to monitor progress: 

“It actually does what it says it does”. PT01: Female SLT, 41 yo 

“Proven effectiveness”. PT28: Female SLT, 36 yo 

7.3.8 How would parents want a neuroimaging tool to be used for the 

diagnosis of DLD and the monitoring of interventions? 

Children with DLD would be the end users of a potential neuroimaging tool 

and their parents would be the ones who would provide consent for the 

procedure. Thus, it was important to explore whether it was acceptable to 

parents for the tool to be used to alter the care their child received, even if it 

was part of the clinical pathway. Thus, parents were presented with four 

different circumstances where the neuroimaging tool could be used and were 

asked to discuss their opinions. 

Quantitative data showed that the 100% parents would support a change in 

their child’s care plan if a neuroimaging tool identified them as having DLD, 

but that percentage dropped to 81.8% if the tool identified their child as not 

having DLD (figure 7.3).  
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Similarly, most parents would be happy for their child’s care plan to be 

changed if a neuroimaging tool indicated that their current treatment was 

wasn’t effective (97.7%). However, that percent also dropped (79.5%) when 

parents were asked if they would consent to changes in a care plan that was 

shown to be effective by the neuroimaging tool, but not behaviourally (i.e., in 

the child’s day to day life) (figure 7.3). 

Analysis of the qualitative data where parents explained their reasoning led to 

the following themes.  

7.3.8.1 Doing what’s best for the child 

To begin with responders highlighted that they would support any diagnosis, 

treatment plan or change to those because they want to help their child in 

any way possible. Quotes in this theme can be summarised by the following 

comment: 

Figure 7.3 Bar charts representing parents’ responses to four different scenarios 
where the neuroimaging-based tool could be used to guide clinical decisions. A) If a 
diagnostic test, such as the one described above, identified your child as likely to 
have DLD, would you be happy for their care plan in clinic to be altered accordingly? 
B) If a diagnostic test, such as the one described above, identified your child as likely 
to NOT have DLD, would you be happy for their care plan in clinic to be altered 
accordingly? C) If a monitoring test, such as the one described above, identified that 
your child’s treatment plan is not effective, would you be happy for their care plan in 
clinic to be altered accordingly? D) If a monitoring test, such as the one described 
above, identified that your child’s treatment plan is effective even though you might 
not be seeing results in the short-term, would you be happy for their care plan in 
clinic to remain the same? Y-axis represents percent of responses. 
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“Why wouldn’t I? I would want the best possible care for him”. PT16: 

Female Parent, 40 yo 

7.3.8.2 Access to support 

Parents discussed how a new tool would affect their ability to access support 

if the tool was used to provide or alter the child’s care plan.  

Some would welcome test results from a new tool as it could lead to early 

access to a more tailored and personalised care plan: 

“Providing the correct support early is vital to good outcomes”. PT23: 

Female Parent, 43 yo 

“I would be happy for her therapy/plan to contain whatever she 

needed in order to receive appropriate support”. PT33: Female Parent, 

42 yo 

Others, however, were concerned that they might be discharged from SLT 

services or be unable to access school-based interventions if they did not fit 

the specific criteria qualifying a child for an EHCP: 

“I would want my child to be considered on their needs irrespective of 

whether or not they fit criteria for a condition”. PT07: Female Parent, 

37 yo 

“I would be worried about them being discharged though”. PT09: 

Female Parent, 51 yo 
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7.3.8.3 Tool metrics 

Similarly, to when considering factors for the adoption of new tool in general, 

in this case participants also highlighted that in order for them to trust a new 

tool, it would need to satisfy certain tool metric standards. They strongly felt 

that the tool should be accurate and effective:  

“Yes, but for us parents it’s important that the test is accurate”. PT15: 

Female Parent, 41 yo 

“But with a review within a few months and proof it is working”. PT11: 

Female Parent, 46 yo 

7.3.8.4 Parental involvement 

Parents also highlighted that it was vital that any decisions regarding their 

child’s care plan were clearly communicated to them, and their consent was 

obtained: 

“With discussion including the parents”. PT41: Female Parent, 41 yo 

“It would be reassuring if that evidence was shared”. PT17: Female 

Parent, 42 yo 

7.3.8.5 Trust in clinicians 

In this theme, parents commented that they would trust a decision if it was 

recommended by their healthcare team: 

“You have to trust experts on this”. PT37: Female Parent, 40 yo 

“I cannot replace a professional”. PT23: Female Parent, 43 yo 
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7.3.8.6 Timelines for progress 

When considering monitoring interventions for DLD with a neuroimaging tool, 

parents discussed their opinions on the timeline on which progress should be 

monitored. 

Some parents explained that since DLD is a life-long condition, it is expected 

that sometimes a child’s progress will be slow. As a result, they would be 

willing to adhere to a treatment plan shown by the neuroimaging tool to be 

working even if the child was not showing progress in the short-term: 

“Given how long it takes for many therapies to actually work, I would 

be fine waiting longer if the data showed that it might be valuable.” 

PT03: Male Parent, 38 yo 

Other parents, however, believed that stricter timelines needed to be put in 

place when judging whether a treatment plan is working. As a result, they 

would be able to change strategies quickly if their current one was not 

effective. 

“I would support altering the plan with a measured time frame to 

assess the effectiveness of the changes made.” PT34: Female Parent, 

32 yo 

7.3.8.7 Raising awareness 

Lastly, some parents considered that if a new tool could offer additional 

information regarding the diagnosis of DLD and/or the monitoring of 

interventions that would be beneficial as it would help raise awareness for the 

disorder: 
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“Also, helping improve understanding of the condition in general is an 

added bonus.”  PT29: Female Parent, 39 yo 

7.4 Discussion 

The present study explored the views of parents and clinicians regarding the 

incorporation of a neuroimaging tool in the diagnostic and treatment 

pathways of children with DLD. There is a well-documented gap between 

scientific best practice approaches and actual clinical care  (Grol and Wensing 

2004, Ploeg et al. 2007, McArthur et al. 2021). One of the reasons is that 

research endeavours often attempt to change clinical practice or introduce 

new tools without taking into consideration the opinions and characteristics 

of the patients, their families and the professionals that care for them (Grol 

and Wensing 2004). Thus, in parallel to developing a new neuroimaging-based 

tool for DLD we explored clinicians’ and parents’ views in order to incorporate 

their feedback early on the research pathway. Our aim was to better 

understand the current clinical pathways, the ideal age for diagnosis of DLD, 

the factors that would influence parents and clinicians whether to support a 

new tool and lastly parental views on using new tools to alter their child’s care 

plan. 

Clinical Pathways 

Currently in the UK there is not a standardised pathway for the diagnosis and 

treatment of DLD. There are no published guidelines by the National Institute 

for Health and Care Excellence (NICE) for DLD (or language disorders in 

general). In comparison there are ten published guidelines on autism and 
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specifically there is guidance on recognition, referral diagnosis, support and 

management (NICE 2011). The 2017 DELPHI Consensus was instrumental on 

better defining DLD and thus helping develop some common criteria for the 

diagnosis of DLD (Bishop et al. 2016, Bishop et al. 2017) but the fact remains 

that there is a lot of heterogeneity in clinical settings that treat children with 

DLD. Thus, one of the first things we attempted to explore were the clinical 

pathways that were followed by the clinicians that took part in this study. 

Overall, the diagnostic approach of the clinicians in our sample was consistent 

and was comprised of considering the child’s case history from parents/ carers 

teachers and other professionals, observing the child either at school or at 

home and relying on standardised assessments of language. However, 

clinicians also highlighted the diagnostic process can be particularly lengthy. A 

child would be identified as being at risk of DLD but would continue to be 

monitored for a while before receiving a clinical diagnosis. The gap between 

referral and diagnosis was also reflected by the parents in our sample, who 

reported that it took, on average, 3 years to receive a diagnosis after they had 

identified a problem with their child’s language development and sought 

professional help. One possible explanation is the lack of tools that can 

discriminate between language difficulties that will resolve and those that will 

persist as a child grows up (Roos and Weismer 2008). Thus, clinicians can 

sometimes be reluctant to offer a diagnosis before the child has entered 

formal education, since by that age it is highly unlikely that the child will be 

able to overcome their language impairment without professional 

intervention.  Additionally, DLD is often manifested through complex 
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phenotypes. Many children present speech patterns that might resemble that 

of a younger child and/or might exhibit deficiencies in some but not all 

linguistic domains (Ellis Weismer 2013). As a result, clinicians would have to 

spend extensive periods of time with each child to untangle the child’s 

disorder and ensure that a diagnosis of DLD is appropriate. However, given 

the cost of speech and language therapy, the long waiting lists and the 

ongoing impact of the Covid-19 pandemic (Confederation 2022), services 

often cannot offer the support required to diagnose DLD in a timely manner. 

Introducing a neuroimaging-based tool in the diagnostic pathway for DLD 

could be instrumental in reducing the time between referral and diagnosis in a 

cost-effective manner, and perhaps help clinicians to assess children more 

reliably and earlier, compared with current practice. 

Clinicians also described the treatment pathways that they deploy in clinical 

settings. Depending on the child’s age and severity of the condition, three 

main routes are available: parent-implemented therapies, teacher-

implemented therapies or SLT-implemented therapies. In parent-

implemented therapies, the primary carer of a child is trained to support the 

child’s development and incorporate speech and language therapy techniques 

in the home environment under the guidance of an SLT (Tosh et al. 2017). 

Research has shown that these can be highly effective in promoting the child’s 

language, social and behavioural development (Tosh et al. 2017). Additionally, 

they can be help empower families and provide them with life-long tools and 

techniques (Tosh et al. 2017). However, from the responses in our sample, 

they didn’t appear to be routinely offered to children above the age of 5 years 
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old. That might be partially because, children spend a large part of their days 

at school after the age of 5.  

Teacher and SLT implemented therapies seemed to be the most offered types 

of interventions. However, many clinicians highlighted that there was great 

heterogeneity in the duration, frequency and setting that these were 

provided. Other than factors such as disorder severity, funding and SLT 

availability were described as major considerations when considering 

treatment plans. School-based SLT support requires the student to have an 

EHCP plan as well as sufficient school funding to contract an SLT. Direct SLT 

therapy can be provided via the NHS or via independent practitioners. NHS 

SLT services, due to large waiting lists, often prioritise cases based on need 

and even then, are unable to offer long term support. Independent services, 

even though they might have more availability, can be quite expensive. As a 

result, access to suitable treatment plans resembles a “postcode lottery” as 

often deprived areas have less well-funded schools and more overburdened 

NHS service leading to children being unable to receive support (Longfield 

2019).  

Lastly, in this theme clinicians discussed the different routes to changing a 

child’s care plan. Many mentioned that if it appeared that the child’s diagnosis 

or their treatment plan appeared to not suit the needs of the child, they 

would seek out a second opinion from another SLT or service. They also said 

that, if possible, they would try to offer more support to the child by 

retraining school staff and increasing the number and frequency of SLT 
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appointments. However, if it was not possible to offer more support or it was 

deemed that more support would not make a functional impact to the child’s 

language outcomes clinicians would reduce the support they would offer and 

potentially discharge the child from services.  

Based on clinicians’ accounts of the typical diagnostic and treatment 

pathways that they implement in their settings, introducing a neuroimaging-

based tool could be instrumental. Access to an objective tool that would be 

relatively cost effective could help address some of the barriers that clinicians 

are now facing when treating children with DLD. Importantly, such a tool 

could enable clinicians to provide a DLD diagnosis quicker, thus ensuring 

better allocation of resources and earlier access to support. 

Identification Age 

Currently DLD can be reliably diagnosed in children older than 5 years old 

(Sansavini et al. 2021). In this survey parents and clinicians were asked to 

comment on which age they considered ideal for DLD identification. Most 

participants in both groups would like to be able to identify a child with DLD 

before the age of 5. Parents advocated for the need to be able to diagnose 

DLD as early as possible and particularly by three years old. They explained 

that earlier identification could lead to earlier access to interventions and thus 

better future outcomes for the child. Investigations have shown that early 

interventions can be particularly effective for language development in 

children with language deficiencies (Kruythoff‐Broekman et al. 2019, Rinaldi 

et al. 2021).  
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Additionally, both groups believed that earlier diagnosis would allow parents 

to better prepare themselves by researching the condition and creating a 

support system. This, in turn, would also allow them to be more involved in 

their child’s care at critical stages for language development. Clinicians would 

be able to start allocating resources and monitoring the child’s development 

early on.  

Lastly, both sets of participants highlighted two important contingencies 

against early DLD identification. Firstly, most current interventions are 

designed and delivered to children above the age of 5, thus identifying DLD 

earlier would be futile since no treatment could be offered at that stage. 

However, as discussed earlier there is a wealth of evidence showing the 

benefits of parent-implemented therapies for language development (Roberts 

and Kaiser 2011, Levickis et al. 2014, Heidlage et al. 2020, Suttora et al. 2021). 

These treatments can be administered from infancy and can be highly 

adaptable to the child’s need as they grow up  (Roberts and Kaiser 2011, 

Levickis et al. 2014, Heidlage et al. 2020, Suttora et al. 2021). Secondly, 

clinicians and parents were concerned about the diagnosis’s accuracy given 

that some toddlers with language delay tend to catch up to their peers. 

Evidence suggests that there are certain risk factors that indicate persistent 

language deficiencies that are less likely to resolve with age (Sansavini et al. 

2021). However, in the absence of these factors it is currently impossible to 

predict future outcomes for children with early language delay. Consequently, 

clinicians have been reluctant to diagnose DLD to avoid causing unnecessary 
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parental anxiety, but also to preserve resources for children with more severe 

(and verified) needs.  

Overall, parents and clinicians agreed that it would be desirable to be able to 

identify and diagnose DLD earlier than it is currently possible, demonstrating 

the need for a tool capable of delivering that. FNIRS could be ideal since it has 

been reliably used with children as young as infants to locate areas in the 

brain that process language and communication (Gervain 2014). Additionally, 

fNIRS could be used in adjunction to existing tools to monitor and adjust 

parent-implemented therapies.   

Ideal characteristics of the neuroimaging-based tool 

When considering the factors that would influence parents and clinicians to 

support a neuroimaging-based tool for DLD there were both overlaps as well 

as discrepancies. Both groups were concerned about how the findings of such 

tool would impact on the care a child receives. Specifically, parents would 

want to be sure that implementing a new tool would provide them with 

access to more support. Both groups highlighted that any new tool needs to 

satisfy certain practical conditions before they would feel confident endorsing 

it. Responders also commented that the tool would have to be comfortable 

for the child. Parents and clinicians would need to be reassured that any new 

assessment would be provided by a reliable service in adjunction to already 

validated measures for DLD. Furthermore, they stressed that parental input 

should be sought before using any tool. They also discussed the importance of 

the location where the test is carried out and the duration of the testing 
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paradigm. Regarding the test results, it would be important that they are easy 

to interpret and would not take long to acquire. Clinicians were particularly 

interested in a tool that would be cost effective and easy to use in a clinical 

setting. They also highlighted the importance of ensuring that the tool would 

be accessible to families with additional needs and families who had English 

as a second language. Currently the Royal College of Speech and Language 

Therapists recommends that all assessments must be carried out in all 

languages spoken by the child. However, they highlight that standardised 

assessments cannot adequately diagnose language difficulties in children with 

English as their second language and should thus be avoided. Thus, clinicians 

currently rely on informal assessments to assess a bilingual child’s language 

skills (Stow and Pert, 2014). Parents stressed that the tool would have to be 

safe and non-invasive.  

Lastly, parents and clinicians expressed that any new tool would have to be 

highly accurate, effective and evidence based. Given the barriers mentioned 

above with regards to limited resources, gaps between referral and diagnosis 

and wide variety of interventions, parents and clinicians would only endorse a 

tool that would be reliable and validated to ensure they do not add further 

burden to the children, their families or SLT services.  

fNIRS is already used in clinical settings monitor overall brain state in intensive 

care patients (Gumulak et al. 2017).  Currently, future applications are being 

developed for its clinical use in a wide range of conditions such as Alzheimer’s 

disease, schizophrenia, epilepsy and post-neurosurgery assessments (Rahman 
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et al. 2020). As a clinical tool it already has many of the characteristics that 

parents and clinicians consider necessary. For instance, it is lightweight 

ensuring patient comfort, it is portable meaning that it can be implemented in 

any setting including the child’s home or school (Chen et al. 2020, Rahman et 

al. 2020). It is also relatively cheap compared to other neuroimaging 

modalities and non-invasive (Chen et al. 2020, Rahman et al. 2020). 

Additionally, brain recordings can be acquired whilst the child is resting or 

completing a relatively simple task such as attempting to repeat sentences 

(Gallagher et al. 2012). As a result, the testing process can be non-demanding 

allowing it to be administered to children with complex needs and/or 

multilingual children. However, it is worth noting that more research needs to 

be conducted to determine the ideal task that would allow us to measure 

brain activity specific to children with DLD in order to provide an accurate 

diagnosis. Additionally, we need to work with clinical teams to ensure that any 

testing procedures that are developed utilising the neuroimaging tool are easy 

to implement. It would also be valuable to validate any test results acquired 

by the tool against current behavioural measures of language processing in 

children with DLD. 

Changing the care plan 

The last set of questions in the parental survey explored whether parents 

would be happy for their child’s care plan to be changed if a neuroimaging 

tool was used to guide clinical decisions. Quantitative data showed that most 

parents would be in favour of changes in all cases. However, parents were 
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slightly more reluctant to accept changes if it meant that their child would 

“lose” their DLD diagnosis or that their child would remain on a treatment 

plan that was deemed effective based on the neuroimaging results but there 

were no immediate improvements in their day-to -day language performance. 

Further analysis of the qualitative data indicated that most parents would 

support any changes because ultimately, they wanted the best possible 

outcomes for their children. Parents also shared the sentiment that DLD is 

life-long condition and accepted that it would take trial and error to refine an 

effective treatment plan for their child. Additionally, parents expressed that 

they would trust the clinical team caring for their child, thus if the SLTs 

recommended any changes, they would be supportive. Lastly, some parents 

believed that employing new tools that would offer more information with 

regards to DLD would not only help their child but would also be 

consequential for raising more awareness of the condition in the long-term. 

This is a particularly important given that DLD is a relatively under researched 

disorder (Bishop 2010, McGregor 2020). Thus, it can be argued that 

investigating the neural basis of DLD could spark an interest in the condition 

that would lead to more visibility as well as funding for future research.  

However, a lot of parents echoed their responses from previous questions 

that any new tool would need to satisfy certain conditions before it was used 

to affect their child’s care plan. For instance, they repeated that the tool must 

be accurate, effective and evidence based. Another point that was raised was 

the consequences of the test results for access to support. Many would 

endorse changes to their child’s care plan only if those led to more support 
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and/or more targeted interventions. Indeed, parents were concerned that if a 

new tool deemed the care plan as ineffective that could result in their child 

receiving less speech and language therapy and/or being discharged from the 

services. 

Limitations 

Participants in the clinicians’ group had a wide range of years of experience 

with DLD and were occupied in both NHS as well as the private sector thus 

providing a wide range of views. However, all participants were SLTs and, 

even though they are the clinical group predominantly involved in the 

diagnosis and treatment of DLD, it would have been interesting to have 

responses from other types of clinicians, who are also involved in the care of a 

child with DLD, such as paediatricians and educational psychologists. 

Additionally, there are some inherent limitations to surveys as research tools. 

The data presented were collected using an anonymised online survey and as 

such it is difficult to verify whether participants understood the questions as 

intended. To minimise this risk the questions were tested with clinicians, 

parents and members of the public. However, even though the survey 

included open ended questions where participants could explain their 

responses, it can be difficult to further explore participants’ rational and 

conduct any follow ups. At this stage the scope of this work was to get an 

overview of participants’ opinions on a new tool for DLD, but future work 

could incorporate focus groups and interviews for a more holistic approach. 
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7.5 Summary 

The responses from the parents and clinicians offer an encouraging attitude 

towards the adoption of new tools based on neuroimaging for the diagnosis 

and monitoring of DLD. The next steps would be to continue researching 

suitable neural markers for DLD and conduct large scale clinical trials to prove 

the specificity and sensitivity of fNIRS as a tool for the identification of such 

markers.  Additionally, ongoing advancements in fNIRS technology have 

resulted in new fNIRS systems that are wireless, light and low cost (Tsow et al. 

2021). These developments further facilitate the capability of fNIRS to be 

incorporated in clinical practice. At the same time, it is imperative that any 

future plans are also discussed with stakeholders such as parents and 

clinicians to ensure that research priorities are in line with their interests.  
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8 Discussion 

8.1 Research Aims 

The overall aim of this thesis was to characterise neural patterns of language 

processing in typically developed children and adolescents and children and 

adolescents with DLD and subsequently explore whether such measures can 

predict language skills. To address this typically developed children and 

children with DLD underwent fNIRS imaging during rest and language tasks to 

measure cortical activity. Unfortunately, the outbreak of the coronavirus 

(SARS-CoV-2) caused a global public health emergency that overwhelmed the 

health services, led to significant barriers to non-essential treatments and 

halted face-to face research activity. However, to mitigate the effects of 

Covid-19 contingency plans were put in place. Those not only enhanced the 

scope of this thesis but also allowed for the development and implementation 

of new research skills. 

To begin with the initial aim of this work was to explore the neural activations 

of the language network in typically developed children and adolescents in 

response to overt and covert language processing. A secondary aim was to 

investigate the suitability of using fNIRS and a high-level control condition to 

isolate the language-specific activations. Chapter three reports on those aims. 

Additionally, the association between age and cortical activations and the 

maturational changes that the language network undergoes during language 

processing are examined.  The third aim of this thesis to investigate cortical 

activation in response to sentence repetition in children and adolescents with 
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DLD compared to a typically developed control group. Recruitment of both 

groups but particularly of children with DLD was severely impacted by Covid-

19. Nonetheless, neural responses during sentence repetition and their 

association to language skills are reported for a small sample of typically 

developed adolescents in chapter four. It was not possible to conduct a formal 

statistical analysis for the DLD group due to the small sample size.  

The next aim of this thesis was to examine the resting state connectivity 

patterns of the language network and their association with performance on 

standardised language assessments for the same cohort. Findings are 

reported in chapter 5. However, the limited number of participants prevented 

completion of this aim for the DLD group. The fifth aim described in chapter 

six was to explore the feasibility of measuring neural synchrony in mothers 

and their children during an unstructured free play paradigm using fNIRS. The 

last chapter of the thesis details a qualitative study that offered valuable 

insights into the opinions of parents and clinicians regarding the adoption of a 

neuroimaging-based tool for the diagnosis and monitoring of DLD. 

8.2 Summary of findings 

8.2.1 Chapter 3 

1. The use of a combination of overt and covert language tasks was 

deemed an appropriate way to explore neural markers of language 

processing. Indeed, the observed overall left hemispheric lateralisation 

and left IFG lateralisation validates the use of such paradigm.  
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2. Greater cortical activity was identified in the left IFG in the language 

processing condition compared to the control condition, highlighting 

the feasibility of deploying a high-level baseline for the isolation of 

language specific responses. 

3. Cortical activity over the right auditory cortex was associated with task 

performance and grammar proficiency as measured with a 

standardised language assessment. This indicates the feasibility of 

using neural markers measured by fNIRS to potentially predict 

language attainment in typically developed children and adolescents. 

8.2.2 Chapter 4 

1. Sentence repetition is a viable neural marker of language processing as 

measured with fNIRS that engages all cortical areas of the language 

network. 

2. Activity over the left auditory cortex in response to sentence 

repetition was associated with reading outcomes in typically 

developed children. 

3. Activity was not lateralised to the left hemisphere for either the 

sentence repetition or the NVWM tasks. 

8.2.3 Chapter 5 

1. Cortical responses revealed a left lateralised frontal to sensory resting 

state language network. Intrinsic activity was higher between bilateral 

auditory regions compared to homologue frontal regions 
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strengthening the theory that mature language networks are left 

lateralised and confined to temporal regions.  

2. Age was associated with cortical connectivity from left hemisphere 

frontal and auditory regions towards right frontal regions, revealing 

decreased reliance on right frontal regions as age increases. 

3. Reduced connectivity within right hemisphere was associated with 

reading outcomes in children and adolescents indicating the use of 

patterns of resting state connectivity within the language network to 

potentially predict language proficiency in typically developed children 

and adolescents. 

8.2.4 Chapter 6  

1. Increased neural synchrony in the interactive compared to the 

independent condition confirmed the feasibility of measuring neural 

synchrony patterns in an unstructured free play paradigm. 

2. C2M synchrony was significantly higher in the interactive condition 

whereas M2C synchrony was not significantly different compared to 

the independent condition. The use of PTE to investigate the direction 

of the flow of information between mothers and children offered 

valuable preliminary insights into the underlying driving forces of 

neural synchrony. 

3. Patterns of neural synchrony were associated with surgency levels in 

children indicating the feasibility of using hyperscanning as a marker of 

trait characteristics in children. 
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8.2.5 Chapter 7 

1. The majority of clinicians and parents surveyed were supportive of a 

neuroimaging-based tool for the diagnosis and monitoring of DLD. 

Responders agreed that a tool that could diagnose DLD earlier than 

currently than possible would be extremely valuable.  

2. Clinicians argued that accuracy and practical characteristics should be 

the focus for the development of a new tool. Specifically, the potential 

cost and time commitment were important considerations. 

3. Parents stated that the impact of the results of any clinical assessment 

should be carefully accounted for as they could affect the care plans 

and overall support children with DLD have access to. 

8.3 General Discussion 

8.3.1 Neural markers of language processing in TD 

Characterising patterns of cortical activations in the typically developed 

language network is an imperative step in identifying markers of atypical 

activity. As a result, a considerable portion of this thesis focused on exploring 

the task-driven and the resting state language network in typically developed 

children and adolescents. An additional goal was to examine the feasibility of 

using fNIRS for the purpose and to determine a suitable experimental set-up. 

The ideal paradigm would be capable of eliciting neural responses that would 

allow for isolation of language processing in the brain whilst being practical 

and comfortable for paediatric populations. 
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To accomplish that chapters three, four and five explored the language 

network at rest and during language processing. Most findings were in line 

with previous neuroimaging investigations. For instance, the left lateralisation 

of the language network demonstrated in chapters three and five has also 

been evidenced by considerable amount of both functional and structural 

neuroimaging investigations that have supported a left lateralization for 

language processing that is present at birth or that emerges shortly after 

(Holland et al. 2001, Brown et al. 2005, Kadis 2010, Wang et al. 2012, 

Gummadavelli et al. 2013, Yamasaki et al. 2013, Paquette et al. 2015). 

Additionally, the engagement of the right hemisphere in association to 

performance in both the online language tasks as well as the standardised 

language assessments, also highlights the establishments of the left 

lateralisation of the language network. Studies in adults have also shown that, 

they also recruit bilateral temporoparietal regions in response to semantic 

processing (Binder et al. 2009, Graves et al. 2010, Golestani et al. 2013, Price 

et al. 2015, Graessner et al. 2021) perhaps in response to increased task 

demands (Golestani et al. 2013, Rysop et al. 2022). These findings indicate 

that the recruitment of right temporoparietal regions in school-aged children 

could be due to task demands rather than a lack of hemispheric specialisation. 

A similar case can be argued for the role of the left IFG. 

Even though left lateralisation appears to be established early in life, language 

networks continue to become more specialised throughout childhood and 

adolescence. Here we propose a timeline for the specialisation of the 

language network from late childhood to adolescence. To begin with, both 
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resting state connectivity as well task-related activations indicate a decreased 

reliance in right frontal regions, that, as shown in chapter five, is age 

dependant. This means that the decrease of connectivity between language 

areas of the language network and widespread bilateral connections 

described by others (Solé-Padullés et al. 2016, Xiao et al. 2016, Xiao et al. 

2016) continues to take place even in adolescence, perhaps reaching full 

maturity in adulthood. Thus, further work may be required to evaluate the 

age at which lateralisation reaches adulthood and what drives this late 

maturation compared with other developmental processes. 

Additionally, the lack of difference between left frontal and temporal regions 

seen in chapter three suggests that interhemispheric specialisation of the left 

language network continues across our age range. However, the resting state 

connectivity results showed a flow of information from frontal towards 

temporal regions as well as a stronger bilateral temporal connectivity 

compared to connectivity between frontal regions. Notably these were not 

age dependant, indicating that a shift in activation in more temporal regions 

might have already taken place by late childhood. A possible explanation for 

this discrepancy between the resting state connectivity and the task-driven 

activation patterns might lie in the specific task demands. During the resting 

state paradigm participants were required to relax and try thinking of nothing, 

whereas during the task paradigm, participants completed language tasks 

with phonological, semantic and grammatical demands. Previous literature 

has described the maturational changes in specific linguistic domains. For 

instance, even though infants respond to phonological stimuli in utero 



Chapter 8 

206 
 

(Hepper and Shahidullah 1994, Uchida-Ota et al. 2019) and to semantic cues 

from as early as six months of age (Bergelson and Swingley 2012) brain 

responses to semantic and phonological processing begin to be 

distinguishable at about 3-4 years of age (Skeide and Friederici 2016), 

becoming more specialised between the ages of 5-6 (Weiss et al. 2018, Wang 

et al. 2021). By that age, typically developed children exhibit left-lateralised 

activations in the left inferior frontal gyrus IFG and left temporal regions for 

phonological processing, whereas semantic processing elicited activations in 

the left IFG and bilateral temporoparietal regions (Mathur et al. 2020). 

Additionally, activations in response to semantic and syntactic processing are 

not separated and engage the IFG and temporal regions bilaterally in school-

aged children. In contrast, adults show distinct activations only in the left 

temporal lobe (Brauer and Friederici 2007, Skeide et al. 2014). In late 

childhood, there appears to be specialisation between semantic and syntactic 

processing in the temporal lobe but not the frontal lobe (Wang et al. 2021). By 

adolescence semantic processing seems to have reached adult-like patterns 

whereas, specialisation for syntactic processing continues throughout 

adolescence (Schneider and Maguire 2019). Thus, it might be that the resting 

state language network in late childhood and adolescence resembles adult 

like patterns whereas, the task driven network matures at a slower pace.   

The secondary goal of this body of work to establish a testing protocol for 

language processing was also accomplished. fNIRS was capable of recording 

reliably both the resting state connectivity patterns as well as task-driven 

cortical activations. The results presented within chapters three and four 
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suggest that fNIRS could be a suitable clinical tool to measure cortical 

responses during complex overt language production. The use of a 

combination of language tasks as an index of language processing proved to 

be a valid way of identifying language specific activations. Similarly, despite 

the small sample size that limited our ability to answer our questions 

sufficiently, the work presented in chapter four offers the first key step 

towards assessing if cortical responses in a sentence repetition task can be 

used as neural markers of language processing.  

Additionally, our novel high-level control condition that combined two 

different types of tasks (i.e., time reversed speech and digit articulation) 

allowed for the isolation of language specific processing in the left IFG and the 

right auditory cortex. Choosing an appropriate control task has been a 

particularly challenging element of neuroimaging studies, as a task that is too 

easy would not be able separate whether activity is due to language 

processing or processing of non-linguistic elements (e.g., pitch and tonality of 

an auditory stimulus). Conversely, a control task that was too similar to the 

language task would not reveal any differences in neural activity (Bradshaw et 

al. 2017). In the present work, even though the control condition was not 

sufficient to discriminate language-related activity in the left temporal cortex, 

the paradigm used here is a significant step towards designing a suitable 

control task to contrast against an overt language processing.  
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8.3.2 Considerations for the development of an objective clinical tool for DLD 

Overall, the findings presented in this thesis highlight the importance of early 

application of language interventions for children with DLD. The studies 

discussed in chapters three and five confirm that many aspects of the neural 

functions that support language processing appear to have matured by late 

childhood, thus it is imperative that treatment plans are put in place prior to 

that. Additionally, as shown in chapter seven both the families of children 

with DLD as well as the clinicians that work with them believed that earlier 

interventions would lead to better language development outcomes for the 

children. Needless to say, that early and accurate identification and diagnosis 

of DLD is an essential step to designing and offering the appropriate 

treatment plan in a timely manner. Another gap that needs to be addresses to 

achieve the goal of early intervention is the lack of evidence-based 

treatments.  

Here we demonstrated that fNIRS has the potential to fulfil these 

requirements and become an effective and objective clinical tool that could 

help identify and monitor individuals with DLD, much earlier than is currently 

possible using behavioural techniques. To begin with, from a practical 

standpoint we confirmed that fNIRS is a tolerable technique for children of all 

ages that can be comfortably used for paradigms of varying lengths from 10 to 

40 minutes. Additionally, the scientific and clinical community as well as the 

sample of responders in our survey recognised the importance of using neural 

markers in adjunction to behavioural standardised assessments as well 

proving that results from both are correlated. That is crucial to help validate 
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the neural markers measured and assess the relationship between neural 

markers and functional impact of the disorder. The association between the 

neural activity and scores on the TROG and the TOWRE seen in chapters three 

and five respectively indicate that fNIRS can measure clinically relevant 

differences in neural activations that correspond to real-life measures of 

language processing. This also proves that cortical activations measured using 

fNIRS could be used to assess language skills in younger children that cannot 

reliably complete standardised language assessments. Longitudinal 

investigations should be conducted to verify that. 

It is also important to mention that fNIRS appears to also be capable of 

tracking the effectiveness of interventions for DLD. For instance, it could be 

used to track changes in neural networks during language processing whilst 

completing tasks similar to the ones described in chapter three. Additionally, 

fNIRS hyperscanning can be applied to assess the potential benefits of parent 

implemented therapies. Changes in neural synchrony between parents and 

children could be used as an adjunct to help guide  parents and carers on how 

to interact more effectively with their children to help them improve their 

language development. 

8.4 Limitations 

8.4.1 Sampling 

As reiterated throughout the thesis, investigation of patterns of cortical 

activations during language processing in children remains a novel field of 

research. Thus, it was not appropriate to conduct a formal sample size 
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calculation. The target of 25 participants per group was set based on previous 

test-retest reliability work conducted by our laboratory in adults that 

concluded that a sample size of N=24 was sufficient to produce fNIRS data of 

good-excellent reliability (Wiggins et al. 2016). Since then, a series of studies 

from our laboratory have published robust findings from paediatric studies 

with similar sample sizes  (Mushtaq et al. 2019), (Lawrence et al. 2021). We 

aimed to recruit at least one more participant per group to account for the 

possibility of missing data. This was achieved in the first study (N=30), but not 

for the subsequent studies mainly due to the Covid-19 pandemic that led to 

extended closures of research facilities. Additionally, even after restrictions 

were lifted, Public Health England continued to advise for people to limit non-

essential travel and self-isolate in case of contact with positive or suspected 

cases of Covid-19 (UKHSA 2022) resulting in reduced participation in voluntary 

research activities (second study: N=5 in the TD group and N=1 in the DLD 

group, hyperscanning study: N=12 pairs). Furthermore, during the pandemic, 

university resources were redirected towards Covid-19 related studies. That 

resulted in significant delays in acquiring ethical approvals and resuming 

research activities. Nevertheless, every effort was made to maximise 

recruitment. The recruitment phase of the second study remained open from 

April 2021, when Nottingham University Hospitals Research and Innovation 

Team approved the study, until March 2022 when it was the latest that was 

reasonably possible given the time constrains of this project. Additionally, 

new SLT centres in neighbouring geographical areas were added to aid with 

recruitment and extensive advertisement was conducted to local schools, 
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after-school youth groups and clubs, charitable organisations and private SLT 

practices. 

8.4.2 Recruitment of DLD sample 

Even though the impact of Covid-19 on the recruitment of the DLD sample 

cannot be denied, several other factors should also be considered. To begin 

with, DLD remains a relatively underdiagnosed and under researched 

disorder. Informal discussions with many professionals including SLTs and 

special education teachers revealed that there is still uncertainty regarding 

the terminology and diagnostic criteria for DLD. As a result, many hesitate to 

refer and/or diagnose children to avoid misdiagnosis, instead they adopt a 

“wait and see” approach to ensure difficulties persist and the diagnosis of 

another disorder is not appropriate. This leads to children with suspected 

“DLD” that might be monitored until they either receive a diagnosis or get 

discharged from the services. Several families of children with suspected 

“DLD” got in touch with regards to participating in the study, however these 

children unfortunately did not fit the eligibility criteria, as it was not possible 

to clinically assess them within the scope of this project. 

Additionally, the complicated journey towards diagnosis and interventions 

detailed in chapter seven has led many seeking external assessments to aid 

access to resources. Thus, some families believed that participation in this 

research would provide them with results of clinical assessments such as brain 

scans. Parents and carers hoped that those could be used to advocate for 

increased support for their children. Unfortunately, that was also beyond the 

scope of this study and resulted in some families deciding not to participate. 
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Lastly, the SLT services in the UK and specifically in Nottinghamshire have 

been facing reductions in funding over the past couple of years (Wire 2020) 

that were only worsened by the Covid -19 pandemic. That has led to 

significant staffing shortages meaning that there were extended wating lists 

for children waiting for a diagnosis and less staff capacity to support research 

activities.  

8.4.3 Methodological considerations 

A cross-sectional approach was taken in all studies. This approach led to some 

valuable findings regarding the maturational trajectory of the language 

network and the relationship between cortical activations and language 

outcomes. However, it cannot offer any insights into causal relationships. 

Longitudinal investigations of language processing in young children with DLD 

would verify whether patterns of neural activations can reliably be used to 

predict language outcomes later in life. Particularly, in the case of DLD, there 

are currently no longitudinal neuroimaging studies thus there is a big gap that 

future research should address. 

It is also important to mention that even though fNIRS was deemed a great 

tool to achieve the aims of this thesis, it does have drawbacks. To begin with, 

the relatively poor spatial resolution did not allow for detailed localisation of 

neural activity. fMRI investigations of the language network have described 

the finely tuned specialisation of both the temporo-parietal as well as frontal 

areas. For instance, Brodmann areas 47 and 45 of the IFG are preferentially 

involved in the analysis of semantic relations between words whereas 
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Brodmann area 44 of the IFG is recruited during the analysis of syntactic 

relations (Skeide and Friederici 2016). However, such explorations are not 

feasible using fNIRS. Furthermore, even though the choice of a priori ROIs in 

this study was usually verified by the group level cortical activation maps 

presented in chapter three and was based on extensive previous work in our 

lab, it is not possible to make definitive claims regarding which cortical regions 

are targeted. Additionally, this limitation is further exacerbated by the fact 

that the positioning of fNIRS headsets is usually guided by external reference 

points, and these points can vary from person to person. That might lead to 

variability in optode placement and as a result variability in the localisation of 

neural activity. possible mitigating solution of this problem could be the digital 

registration of fNIRS placement as described in section 3.2.4. Nonetheless, for 

enhanced precision in identifying ROIs, future research should consider the 

inclusion of a participant's MRI scan whenever feasible. 

Neuroimaging findings presented in this thesis are limited to activations of the 

outer cortex, as it is not possible to image areas deeper than a few 

centimetres below that. Consequently, subcortical areas that are tightly linked 

to language processing such as the insula and the basal ganglia (Oh et al. 

2014), (Weiss-Croft and Baldeweg 2015), (Krishnan et al. 2022) could not be 

targeted. Additionally, fNIRS measurements can be affected by scalp-related 

factors such as scalp-optode contact, hair density and cerebrospinal fluid. 

Other haemodynamic signals such as respiratory and cardiac signals can also 

interfere with the fNIRS measurements. To counteract this, the Yamada 

separation technique was added in the pre-processing procedure as described 
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in chapter three (Yamada et al. 2012). It is also important to mention that, 

completing overt tasks have been demonstrated to influence breathing rates. 

These effects vary and have different impacts on changes in HbO and HbR 

signals measured by fNIRS during the overt task (Zhang et al. 2017) 

(Scholkmann et al. 2013). The intricate interplay of speaking, breathing, and 

voluntary cognitive tasks complicates the interpretation of fNIRS signals 

(Zhang et al. 2017) (Scholkmann et al. 2013). To overcome this limitation, 

future studies could integrate pulse oximeters to record participants’ 

breathing rates non-invasively, incorporate short channel separation channels 

that regress systemic responses from task-related responses and include 

simultaneous measurements of end-tidal CO2 concentration in blood, which 

informs of the remaining levels of CO2 in the exhaled breath at the end of a 

respiratory cycle (Zhang et al. 2017) (Scholkmann et al. 2013) 

Lastly, even though fNIRS offers significant advantages with regards to 

participant comfort compared to other neuroimaging techniques, the two 3x5 

arrays of the Hitachi ETG-4000 system used in this project became 

uncomfortable especially for some of the younger participants. To deal with 

that frequent breaks were offered to all participants to allow for them to rest. 

In the current studies, all of the participants were happy to complete all the 

experimental conditions, however there is no guarantee that this would 

always be the case. 
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8.5 Impact and future directions 

The work presented in this thesis creates a strong foundation for the use of 

fNIRS as an adjunctive tool for the diagnosis and monitoring of DLD. Even 

though it was not possible to measure cortical activations in children with 

DLD, the findings acquired from imaging typically developed children offer 

important insights into the metrics that could form the basis of a clinical tool 

and should be further investigated. To begin with in agreement with previous 

work it appears that left hemispheric lateralisation in temporal regions is not 

a sufficient marker of language processing. In contrast focusing on frontal left 

activations might be a more appropriate approach to identifying neural 

responses to language processing. Additionally, the use of high-level control 

conditions that can isolate language specific activations can be instrumental in 

separating auditory processing, articulation processes and working memory 

demands from language processing bringing us closer to understanding the 

neural underpinnings of DLD. The feasibility of measuring language processing 

using a combination of tasks that targeted different linguistic modalities has 

great ecological validity and it is another avenue for future research as 

children with DLD often present a very heterogenous combination of 

deficiencies.  

Both studies described in chapters three and five also offer exciting 

contributions to the understanding of the maturational trajectory of the 

language network. Findings suggest that a shift from widespread bilateral 

activations to more confined activation in the temporal regions has already 
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taken place by late childhood. This can be used as a neural marker to track the 

development of the language network in children with DLD.  

Successfully recording patterns of neural synchrony using an unstructured 

free play paradigm is a milestone for the use of hyperscanning as a clinical 

tool to track child development. This is especially relevant for children with 

DLD given that many present with delays in acquiring speech and may have 

persistent difficulties that prevent them from completing complicated verbal 

tasks. This work has already been used to apply for a grant from the Efficacy 

and Mechanism Evaluation (EME) programme to explore the neural 

underpinning of the parent-child interaction therapy called It Takes Two to 

Talk in children with cochlear implants. The application has been successful at 

the first stage of assessment and at the time of submitting this thesis is under 

the second stage of consideration by the NIHR EME programme. 

Future work should also take advantage of the developments in fNIRS 

equipment. High density fNIRS systems are capable of imaging subcortical 

structures and the introduction of caps with short separation channels allows 

for the regression of interfering signals from the scalp and the isolation of 

stimuli specific response. Lastly, the progress in lighter wearable fNIRS 

systems allows for the design of more naturalistic experiments that can be 

completed comfortably by participants of all ages in a wide variety of settings. 

Additionally, as outlined in section 1.5, the reliability of fNIRS test-retest has 

been demonstrated to be strong in both adults (Wiggins et al., 2016) and 

infants (Blasi et al., 2014). This is especially true when focusing on specific 
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regions of interest and employing averaging across a limited number of 

channels (Plichta et al. 2006), (Schecklmann et al. 2008). However, these 

findings pertain to analyses conducted at the group level, and individual-level 

activations exhibit significant variability. To fully unlock the potential of fNIRS 

as a clinical tool, it is crucial that future investigations establish the test-retest 

reliability of fNIRS on an individual basis. This is particularly important in 

scenarios where participants and patients undergo multiple imaging sessions 

over a specific period to track changes in cortical activation stemming from 

developmental progress or clinical interventions. A methodological 

consideration for investigations of test-retest reliability in paediatric 

populations is a short test-retest interval, as test-retest reliability analyses 

depend on the assumption that the underlying processes remain consistent 

across different time points. Lastly, recruitment for this work focused on 

typically developed children and children with DLD without other 

neurodevelopmental disorders in order to create a more homogenous sample 

with less confounding factors. However, this line of research can be very 

beneficial to other clinical populations as well. In fact, children with DLD often 

have other comorbidities, such as emotional problems, ADHD, dyslexia, and 

autism (Westerlund et al. 2002, Nitin et al. 2022). Thus, assessments of the 

language skills that rely on neuroimaging and do not require behavioural 

responses can be used in the future to assess outcomes in children with 

complex needs. 
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8.6 Conclusion 

The neural underpinning of language processing and the development of the 

language network remains elusive in typically developed children and 

especially in children with DLD. Previous work exploring the maturational 

changes in typical development indicate that advanced language skills are 

associated with left lateralised activations confined in temporal regions and 

reduced widespread connectivity across the language network. This work 

supports that hypothesis and offers a timeline for the establishment of this 

shift. Cortical activations during language processing and resting state 

connectivity patterns indicate that a shift in temporal regions has taken place 

by late childhood resulting in a network similar to the one found in adults.  

However, the long-range connections to right frontal regions are still 

decreasing as age increases, perhaps reaching maturation in adulthood. 

Additionally, cortical activations in the resting language network as well in 

response to linguistic stimuli can possibly predict language outcomes in 

typically developed children. Furthermore, findings presented in this thesis 

confirm that fNIRS hyperscanning recording can be measured successfully 

between mothers and toddlers in an unstructured free play paradigm 

regardless of the levels of verbal communication they engaged in. All of the 

above suggest that fNIRS is an adept tool for the imaging of the language 

network that possesses many characteristics that would allow for its use as 

clinical tool for DLD. Parents of children with DLD and professionals that work 

with children with DLD are in agreement regarding the need for the 

development of a neuroimaging-based tool for DLD that will be capable of 
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identifying DLD earlier than currently possible. However, future work should 

focus on honing the accuracy of measurements and their ability to predict 

language outcomes for children with DLD.
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9 Appendix 
9.1 Details of each participant’s age, gender, cognitive assessment 

score and handedness (chapter three) 
Participant 
ID 

Gender CCC-
2 

TROG TOWRE 
SE 

TOWE 
PE 

PRI FSIQ 

PT_01 Female 95 111 125 119 120 123 

PT_02 Female 93 97 100 108 102 111 

PT_03 Female 67 106 96 99 105 116 

PT_04 Male 50 99 105 113 113 101 

PT_05 Female 61 104 85 109 99 102 

PT_06 Female 69 111 103 121 112 112 

PT_07 Female 100 102 95 107 130 122 

PT_08 Male 76 95 117 111 120 118 

PT_09 Male 79 102 107 105 101 121 

PT_10 Male 80 92 89 94 105 114 

PT_11 Male 95 116 102 111 107 107 

PT_12 Male 74 85 102 115 88 92 

PT_13 Female 85 106 103 119 119 108 

PT_14 Female 84 118 104 106 138 124 

PT_15 Male 77 111 121 135 125 117 

PT_16 Male 45 106 110 125 122 109 

PT_17 Male 95 104 104 100 100 106 

PT_18 Male 104 83 110 124 107 109 

PT_19 Female 86 99 102 107 96 107 

PT_20 Female 91 106 81 93 92 102 

PT_21 Male 60 113 106 107 125 117 

PT_22 Female 82 111 121 124 136 134 

PT_23 Female 70 109 98 115 128 128 

PT_24 Female 37 106 117 127 103 108 

PT_25 Female 47 85 117 123 103 102 

PT_26 Female 42 85 108 116 104 100 
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PT_27 Female 39 92 113 126 98 103 

PT_28 Female 83 111 106 112 126 131 

PT_29 Male 99 97 114 119 106 113 

PT_30 Female 89 97 84 97 107 100 

 

The table above shows age, gender, handedness and age corrected scores in 

the CCC-2, TROG, TOWRE and WASI assessment details for each participant 

who took part in the study described in chapters three and five. Note that, 

participants highlighted in red were excluded form analysis in chapter five due 

to poor sculp-optode contact (PT_30 was also excluded from the analysis in 

chapter three). 
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9.2 Details of anatomical head landmarks of participants in the 

digitisation study (chapter 3) 
 

 

The table above shows the coordinate values in cm for the left and right 

tragus, the nazion, the inion and the Cz for each participant who took part in 

the digitisation study described in chapter three.  

  

Partcipant_ID

x y z x y z x y z x y z x y z

DG_01 58.7 0.0 0.0 -60.2 0.0 0.0 0.0 -88.0 0.0 -6.4 79.1 40.1 -0.5 -19.6 130.6

DG_02 50.5 0.0 0.0 -63.6 0.0 0.0 0.0 -79.6 0.0 -8.4 88.7 18.1 -11.9 -0.6 124.2

DG_03 64.8 0.0 0.0 -66.0 0.0 0.0 0.0 -79.8 0.0 -0.3 70.2 17.5 4.8 -19.1 126.1

DG_04 64.1 0.0 0.0 -59.7 0.0 0.0 0.0 -75.9 0.0 1.5 74.5 27.8 -4.7 -15.4 130.0

DG_05 71.0 0.0 0.0 -71.1 0.0 0.0 0.0 -90.0 0.0 -1.8 78.1 34.8 -10.1 -15.8 137.6

DG_06 63.9 0.0 0.0 -65.1 0.0 0.0 0.0 -86.7 0.0 3.1 75.7 16.2 -12.1 -11.0 124.2

DG_07 64.1 0.0 0.0 -67.8 0.0 0.0 0.0 -92.4 0.0 -0.6 85.7 41.0 -7.9 -15.9 134.1

DG_08 65.4 0.0 0.0 -70.1 0.0 0.0 0.0 -97.7 0.0 -5.9 81.6 42.1 -17.6 -31.8 136.5

DG_09 70.3 0.0 0.0 -73.2 0.0 0.0 0.0 -96.5 0.0 -3.7 86.9 36.3 -9.2 -33.1 128.6

DG_10 57.9 0.0 0.0 -64.9 0.0 0.0 0.0 -85.0 0.0 -3.1 75.8 35.9 -20.6 -21.1 123.6

DG_11 60.6 0.0 0.0 -69.7 0.0 0.0 0.0 -94.8 0.0 -4.2 70.7 29.8 -11.8 -24.3 131.7

DG_12 62.6 0.0 0.0 -72.3 0.0 0.0 0.0 -96.7 0.0 -1.5 90.4 33.9 -5.4 -11.2 131.9

Left Tragus Right Tragus Nazion Inion Cz
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9.3 Details of beta values for all tasks, all conditions and all ROIs 

(Chapter3) 
Verbal Fluency 

 

The table above shows beta values for each participant who took part in the 

verbal fluency task described in chapter three. LA and RA stand for left and 

right auditory cortex respectively, LIFG and RIFG stand for left and right 

inferior frontal gyrus respectively. L stands for the language condition and C 

stands for the control condition. 

  

Subject LA_L_VF RA_L_VF LIFG_L_VF RIFG_L_VF RA_C_VF LIFG_C_VF RIFG_C_VF LA_C_VF

1 -0.0172 -0.3911 -0.3370 -0.3042 -0.2360 -0.1858 -0.2348 -0.0671

2 -0.1108 -0.0204 0.0855 0.2087 -0.0047 -0.1474 -0.1339 -0.1359

3 0.0177 0.0152 -0.0067 -0.1105 0.0550 -0.0356 -0.0909 0.0515

4 0.3417 -0.0092 0.0895 -0.0224 -0.1259 -0.0552 -0.0133 0.1320

5 0.0426 0.0600 0.0415 0.0725 -0.0547 -0.0372 -0.0029 -0.0175

6 -0.0369 -0.0204 -0.1475 -0.0168 -0.0047 -0.3070 -0.0255 0.0356

7 -0.0369 0.0885 0.0179 -0.0571 -0.0883 0.0096 -0.0696 0.0356

8 -0.0369 -0.0204 0.0006 -0.0168 -0.0047 0.0028 -0.0255 0.0356

10 -0.0040 0.1677 -0.0067 0.1582 0.0863 -0.0356 0.0009 0.1582

11 -0.0369 -0.0204 -0.0067 -0.1083 -0.0047 -0.0356 -0.0058 0.0356

12 -0.0603 0.0083 -0.1429 0.1646 -0.1044 -0.2993 -0.0230 -0.2096

13 -0.0369 -0.2541 -0.0067 -0.0014 -0.0737 -0.0356 0.0015 0.0356

14 -0.0369 -0.0568 -0.1428 -0.0167 -0.0108 -0.0354 0.0171 0.0356

15 -0.0205 -0.3316 -0.0934 -0.1767 -0.0635 0.0130 0.0296 0.0442

16 0.0125 -0.0529 -0.0744 -0.0666 -0.0600 -0.1251 -0.1765 -0.0212

17 -0.0794 -0.0170 -0.0416 0.0003 -0.0218 0.0811 0.0277 0.1390

18 -0.0369 -0.0185 0.2746 -0.0224 -0.0066 -0.0623 -0.0319 0.0356

19 -0.0848 -0.0204 -0.0139 -0.0393 -0.0047 -0.0891 0.0269 0.0319

20 -0.0719 0.0119 -0.0183 -0.1506 -0.0157 -0.4168 -0.3630 0.0393

21 -0.0117 0.0513 0.3640 0.3058 0.1382 0.2478 0.1033 0.0830

22 -0.0534 -0.0227 -0.0543 0.0356 0.0842 0.0167 -0.0397 0.0058

23 -0.2385 -0.0204 -0.0985 -0.0823 -0.0047 0.0314 -0.0749 0.1870

24 -0.0369 -0.0751 0.0910 0.0273 0.0013 0.0233 -0.0281 0.0356

25 -0.0369 -0.1503 -0.0309 -0.1413 0.1654 -0.4644 -0.0678 0.0356

26 -0.0761 -0.0520 -0.0067 -0.0169 0.0915 -0.0356 0.1796 -0.0023

27 -0.2875 -0.0223 0.0286 -0.0047 0.2579 -0.0792 -0.0772 0.2030

28 0.0683 -0.0371 0.0808 0.0727 0.1381 -0.0217 -0.0172 -0.0211

29 -0.0607 0.0563 0.1063 0.1021 -0.0027 -0.0356 -0.0857 -0.0135

30 0.0154 -0.0655 0.0594 -0.1022 0.3327 0.2755 0.0065 0.2762



Appendix 

224 
 

Sentence Repetition 

The table above shows beta values for each participant who took part in the 

sentence repetition task described in chapter three. LA and RA stand for left 

and right auditory cortex respectively, LIFG and RIFG stand for left and right 

inferior frontal gyrus respectively. L stands for the language condition and C 

stands for the control condition. 

  

Subject LA_L_SR RA_L_SR LIFG_L_SR RIFG_L_SR RA_C_SR LIFG_C_SR RIFG_C_SR LA_C_SR

1 0.2144 0.0845 0.1167 0.2145 0.0509 -0.2187 -0.0693 0.0527

2 -0.1182 0.0874 0.0143 -0.0043 0.0467 0.0444 -0.1032 0.1581

3 0.0876 0.0874 -0.2177 -0.0966 0.0467 -0.0649 -0.0803 0.0664

4 0.0084 -0.0371 0.1033 0.0272 -0.0130 0.0878 -0.0170 0.1048

5 0.0806 0.0490 0.1782 0.0709 0.0937 0.0253 0.1056 0.0977

6 0.2544 0.0039 0.0232 -0.0765 -0.0001 -0.0632 -0.0197 -0.2191

7 0.0876 0.0678 0.3503 0.0328 -0.0145 0.2600 -0.0706 0.0664

8 0.0433 0.3624 0.1147 -0.0076 -0.0520 0.1969 0.1606 0.0341

10 0.0670 0.1165 0.0232 0.0337 0.1622 -0.0632 0.0724 0.1250

11 0.0876 0.0017 0.3175 0.0548 0.0006 0.0900 0.0225 0.0664

12 -0.0171 0.1674 -0.1527 -0.0196 0.0625 -0.2867 -0.0161 -0.0351

13 0.1238 0.0409 0.0232 -0.0006 0.1940 -0.0632 -0.0018 0.2571

14 0.0876 0.1435 0.2474 0.2367 0.0798 -0.0614 -0.1611 0.0664

15 0.0561 -0.0214 -0.1321 -0.1802 -0.1017 -0.1487 -0.0908 -0.1419

16 0.2086 0.1497 0.0080 0.1524 0.0073 -0.2228 -0.0632 0.0652

17 0.1382 0.0736 -0.0015 0.0120 -0.0950 -0.1497 -0.0344 -0.0625

18 -0.0147 -0.0229 -0.1490 -0.1023 -0.0897 -0.1756 -0.0870 0.0255

19 0.0775 0.0874 0.0211 0.0455 0.0467 -0.0122 0.0058 0.0676

20 0.0876 0.0874 0.0612 -0.1823 0.0353 -0.1863 -0.1393 0.0664

21 0.2364 0.1746 0.2092 0.0724 0.0999 0.2514 -0.0232 0.2794

22 0.1302 0.1720 -0.0818 -0.0649 0.0592 -0.2263 -0.0886 0.1308

23 0.1493 -0.1491 -0.1428 -0.1546 -0.0797 -0.0831 -0.0707 -0.0329

24 0.0876 0.2480 0.0729 0.1636 0.0714 0.1684 0.1795 0.0664

25 0.0876 0.5478 -0.0670 0.0193 0.2279 -0.1159 -0.0232 0.0664

26 0.0908 0.0507 0.0232 0.0730 0.0467 -0.0632 -0.0317 0.1695

27 -0.0178 -0.0705 0.0232 0.0664 0.1053 -0.0632 0.0882 0.2075

28 0.1070 0.1647 0.0241 -0.0063 -0.0023 0.0230 0.0551 0.0498

29 0.0844 0.1367 0.0223 0.0193 -0.0196 -0.2458 -0.0626 -0.0106

30 0.2207 0.3490 0.0976 0.0005 0.4477 0.1190 0.3817 0.3769
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Syntactic Comprehension 

The table above shows beta values for each participant who took part in the 

syntactic comprehension task described in chapter three. LA and RA stand for 

left and right auditory cortex respectively, LIFG and RIFG stand for left and 

right inferior frontal gyrus respectively. L stands for the language condition 

and C stands for the control condition. 

  

Subject LA_L_RSyn RA_L_RSyn LIFG_L_RSyn RIFG_L_RSyn RA_C_RSyn LIFG_C_RSyn RIFG_C_RSyn LA_C_RSyn

1 0.0351 -0.1126 0.0835 -0.1980 0.0132 0.0077 0.0154 0.0616

2 0.1009 0.0145 -0.1465 -0.0782 0.1396 0.0909 0.0789 0.0240

3 0.0351 -0.0020 0.3770 0.0503 0.0433 0.0650 -0.0825 0.0616

4 -0.1842 -0.0780 -0.1298 0.0223 -0.0488 0.1819 -0.0343 0.0633

5 0.0671 -0.0543 0.0230 -0.0240 0.0525 -0.0078 -0.0352 0.0730

6 0.0351 -0.0020 0.0497 -0.0093 0.0433 -0.3407 -0.0009 0.0616

7 -0.0736 0.0337 0.0396 0.0385 -0.0115 0.2602 0.0466 0.1720

8 -0.0874 -0.1196 -0.0470 -0.1572 0.3699 0.3734 0.0485 0.1320

10 0.0705 0.0436 0.0385 -0.0541 0.0614 -0.1265 -0.0414 -0.1138

11 0.0351 0.0698 -0.0329 -0.1039 0.0528 0.0187 0.0544 0.0616

12 0.2332 0.2706 0.1617 -0.0043 0.1998 0.2175 0.0093 0.2588

13 0.3027 0.0569 0.0307 0.0006 0.1239 -0.0084 -0.0008 0.0993

14 -0.0231 -0.0228 0.0206 0.1225 0.0389 -0.0791 0.1426 -0.0422

15 -0.0943 -0.1027 -0.0151 -0.1437 -0.0879 -0.1040 -0.0067 -0.0912

16 0.0234 -0.1478 0.0207 -0.0118 -0.0138 -0.0307 -0.0382 0.1304

17 0.0184 0.0249 -0.0679 -0.0253 -0.0024 -0.0966 -0.1109 -0.0849

18 0.0320 0.1934 0.0548 -0.0675 0.0158 -0.0491 -0.0326 0.1317

19 -0.0603 -0.0020 -0.0151 -0.1703 0.0433 -0.1260 -0.0684 -0.0655

20 0.0351 -0.0122 0.1758 0.1476 0.0493 0.0715 0.0715 0.0616

21 0.2426 -0.0020 0.0443 0.0272 -0.0584 -0.0068 0.1577 0.0195

22 0.0300 -0.0926 0.0672 -0.0230 -0.0945 0.0003 -0.0792 -0.0079

23 0.1209 -0.0020 -0.0526 0.0316 0.0433 0.1232 0.0221 0.2891

24 0.0351 0.0164 0.0155 0.0178 0.1091 -0.2068 -0.1529 0.0616

25 0.0351 -0.3164 0.5486 -0.0069 0.0882 -0.0851 -0.0010 0.0616

26 0.1207 -0.0149 0.0307 0.1350 0.0433 -0.0084 -0.0677 0.0537

27 -0.0924 -0.0585 0.0307 -0.0409 0.3490 -0.0084 0.0848 0.3228

28 0.0456 0.0006 -0.1550 -0.0248 0.0066 -0.0090 -0.0355 0.0360

29 0.0382 0.0057 0.1517 0.0023 0.0055 -0.0593 0.0769 0.0598

30 0.1119 0.0075 0.1067 0.1119 0.1778 -0.0194 0.1295 0.1867



Appendix 

226 
 

Semantic Comprehension 

The table above shows beta values for each participant who took part in the 

semantic comprehension task described in chapter three. LA and RA stand for 

left and right auditory cortex respectively, LIFG and RIFG stand for left and 

right inferior frontal gyrus respectively. L stands for the language condition 

and C stands for the control condition.  

Subject LA_L_RSem RA_L_RSem LIFG_L_RSem RIFG_L_RSem RA_C_RSem LIFG_C_RSem RIFG_C_RSem LA_C_RSem

1 0.0011 0.0368 -0.0996 0.0151 -0.1241 0.0358 -0.0716 -0.0802

2 0.0072 0.0173 -0.0086 0.1242 0.0268 0.0091 -0.0220 0.0478

3 0.0150 0.0173 0.1085 0.0801 0.0268 0.0760 0.0250 0.0421

4 -0.1182 -0.1607 -0.0002 -0.0165 -0.0791 -0.1343 -0.0705 0.0311

5 0.0228 -0.0434 -0.0801 -0.0411 0.0465 0.0989 0.0157 0.0345

6 0.0150 0.0173 -0.1535 0.0236 0.0268 -0.0522 -0.0072 0.0421

7 0.0400 0.0150 0.0932 0.0115 -0.0294 0.1121 -0.0072 0.2916

8 -0.0060 -0.0218 0.0106 0.1327 -0.0678 0.0992 -0.0976 -0.0136

10 0.0669 -0.0100 -0.0229 -0.0136 0.1679 -0.0474 -0.0127 0.0547

11 0.0150 0.0173 -0.0002 0.0295 0.0268 0.0082 0.0236 0.0421

12 0.1859 0.2021 0.2657 0.0872 0.2024 0.0082 0.0408 0.1737

13 0.0333 0.1980 -0.0002 -0.0025 0.0932 0.0082 -0.0025 0.2377

14 0.0150 0.0705 0.0008 0.1100 -0.0542 0.0728 -0.0303 0.0421

15 -0.0413 0.0287 0.0363 0.0236 -0.0439 0.0269 -0.0772 0.0508

16 0.0530 -0.0910 -0.0091 -0.0448 -0.0240 -0.2031 0.0368 -0.0052

17 0.1086 -0.0006 -0.0360 -0.0865 -0.0181 0.0521 0.3143 0.0267

18 0.0150 0.0081 0.0523 0.0534 -0.0700 -0.1267 0.1475 0.0421

19 -0.0114 -0.0006 0.0397 -0.0462 -0.0014 -0.0273 -0.0127 0.0980

20 0.2460 0.0599 -0.1206 -0.1889 0.2009 -0.1516 -0.1988 0.2826

21 -0.0308 -0.1482 0.0457 -0.0849 0.0864 -0.0595 -0.0608 0.0365

22 -0.0841 0.1095 0.3054 0.1682 0.1335 0.2445 0.1389 0.1734

23 -0.1350 0.0173 0.0007 0.0383 0.0268 -0.0514 0.0350 0.0345

24 0.0150 -0.0137 -0.0146 0.0666 0.0490 -0.0664 0.0190 0.0421

25 0.0150 0.0910 -0.3914 0.0236 0.1748 0.5317 -0.0072 0.0421

26 0.0573 0.0801 -0.0002 0.0439 0.2298 0.0082 -0.0331 0.0834

27 -0.0294 0.3073 -0.0002 0.1029 0.3515 0.0082 0.0865 0.1496

28 0.0553 0.0195 -0.0276 -0.0271 -0.1568 -0.0626 -0.0188 -0.0075

29 -0.0673 -0.0135 -0.0182 -0.0279 0.0071 -0.1439 -0.0388 -0.0379

30 0.2452 0.1865 0.1041 0.2294 0.1588 0.2973 0.0150 0.0321
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Phonological Awareness 

The table above shows beta values for each participant who took part in the 

phonological awareness task described in chapter three. LA and RA stand for 

left and right auditory cortex respectively, LIFG and RIFG stand for left and 

right inferior frontal gyrus respectively. L stands for the language condition 

and C stands for the control condition. 

  

Subject LA_L_PA RA_L_PA LIFG_L_PA RIFG_L_PA RA_C_PA LIFG_C_PA RIFG_C_PA LA_C_PA

1 0.0659 0.0615 -0.0993 -0.0653 0.0713 -0.2276 -0.0309 0.0298

2 0.0469 0.0300 0.0137 -0.0315 0.0541 0.0273 -0.0252 0.0414

3 0.0271 0.0326 0.0852 -0.0248 0.0015 0.0081 -0.1079 0.0215

4 0.1059 0.0481 0.1527 0.0851 0.0063 0.2679 0.0341 0.0781

5 0.0766 -0.0041 0.0635 0.0655 -0.0452 0.0069 0.0423 0.0805

6 0.3355 -0.0007 0.0852 0.0966 0.0008 0.0087 -0.0698 -0.0219

7 0.0659 0.0638 0.1182 0.0091 0.1284 0.0093 0.1833 0.0298

8 0.0659 0.0473 -0.0013 0.0076 0.0588 -0.0003 -0.0166 0.0298

10 0.0342 0.1104 0.0852 -0.1304 -0.1645 0.0087 -0.0954 -0.0617

11 0.0659 0.0473 0.0852 0.0061 0.0588 0.0087 0.1292 0.0298

12 0.2160 0.0825 0.2059 0.0837 0.1565 0.0250 0.0115 0.0914

13 0.0659 0.2224 0.0852 -0.0023 -0.0785 0.0087 0.0013 0.0298

14 -0.0283 -0.0202 0.1695 -0.0137 0.0831 -0.0158 -0.1147 -0.0244

15 0.0490 0.0465 -0.1372 -0.2059 -0.0460 -0.1748 -0.0996 -0.0356

16 0.0712 -0.0201 0.0908 -0.0107 -0.0450 0.0344 -0.0080 -0.0028

17 -0.0275 0.0076 0.0510 -0.0093 0.1118 0.2382 0.0094 0.2119

18 -0.0222 -0.0492 0.1008 0.0237 0.0746 0.0498 0.0567 0.0072

19 0.0751 0.0003 0.0796 -0.0628 -0.0003 -0.0267 0.0154 0.0563

20 0.1675 0.0665 -0.1013 -0.1044 -0.0083 0.1477 0.0238 0.0568

21 0.0397 -0.0726 0.1813 0.0735 0.1332 -0.0163 -0.0701 0.1277

22 0.1910 0.0954 0.2588 0.0167 0.0635 0.0240 -0.1565 -0.0048

23 0.0607 0.0572 0.1416 0.0570 0.2044 -0.0263 -0.1572 0.0381

24 0.0659 -0.0376 -0.2190 -0.1577 -0.0215 0.0317 -0.0589 0.0298

25 0.0659 0.2484 -0.0302 0.0076 0.2956 0.1168 -0.0166 0.0298

26 0.1855 0.1858 0.0852 0.0528 0.1480 0.0087 0.1221 0.0533

27 0.2400 0.3362 0.1112 0.1129 0.1380 -0.0909 -0.0522 0.1758

28 0.0077 -0.0430 0.0290 0.0306 0.0524 -0.0435 0.0184 -0.0013

29 0.0016 -0.0112 0.2202 -0.0328 0.1965 -0.0158 -0.0292 -0.0622

30 0.1915 0.0535 0.2240 0.0827 0.0466 0.1847 -0.0821 0.0173
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9.4 Relationship between neural activity and performance during 

language processing tasks 

The table shows the results of 1-way ANOVAs with ROI as the dependant 

variable and age and performance as covariate for each task. No interaction 

reached statistical significance with p>.05.  

Verbal Fluency 

Age  F (3,78) = .623 p > .05 

Performance  F (3,78) = .446 p > .05 

Sentence Repetition 

Age F (3,78) = 1.003 p > .05 

Performance F (3,78) = 2.292 p > .05 

Syntactic Comprehension 

Age F (3,78) = .449 p > .05 

Performance F (3,78) = 1.247 p > .05 

Semantic Comprehension 

Age F (3,78) = 1.144 p > .05 

Performance F (3,78) = 2.987 p > .05 

Phonological Awareness 

Age F (3,78) = .629 p > .05 

Performance F (3,78) = .748 p > .05 
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9.5 Details of each participant’s age, gender, handedness and cognitive 

assessment score (chapter four) 
Participant 
ID 

Gender CCC-
2 

TROG TOWRE 
SE 

TOWE 
PE 

PRI FSIQ 

TD_01 Male 74 116 119 104 108 120 

TD_02 Female 72 102 100 100 109 109 

TD_03 Female 84 104 92 106 91 107 

TD_04 Female 85 106 82 86 86 85 

TD_05 Female 55 74 95 100 86 95 

DLD_06 Female 13 76 124 114 85 70 

 The table above shows age, gender, handedness and age corrected scores in 

the CCC-2, TROG, TOWRE and WASI assessment details for each participant 

who took part in the study described in chapters four and five. Note that, 

participants highlighted in red were excluded form analysis in chapter five due 

to poor sculp-optode contact. Participant DLD_01 was not included in the 

analysis of chapter five since they were the only participant of their group. 
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9.6 Details of each dyad’s; child and mother age, child gender, and 

behavioural assessment scores (chapter six) 
Dyad  
ID 

Child 
Gender 

Surgen
cy 

Negati
ve 
affect 

Effortf
ul 
Control 

ERQ_C
R   

ERQ_E
S 

NS_01 Male 5.67 2.58 5.30 4.33 2.00 

NS_02 Female 4.89 3.27 5.91 6.00 6.00 

NS_03 Male 5.42 2.83 5.25 4.83 1.25 

NS_04 Male 4.30 2.17 5.33 5.33 2.25 

NS_05 Male 5.75 5.09 4.82 4.67 1.00 

NS_06 Female 5.73 2.45 4.83 4.17 1.75 

NS_07 Female 5.42 1.58 6.36 5.33 3.25 

NS_08 Female 5.67 3.83 4.75 5.50 1.00 

NS_09 Male 5.92 1.64 6.00 4.17 3.00 

NS_10 Male 6.08 2.75 6.33 5.33 3.00 

NS_11 Female 6.00 2.20 5.00 3.83 4.00 

NS_12 Male 6.58 3.67 5.42 6.17 5.00 

The table above shows child’s age and gender, mother’s age and scores on the 

Children’s behaviour questionnaire (surgency, negative affect and effortful 

control) and the emotion regulation questionnaire (CR: cognitive reappraisal 

and ES: expressive suppression) for each dyad who took part in the study 

described in chapter six. 
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9.7 Survey of parents and clinicians (chapter seven) 

9.7.1 Parental Survey 
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9.7.2 Clinicians’ Survey 
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