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ABSTRACT OF THE DISSERTATION 

 

 

The Brain Basis of Language Impairment Across the Lifespan 

 

 

by 

 

Noelle Abbott 

 

Doctor of Philosophy in Language and Communicative Disorders 

University of California San Diego, 2024 

San Diego State University 2024 

 

Professor Tracy Love, Chair 
 

Language is a complex process and a unique human ability. However, this intricate 

process can become impaired, leading to significant challenges in comprehension and 

expression. This dissertation focuses on the brain basis of language impairments across two 

distinct populations: adults with post-stroke aphasia and children with Developmental Language 

Disorder (DLD). These populations are etiologically distinct; adults with aphasia have acquired 
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language impairments in an established language and neural system, while children with DLD 

have language impairments in a developing language and neural system. The dissertation 

consists of four studies that investigate the brain functions supporting language, focusing on 

cerebral blood flow (CBF) in both groups and functional connectivity in children with DLD, to 

better understand the relationship between these measures and language abilities. Chapter 1 

emphasizes the importance of characterizing baseline CBF values in individuals with aphasia. 

This study demonstrates how regions distal to the site of neural damage exhibit reduced CBF, 

which contributes to resultant language abilities, highlighting the critical need to properly 

characterize CBF patterns in clinical populations. In Chapter 2, the focus shifts to children with 

DLD. The neural underpinnings of DLD are not well understood, thus this chapter synthesizes 

over 50 years of behavioral and neural research in DLD to identify key brain regions of interest 

(ROIs) and language deficits that characterize the disorder. Chapter 3 builds on these identified 

ROIs, exploring brain function in children with DLD. Results from this study provide 

preliminary evidence of a relationship between altered brain function in children with DLD and 

language impairments. However, Chapter 3 utilized standardized measures of language abilities, 

which may not capture nuanced differences in real-time language processing. To address this, 

Chapter 4 employs an online priming paradigm to investigate real-time syntactic dependency 

linking in children with DLD at regular and slow rates of speech. Results show that children with 

DLD possess intact linguistic knowledge, but real-time temporal constraints during sentence 

processing lead to comprehension breakdowns. These studies provide evidence of the impact of 

altered brain function on language comprehension in language-impaired populations and 

illustrate the importance of properly characterizing the neural underpinnings of language 

processing.



  

 1 

 

INTRODUCTION 

 

Language is a remarkably intricate process that involves rapidly weaving together various 

linguistic components for successful communication. From the initial encoding of sound to the 

nuanced pragmatics of conversation, each step in the linguistic process plays a pivotal role in 

comprehending and producing language. Given the complex interplay of these linguistic 

components, it is not surprising that the language system is susceptible to impairment. The 

language network in the brain is comprised of distributed neural regions that all work in 

conjunction to process and produce language. If any of these regions are altered in any way, it 

can have downstream consequences for the carefully coordinated network and resulting 

behavior. As neuroimaging tools have advanced, the field has formed a deeper understanding of 

the brain’s neural architecture through investigations of brain structure and function and the 

associated language profiles. Through this lens, both acquired brain injuries and 

neurodevelopmental disorders have offered a window into brain-behavior relationships.  

In this dissertation, I explore how variations in brain structure and function impact 

language comprehension abilities across different language-impaired populations. The aim of 

this research is to elucidate the neural underpinnings of language with the long-term goal of 

identifying biomarkers of language impairment across the lifespan. To that end, the dissertation 

focuses on two etiologically distinct populations: adults with acquired post-stroke aphasia and 

children with developmental language disorder (DLD). As is discussed in more detail in 

Chapter 1, aphasia is an acquired language disorder that is typically the result of a left 

hemisphere vascular injury (e.g., clot or hemorrhage) that damages the language 

regions/networks of the brain. In the case of adult post-stroke aphasia, damage occurs to an 

already established language and neural system. The resulting impairments provide insight into 
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brain regions/networks that are crucial for language, as well as basic physiological assumptions 

(e.g., neurovascular, neurochemical, etc.) that have to be met to support the language system.  

In contrast to aphasia (as discussed in Chapters 2 and 3), DLD is a neurodevelopmental 

language disorder that affects a child’s ability to comprehend and/or produce spoken, written, or 

signed language but cannot be attributed to overt neurological damage (like with aphasia), or 

other factors such as hearing loss, Down syndrome, etc. In the case of DLD, the language and 

neural systems are still developing, which means that altered development of brain structures 

and/or brain function is directly related to impaired language processes. By attempting to 

understand brain-behavior relationships through both acquired and developmental disorders, a 

more comprehensive picture of the necessary neural architecture supporting language can be 

formed. It is through these understandings that may help identify biomarkers of language 

impairment.  

Overview of Dissertation 

In support of these research goals, this dissertation consists of four studies that explore 

the relationship between the underlying properties of brain function, including cerebral blood 

flow (CBF; in adults with post-stroke aphasia and children with DLD) and functional 

connectivity (in children with DLD) and resulting language abilities.  

Chapter 1 emphasizes the importance of characterizing baseline CBF values in individuals with 

post-stroke aphasia. In this study, we aimed to enhance understanding of neuronal health and 

functionality in chronic aphasia by focusing on individualized patterns of altered cerebral blood 

flow (i.e., reduced or hypoperfused brain tissue). The approach involved three key steps: 1) 

defining hypoperfusion for each participant; 2) utilizing the personalized metrics to gauge the 

extent of hypoperfused tissue in perilesional bands; and 3) examining the relationship between 

hypoperfusion in language-related brain regions and language behavior in chronic aphasia. In 
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this study, we identified viable yet functionally impaired tissue in chronic aphasia and showed 

that the individualized thresholding approach better accounted for observed language 

impairments. Overall, the study demonstrated how aberrant brain function contributes to 

language impairment profiles and highlighted the critical need to properly characterize CBF 

patterns in clinical populations.  

In Chapter 2, the focus shifts to children with DLD. As will be discussed in more detail, 

the brain-behavior basis for DLD is not well understood. The past 50 years of behavioral and 

neural research in DLD have created an unclear picture of the neural substrates that underlie the 

observed impairments. Complicating the picture, a number of theoretical accounts have been 

proposed to characterize language deficits in DLD, but the majority have lacked explanatory 

power and/or have not encompassed the full range of deficits. In this chapter, we aim to 

synthesize the neuroimaging research and theoretical accounts of DLD in an attempt to draw 

clearer connections between brain and language. Though more work is needed to understand the 

neural underpinnings of DLD, we identified neural regions that have consistently been 

implicated in DLD and discuss them in light of the theories they support.   

Chapter 3 builds on these identified ROIs, exploring measures of brain function (CBF 

and functional connectivity) in children with DLD. Results from this study provide preliminary 

evidence of a relationship between altered brain function in children with DLD and language 

impairments. In particular, we demonstrate that altered coupling between CBF and resting-state 

functional connectivity in the brain (i.e., an inverse relationship) may underlie language deficits 

in DLD.  However, Chapter 3 utilized standardized measures of language abilities, which may 

not capture nuanced differences in real-time language processing. To address this, the final 

chapter, Chapter 4 employs an online cross-modal picture priming (CMPP) paradigm to 
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investigate whether children with DLD create syntactic dependency links during online and 

offline sentence processing and whether speech rate impacts these abilities. Results indicated that 

during real-time sentence processing children with DLD were able to make the appropriate link 

between pronouns and antecedents (the noun referred to by the pronoun) when the speech rate 

was slowed. However, during the offline portion of the task, children with DLD were unable to 

make the appropriate link regardless of speech rate. Overall, these results suggest that children 

with DLD possess intrinsic knowledge of syntactic binding principles but require more time to 

process this information during real-time tasks.  

Taken together, these studies provide evidence for the significant impact of altered brain 

function on language comprehension in language-impaired populations and illustrate the 

importance of properly characterizing the neural underpinnings of language processing. 

References 

Fedorenko, E., Ivanova, A. A., & Regev, T. I. (2024). The language network as a natural kind 

within the broader landscape of the human brain. Nature Reviews Neuroscience, 1-24.  
  



5 
 

Chapter 1  
DEFINING HYPOPERFUSION IN CHRONIC APHASIA: AN INDIVIDUALIZED 

THRESHOLDING APPROACH 
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Preface 

There is a long history in the field of neuroscience and communication disorders of 

studying people with aphasia (PWA) to better inform understanding of the brain-behavior basis 

for language. A classic approach in the literature has been to link sites of neural damage to 

specific language deficits. Though a lot has been learned through this approach, as neuroimaging 

methods have advanced, so has our understanding of the language network. We now know that 

the language network is more distributed throughout the brain and has many connections to other 

regions that support language function. Underlying this language network are a number of 

functional processes that have to be maintained to support neuronal function, one of which is 

cerebral blood flow (CBF). There is a tight coupling between neural activity and increased CBF. 

In PWA, the blood supply system is compromised. In areas surrounding the lesion (perilesional 

tissue), CBF is often reduced, but additional regions outside of the lesion that appear structurally 

intact have been shown to be functionally compromised (i.e., hypoperfused). In this chapter, we 

explore CBF patterns and their relationship to language deficits in PWA. Additionally, we 

outline an individualized thresholding approach for determining functionally compromised brain 

tissue. Through this chapter, we emphasize the importance of carefully characterizing underlying 

processes that support brain function in clinical populations. 
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Preface 

 

 Chapter 1 demonstrated that people with aphasia (PWA) have alterations in cerebral 

blood flow (CBF) within structurally intact brain regions (i.e., functional lesions) that contribute 

to observed language behavior. The chapter outlined the importance of properly characterizing 

the underlying properties that support brain function. For PWA, altered brain structure and 

function is expected given the overt damage to the brain. However, children with DLD do not 

have overt damage to the brain, yet they also demonstrate language deficits, suggesting that they 

may have functional aberrancies within the neural system. Thus, in Chapter 2, we first 

synthesize neuroimaging studies and theoretical accounts of DLD. We then attempt to link them 

together to create a clearer connection between brain and behavior. Through this work, we 

identified a small number of brain regions that have been consistently implicated in DLD. Based 

on these findings, we suggest future directions of research for the field. This includes examining 

underlying properties that support brain function in DLD, namely CBF and functional 

connectivity. In Chapter 3, we explore these metrics and their relationship to language 

impairment in typically developing (TD) children and a small subset of children with DLD.   
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Chapter 3  
BRAIN FUNCTION IN DEVELOPMENTAL LANGAUGE DISORDER  
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1. Introduction 

Developmental Language Disorder (DLD) is a heterogenous neurodevelopmental 

disorder that impacts a child’s ability to comprehend and produce spoken or written language. 

DLD affects around 7-8% of kindergarten-age children in the United States making it more 

prevalent in childhood than other more widely recognized neurodevelopmental disorders such as 

ADHD (~5%) and ASD (~2.8%) of the population (Conti-Ramsden, 2001; Maenner et al., 2020; 

McGregor, 2020). Importantly, the language deficits observed in DLD cannot be attributed to 

hearing loss, intellectual disability, or neurological damage. Children with DLD experience 

higher levels of social anxiety and depression than typically developing (TD) children and these 

challenges often persist into adulthood (Botting, 2020). Despite the disorder’s prevalence and 

significant impact on overall well-being, the underlying neurobiological mechanisms remain 

poorly understood, largely due to inconsistent findings across neuroimaging studies. 

Nonetheless, there is growing evidence that both structural and functional brain differences exist. 

This chapter aims to elucidate functional brain abnormalities in children with DLD, focusing on 

cerebral blood flow and functional connectivity patterns. 

Functional magnetic resonance imaging (fMRI) is a widely used tool for exploring brain 

activity in children with and without neurodevelopmental disorders. Using fMRI, researchers can 

observe how specific brain regions are activated during language tasks, offering insights into the 

neural substrates that support or disrupt language processing. However, the few functional 

magnetic resonance imaging (fMRI) studies of children with DLD have found varying results for 

between- and within- group comparisons, which has made it difficult to draw conclusions about 

differences in functional brain activation patterns between TD children and children with DLD. 

Despite the difficulty of aggregating findings across studies, some notable brain regions have 

been consistently implicated in DLD, including the inferior frontal gyri, the superior temporal 



76 
 

gyri, and the basal ganglia (Abbott & Love, 2023; Ullman et al., 2024), but the precise nature of 

these differences in DLD is still unclear. As previously discussed in Abbott et al. (2023) (chapter 

2), one reason for the discrepant results across studies has to do with differences in methodology, 

including but not limited to the tasks employed in the scanner, the age ranges of the children 

included, and the processing pipelines and analyses used. However, discrepant results may also 

be related to differences in the underlying properties that support brain function. In this chapter, I 

argue for the importance of better characterizing cerebral blood flow and functional connectivity 

patterns in children with DLD to better inform future investigations of functional brain 

differences in DLD.  

1.1. Cerebral Blood Flow in Child Populations 

Cerebral blood flow (CBF) is intricately linked to neuronal activity, with active neurons 

demanding increased blood flow to supply necessary oxygen and glucose. The fMRI blood 

oxygen level-dependent (BOLD) signal hinges on this relationship, capturing changes in blood 

oxygenation as a proxy for neural activity (Li et al., 2012; Ogawa et al., 1990). However, the 

BOLD signal is also sensitive to changes in cerebral blood volume (CBV) and cerebral metabolic 

rate of oxygen (CMRO2), which together with CBF, influence the observed signal (Simon & 

Buxton, 2015). Thus, accurate interpretation of the BOLD signal requires assumptions about 

neurovascular coupling, which may not hold true in clinical populations like children with DLD. 

Early studies measuring CBF using single-photon emission computed tomography (SPECT) and 

positron emission tomography (PET) indicated abnormal hemispheric lateralization and 

hypoperfusion (reduced CBF) in left hemisphere language regions in children with DLD (Lou et 

al., 1990; Tzourio et al., 1994). More recent methods, such as transcranial Doppler (TCD), also 

suggest atypical CBF patterns, including reduced perfusion in language-related brain areas 



77 
 

(Whitehouse & Bishop, 2008). To date, no studies have investigated CBF patterns using arterial 

spin labeling (ASL) MRI in children with DLD. ASL is a non-invasive method (unlike 

SPECT/PET which require the injection of a radioactive tracer), that quickly captures whole 

brain CBF patterns and provides quantified values that can be compared between populations 

(Alsop et al., 2015).  

A number of studies have sought to determine average CBF values in gray and white 

matter by age in TD children as a benchmark for typical development. For example, in a 

longitudinal study by Paniukov et al. (2020), the authors investigated changes in CBF values in 

children between the ages of 2-7 years (Paniukov et al., 2019). In support of previous findings, 

they found that CBF steadily increased across age at a rate of about 3.20 mL/100g/min per year 

in gray matter (Avants et al., 2015; Paniukov et al., 2019). Studies have varied in terms of peak 

mean CBF values in gray matter, but most suggest a peak around 8-10 years of age of about ~75-

100 mL/100g tissue/min (Avants et al., 2015; Jain et al., 2012; Liu et al., 2018; Taki et al., 2011), 

with a decline into adolescence around ~60-75 mL/100g tissue/min (Paniukov et al., 2019; 

Satterthwaite et al., 2014; Soni et al., 2016). Findings of the relationship between CBF changes 

and biological sex have also been varied. For example, one study reported no differences 

between CBF values based on biological sex (Paniukov et al., 2019), while another reported that 

females have higher regional CBF values in the precuneus and posterior cingulate cortex 

bilaterally, as well as the left thalamus  (Taki et al., 2011). Others have found that this 

relationship changes across development. In these studies, younger children demonstrated more 

pronounced differences, with males peaking earlier than females (Lenroot et al., 2007) and 

females experiencing increases in CBF levels into adolescence rather than decreases 

(Satterthwaite et al., 2014) 
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In clinical pediatric populations, these CBF values can differ. For example, Yerys et al. 

(2018) found a relationship between decreased CBF in areas of the brain related to social 

perception and cognition in children with ASD (Yerys et al., 2018). Similarly, Ye et al. (2022) 

found a relationship between poorer language abilities and decreased CBF in the left frontal lobe 

of children with ASD (Ye et al., 2022). Findings such as these have important implications for 

modeling the hemodynamic response function (HRF) during fMRI BOLD studies (Lindquist et 

al., 2009). The HRF is a model of the coupling between neuronal activity and the resulting 

changes in blood oxygen levels (Rangaprakash et al., 2021). The canonical shape of the HRF 

typically includes an initial dip, reflecting a brief increase in deoxyhemoglobin due to neural 

activity, followed by a sharp rise to a peak as blood flow increases, delivering oxygenated blood 

to the active area. This peak is then followed by a gradual return to baseline as the neural activity 

subsides and blood flow normalizes (Kim & Ress, 2016). Any alterations to CBF, CBV, and 

CMRO2 can impact this model (Bonakdarpour et al., 2007; Duarte et al., 2015; Kim & Ress, 

2016; Rangaprakash et al., 2021; Yan et al., 2018). For example, reduced CBF could lead to 

decreases in amplitude (response height) of the HRF or delays in the time-to-peak 

(Rangaprakash et al., 2021). These impacts necessitate careful consideration in fMRI studies, 

particularly when comparing populations that may have differing baseline CBF levels, such as 

may be the case in children with DLD. Inaccurate modeling and interpretation of the HRF could 

contribute to misinterpretations of functional imaging results, underscoring the need for precise 

modeling of hemodynamic responses in this population. 

1.2. Functional Connectivity in Clinical Pediatric Populations 

Functional connectivity refers to the temporal correlation of neural activity between 

distinct brain regions, reflecting the coordinated functioning of neural networks (Bijsterbosch et 
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al., 2017). The correlation of neural activity is measured through the BOLD signal, in that 

regions that have similar BOLD signal timeseries at-rest are considered functionally connected. 

As children grow, the cortical networks supporting language function reorganize, leading to 

more efficient connections that reflect enhanced language proficiency. Primary sensory 

networks, which resemble adult-like structures soon after birth, exhibit minimal changes during 

the first year of life (Gao et al., 2015). In contrast, the connectivity in higher-order networks, 

such as those governing language, undergo extended maturation and strengthen with age over the 

first decade of life (Dosenbach et al., 2010). This prolonged development is characterized by 

increasing specialization, which parallels the acquisition of various cognitive and behavioral 

skills across human development (Chen et al., 2021; Dosenbach et al., 2010). Specifically, the 

intrahemispheric connectivity (leftward asymmetry) of language regions becomes more 

pronounced with age and maturing language abilities (Berl et al., 2014; Emerson et al., 2016). 

This process highlights the dynamic nature of neural network development, which supports the 

refinement of language and other complex cognitive functions as children mature. 

Prior research with children with neurodevelopmental disorders has revealed a 

relationship between altered language networks and language abilities. For example, in children 

with ASD who have concomitant language impairment, studies have found atypical lateralization 

patterns for language networks in younger kids (Eyler et al., 2012) and patterns of 

overconnectivity in older kids (Gao et al., 2019). This pattern suggests that aberrant development 

and organization of brain regions within the language network likely begins early in life and 

continues to contribute to adverse language outcomes later in life. To date, no studies have 

investigated resting-state functional connectivity patterns in children with DLD. Given that DLD 

strongly impacts language abilities, and these impacts often persist into adulthood, research 
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investigating network connectivity patterns is needed, as it may help explain the different 

patterns of neural activity that have been observed in fMRI studies and it could potentially help 

account for differences in language production and processing.  

1.3. Current Study 

In the current study, we argue that variable fMRI findings in children with DLD may 

have to do with differences in the underlying properties that support brain function (e.g., 

hemodynamic, network connectivity, etc.). Accurately characterizing the underlying properties 

of functional brain signals is essential for advancing our understanding of DLD. 

Misinterpretations stemming from unaccounted variations in CBF, or an incomplete 

understanding of network connectivity can obscure neural activation patterns in DLD. While 

functional neuroimaging has provided valuable insights into the brain abnormalities associated 

with DLD, continued advancements in imaging methodologies and a deeper understanding of 

neurovascular dynamics and neural architecture are crucial. This will ensure that future studies 

can more accurately capture the complex neural underpinnings of DLD, paving the way for 

improved diagnostic and therapeutic approaches. 

As an initial investigation into brain function in DLD, we employ metrics of brain health 

and functionality that include measures of CBF and resting state (intrinsic) functional 

connectivity (iFC) patterns to investigate potential biomarkers of DLD and their relationship to 

language abilities. In isolation, each of these brain measures has the potential to reveal insights 

into aberrant brain function in DLD, but when combined, they may reveal even greater insight 

into the efficiency of the neural system (Jann et al., 2015). In typically developing humans, there 

is a strong relationship between functional connectivity strength and CBF at rest in functional 

network hubs, such as those within the medial prefrontal cortex, posterior cingulate cortex, and 
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lateral temporal and parietal cortices (which are associated with the default mode network) 

(Liang et al., 2013). When neurons fire, blood vessels dilate and CBF increases in response to 

changing metabolic demands. As glucose and oxygen are consumed, the oxygenated content of 

the blood changes giving rise to the BOLD signal fluctuations that indicate functionally 

connected networks. In that way, CBF and FC strength are inextricably linked through brain 

metabolism. In particular, regions of the brain with long-range connections involved in higher 

order functions (such as the medial and lateral prefrontal cortex and temporo-parietal cortices) 

show higher correlations between CBF and FC strength than short range connections (Liang et 

al., 2013). Further, network hubs and long-range connections have high degrees of connectivity 

making them more metabolically demanding and susceptible to alterations between CBF and 

neural activity. In fact, a number of studies with individuals who have either developmental (e.g., 

ASD and Wilson’s disease) or acquired (e.g., schizophrenia and traumatic brain injury) 

neurological disorders have demonstrated altered coupling between CBF and FC within 

networks implicated in the disorder (Hu et al., 2019; Jann et al., 2015; Sours et al., 2015; Zhu et 

al., 2017). Therefore, characterizing CBF and FC patterns as well as their relationship is an 

important step forward in better understanding how brain function contributes to language 

behavior in DLD.  

The aims of the current study are as follows: (1) characterize patterns of CBF in children 

with DLD as compared to age-matched TD children; (2) examine network connectivity patterns 

in children with DLD as compared to age-matched TD children; and (3) determine if there is a 

relationship between CBF, iFC, and language behavior. Only a limited number of studies have 

investigated CBF patterns in DLD (using invasive methods) and no studies have investigated iFC 

patterns. Thus, we consider this an initial exploration into the underlying properties supporting 
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brain function in DLD. Our hypotheses are limited for aims 1 and 2 to expecting to see altered 

patterns in our DLD sample compared to our TD sample. For aim 3, we anticipate seeing a 

correlation between CBF and FC in out TD population. In addition, we expect that alterations in 

CBF and FC will be related to poorer language abilities.  

2. Methods 

2.1. Participants 

Two male participants with DLD (mean age ± SD: 10.3 years ± 0.46) and 22 TD children 

(9.45 years ± 1.95, 13F/9M) participated in the study. Inclusion criteria for all participants were 

as follows: (i) heard/spoke only English from birth to 6 years of age; (ii) right-handed; (iii) 

between 6-12 years of age; (iv) scored at least 85 (within 1 SD of the normative mean) on the 

Test of Nonverbal Intelligence, Version 3 (TONI-3) deviation quotient (Brown et al., 1997); (v) 

had hearing within normal limits based on the ASHA Pure-Tone Screening Procedure (i.e., 50, 

500, 1000, 2000, 3000, 4000, 6000, and 8000 Hz at 25dB or less (American Speech-Language-

Hearing Association, 2005)); (vi) had no diagnosis of ASD or genetic disorders (e.g., Down 

syndrome, Williams Disorder, etc.); (vii) had no history of neurological impairments (e.g., 

epilepsy, head trauma, etc.); and (viii) had no contraindications to MRI (e.g., braces, 

claustrophobia). A summary of demographic information is provided in Table 3.1.   

Participants with DLD were actively receiving services for speech and language 

difficulties at the time of testing. A diagnosis of DLD was further confirmed using the Clinical 

Evaluation of Language Fundamentals, Version 5 (CELF-5; (Wiig et al., 2013). Participants 

were categorized as having DLD if their scaled score was at least one standard deviation below 

the normative mean (≤7) on two or more of the four core language score (CLS) subtests of the 

CELF-5. Participants were categorized as TD children if they had no history of speech and 
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language problems, and they scored within one standard deviation of the normative mean on at 

least three of the CLS subtests.  

All participants were recruited through flyers posted throughout the greater San Diego 

region, San Diego State University’s (SDSU) Speech-Language Clinic, and previous child 

participant pools. Parents brought the children to SDSU for two behavioral testing sessions and 

one MRI session, each lasting approximately one hour. After each session, children were 

compensated for their time and got to choose a prize from the treasure chest. The study was 

approved under both the University of California San Diego (UCSD) and San Diego State 

University’s Internal Review Board (IRB).  

 2.2 Language and Cognitive Assessment Battery 

In addition to parents completing an extensive language and background questionnaire, 

participants completed a battery of standardized and non-standardized assessments to evaluate 

their language and cognitive skills. Since a diagnosis is based on exclusionary criteria, the 

expectation is that all participants will perform within normal limits on non-verbal measures with 

the DLD participants showing varying degrees of impairment in language and phonological 

working memory domains. All assessments were administered by the first author (N.A.) or 

trained research assistants in the Speech, Language, and Hearing Sciences Department at SDSU.  

Participants’ overall language ability was assessed using the four CLS subtests of the 

CELF-5 based on age group. For children 9-12 years of age, these subtests included Word 

Classes, Formulated Sentence, Recalling Sentences, and Semantic Relationships. For children 6-

8 years of age, these subtests included, Sentence Comprehension, Word Structure, Formulated 

Sentences, and Recalling Sentences. Grammatical comprehension was assessed using the Test 

for Reception of Grammar, Version 2 (Bishop & Garsell, 2003). With the TROG-2, participants 
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are orally presented with 80 sentences with a range of complexity (e.g., active, clefts, object 

relatives, pronouns, etc.). Participants saw an array of four pictures while listening to each 

sentence and were instructed to select the picture that best matched the sentence they heard.  

Phonological working memory was assessed using the Nonword Repetition (NWR) Task 

(Dollaghan & Campbell, 1998). During this task, participants heard nonsense words that 

increased in syllable length from one to four syllables and were asked to repeat the words exactly 

as they heard them. The TONI-3 was used as a measure of non-verbal intelligence. The TONI-3 

assesses abstract/figural problem solving and reasoning while reducing the motoric, linguistic, 

and cultural loads of more traditional intelligence quotient (IQ) measures, thus making it useful 

for child and clinical populations. For this assessment, children were presented with a series of 

abstract or geometric images and were asked to select the correct image to complete a sequence 

or pattern.  

Twenty-one out of the 22 participants completed all behavioral testing sessions, as one 

participant did not complete the TONI or TROG. For the CELF, TROG, and TONI, raw scores 

were converted to standard scores and percentiles based on age. For the NWR task, the total and 

percentage of correctly articulated phonemes was calculated. For all planned analyses, standard 

scores were used. Participant scores are reported in Table 3.1. 
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Table 3.1. Participant demographics for the TD children (averaged across group) and the two 

participants with DLD. Significant mean differences between each of the DLD participants and 

the TD group are denoted as follows: *p < 0.05, **p < 0.01. Clinical Evaluation of Language 

Fundamentals, Core Language Score (CELF-CLS); Test of Nonverbal Intelligence (TONI); Test 

for Reception of Grammar (TROG); Non-Word Repetition (NWR). 1All standardized scores 

have a mean of 100 (50th percentile -%ile) and standard deviation (SD) of ± 15. 2For the TONI 

and TROG, n = 21 for the TD group as one participant did not complete the last testing session. 

 

2.2 MRI Acquisition  

MRI data were acquired at SDSU’s Imaging Center on a Siemens Prisma 3T scanner 

using a 32-channel head coil. Foam padding was used to reduce participant head motion during 

scanning. Participants were equipped with Optoacoustics OptoActive II Active Noise Cancelling 

Headphones and a microphone. A mirror was placed on the head coil for viewing videos on the 

scanner screen.  

High resolution structural T1 images were acquired using a Magnetization Prepared 

Rapid Gradient Echo sequence with prospective motion correction (MPRAGE PROMO). In an 

effort to reduce head movement during the structural scan, participants could choose a movie or 

TV show to watch. Scan parameters were as follows: TR = 2.3 s; TE = 2.98 ms; slice thickness = 
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1.0 mm; voxel size = 1.0 × 1.0 × 1.0 mm; matrix = 256 × 256 mm; flip angle = 9°; FOV = 256 × 

256 mm; scan time = 5:21 mins.  

  Resting-state cerebral blood flow (CBF) data were obtained using a pseudo-continuous 

arterial spin labeling (PCASL) sequence. With this technique, radiofrequency (RF) pulses invert 

the magnetization of protons in the blood. This inverted magnetization acts as an endogenous 

tracer, allowing blood flow to be tracked throughout the brain (Dai et al., 2008). During the scan, 

participants were asked to lie still in the scanner while watching a silent version of Inscapes 

(Vanderwal et al., 2015). Inscapes is a well-validated way to reduced head-motion and 

drowsiness during resting state scans, while also minimizing the cognitive aspects associated 

with watching a movie or performing a task. The video uses abstract shapes and movements 

reminiscent of nature (e.g., floating manta rays) and lacks typical features of movies like 

perspective changes, scene cuts, and drastic changes in luminance. Scan parameters were as 

follows: Labeling duration = 1.8 s; post labeling delay = 1.8 s; label offset = 90.00 mm; TE = 

36.76 ms; TR = 4100 ms; M0 TR = 5000 ms; slices = 16; voxel size = 2.5 mm isotropic; flip 

angle = 120°; FOV = 225mm x 225 mm x 150 mm; matrix size = 90 x 90 x 50; tag gap = 20 mm; 

scan time = 5:32 mins.  

Finally, resting-state functional connectivity MRI (rs-fMRI) scans were obtained using a 

Multiband Echo Planar Imaging (EPI) sequence. During this scan participants watched Inscapes 

again but with the sound on to reduce boredom. The soundtrack was a piano score designed to 

complement the frequency of the Siemens scanner during the EPI sequence. It featured a slow 

tempo with limited pitch changes and used repetitive patterns. Scan parameters included: 2mm 

isotropic voxel size; TR = 800 ms; TE = 35 ms; flip angle = 52°; slices = 72; multiband 

acceleration factor = 8; 104 x 104 matrix; FOV = 20.8 cm; scan time = 6:08 mins.  
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2.3.1. Arterial Spin-Labeled MRI Preprocessing and Cerebral Blood Flow Computation  

Arterial spin-labeled MRI images were preprocessed using ASLPrep 0.2.8, which is 

based on Nipype 1.7.0 (Gorgolewski et al., 2011). The processing steps are reported based on the 

boilerplate methods provided through ASLPrep. 

2.3.1.1. Anatomical data preprocessing. sMRIPrep 0.6.1 was used to process the 

anatomical data. A total of 1 T1-weighted (T1w) image was found within the input BIDS dataset. 

The T1-weighted (T1w) image was corrected for intensity non-uniformity (INU) with 

N4BiasFieldCorrection (Tustison et al., 2010), which is distributed with ANTs 2.3.1 (Avants et 

al., 2008). sMRIPrep uses this T1w reference throughout the workflow. The T1w-reference was 

then skull-stripped with a Nipype implementation of the antsBrainExtraction.sh workflow using 

OASIS30ANTs as the target template. Brain tissue segmentation of cerebrospinal fluid (CSF), 

white-matter (WM) and gray-matter (GM) was performed on the brain-extracted T1w reference 

image using FSL’s FAST (Zhang et al., 2001). Nonlinear registration of the brain-extracted T1w 

reference image to the brain-extracted template was accomplished using antsRegistration. The 

following template was selected for spatial normalization: ICBM 152 Nonlinear Asymmetrical 

template version 2009c (Fonov et al., 2011). 

2.3.1.2. ASL data preprocessing. For the 1 ASL run found per subject (across all tasks 

and sessions), the following preprocessing was performed. First, the middle volume of the ASL 

timeseries was selected as the reference volume and brain extracted using Nipype’s custom brain 

extraction workflow. Head-motion parameters were estimated using FSL’s mcflirt (Jenkinson et 

al., 2002). Next, ASLPrep wrote head-motion parameters to the ASL run’s confound file. 

Susceptibility distortion correction (SDC) was omitted. ASLPrep co-registered the ASL 

reference to the T1w reference using FSL’s flirt (Jenkinson & Smith, 2001), which implemented 
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the boundary-based registration cost-function (Greve & Fischl, 2009). Co-registration used 6 

degrees of freedom. The quality of co-registration and normalization to template was quantified 

using the Dice and Jaccard indices, the cross-correlation with the reference image, and the 

overlap between the ASL and reference images (e.g., image coverage). Several confounding 

timeseries were calculated, including both framewise displacement (FD) and DVARS. FD and 

DVARS are calculated using the implementations in in Nipype (following the definition by 

(Power et al., 2014)) for each ASL run. ASLPrep summarizes in-scanner motion as the mean 

framewise displacement and relative root-mean square displacement. 

2.3.1.3. Cerebral blood flow computation and denoising. ASLPrep was configured to 

calculate cerebral blood flow (CBF) using the following methods. The cerebral blood flow 

(CBF) was quantified from preprocessed ASL data using a general kinetic model (Buxton et al., 

1998). Structural Correlation based Outlier Rejection (SCORE) algorithm was applied to the 

CBF timeseries to discard CBF volumes with outlying values (Dolui, Wang, et al., 2017) before 

computing the mean CBF. Following SCORE, the Structural Correlation with RobUst Bayesian 

(SCRUB) algorithm was applied to the CBF maps using structural tissue probability maps to 

reweight the mean CBF (Dolui, Wolf, et al., 2017; Dolui et al., 2016). CBF was also computed 

with Bayesian Inference for Arterial Spin Labeling (BASIL) (Chappell et al., 2009), as 

implemented in FSL 6.0.3. BASIL computes CBF using a spatial regularization of the estimated 

perfusion image and additionally calculates a partial-volume corrected CBF image (Chappell et 

al., 2011). For each CBF map, the ROIs for the following atlases were extracted: the Harvard-

Oxford and the Schaefer 200 and 400-parcel resolution atlases. The Quality evaluation index 

(QEI) was computed for each CBF map (Dolui et al., 2016). QEI is based on the similarity 

between the CBF and the structural images, the spatial variability of the CBF image, and the 
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percentage of grey matter voxels containing negative CBF values. All resampling in ASLPrep 

uses a single interpolation step that concatenates all transformations. Gridded (volumetric) 

resampling was performed using antsApplyTransforms, configured with Lanczos interpolation to 

minimize the smoothing effects of other kernels (Lanczos, 1964). Many internal operations of 

ASLPrep use Nilearn 0.8.1 (Abraham et al., 2014), NumPy (Harris et al., 2020), and SciPy 

(Virtanen et al., 2020). For more details of the pipeline, see the ASLPrep documentation. 

2.3.2. Resting State Functional Connectivity Preprocessing  

Results included in this manuscript come from analyses performed using CONN 

(Whitfield-Gabrieli & Nieto-Castanon, 2012) (RRID:SCR_009550) release 21.a (Nieto-Castanon 

& Whitfield-Gabrieli, 2021) and SPM (Penny et al., 2011) (RRID:SCR_007037) release 

12.7487. The processing steps are reported based on the boilerplate methods provided through 

CONN. 

2.3.2.1. Preprocessing. Functional and anatomical data were preprocessed using a 

flexible preprocessing pipeline  (Nieto-Castanon, 2020b) including realignment with correction 

of susceptibility distortion interactions, outlier detection, direct segmentation and MNI-space 

normalization, and smoothing. Functional data were realigned using SPM realign & unwarp 

procedure (Andersson et al., 2001), where all scans were co-registered to a reference image (first 

scan of the first session) using a least squares approach and a 6 parameter (rigid body) 

transformation (Friston et al., 1995), and resampled using b-spline interpolation to correct for 

motion and magnetic susceptibility interactions. Potential outlier scans were identified using 

ART (Whitfield-Gabrieli et al., 2011) as acquisitions with framewise displacement above 0.9 

mm or global BOLD signal changes above 5 standard deviations (Nieto-Castanon, 2022; Power 

et al., 2014), and a reference BOLD image was computed for each subject by averaging all scans 

https://aslprep.readthedocs.io/en/latest/workflows.html
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excluding outliers. Functional and anatomical data were normalized into standard MNI space, 

segmented into grey matter, white matter, and CSF tissue classes, and resampled to 2 mm 

isotropic voxels following a direct normalization procedure (Calhoun et al., 2017; Nieto-

Castanon, 2022) using SPM unified segmentation and normalization algorithm (Ashburner, 

2007; Ashburner & Friston, 2005) with the default IXI-549 tissue probability map template. Last, 

functional data were smoothed using spatial convolution with a Gaussian kernel of 6 mm full 

width half maximum (FWHM). 

2.3.2.2. Denoising. In addition, functional data were denoised using a standard denoising 

pipeline (Nieto-Castanon, 2020a) including the regression of potential confounding effects 

characterized by white matter timeseries (5 CompCor noise components), CSF timeseries (5 

CompCor noise components), motion parameters and their first order derivatives (12 factors) 

(Friston et al., 1996), outlier scans (below 155 factors) (Power et al., 2014), session effects and 

their first order derivatives (2 factors), and linear trends (2 factors) within each functional run, 

followed by bandpass frequency filtering of the BOLD timeseries (Hallquist et al., 2013) 

between 0.008 Hz and 0.08 Hz. CompCor (Behzadi et al., 2007; Chai et al., 2012) noise 

components within white matter and CSF were estimated by computing the average BOLD 

signal as well as the largest principal components orthogonal to the BOLD average, motion 

parameters, and outlier scans within each subject's eroded segmentation masks. From the number 

of noise terms included in this denoising strategy, the effective degrees of freedom of the BOLD 

signal after denoising were estimated to range from 22.5 to 47.6 (average 43.2) across all 

subjects (Nieto-Castanon, 2022) 

2.2. Analyses 
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Below we detail the approach to analyzing the neuroimaging and behavioral data within 

the framework of each of the stated aims of the paper. 

2.4.1. Aim 1: Characterize Cerebral Blood Flow (CBF) 

2.4.1.1. Between group comparisons. Recall, Aim 1 of this study was to characterize 

CBF patterns in children with DLD compared to TD children. To that end, we calculated CBF in 

the whole brain (WB), the left hemisphere (LH) and the right hemisphere (RH) for the TD group. 

In addition, we calculated CBF in language regions of interest (ROIs) that have shown structural 

and functional differences in children with DLD when compared to controls, using the Harvard-

Oxford atlas. These regions include bilaterally the inferior frontal gyri (IFG), posterior superior 

temporal gyri (pSTG), posterior middle temporal gyri (pMTG), planum temporale (PT), insula, 

and angular gyri (AG) (Abbott & Love, 2023; Liégeois et al., 2014; Ullman et al., 2024). For the 

purposes of analysis, we refer to this group of ROIs as the “language network” or language-

specific ROIs. In addition to these regions, we also created a separate group of ROIs  that have 

been strongly implicated in DLD, which include the caudate and putamen bilaterally (known 

collectively as the striatum) and the frontal (frontal medial cortex, frontal operculum, frontal 

pole, IFG, and middle frontal gyrus) and parietal (supramarginal and angular gyri) regions, 

bilaterally (Ullman et al., 2024). We refer to this group of ROIs as the “language-related 

network” or just language-related ROIs in our analyses. We then compared the group averages 

for the WB, LH, RH, and network ROIs to each participant with DLD using the Crawford & 

Howell’s modified t-test (Crawford et al., 2009; Crawford & Howell, 1998). The Crawford & 

Howell’s t-test was designed to compare a single case subject to a larger group. The statistical 

method enables researchers to ascertain whether the participant’s score deviates significantly 

from the control group. Significant p-values indicate that the single case subject does not belong 
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to the control population. To correct for multiple comparisons, we applied FDR correction 

separately for each DLD participant for the global brain measures (three comparisons: WB, LH, 

RH) and ROIs (two comparisons: language ROIs and language-related ROIs). 

 2.4.1.2. Within group comparisons. Our sample of TD children included both males 

and females between 6-12 years of age. Given that CBF values change across development and 

some studies have shown variations between sex, we performed a simple linear regression with 

the TD group to explore the effect of these biological variables on CBF patterns. Next, to 

investigate laterality differences between the above measures by hemisphere (left vs right: WB, 

language-specific ROIs, and language-related ROIs), we then performed a series of paired 

samples t-tests, FDR corrected for multiple comparisons within each group. 

2.4.2. Aim 2: Characterize intrinsic (resting state) functional connectivity patterns (iFC) 

The goal of Aim 2 was to characterize iFC patterns in children with DLD compared to 

TD children. Thus, ROI-to-ROI connectivity (RRC) matrices were estimated indicating the 

functional connectivity between each ROI, yielding functional connectivity similarity matrices 

for each participant individually as well as the TD group as a whole (Desikan et al., 2006). 

Functional connectivity strength was represented by Fisher-transformed bivariate correlation 

coefficients (z-scores) from a general linear model (weighted-GLM (Nieto-Castanon, 2020b)), 

estimated separately for each pair of ROIs, characterizing the association between their BOLD 

signal timeseries. In order to compensate for possible transient magnetization effects at the 

beginning of each run, individual scans were weighted by a step function convolved with an 

SPM canonical hemodynamic response function and rectified. Using the generated similarity 

matrices, we selected a subset of ROIs to match those from aim 1. As a reminder, these consisted 

of language-specific ROIs within the left and right IFG, insula, pMTG, pSTG, PT, and AG; and 
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the language-related ROIs consisted of the caudate, putamen, frontal medial cortex, frontal 

operculum, frontal pole, IFG, middle frontal gyrus (mFG), supramarginal gyrus (SMG), and AG 

bilaterally.  

It is well known that both child and clinical populations are more prone to movement 

during scans which can create spurious connections within the BOLD time series (Van Dijk et 

al., 2012). Thus, to first rule out head motion as a confounding factor in our follow-up analyses, 

we compared mean head displacement of the TD group to each of our DLD participants. Using 

Crawford & Howell’s modified t-tests we found no significant differences between the DLD and 

TD participants (DLD002: t(20) = 1.86, p = 0.08; DLD003: t(20) = 1.33, p = 0.20).   

Next, we triangulated each TD participant’s similarity matrix within our two pre-defined 

networks of interest (language-specific and language-related) and compared it to the average of 

all the other TD similarity matrices (n-1) using Pearson correlation to determine how similar 

each child was to the group average. The resulting value is a single correlation coefficient for 

each participant. All but two participants showed strong correlations (r > 0.6) with the group. To 

ensure that the reason for the low correlations in the two TD participants wasn’t due to motion, 

we again used Crawford & Howell’s modified t-test to compare their mean head displacement to 

the groups and found no significant differences (TD001: t(20) = -1.14, p = 0.23; TD005: t(20) = -

0.02, p = 0.98), thus they were retained for the analyses. Next, the correlation coefficient for each 

DLD participant was compared to the correlation coefficients from the TD participants using the 

Crawford & Howell’s modified t-test. This was done within each pre-defined network of interest. 

As previously discussed, regions of the brain that are highly connected with other regions 

may be more susceptible to alterations (Liang et al., 2013). Therefore, we also looked at 

connectivity patterns within specific hubs in our pre-defined networks. For the language-specific 
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network, based on findings from Qi et al. (2021), we examined the connections between the pars 

opercularis portion of the left IFG (L IFG-PO) and the following regions: the right IFG-PO (R 

IFG-PO), and the L/R IFG pars triangularis (L/R IFG-PT). We also looked at the connections 

between the L IFG-PT and the following: L insula (L IN), L posterior superior temporal gyrus (L 

pSTG), and L posterior middle temporal gyrus (L pMTG). For the language-related ROIs, we 

focused on the connections between the L caudate and the following: L putamen, L IFG-PT, and 

L frontal operculum (L FO). All Crawford & Howell t-tests were corrected for multiple 

comparisons.   

2.4.3. Aim 3: The Relationship between CBF, iFC, and Language Abilities 

The purpose of Aim 3 was to determine whether there was a relationship between our 

functional brain measures, CBF and iFC, and our language measures.  

 2.4.3.1. Functional Brain Measures and CELF-CLS. A simple linear regression model 

was conducted to examine the relationship between WB CBF and scores on the core language 

subtests of the CELF. Additional simple regression models were calculated for the language-

specific and language-related networks. Both sex and age were included in the models as 

covariates due to their potential influence on brain development. Next, we investigated the 

relationship between these variables and functional connectivity patterns. Given the large 

number of ROI-to-ROI pairs that would be generated from a WB analysis, we focused these 

analyses on our pre-determined language networks. For each TD participant, we calculated their 

mean connectivity within each network and used those values in calculating our models. Given 

the sample size of our DLD participants, we only included TD children in our models, but 

discuss the implications of the findings for children with DLD in the Results and Discussion 

sections of the manuscript.  
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2.4.3.2. The Relationship between FC and CBF. As previously discussed, CBF and the 

BOLD signal are tightly linked. Therefore, altered coupling between the two could signal 

dysfunction. Here, our aim is to characterize the relationship between CBF and FC within the 

language-specific and language-related networks in TD children to inform our understanding of 

abnormal patterns. To do so, we performed correlation analyses between mean FC and CBF 

within our language-specific and language-related networks.  

2.4.3.3. CBF, FC and the CELF. Our final goal for this research is to understand how 

both measures of brain function contribute to language abilities as well as impaired language 

processes. To that end, we conducted two separate (language-specific and language-related) 

linear regression analyses with CBF, FC z-scores, and the interaction between age and sex to 

determine if average CBF and FC values in our network ROIs predicted CELF-CLS scores.  

3. Results 

All statistical analyses were performed using R (R Core Team, 2023).  

3.1. Behavioral Measures 

Scores from the behavioral measures are reported in Table 3.1. The results of an 

independent samples t-test indicated that there were no differences in age between biological 

males and females in our sample (t(13) = -0.79, p > 0.05). There were also no significant 

differences in assessment scores based on sex (p > 0.05 for all comparisons).  

3.2. Neuroimaging Measures 

3.2.1. Aim 1: Cerebral Blood Flow (CBF) 

Of the 22 TD children included in this study, 2 TD children were unable to complete the 

ASL-MRI sequence due to issues with MRI hardware (n=1) and software (n=1). Thus, 20 TD 

children (9.43 years ± 2.02, 11F/9M) and the 2 children with DLD, were included in the analysis 

(Figure 3.1). 
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Figure 3.1 Whole brain (WB) cerebral blood flow (CBF) maps in each participant with DLD and 

the TD group (averaged across TD participants), registered to the MNI-152 template. Heat maps 

indicate the amount of CBF in tissue per minute. Images are presented in radiological view (i.e., 

left hemisphere is on the right side). 

 

3.2.2. Between group comparisons 

3.2.2.1. Global measures. To determine if the participants with DLD showed equivalent 

CBF patterns to our TD group, we first performed two separate comparisons between each of our 

participants with DLD and the TD group (n = 20). Here we explored the CBF gray matter 

patterns in the whole brain (WB), left hemisphere (LH), right hemisphere (RH), and selected 

ROIs. First, we present in Table 3.2 the mean and standard deviation for the TD participants and 

the mean for each of the DLD participants for the three global brain region comparisons (WB, 

LH, and RH). The results from the Crawford-Howell’s modified t-test are also reported. 

Significant results are adjusted for multiple comparisons using FDR correction (i.e., p-adjusted). 
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Table 3.2. Comparisons between cerebral blood flow (CBF) in whole brain (WB), left 

hemisphere (LH), and right hemisphere (RH) gray matter. Means and standard deviations (SD) 

are reported. Significant differences between TD and DLD participants are in bold. 

 
 

For DLD002 (when compared to the TD group) results indicated a significant difference 

in gray matter CBF values in WB (t(19) = -2.95, p = 0.008, p-adjusted = 0.024) and RH (t(19) = 

-2.44, p = 0.02, p-adjusted = 0.03), but not for LH CBF in gray matter (t(19) = -1.9, p = 0.06). 

Overall, CBF in gray matter for DLD002 was significantly lower than the TD group mean. By 

contrast there were no significant differences between DLD003 and the TD group (p > 0.05 for 

all comparisons). DLD002 performed worse on the CELF-CLS, scoring in the 6th percentile, 

whereas DLD003 scored in the 14th percentile. Although both participants have behavioral scores 

that fell well below the 50th percentile (average score) indicating a language impairment, the 

global CBF measures alone cannot account for the behavioral deficits since they do not show a 

similar pattern. Given these results, it is reasonable to investigate the impact of regional 

differences in CBF patterns on language behavior. What follows is an investigation of CBF 

within the language-specific ROIs and language-related ROIs have been implicated in DLD.  

3.2.2.2. ROI comparisons. Table 3.3 shows the CBF values in the language-specific 

ROIs for the two participants with DLD and the TD group. When comparing each DLD 

DLD003
Male; 10.42

TD n = 20; 11F/9M;

meanage = 9.43 ± 2.02

DLD002
Male; 10.75

CBF in GM
(mL/100g Tissue/min)

79.98 ± 14.64
t(19) = 0.84, p = 0.41

73.69 ± 7.34
51.50 ± 11.94
t(19) = -2.95, p = 0.008, 

p-adjusted =  0.02

WB
mean ± SD

77.06 ± 16.19
t(19) = 0.82, p = 0.42

70.46 ± 7.84
54.67 ± 12.45
t(19) = -1.9, p = 0.06

LH
mean ± SD

75.48 ± 13.01
t(19) = 0.84, p = 0.41

69.20 ± 7.28
51.02 ± 11.23
t(19) = -2.44, p = 0.02, 

p-adjusted = 0.03

RH
mean ± SD
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participant to the TD group CBF patterns, no statistical differences were found (DLD002 vs TD 

group (t(19) = -1.82, p = 0.08); DLD003 vs TD group (t(19) = 0.91, p = 0.37). 

Table 3.3. Cerebral blood flow (CBF) within language regions of interest (ROIs) in the left (L) 

and right (R) hemispheres. Mean values are reported for each DLD participant and the mean and 

standard deviation (SD) are reported for TD participants as a group.  The last row of the table 

indicates the mean and SD for all of the language-specific ROIs. Angular gyrus (AG); inferior 

frontal gyrus, pars opercularis (IFG-PO); inferior frontal gyrus, pars triangularis (IFG-PT); insula 

(IN); posterior middle temporal gyrus (pMTG); planum temporale (PT); posterior superior 

temporal gyrus (pSTG). 

 
Interestingly, in the other language-related ROIs that have been implicated in DLD, a 

significant difference in CBF was observed for DLD002 compared to the TD group (t(19) = -

2.31, p = 0.03), though this result approached, but did not reach, significance after FDR 

correction (p-adjusted = 0.06). This suggests that while there is a notable difference in CBF in 

language-related ROIs for DLD002, further analysis is required to pinpoint the areas that are 

impacted. Conversely, no significant difference was found for DLD003 (t(19) = 0.87, p = 0.39), 

indicating CBF levels in these other language related areas for DLD003 were similar to those of 

the TD group. CBF values for these regions can be found in Table 3.4. 
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Table 3.4. Cerebral blood flow (CBF) within language-related regions of interest (ROIs) in the 

left (L) and right (R) hemispheres. Mean values are reported for each DLD participant and the 

mean and standard deviation (SD) are reported for TD participants as a group. The last row of 

the table indicates the mean and SD for the language-related network. Frontal medial cortex 

(FMC); frontal operculum (FO); frontal pole (FP); inferior frontal gyrus, pars opercularis (IFG-

PO); inferior frontal gyrus, pars triangularis (IFG-PT); posterior middle frontal gyrus (MFG); 

angular gyrus (AG); posterior supramarginal gyrus (SMG). 

 

In sum, significant differences in CBF levels (compared to the TD group) were only 

found for one of the two participants with DLD (DLD002). Surprisingly, the significant 

differences for DLD002 were not in the traditional language ROIs or the LH, but rather were 

found in the WB, RH, and language-related ROIs (though this latter comparison did not survive 

FDR correction). Results indicated that overall, DLD002 had reduced CBF compared to TD 

children. In contrast, when looking at average CBF values for DLD003, they were much higher 
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overall than DLD002’s and just above the mean values for the TD group (though this difference 

was not significant). Keeping in mind that only two participants met the behavioral impairment 

criteria for DLD in this study, it is intriguing to see the neural differences between the DLD 

participants that emerged. As described earlier, the literature points to many factors that can 

affect CBF levels, including age and biological sex. Previous research demonstrated that CBF 

values peak around 9-10 years of age  and that there are potential biological sex differences 

(Satterthwaite et al., 2014). Maturational and biological sex effects as general characteristics 

cannot explain the overall (global) difference in CBF levels found between DLD002 and 

DLD003, since both are 10-year-old males. Thus, a secondary analysis of WB CBF values was 

conducted with age and biological sex as covariates for the TD group to better understand how 

they influence typical developmental changes in CBF patterns.  

3.2.3. TD within Group Comparisons 

3.2.3.1. Effect of age and biological sex on whole brain CBF. As previously discussed, 

our TD group was comprised of both biological male and female children between the ages of 6-

12 years. Given the span of this age range and potential biological sex differences, we conducted 

a simple linear regression model to examine the relationship between CBF and the predictors 

Age and Sex, including their interaction. Overall, the model explained approximately 3.03% of 

the variance in CBF (Adjusted R2 = 0.029, F(3,2236) = 23.32, p < 0.001). Results indicated a 

significant main effect of Sex, with males showing higher CBF values compared to females 

(Estimate = 16.650, p < 0.001 95% CI [9.62, 23.68]). The interaction between Age and Sex was 

also significant (Estimate = -1.636, p < 0.001, 95% CI [-2.37, -0.91]), indicating that the decline 

in CBF with age is steeper for males than for females (Figure 3.2). However, the main effect of 

Age was not significant (Estimate = -0.429, p = 0.118, 95% CI [-0.97, 0.11]). These results 
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suggest that sex significantly influences CBF, and the relationship between age and CBF varies 

by sex, with males experiencing a more pronounced age-related decline in CBF. 

Given the limited sample size of DLD participants, we did not to include them in the 

regression analysis, however, the results do suggest that the increased CBF in DLD003 warrants 

further investigation, as he has higher mean CBF values despite being one of the older males in 

our sample. 

 

Figure 3.2. Differences in whole brain (WB) cerebral blood flow (CBF) across age for typically 

developing (TD) females and males. The dashed line indicates mean CBF for the group with the 

solid lines depicting 1 standard deviation above and below the mean. 

 

3.2.3.2. CBF lateralization patterns. The WB and RH CBF comparisons between 

DLD002 and the TD group were significant, but we did not see any significant differences for 

DLD003 when compared to the TD group despite having impaired language abilities. The 

differences observed between the two children with DLD suggests that language impairments 

may manifest differently across individuals. Detailed within-group comparisons may reveal 

distinct or common patterns of CBF that could help account for language impairment in both 
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children. In this section, we start by first characterizing CBF lateralization patterns in TD 

children and then turn to the children with DLD in our study.  

To examine whether TD children demonstrated differences in CBF values between the 

left and right hemispheres as well as in language-specific and language-related ROIs, we 

performed paired samples t-tests, FDR corrected for multiple comparisons. The differences 

between each hemisphere (t(1119) = 5.20, p < 0.0001, p-adjusted < 0.0001), the left and right 

language-specific ROIs (t(139) = 3.07, p = 0.003, p-adjusted = 0.009), and the left and right 

language-related ROIs  (t(199) = 3.96, p = 0.0001, p-adjusted = 0.0002) were all significant. In 

each case, the mean CBF was higher in the left hemisphere than in the right hemisphere by a 

small amount (see Table 3.3 and Table 3.4). The results found here are in alignment with reports 

of typical left hemisphere asymmetries and provide confirmation of typical patterns by which to 

compare the results of the children with DLD to in the next section (Abbott & Love, 2023).   

3.2.4. DLD within Group Comparisons 

Like with the TD group, we examined differences in CBF in the left and right 

hemispheres as well as the left and right ROI pairs in both children with DLD separately (Figure 

3.3). We found a similar pattern to TD children, in that both children had slightly higher CBF 

values in the left hemisphere than in the right, but an interesting pattern of significance emerged. 

For DLD002, differences in CBF between the left and right hemispheres were significant (t(54) 

= 3.55, p = 0.0008, p-adjusted < 0.001), while differences between left and right language ROIs 

approached but did not reach significance after FDR correction (t(6) = 2.38, p = 0.05, p-adjusted 

= 0.07). In contrast, for DLD003, neither comparison between the hemispheres (t(54) = 1.18, p = 

0.24) or language ROIs (t(6) = 1.06, p = 0.33) were significant, indicating that DLD003 did not 

show the typical left lateralization pattern. The comparison between the language-related ROIs in 
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the left and right hemispheres also did not reach significance for either participant (DLD002: t(9) 

= 0.82, p = 0.43; DLD003: t(9) = 1.33, p = 0.22).  

 

Figure 3.3. Within group (DLD002, DLD003, and TD average) comparisons in CBF between 

left and right a) hemispheres; b) language-specific ROIs; and (c) language-related ROIs.  

 

To summarize, our results revealed no between (WB, LH, and RH CBF) or within 

(left/right WB, language ROIs, and language-related ROIs) differences for DLD003. This pattern 

suggests that overall, the global CBF patterns for DLD003 are similar to the group pattern. 

However, when exploring lateralization patterns, DLD003 shows a different pattern than the TD 

group. According to the literature, CBF reaches a peak around 9-10 years of age, which aligns 

with DLD003’s age. It may be the case, that the increased CBF values are related to maturation, 

or they could be masking other important lateralization or regional differences. Both DLD003 

and DLD002 performed poorly on the CELF (and well on the TONI), but still demonstrated very 
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different patterns of results. DLD002 had overall reduced CBF and showed both global, regional, 

and hemispheric lateralization differences compared to the TD children. In particular, the right 

hemisphere showed significant decreases in CBF which aligns well with previous SPECT/PET 

studies that found altered lateralization patterns in DLD (Abbott & Love, 2023). The CBF results 

from this study are compelling, though, given the small degrees of freedom and case study 

comparisons, they should be interpreted with caution and further explored with larger sample 

sizes.  

3.2.2. Aim 2: Intrinsic Functional Connectivity (iFC) 

As a reminder, the goal of Aim 2 was to characterize iFC patterns in children with DLD 

compared to TD children. For this aim, we explored connectivity patterns within pre-defined 

language-specific and language-related networks, to determine whether the children with DLD 

showed aberrant connectivity patterns. Of the 22 TD children included in this study, 1 TD child 

did not complete the ASL-MRI sequence due to issues with MRI software. Thus, 21 TD children 

(9.31 years ± 1.87, 13F/8M) and the 2 children with DLD, were included in the analysis 

The overall intrinsic functional connectivity patterns across the language network were 

not significantly different for either participant with DLD compared to the group average 

(DLD002: t(20) = 1.75, p = 0.10; DLD003: t(20) = -0.27, p = 0.79). Connectivity matrices within 

the language-specific ROIs can be seen for each participant with DLD compared to the TD group 

average in Figure 3.4. It is possible that the age range of TD children masks important 

differences in the children with DLD, thus future analyses should compare a subset of older TD 

children’s iFC patterns to each of the DLD participants.  

 



105 
 

 

Figure 3.4. Intrinsic functional connectivity across the language-specific ROIs in a) DLD002 

compared to the TD group average; and b) DLD003 compared to the TD group average. Results 

are displayed as Fisher z-transformed correlations in right (R) and left (L) hemisphere regions. 

Insula (IN); inferior frontal gyrus, pars triangularis (IFG-PT); inferior frontal gyrus, pars 

opercularis (IFG-PO); posterior superior temporal gyrus (pSTG); posterior middle temporal 

gyrus (pMTG); angular gyrus (AG); planum temporale (PT). 

 

For the language-related network, both participants with DLD had different patterns of 

overall network connectivity compared to TD children (DLD002: t(20) = 2.85, p = 0.01; 

DLD003: t(20) = 3.22, p = 0.004). DLD002 demonstrated overconnectivity within the language-

related ROIs, whereas DLD003 demonstrated and overall pattern of underconnectivity with more 

ant-correlated regions (Figure 3.5).  
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Figure 3.5. Intrinsic functional connectivity across the language-related ROIs in a) DLD002 

compared to the TD group average; and b) DLD003 compared to the TD group average. Results 

are displayed as Fisher z-transformed correlations in right (R) and left (L) hemisphere regions. 

Frontal pole (FP); middle frontal gyrus (midFG); inferior frontal gyrus, pars triangularis (IFG-

PT); inferior frontal gyrus, pars opercularis (IFG-PO); posterior supramarginal gyrus (pSMG); 

angular gyrus (AG); medial frontal cortex (medFC); frontal operculum (FO); caudate (Caud); 

putamen (Put). 

 

Next to examine the connectivity patterns of specific hub regions within the language 

network, we first looked at the connectivity strength between the L IFG-PO and the following 

regions: the R IFG-PO, and the L/R IFG-PT. As can be seen in Figure 3.6, DLD003’s pattern of 

connectivity was very similar to the TD group with higher within hemisphere connectivity, that 
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decreased for the right hemisphere homologue and PT regions. Though the connectivity pattern 

is higher overall for DLD003 none of the comparisons were significant (p > 0.05). In contrast 

DLD002 exhibited increased connectivity between the L and R IFG-PO, though after correcting 

for multiple comparisons, this effect was marginal (t(20) = 2.56, p = 0.02, p-adjusted = 0.056).  

 

 

Figure 3.6. Functional connectivity between the left inferior frontal gyrus, pars opercularis (L 

IFG-PO) and the following three regions of interest (ROI):  left inferior frontal gyrus, pars 

triangularis (L IFG-PT), right inferior frontal gyrus, pars opercularis (R IFG-PO), and right 

inferior frontal gyrus, pars triangularis (R IFG-PT). For the TD group, the functional 

connectivity average is shown in blue. 

 

We then looked at connectivity between L IFG-PT and the L IN, L pSTG, and L pMTG 

and found that DLD002 demonstrated greater connectivity between the L IFG-PT and the L IN 

(t(20) = 3.52, p = 0.002, p-adjusted = 0.03) and the L pMTG (t(20) = 4.12, p = 0.0005, p-

adjusted = 0.002; Figure 3.7). Interestingly, the TD group had very low correspondence between 

spontaneous BOLD fluctuations in these regions, which may indicate that DLD002 is recruiting 

altered, less efficient language networks. The difference in L STG connectivity strength between 
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groups, did not reach significance (t(20) = 1.34, p = 0.19). No differences in connectivity 

patterns were found for DLD003 in these regions (p > 0.05).  

 

 

Figure 3.7. Functional connectivity between the left inferior frontal gyrus, pars triangularis (L 

IFG-PT) and the following three regions of interest (ROI):  left (L) insula), left middle temporal 

gyrus (L MTG) and the left superior temporal gyrus (L STG). For the TD group, the functional 

connectivity average is shown in blue. 

 

Finally, for the language-related network, we compared connectivity between the L 

caudate and the following: the L putamen, L IFG-PT, and L FO (Figure 3.8). Results again 

revealed differences between DLD002 and the TD group, with increased connectivity between 

the L caudate and the L IFG-PT (t(20) = 5.47, p < 0.0001, p-adjusted < 0.0001) and the L 

putamen (t(20) = 2.31, p = 0.03, p-adjusted = 0.048). DLD003 also demonstrated differences in 

connectivity within the L caudate and the L IFG-PT (t(20) = -2.76, p = 0.01, p-adjusted = 0.04) 

and the L putamen (t(20) = -2.04, p = 0.05, p-adjusted = 0.05) as well as the L FO (t(20) = -2.08, 

p = 0.05, p-adjusted = 0.05). However, unlike DLD002, results showed greater negative 

correlations between regions, which could indicate aberrant pathway signaling (e.g., when one 
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region is activated, the other disengages). Though these preliminary results are compelling, more 

work is needed with larger sample sizes to understand the direction of these differences and their 

implications for language impairment.  

 

 

Figure 3.8. Functional connectivity between the left (L) caudate and the following three regions 

of interest (ROI): inferior frontal gyrus, pars triangularis (L IFG-PT), left frontal operculum (L 

FO), and left putamen (L PUT). For the TD group, the functional connectivity average is shown 

in blue. 

 

3.2.3. Aim 3: The Relationship between CBF, FC and Language  

 3.2.3.1. WB CBF and Language Scores from the CELF. For Aim 3 of this study, we 

sought to examine the relationship between each of our functional brain measures and 

performance on the core language score subtests of the CELF-5 (CELF-CLS). However, as 

previously mentioned, CBF and FC patterns show differences between biological males and 

females and change throughout development (Taki et al., 2011). Therefore, we conducted a 

linear regression analysis with the TD group only to examine the effects of language (measured 
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with the CELF-CLS), Sex, and Age on WB CBF, including the interaction between CELF-CLS 

and Sex. Age was included as a continuous variable in the model, but for the purpose of 

visualization (Figure 3.9), we split male and female participants into young and old groups based 

on the median split (median = 9.25 years).  

The overall model was statistically significant (F(4, 2235) = 13.93, p < 0.001). The 

residual standard error was 16.67, and the model explained approximately 2.43% of the variance 

in CBF (Adjusted R2 = 0.0226). The results indicated significant main effects for Sex (Estimate 

= 19.894, p = 0.02, 95% CI [3.74, 36.05]) and Age (Estimate = -1.426, p < 0.001, 95% CI [-1.84, 

-1.01]). The CELF-CLS variable showed a marginally significant effect (Estimate = 0.106, p = 

0.054, 95% CI [-0.002, 0.21]). There was also a significant interaction between CELF-CLS and 

Sex (Estimate = -0.163, p = 0.02, 95% CI [-0.30, -0.02]), suggesting that for older TD females, 

higher CELF-Scores are related to increased CBF and for younger females, higher language 

scores are related to Lower CBF values. This pattern is reversed for males; higher CBF for older 

males is associated with worse performance on the CELF, and lower CBF is associated with 

better scores for younger males (Figure 3.9). Both our participants with DLD are older males. In 

line with these findings, DLD003 demonstrated increased WB CBF and performed poorly on the 

CELF. DLD002 on the other hand, had significantly lower WB CBF values, suggesting 1) that 

there may be a threshold by which decreased (or increased) CBF in older male children becomes 

maladaptive, and 2) that the underlying physiological properties of the brain may not follow the 

typical developmental trajectory, particularly in language-associated regions of the brain. Thus, 

in the next sections we investigate the relationship between CBF and language in our pre-define 

language and language-related networks.  
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Figure 3.9. Whole brain cerebral blood flow (CBF) values and CELF core language scores 

(CELF-CLS) for female and male TD participants. Age was included as a continuous variable in 

the regression model, however, for the purpose of visualizing the interaction, participants were 

divided into young and old based on the median value of 9.25 years. 

 

3.2.3.2. CBF in Language ROIs and Language Scores from the CELF. A linear 

regression analysis was conducted to investigate the impact of CELF-CLS, Sex, and Age on CBF 

in the language network ROIs, including the interaction between CELF-CLS and Sex. The 

overall model was statistically significant (F(4, 275) = 8.359, p < 0.001) explaining 

approximately 10.84% of the variance in CBF (Adjusted R2 = 0.095) with a residual standard 

error of 10.9. The results indicated significant main effects for CELF-CLS (Estimate = 0.299, p = 

0.004, 95% CI [0.10, 0.50]), Sex (Estimate = 44.468, p = 0.004, 95% CI [14.48, 74.46], and Age 

(Estimate = -2.050, p < 0.001, 95% CI [-2.83, -1.28]). Additionally, there was a significant 

interaction between CELF-CLS and Sex (Estimate = -0.358, p = 0.008, 95% CI [-0.62, -0.10]), 

suggesting that the relationship between CELF-CLS and CBF within language ROIs differed by 
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sex (Figure 3.10). Like with the WB analysis, these findings suggest that higher CBF values 

within the language network are related to better scores on the CELF for older females and worse 

scores for older males and vice versa.  

 

Figure 3.10. Cerebral blood flow (CBF) values and CELF core language scores (CELF-CLS) 

within language-specific ROIs for female and male TD participants. Age was included as a 

continuous variable in the regression model, however, for the purpose of visualizing the 

interaction, participants were divided into young and old based on the median value of 9.25 

years. 

 

3.2.3.3. Language Related ROIs. Lastly, we looked at the relationship between CBF in 

language related ROIs and performance on the CELF. Again, we used a simple regression 

analysis to explore the influence of CELF-CLS, Sex, and Age on cerebral blood flow (CBF), 

incorporating the interaction between CELF-CLS and Sex. The overall model accounted for 

approximately 4.21% of the variance in CBF (Adjusted R2 = 0.0324; (F(4,395) = 4.345, p = 

0.002). The results revealed significant main effects for Age (Estimate = -1.788, p = 0.001; 95% 

CI [-2.84 -0.73]) and Sex (Estimate = 44.225, p = 0.034; 95% CI [3.36 85.09]), indicating that 

older age is associated with decreased CBF, and males tend to have higher CBF compared to 
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females. However, the relationship between CELF-CLS and CBF was not statistically significant 

(Estimate = 0.1785, p = 0.199; 95% CI [-0.09 0.45]), suggesting that CELF-CLS may not 

directly influence CBF in non-language-related regions. Moreover, a significant interaction was 

observed between CELF-CLS and Sex (Estimate = -0.3612, p = 0.047; 95% CI [-0.72 -0.004]), 

indicating that, like for the other comparisons, the relationship between CELF-CLS and CBF 

differs between males and females in non-language-related regions (Figure 3.11). Overall, these 

findings suggest that while age and sex play significant roles in predicting CBF in language-

related regions, the relationship between these variables might be more nuanced. 

 

Figure 3.11. Cerebral blood flow (CBF) values and CELF core language scores (CELF-CLS) 

within language-related ROIs for female and male TD participants. Age was included as a 

continuous variable in the regression model, however, for the purpose of visualizing the 

interaction, participants were divided into young and old based on the median value of 9.25 

years. 

 

Turning to how these patterns apply to children with DLD, the experiment revealed a 

clear distinction in brain and behavior for DLD002. Overall, DLD002 had decreased CBF within 

whole brain regions as well as the language networks of interest. Based on the results from the 
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TD participants, better language scores are associated with decreased CBF as males get older. 

However, there clearly is a point at which declines in CBF lead to dysfunction or are at least 

somehow related to it. For DLD003, the picture is less clear as they showed higher CBF (though 

not statistically different from the TD group) but still performed poorly on the CELF. Despite 

these differences, both DLD children fall somewhere outside of the range of what is considered 

typical (Figure 3.12). In the last sections of this paper, we explore how functional connectivity 

patterns relate to language in our TD group and how CBF, functional connectivity, and language 

abilities are connected, with a goal of providing a foundation for which to continue exploring 

these factors in children with DLD.  

 

 

Figure 3.12. Scatterplot representing the whole brain cerebral blood flow (CBF) values by 

standard CELF core language scores for each participant. The shaded area represents 1 standard 

deviation above and below the average (100). 

 

3.2.3.4. Functional Connectivity and Performance on the CELF in Language ROIs. 

A linear regression analysis on the TD group’s performance was conducted to examine the 

relationship between the CELF-CLS and mean functional connectivity within language-related 

ROIs, considering Sex, Age, and the interaction between mean FC and Sex as predictors. 
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The overall model was not statistically significant (F(4, 16) = 1.340, p = 0.28), indicating 

that the predictors collectively did not significantly predict CELF scores. The model's multiple 

R-squared value was 0.26, with an adjusted R-squared value of 0.07284, suggesting that 

approximately 26% of the variance in CELF scores was explained by the predictors, although the 

adjusted R-squared indicated only a modest fit. The main effects of mean FC in the language 

ROIs, Age, Sex, and the interaction between mean FC and Sex were all non-significant. 

3.2.3.5. Functional Connectivity and Performance on the CELF in Language-

Related ROIs. To investigate the relationship between functional connectivity in language-

specific ROIs and the CELF-CLS in TD children, we conducted a linear regression analysis. The 

model included mean functional connectivity (FC), sex, and age as predictors, as well as the 

interaction between FC and sex. Contrary to our hypotheses, the overall model was not 

significant (Adjusted R2 =0.07, F(1,16) = 1.396, p = 0.28) though 25.87% of the variance in 

CELF scores was explained by the model. The main effects of mean FC, Sex, and Age were not 

significant (p > 0.1) indicating no significant association between mean functional connectivity 

in language-related ROIs and CELF scores. Given the previous results from this study of altered 

functional connectivity within specific hubs of the language network (rather than the whole 

language network), as well as regions within the language-related network (e.g., the caudate and 

frontal lobe regions), it is possible that a pattern would emerge with more narrowly defined 

comparisons. Future work should explore the relationship between iFC patterns and language 

scores within specific regions of the brain that show altered function in DLD, as these regions 

may be key to understanding both typical and aberrant functional architecture of the brain. In 

addition, functional connectivity patterns should be explored in conjunction with other functional 
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measures to provide more insight into the dynamic nature of brain function. In the next section, 

we turn to investigating the relationship between our functional connectivity and CBF.  

3.2.3.6. The Relationship between CBF and FC patterns. A Pearson's product-moment 

correlation was conducted to examine the relationship between mean FC and mean CBF values 

in the language-specific ROIs. Results indicated a moderately positive (r = 0.47) correlation 

between FC and CBF values (t(17)  = 2.19, p = 0.04: 95% CI [0.0186 to 0.7610]). These results 

suggest that in TD children higher levels of functional connectivity are associated with higher 

levels of cerebral blood flow in language-specific ROIs. Conversely, for the language-related 

ROIs, we conducted another Pearson correlation analysis to examine the relationship between 

mean FC and mean CBF values and did not find a significant relationship (r = 0.34; t(17) = 1.48, 

p = 0.16). The significant positive correlation between CBF and FC in the language-specific 

ROIs supports our hypothesis of a positive relationship between the two in our TD participants 

and is in alignment with previous research with TD pediatric populations (Baller et al., 2022). 

DLD002 and DLD003 demonstrated patterns between the two measures that suggested an 

inverse rather than positive relationship between the two, though we did not statistically test 

these patterns. DLD002 had decreased CBF and increased functional connectivity, whereas 

DLD003 had what appeared to be elevated CBF values and reduced connectivity. These results 

are intriguing as they indicate an inverse relationship between CBF and FC but in different 

directions, which may suggest that deviations from the typical positive association between the 

two can signal dysfunction.  

3.2.3.7. CBF, FC, and the CELF. While the relationship between CBF and FC in 

language-specific ROIs suggests a positive association in TD children, we also explored how 

these measures relate to language performance as assessed by the CELF.  
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A linear regression analysis was conducted to examine the relationship between the 

CELF and mean FC and CBF values in language-specific ROIs, while considering sex and age as 

potential moderators. The model had a multiple R-squared value of 0.3495 and an adjusted R-

squared value of 0.09928, indicating that the predictors collectively accounted for 34.95% of the 

variance in CELF scores. However, the F-test for the overall model was not statistically 

significant (F(5, 13) = 1.40, p = 0.229), suggesting that the model did not significantly predict 

CELF scores. The analysis revealed that mean FC (Estimate = 22.48, SE = 24.10, t = 0.93, p = 

0.37) and mean CBF (Estimate = 0.13, SE = 0.40, t = 0.32, p = 0.75), were not significantly 

associated with CELF scores. However, sex emerged as a significant predictor (Estimate = 4.21, 

SE = 1.80, t = 2.40, p = 0.03), indicating that females scored higher on the CELF compared to 

males. Age and the interaction between sex and age were not significant predictors of CELF 

scores.  

These results suggest that neither mean functional connectivity nor mean cerebral blood 

flow in the language ROIs significantly predict language abilities as measured by the CELF. 

However, the significant effect of sex on CELF scores warrants further exploration in larger 

samples to understand its implications for language development. 

Lastly, a linear regression analysis was conducted to investigate the relationship between 

the measures discussed above and the language-related ROIs. Overall, the model had low 

explanatory power, with a multiple R-squared value of 0.28 and an adjusted R-squared value of -

0.0008. Furthermore, the F-test for the overall model was not statistically significant (F(5, 13) = 

0.1, p = 0.46), indicating that the model did not significantly predict CELF scores. The analysis 

further revealed that none of the predictors, were significantly associated with CELF scores.  



118 
 

For Aim 3, we predicted that there would be a relationship between CBF, FC, and CELF 

scores. However, across the 21 TD participants who completed the resting-state functional 

connectivity scan, 19 showed no significant differences in connectivity patterns when compared 

individually to the group and almost all performed above average on the CELF. Therefore, it is 

not surprising given the stable patterns within the group that FC and CBF were not significant 

predictors of CELF scores. It is somewhat surprising, however, that there was not a stronger 

relationship between the functional measures and age and sex on the CELF, given our earlier 

findings from this study. There was evidence of females performing better on the CELF, but this 

was not associated with CBF or FC. It is possible that comparisons between TD children and 

children with DLD will yield clearer differences in the relationship between these variables. 

Nonetheless, the lack of a positive association between CBF and FC and poor performance on 

the CELF implicate these functional brain measures in DLD and warrant future investigations of 

the relationship among them. 

4. Discussion 

In this study, we explored measures of brain function in children with DLD compared to 

TD children through three aims: 1) characterize CBF patterns in children with DLD (compared 

to TD children); 2) characterize functional connectivity patterns at rest (iFC) in children with 

DLD (compared to TD children); and 3) explore the relationship between CBF, iFC, and CELF 

core language scores (CELF-CLS), a standardized measure of language abilities. We discuss our 

findings in light of each aim and due to our small sample size for the children with DLD, we 

offer suggestions for future research in each of these areas. 

4.1. Aim 1: CBF Patterns 

Prior research investigating CBF patterns in DLD has used invasive methods (e.g., the 

injection of a radioactive tracer with PET/SPECT) to measure blood flow and thus, has been 
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limited in this population. Here, we used a non-invasive and relatively quick method to measure 

CBF, known as arterial spin labeling (ASL) MRI. To our knowledge, this was the first study to 

explore CBF patterns using this method. We first examined differences in global measures of 

CBF between each of the DLD participants compared to the TD group (averaged) across whole 

brain (WB), left hemisphere (LH), and right hemisphere (RH) gray matter regions. Interestingly, 

DLD002 exhibited significantly lower CBF values in the WB and RH compared to the TD 

group, while DLD003 showed slightly elevated CBF values compared to the TD group (though 

this pattern was not significant).  

To better understand whether certain brain regions were driving these patterns, we then 

looked at CBF within pre-defined networks that included traditional language regions (language-

specific network) and other regions that have been implicated in DLD (language-related 

network). While no significant differences in CBF were found in the language-specific ROIs, 

DLD002 displayed significant differences in language-related ROIs compared to the TD group 

(though the comparison did not survive FDR correction), indicating potential neural differences 

beyond traditional language areas. In contrast, DLD003 showed similar CBF levels to the TD 

group in these regions. The findings revealed intriguing distinctions between the two DLD 

participants, with DLD002 exhibiting reduced CBF compared to TD children and DLD003 

exhibiting CBF that was greater than the TD mean. Notably, the differences for DLD002 were 

not confined to traditional language regions suggesting that network dysfunction may be more 

widespread, or perhaps more parsimoniously (when considering differences between DLD002 

and DLD003) specific regions of the brain, not explored in this paper, are implicated. These 

possibilities extend beyond the scope of this initial exploration but are important aspects to 
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consider for future research. Another important component of this research are the ages and 

biological sex of the participants included.  

The brain undergoes a number of maturational changes between childhood and 

adolescence, which could influence CBF values. The TD group in our study was comprised of 

males and females between the ages of 6-12, while both children with DLD were 10-year-old 

males, which means that any differences found between each DLD participant and the TD group 

were likely not due to differences in age or sex. However, to better understand how CBF patterns 

differ across age and sex in the TD participants (as a means for comparison), we conducted a 

secondary analysis of this relationship and found that overall, TD males had greater CBF values, 

but experienced more pronounced age-related declines in CBF. For DLD003, the elevated CBF 

values are unexpected given that he is one of the older males in our sample. Thus, more work is 

needed to understand the effect of sex and age in light of the patterns observed for our DLD 

participants.  

When examining CBF lateralization patterns in TD children, significant differences were 

observed between the left and right hemispheres, as well as in language-specific and language-

related regions of interest (ROIs), with slightly higher CBF values in the left hemisphere. These 

results aligned with typical left hemisphere asymmetries reported in previous studies, providing a 

baseline for comparison with our DLD participants. Subsequent within-group comparisons for 

children with DLD revealed intriguing patterns. DLD002 exhibited significant differences in 

CBF between the left and right hemispheres, while DLD003 did not show typical left 

lateralization patterns (i.e., CBF was equal across hemispheres). Although global CBF patterns 

for DLD003 were similar to the group pattern, lateralization patterns differed, suggesting the 

global measures did not adequately capture aberrant blood flow for DLD003.  
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In sum, both DLD002 and DLD003 performed poorly on the CELF, yet they displayed 

distinct CBF patterns. DLD002 showed overall reduced CBF, and significant hemispheric 

lateralization differences compared to TD children (e.g., decreased CBF in the right hemisphere), 

aligning with previous findings on altered lateralization patterns in DLD. In contrast, DLD003 

had somewhat elevated CBF patterns, with a lack of typical leftward asymmetry, suggesting that 

aberrancies in CBF, particularly in terms of lateralization, may be related to impaired language 

abilities and should be explored with larger sample sizes.  

4.2. Aim 2: iFC Patterns 

Aim 2 was to characterize intrinsic functional connectivity (iFC) patterns in children with 

DLD compared to TD children. To this end, we compared iFC patterns across the language-

specific network and the language-related network between each of the DLD participants and the 

TD group (averaged). iFC patterns in the language network did not reveal any significant 

differences between the DLD participants and the group. However, within the language-related 

network, both participants exhibited distinct connectivity patterns compared to TD children. 

DLD002 displayed overconnectivity within language-related ROIs, while DLD003 demonstrated 

an overall pattern of underconnectivity with more anticorrelated regions. Thus, subsequent 

analysis focused on specific hub regions within the language network. DLD002 showed 

increased connectivity between hubs in the left inferior frontal gyrus, pars opercularis (IFG-PO), 

and left inferior frontal gyrus, pars triangularis (IFG-PT) and other frontal and temporal regions. 

These findings suggest potential recruitment of altered language networks in DLD002. 

Conversely, DLD003 did not exhibit significant differences in connectivity patterns 

compared to TD children in these regions. However, within the language-related network, both 

DLD participants displayed differences in connectivity within the left caudate and regions such 
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as the left IFG-PT, left frontal operculum (FO), and left putamen (PUT). These findings are 

intriguing as recent research has strongly implicated the connection between subcortical 

structures within the basal ganglia and frontal regions in DLD (Abbott & Love, 2023; Ullman et 

al., 2024). Taken together with the results from Aim 1, the functional connectivity findings from 

this study suggest that altered network connectivity and neurovascular coupling could contribute 

to language impairment in DLD. In the final aim, we explored the relationship between these 

functional measures and language scores on the CELF.  

4.3. Aim 3: CBF, iFC, and Language 

Results from Aim 3 revealed significant associations between CBF within language-

specific ROIs and CELF scores, moderated by sex. Older females with higher CBF tended to 

have better CELF scores, while older males with higher CBF tended to have worse scores. 

However, in language-related ROIs, no significant association was found between CBF and 

CELF scores, indicating a more nuanced relationship. 

Analyses of FC patterns within language-specific and language-related ROIs did not 

significantly predict CELF scores in TD children, suggesting a complex interplay between brain 

function and language abilities. There was, however, a moderate positive correlation between 

CBF and FC patterns, which supports previous findings of positive relationship between FC and 

CBF. In the context of DLD, DLD002 demonstrated decreased CBF and increased FC within 

language networks, while DLD003 showed elevated CBF and reduced FC. These deviations 

from typical patterns suggest potential biomarkers of DLD, highlighting the importance of 

further investigation into the relationship between CBF, FC, and language abilities. 

Overall, while CBF and FC measures in language-specific ROIs showed some 

association with language abilities in TD children, these relationships were not consistent across 
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all regions and were moderated by sex. Additionally, the lack of significant associations in 

language-related ROIs suggests a more complex relationship between brain function and 

language skills. Further research is needed to elucidate these relationships and their implications 

for understanding and treating DLD. 
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Preface 

Chapter 3 revealed intriguing patterns of functional brain differences in children with 

DLD compared to typically developing (TD) children. When comparing these functional brain 

measures to language abilities, the study used a standardized measure of language, the CELF-5 

Core Language Score (CLS), which is composed of 4 subtests that measure different aspects of 

language. Though standardized tests can be useful, especially when comparing performance 

across different age groups, they are limited in the amount of detail they can provide. In 

particular, they might not be sensitive to the nuances of everyday language interactions. For 

example, the subtests of the CELF are untimed and examiners will often wait for participants to 

respond before moving to the next test item, whereas real-time language processing (on the 

playground, for example) is temporally constrained. Thus, in the final chapter of this dissertation, 

we investigate real-time sentence processing in children with DLD, as a means of better 

understanding the source of language deficit.  
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Abstract 

This study examined whether children with Developmental Language Disorder (DLD) 

have knowledge of binding principles (i.e., linking pronouns to their structurally licensed 

antecedent) during online and offline processing, and whether rate of speech impacted access to 

that knowledge. Fourteen children with DLD participated in two experiments, with sentences 

presented auditorily at either a regular or slow speech rate. Sentences were matched except to 

contain a pronoun, reflexive, or noun phrase (control) in the same syntactic position. Experiment 

(1) used a cross-modal picture priming paradigm to test online pronoun-antecedent linking 

abilities at both rates of speech. Children were instructed to make a binary decision during the 

uninterrupted auditory presentation of a sentence to a visually presented image (of the 

antecedent) at the offset of a pronoun, a reflexive, or a control noun. Response times between 

conditions (e.g., pronoun vs. control noun) were compared to determine whether participants 

showed evidence of priming (faster response times in the pronoun than control noun condition) 

at either speech rate. Experiment (2) used an auditory sentence-picture-matching task to test 

offline, final comprehension of similar sentences containing a pronoun or reflexive. Children 

were asked to point to the correct picture after hearing sentences presented at either speech rate. 

Accuracy was compared across both speech rates. For Experiment (1), children with DLD did 

not show evidence of real-time pronoun-antecedent priming at the regular speech rate. However, 

when sentences were slowed, they showed correct priming for the pronoun condition. For 

experiment (2), children with DLD performed at-chance when interpreting sentences with 

pronouns regardless of speech rate. While children with DLD have been shown to have difficulty 

processing sentences containing anaphors (such as pronouns), results suggest that this is not due 

to loss of intrinsic knowledge of binding principles. By slowing the rate of speech input, we 

showed that children with DLD do have access to that knowledge and can make the correct link 



135 
 

during online processing between a pronoun and its structurally licensed antecedent (Experiment 

1) but need more time to do so. However, the effect of slowed speech input does not extend to 

offline, final comprehension (Experiment 2). 

1. Introduction 

Developmental Language Disorder (DLD; previously referred to as Specific Language 

Impairment or SLI) is a heterogenous neurodevelopmental disorder that can disrupt expressive 

and/or receptive language abilities but cannot be attributed to hearing loss, intellectual disability, 

or neurological damage. DLD is estimated to affect around 7-10% of school-age children making 

it more prevalent than other neurodevelopmental disorders, such as autism spectrum disorder 

(ASD) (Norbury et al., 2016; Tomblin et al., 1997; Zablotsky et al., 2019). Despite its 

prevalence, there has been significant debate around the source of the deficit, especially 

regarding sentence level comprehension. The three most well represented arguments in the 

literature are that the deficits are specific to linguistic knowledge (underlying representations), 

language processing (such as lexical access or phoneme discrimination), or non-linguistic 

cognitive processes associated with language (such as working memory or processing speed) 

(Abbott & Love, 2023; Schwartz, 2017). Therefore, investigations into sentence comprehension 

impairments in DLD would need to isolate measures of language processing, including 

components of non-linguistic cognitive processes, from underlying linguistic representations to 

better understand the source of impairment. Previous studies approached this by comparing 

processing patterns between typically developing (TD) children and children with DLD on 

several different language constructions (Borovsky et al., 2013; Montgomery, 2000; Schelletter 

& Leinonen, 2003; Schwartz et al., 2016). Here, we focus on the processing of complex 
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sentences containing pronouns and reflexives (also known as anaphors) that must refer back to 

previous noun phrases (also known as antecedents) in children with DLD.  

Generative rules of binding (Chomsky, 1982) state that syntactic principles dictate how 

pronouns and reflexives link to prior occurring noun phrases (i.e., antecedents). According to 

Principle A, demonstrated in sentence 1a below, the reflexive anaphor “himself” must only bind 

to an antecedent within the same local clause (e.g., ‘Finn’, as illustrated by the correct sub-index 

j and incorrect sub-index i* for ‘Ollie’), whereas Principle B, demonstrated in sentence 1b 

below, states that the pronoun “him” must bind to an antecedent outside the local clause, in this 

case either ‘Ollie’ or some other previously mentioned noun phrase (e.g., ‘Vera’, ‘the doctor’, as 

illustrated by the correct sub-indices i or k and incorrect sub-index j* for ‘Finn’). 

Principle A (1a) Olliei thought [that Finnj helped himselfi*/j]. 

Principle B (1b) Olliei thought [that Finnj helped himi/j*/k]1. 

Linking pronouns and reflexives to their structurally licensed antecedent requires intrinsic 

knowledge of binding relationships. However, prior research has produced discrepant results 

regarding the way in which children demonstrate this knowledge. Specifically, young children 

demonstrate different pronoun-antecedent linking abilities depending upon whether the ability is 

measured using real-time, online methods or interpretive, offline methods, as each measure 

captures different aspects of processing (Love et al., 2009; Schwartz et al., 2016).  

Offline measures allow for additional metalinguistic reflection at all levels of sentence 

processing including syntactic, semantic, and pragmatic. Therefore, results from offline tasks 

measure conscious processing after all linguistic processes are complete (Sato & Vanek, 2023). 

 

1 The indices ‘i’, ‘j’, and ‘k’ represent a link between the pronoun and antecedent. The asterisk indicates a violation 

of binding principles. Note that ‘k’ refers to a pronoun that does not have an antecedent within the sentence. 
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In contrast, temporally sensitive online measures provide a glimpse into the moment-by-moment 

mapping of dependency relationships, thus revealing patterns of comprehension that offline 

measurements are unable to capture (Love et al., 2009; McKee et al., 1993). Love et al. (2009) 

demonstrated this difference using an online cross-modal picture priming paradigm (Swinney & 

Prather, 1989) and an offline sentence-picture-matching task to investigate intrinsic knowledge 

of pronominal binding relationships and final comprehension, respectively (Love et al., 2009). 

The authors found that when evaluated with online measures, TD participants as young as 5 

years of age displayed adult-like knowledge of binding principles by correctly linking pronouns 

to antecedents. However, when the same children were tested using offline measures, the ability 

to correctly link a pronoun to its antecedent did not emerge until after 8 years of age, which 

replicates prior reports in the literature of a maturational effect of pronoun comprehension 

(Baauw & Cuetos, 2003; Chien & Wexler, 1990; McKee et al., 1993). These results suggest a 

different developmental trajectory for conscious and automatic processing of referential 

relationships, perhaps due to the additional offline demands of integrating all levels of linguistic 

input (syntactic, semantic, etc.), holding that information in memory, and making a final, 

interpretative decision about sentence meaning. Similar maturational patterns for TD children 

have been demonstrated with other language constructions such as relative clauses (Love, 2007), 

reflexives (McKee et al., 1993), and verb-phrase ellipses (Callahan et al., 2012). 

Behavioral studies of binding processes in children with DLD are limited and have 

resulted in disparate conclusions about the underlying source of language impairment, likely 

owing to differences in methodology. For example, offline studies have revealed that children 

with DLD show different developmental trajectories for the acquisition of binding principles 

when compared to TD children, which has been interpreted as evidence for a deficit in linguistic 
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knowledge, and more specifically in underlying representations (Franks & Connell, 1996; Van 

Der Lely & Stollwerck, 1997). By contrast, Schwartz et al. (2016) tested binding processes in 

children with DLD using an online method and found that children with DLD are as accurate as 

TD children in linking pronouns to their structurally correct antecedents, but are slower to do so 

(Schwartz et al., 2016). Similarly, Girbau (2017) tested comprehension of direct object pronoun 

sentences in Spanish-speaking children with DLD using a cross-modal priming paradigm and 

found that they were slower to respond overall than TD children, but unlike Schwartz et al.’s 

(2016) findings, they were also less accurate than their TD peers (Girbau, 2017). Both authors 

concluded that children with DLD have deficits in processing speed, but it remains unclear 

whether poorer comprehension abilities are due to domain general processing speed deficits or 

deficits specific to language processing. 

Slower processing of referential relationships suggests that slowing down the rate of 

speech input may improve the ability to link pronouns and reflexives to their structurally licensed 

antecedent in children with DLD. A slowed rate of speech has been shown to benefit those with 

language impairments (Baker & Love, 2023; Love et al., 2008; Pashek & Brookshire, 1982; 

Poeck & Pietron, 1981). However, slowed input has also been shown to disrupt real-time 

processing in language unimpaired individuals (Love et al., 2008). In Love et al.’s (2009) 

investigation of rate of speech effects in typically developing (TD) children, the authors explored 

how slowing down the rate of speech impacted the ability to link pronouns (e.g., him) to their 

structurally licensed noun phrase during real-time, online sentence processing and offline, final 

comprehension (Love et al. 2009). The experimental sentences in Love et al. (2009) contained 

two noun phrases, only one of which was the structurally licensed antecedent of a later appearing 

pronoun. In addition to their main pronoun sentence condition, the study also included a 
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reflexive condition; a linguistic structure of which typically developing children show early 

mastery (McKee et al., 1993). In Love et al. (2009), experimental sentences were designed as 

minimal pairs such that the sentences across all three conditions were identical except for the 

reference seeking element (pronoun, reflexive, or non-referential noun phrase, NP). Given that 

the purpose of the study was to test pronoun-antecedent linking, the authors did not directly test 

on-time reflexive-antecedent linking with these sentences (i.e., they only tested priming for the 

NP that was structurally linked to the pronoun - i.e., the first noun phrase, NP1). This focused 

design served two purposes, (1) it allowed the authors to control for additional processing 

demands introduced by adding a referent to the sentence and (2) it allowed the authors to test 

whether TD children would violate Binding Principle A by incorrectly linking a reflexive with an 

antecedent outside of its local clause.  

The authors found that in the online experiment, TD children showed adult-like patterns 

of correct referential processing at a regular rate of speech, but when the rate of speech was 

slowed it disrupted their ability to make those co-referential links, similar to patterns found in 

neurotypical adults for other syntactically dependent relationships (Love et al., 2008). For the 

slowed rate of speech condition, where children should have linked the pronoun to the 

structurally licensed antecedent (NP1), children incorrectly linked the reflexive with NP1, 

indicating that at the slowed rate of speech, binding principles were incorrectly applied. 

Conversely, in the offline study, TD children demonstrated difficulty with pronoun-antecedent 

linking at the regular rate of speech, but with slowed speech input, final comprehension of 

sentences containing pronouns improved. For sentences with reflexives, on the other hand, TD 

children showed evidence of correctly interpreting sentences containing a reflexive at both 

speech rates. Based on these findings, and as reflected in Table 3.1, the authors concluded that 
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TD children showed age-appropriate real-time (online) referential linking for pronouns at the 

regular speech rate, but pronoun-anaphor linking required additional time (through slowed 

speech input) for successful offline (interpretive) comprehension.  

Results from Love et al. (2009) provided insight into rate of speech effects for online vs. 

offline pronoun processing in typically developing children. Prior research has shown that 

children with DLD struggle for longer periods of time with correctly assigning pronouns to their 

antecedents (Baauw & Cuetos, 2003; van der Lely, 1996; Schwartz et al., 2016). It may be the 

case that children with DLD would benefit from a slowed rate of speech as it would allow for 

additional time to make the necessary binding links; that is if the linguistic knowledge for 

binding is available to them. To our knowledge, no studies have investigated this rate of speech 

manipulation on pronoun processing in DLD. If slowing down the rate of speech improves the 

ability to link pronouns to their structurally licensed antecedents in children with DLD, it will 

demonstrate intact knowledge of binding principles, suggesting that the deficit is not in linguistic 

knowledge or underlying linguistic representations as some theories suggest. Therefore, in the 

current study, we build on the typically developing findings from Love et al. (2009) by 

employing the same experimental design and materials to explore whether slowing down the rate 

of speech will improve online and offline pronoun-antecedent linking abilities in children with 

DLD.  

1.1. The current study 

The present study aims to test how rate of speech input impacts referential binding for 

pronouns during sentence comprehension in children with DLD. We used an online cross-modal 

picture priming paradigm (described below) to determine if children with DLD can correctly link 

pronouns back to their structurally defined antecedents in real-time with both regular and slow 
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speech input. Additionally, we investigated offline responses to the same stimuli using a 

sentence-picture-matching task at both rates of speech. For the online study (Experiment 1), we 

hypothesized that at a regular rate of speech, children with DLD would demonstrate impaired 

pronoun-antecedent linking beyond the age at which TD children are successful (i.e., no 

evidence of priming in the pronoun condition), but with a slowed rate of speech input, they 

would show on-time pronoun-antecedent linking (i.e., priming in the pronoun condition, further 

described in the Materials and Methods section below) upon hearing the pronoun. This pattern 

would indicate that children with DLD have intact linguistic representations but require more 

time to make the correct syntactic links. For the offline study (Experiment 2), we hypothesized 

that children with DLD would show impaired (at-chance) accuracy at the regular speech rate, 

with small gains in accuracy at the slowed speech rate. Like in Love et al. (2009), this study also 

included an additional reflexive condition in both experiments to help determine if underlying 

knowledge of binding principles for both reflexives (Principle A) and pronouns (Principle B) is 

intact in children with DLD. Prior research has shown that pronoun-anaphor linking takes longer 

to acquire than reflexive-anaphor linking (Love et al., 2009; Schwartz et al., 2016). Therefore, 

our hypotheses are focused on the pronoun condition, but we note here that any changes in 

reflexive-anaphor linking due to the rate of speech manipulation would provide insight into 

binding knowledge in children with DLD.  

The purpose of this study is to build on previously published typically developing 

findings from Love et al. (2009) to better understand the source of language deficits in children 

with DLD. Important to the design of the online study, each experimental sentence had three 

versions that were identical minus the inclusion of either a pronoun, a reflexive, or an unrelated 

noun phrase (see Figure 4.2 in the Study Design and Stimuli section for example sentences). As 
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will be discussed, the measure of interest is reaction time differences between the matched 

pronoun and control sentences. By maintaining the structure and wording of the sentence triplets, 

we were able to isolate the linguistic process of interest, pronoun-anaphor linking, while 

reducing the effects of other cognitive processes, such as attention and memory. In doing so, this 

study will provide insight into whether children with DLD have intact knowledge of linguistic 

principles, or if their deficit stems from some other domain-general linguistic or non-linguistic 

cognitive process. In other words, this study investigates differences in online sentence 

processing and offline sentence comprehension. Table 4.1 lists our hypotheses for the pronoun 

condition at both regular and slow rates of speech for both the online (Experiment 1) and offline 

(Experiment 2) conditions, along with the findings from Love et al. (2009) in gray.  

Table 4.1. A summary of findings from Love et al. (2009), which investigated whether typically 

developing (TD) children would show priming during pronoun-antecedent linking at regular and 

slow rates of speech (in gray) (Love et al., 2009). Next to the summary are the hypotheses for the 

current study investigating the same processes in children with developmental language disorder 

(DLD). 
 

Regular Rate Slow Rate 
 

TD 
(Love et al., 

2009) 

DLD 
(current study 

hypothesis) 

TD  
(Love et al., 

2009) 

DLD 
(current study  

hypothesis) 

Online 
(Response Times) 

Evidence of 

priming in 

pronoun 

condition 

Will not prime in 

pronoun condition 

No evidence of 

priming in 

pronoun 

condition 

Will prime in 

pronoun condition 

Offline (Final 

Comprehension 

Accuracy) 

Impaired (at-

chance) accuracy 

in pronoun 

condition 

Impaired (at-

chance) accuracy in 

pronoun condition 

Improved (above 

chance) accuracy 

in pronoun 

condition 

Impaired (at-

chance) 

performance with 

modest gains in 

accuracy in pronoun 

condition 

2. Experiment 1: Online Processing via Cross-Modal Picture Priming 

This first experiment in this study investigates how children with DLD process binding 

relations in real time by employing an online, cross-modal picture priming paradigm (Swinney & 
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Prather, 1989). Findings for typically developing children were previously published in Love et 

al. (2009) but have also been summarized in Table 4.1 above for reader convenience. 

2.1. Materials and methods 

2.1.1. Participants 

Eighteen monolingual English-speaking children with DLD were recruited for the study. 

Data from 4 participants were removed due to not completing all 4 testing sessions. The 

remaining 14 participants (Mage = 7.80 years, SDage = 1.58, 8 female) met inclusionary criteria for 

DLD based on clinical consensus, scoring less than 1.5 standard deviations below the mean on at 

least two out of the four core language index subtests of the Clinical Evaluation of Language 

Fundamentals, Version 4 (CELF-IV)  (Semel et al., 2003), and scoring greater than 80 on the 

Test of Nonverbal Intelligence, Version 3 (TONI-III) (Brown et al., 1997). Participant 

demographics and diagnostic assessment scores are provided in Table 4.2. Participants also had 

normal or corrected-to-normal visual acuity and hearing and had no other reported 

neurodevelopmental disorders (e.g., ASD), genetic disorders (e.g., Down syndrome), or 

neurological impairments (e.g., head trauma, epilepsy, etc.). Participants were randomly assigned 

to either the regular rate of speech or the slow rate of speech condition. Following the data 

screening procedures described in more detail in the Analysis section below, there were 8 

children with DLD in the regular rate of speech group (Mage = 7.42 years, SDage = 1.79, 4 female) 

and 6 children with DLD in the slow rate of speech group (Mage = 8.32 years, SDage = 1.20, 4 

female). No significant differences in age, CELF-IV score, or TONI-III score were found 

between groups, and the age range was similar to Love et al. (2009), which used the same 

methodology to investigate pronoun binding relationships in TD children (see Table 4.2) (Love 

et al., 2009). 
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Participants were recruited from schools in the San Diego Unified School District and 

Del Mar School District as well as San Diego State University’s (SDSU) Speech-Language 

Clinic. After the language and cognitive assessments were completed, the children returned for 

four testing sessions, each separated by at least three weeks and lasting approximately one hour 

(Experiment 1: 3 visits, Experiment 2: 1 visit). This study was approved under both SDSU and 

the University of California San Diego’s (UCSD) IRB protocols and all participants were 

compensated for their time.  

Table 4.2. Participant demographics and assessment scores [Mean (SD)]. ND = no data; CELF-

4: Clinical Evaluation of Language Fundamentals, Version 4 (Semel et al., 2003); TONI-3: Test 

of Non-Verbal Intelligence, Version 3 (Brown et al., 1997); The CELF and the TONI are 

reported as scaled scores. The gray shaded region includes participant demographics for TD 

children tested by Love et al. (2009). 

 TD Children Children with DLD 

  Love et al., 2009 Regular (n=8) Slow (n=6) p-value 

Age 7.43 (1.80) 7.42 (1.79) 8.32 (1.20) 0.28 

Sex 21 females, 22 males 4 females, 4 males 4 females, 2 males -- 

Handedness ND 7 right, 1 left 4 right, 1 left, 1 both -- 

CELF-4 Core Language Index 115.26 (10.10) 71.88 (9.48) 75.33 (15.81) 0.65 

TONI-3 113.67 (12.10) 95.00 (13.14) 105.80 (16.24) 0.25 

2.1.2. Study design and stimuli 

For the online experiment, a cross-modal picture priming (CMPP) paradigm was used 

(Love, 2007; Love et al., 2009; Swinney & Prather, 1989). Materials were taken from a prior 

study by Love et al., (2009) and are described in more detail below. Each rate condition (regular 

or slow) was designed to be within-subjects; in other words, participants provided data for the 

anaphor (pronoun and reflexive) and control (non-referential noun phrase) conditions across all 

items, thus serving as their own controls.  

As part of the CMPP paradigm, participants listened to sentences over headphones while 

seated in front of a computer screen (Figure 4.1). The children were told that they would be 

listening to sentences and that at some point during the sentence, a picture would appear, and 
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they would have to use a binary button box to make a decision about whether the picture was 

“alive” (right button press) or “not alive” (left button press). They were told to try their best to 

understand the sentences as they would occasionally be asked questions about them. The 

measure of interest was response time (and accuracy) during the binary decision task. In this 

CMPP paradigm, the principles of priming dictate that when the image, which is strategically 

presented at a point of interest in the sentence (e.g., where pronoun-antecedent linking should 

take place - at the offset of the pronoun), is related in some way to a noun (antecedent) in the 

sentence, participants should respond faster during the decision task than in a condition where 

there is no structural link (the control condition), demonstrating evidence of a priming effect, 

which reflects the access and processing of the antecedent at that point in time.  

 

Figure 4.1. An illustration of the Cross Modal Picture Priming (CMPP) paradigm (Swinney & 

Prather, 1989). While listening to auditorily presented sentences, participants make a binary 

(alive or not alive) decision about the picture on the screen. The presentation of the picture 

begins approximately 1500ms after the sentence begins (noted by ^) and participants have 
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1000ms to make their decision before the image disappears from the screen and the next trial 

begins. 

 

As described in Love et al. (2009), sentences contained multiple noun phrases. The noun 

phrases in the experimental sentences were animals, whereas filler sentences contained a mixture 

of animal and inanimate object names. The sentences for this study included 30 experimental 

sentences and 30 filler sentences. Each of the 30 experimental sentences were comprised of 

sentence triplets (10 per condition) that were identical in structure, wording, and length with the 

exception of the presence of either a pronoun (Principle B), a reflexive (Principle A), or an 

unrelated non-reference seeking noun phrase (Figure 4.2). For these experimental items, at the 

point in the sentence that the child should make a co-referential connection (e.g., pronoun offset) 

or after hearing the reflexive or unrelated noun, a picture would appear on the computer screen in 

front of them (noted by the ‘^’ in Figure 4.2). The children were instructed to respond as quickly 

and accurately as possible via a binary (alive/not alive) decision when the picture appeared. 

Importantly, reaction times to the same picture were compared across sentence triplets to gauge 

priming effects resulting from correct or incorrect linking of the reference seeking elements 

(pronoun vs control, reflexive vs control), to prior occurring noun phrases (NP1). Recall, that 

linking a reflexive to NP1 would violate Binding Principle A, as reflexives can only bind to 

antecedents within the local clause. Since NP1 is outside of the reflexive clause, the only 

appropriate structural link would be to the pronoun. Therefore, children should respond faster to 

the binary decision task when the image of NP1 appears at the offset of the pronoun rather than 

the reflexive. Following the pronoun, reflexive, or control noun phrase, there were at least seven 

syllables to ensure children would have time to process the sentence while simultaneously 

making a binary decision. All pronoun and reflexive sentences contained third-person singular, 
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masculine pronouns/reflexives, whereas all control sentences contained non-animal female nouns 

(e.g., the lady).  

Given that the images presented for the experimental and control conditions are only of the 

first noun phrase (NP1, which is structurally licensed by the pronoun), our a priori hypothesis 

was that if children with DLD could make accurate binding links in real time, priming effects 

would be present in the pronoun (vs. control) condition only. Priming should not be seen in the 

reflexive condition (2b, in Figure 4.2, below) as binding for the reflexive should only occur with 

the second noun phrase (giraffe). This mismatch should result in increased reaction times for the 

reflexive condition when compared to the control condition. The control condition (2c, in Figure 

4.2, below), with no intra-sentence referential links, was designed to provide a baseline measure 

of response times for sentences of this type, as children should not be making binding links to 

prior occurring noun phrases in the sentence. Quicker response times to the picture of NP1 in the 

pronoun condition compared to the control condition are interpreted as evidence of priming, and 

an indication of correct dependency linking, whereas quicker response times in the reflexive 

condition (compared to the control condition) are interpreted as evidence of incorrect priming, in 

other words, a link is made between the reflexive and the wrong NP.  

 

Figure 4.2. An example of experimental and control items. ‘The horse’ (NP1) is the correct 

antecedent for only the pronoun condition, noted by the i; i* represents an incorrect link to ‘The 

horse’.  The ‘^’ represents the point in the sentence that the image of NP1 appears on the screen. 

j indexes the antecedent-anaphor pair for the reflexive condition. Note that participants only saw 

images of NP1 for the experimental sentences, thus the reflexive is the incorrect anaphor for the 

visual image.  
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Filler sentences (n=30) of the same length and complexity as the experimental sentences 

were included. These sentences were designed to prevent participants from expecting an “alive” 

response for each picture or using strategies to complete the task. Examples of filler sentences 

can be seen in Figure 4.3, below. There were 10 that contained a pronoun or reflexive and 20 that 

were of another construction.  

 

Figure 4.3. An example of filler items to elicit a “not alive” decision. The ‘^’ represents the 

point in the sentence that the image appears on the screen.  

 

During each testing session, participants listened to 30 experimental sentences (3 versions 

per sentence: pronoun, reflexive, non-referential noun phrase) and 30 filler sentences, for a total 

of 180 items across three visits. Each experimental sentence had a pronoun, a reflexive, and a 

control version. These were counterbalanced across three scripts, with each script containing 

only one version of the experimental sentence. For example, referring to Figure 4.2, (2a) would 

appear in Script 1, (2b) in Script 2, and (2c) in Script 3 to ensure an equal number of exemplars 

across scripts and also to prevent any effects from repeating sentences in the same visit. In a 

given script, no more than 3 experimental sentences were presented in a row. Filler sentences 

were the same across all three scripts. After participants were trained on the CMPP task 

(procedure described in more detail below), the experiment began. The first six items presented 

during each visit were filler items to allow the participant to acclimate to the test, although they 
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were not informed of this. While every participant received all three scripts, one per visit, they 

were randomly assigned to different script presentation orders.  

In the regular rate of speech input condition, sentences were recorded by a native English 

female speaker and were delivered at an average rate of 4.94 syllables per second. In the slow 

rate of speech condition, sentences were slowed (while maintaining pitch) to an average of 3.36 

syllables per second (using the Cool Edit Pro v1.2 software package; Syntrillium Software, 

Phoenix, AZ). Participants only heard one rate of speech condition across all three visits. Those 

in the slow rate of speech condition often reported that the speaker sounded tired. 

Stimuli were presented with an in-house software program (TEMPO; version 2.1.2) to 

control the presentation of the pictures and sentences. The same software was used to collect 

both reaction time and button press response choice. During the presentation of the sentence, at 

the predetermined onset of the presentation of the image, a millisecond-accurate computer timer 

was initiated. The timer terminated when the participant pressed the button to indicate their 

response on the binary decision task and their button selection and response time was recorded. 

Each picture remained on the screen for 1500ms or until the button press was made (whichever 

came first). Responses were allowed for an additional 1000ms after the picture disappeared, 

leaving a 2500ms window within which a participant could respond. Any response times longer 

than 2500ms were recorded as a no-response and counted as an error. There was a 3000ms gap 

between successive sentences. 

2.1.3. Procedure 

Participants were trained extensively in order to be able to complete the CMPP task 

(listening to and comprehending auditorily delivered sentences along with making a button press 

when shown pictures). Training was delivered in stages that increased in complexity to ensure 
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that participants were not overwhelmed. First, the experimenter presented cards with pictures on 

them, and participants were instructed to verbally respond “yes” or “no” to whether the image 

was alive (n=7) or not alive (n=7).  If the child responded incorrectly, the experimenter would 

talk through the image until they responded correctly. In the next stage, the experimenter used 

the same set of images and the same task but instructed children to make their “yes” or “no” 

response using a button box instead of a verbal response. The experimenter continued to provide 

feedback as needed. In the next to last training stage, twenty images were presented on a 

computer screen in four blocks of five images each. In the first block, images remained on the 

screen for 1.5 seconds each and in subsequent blocks they remained on screen for .5 seconds 

each. This reduced presentation time was meant to encourage participants to respond as quickly 

as possible, while also maintaining accuracy. Children were instructed to decide whether the 

image was alive or not alive using a button box and they were trained until they responded 

correctly to all items. The final training protocol introduced children to the cross-modal 

experimental paradigm in which they simultaneously heard sentences and were told they would 

see an image during the presentation of the sentence. Their job was to press the correct button as 

quickly and accurately as possible while listening to the sentence that continued. Participants 

were trained to 100% response criterion. During this training, experimenters asked 

comprehension questions to ensure that the children were listening to the sentences. During the 

first visit, children completed the full training protocol, but during visits two and three, they only 

completed the final stage to refamiliarize them with the task. 

After children completed the final stage of their training, the experimental session began 

with the six practice filler items followed by presentation of the experimental and remaining 

filler sentences. As described above, participants were allotted a total of 2500ms to make their 
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binary decision. The image remained on the screen for a maximum of 1500ms with the image 

immediately disappearing as soon as the participant made a response during that time. If no 

response was made by 1500ms, the image disappeared, but a decision choice and reaction time 

could be captured for an additional 1000ms, resulting in a stimulus onset asynchrony (SOA) of 

2500ms. Sentences were separated by 3000ms. In addition to this task, the children were also 

periodically asked comprehension questions about the sentences that they heard to ensure that 

they were paying attention (18 per session, 3 attached to filler sentences). Comprehension 

questions were about nouns heard in the sentence or their location and were not meant to test 

pronoun-binding relationships. For example, after hearing a sentence like (2a) above, the 

participant would be asked question (4) below: 

(4) Was the sentence you just heard about (A) a horse, (B) an elephant, or (C) a zebra?  

Participants indicated their response by either saying their answer out loud or pointing to ‘A’, 

‘B’, or ‘C’ on an answer sheet.  

2.1.4. Analysis 

Prior to analysis, 4 participants (3 from the slow rate of speech group and 1 from the 

regular rate of speech group) were removed from the initial pool of 18 for not completing all 

three testing sessions. For the remaining 14 participants, all responses to the experimental items 

that were less than 250ms (below the threshold of possible response times) or greater than 

2500ms (i.e., non-responses; 4% data loss) or were incorrect (wrong button press, 12% data loss) 

were removed from further analyses. Following this screening, all 14 participants met our 

threshold of at least 50% of data points remaining. Accuracy on the binary decision task was 

calculated by taking the number of correct responses out of the total possible responses across all 

3 visits (i.e., 90). A two-way mixed-design ANOVA was conducted using AFEX (Singmann H, 
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2023) in R (R Core Team, 2023) to assess differences in accuracy between rate (regular, slow) 

and within condition (pronoun, reflexive, control). 

A univariate screening of reaction times was conducted to identify outliers for each 

participant per condition. Children with DLD often demonstrate more variable motor responses 

than TD children (Sack et al., 2022; Vuolo et al., 2017), which means that identifying outliers at 

the group level could bias the dataset to underrepresent children who are at the high or low ends 

of RT responses due to motor abilities. Thus, to control for motor variability in our participant’s 

responses, we mean centered individual response times so that each participant essentially acted 

as their own control for motor responses. Response times that exceeded 2000ms were excluded 

from further analysis (1.5% data loss) as they do not represent automatic processing. We then 

calculated the means, 25th, and 75th Tukey hinges for reaction time (RT) by rate and condition for 

each participant was calculated using PROC Univariate in SAS 9.4 (SAS Institute Inc, 2014). 

The Tukey hinges were used to identify the upper and lower bounds of the distribution of RT for 

each participant by rate and condition. Extreme values for each participant were then winsorized 

to reduce their effects on mean RT values; outliers above the upper bounds were replaced with 

the values for the upper bounds and a similar procedure for outliers falling below the lower 

bounds was conducted. Table 4.3 shows the proportion of trials that were replaced for each 

participant.  
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Table 4.3. The proportion of trials replaced for each participant following the winsorizing 

procedure. Winsorizing is used to reduce the effects of extreme values on mean response time 

(RT). 

Participant Rate Proportion of Trials Replaced 

001 Regular 0.10 

002 Regular 0.04 

003 Slow 0.03 

004 Regular 0.05 

005 Regular 0.04 

006 Slow 0.07 

007 Regular 0.00 

008 Regular 0.02 

009 Slow 0.02 

010 Slow 0.00 

011 Regular 0.01 

012 Regular 0.08 

013 Slow 0.04 

014 Slow 0.04 

Mixed linear models with participants and sentence order (counterbalanced across all 3 

visits) as random intercepts were used to examine the effects of rate (regular, slow), condition 

(pronoun, reflexive, control), and the interactions of rate × condition on reaction times. The 

model was estimated with SAS 9.4 (SAS Institute Inc, 2014) PROC MIXED. Post-hoc testing 

using least mean squares was used to examine significant main effects and the interaction for the 

model. 

2.2. Results 

Accuracy across all experimental conditions and participants for the binary decision task 

(alive or not alive) was 87.1%. As shown in Figure 4.4, below, overall accuracy for experimental 

sentences was well above chance (50%) across all conditions in both the regular (t(7) = 6.02, p < 

0.001) and slow (t(5) = 6.41, p = 0.001) rate of speech conditions. Importantly, accuracy for 

filler items was 82%, demonstrating that children were actively making binary decisions 

throughout the study. 
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Results from a two-way mixed-effects ANOVA revealed no main effects of rate (F(1,12) 

= 0.28, p > 0.05) or condition (F(2,24) = 0.88, p > 0.05) on accuracy, nor was the rate × 

condition interaction significant (F(2,24) = 1.79, p > 0.05), indicating that rate and condition did 

not significantly impact overall accuracy during this task.  

 

Figure 4.4. Accuracy (error bars are for standard error) for the binary decision task (alive = yes, 

not alive = no) following the target prime image. No significant differences between rate, 

condition, or their interaction were found. Chance is marked by the blue line at 50%. 

 

Accuracy was also measured for the three-choice comprehension questions that were 

scattered throughout the online portion of the task to ensure participants were not simply 

ignoring the sentences to respond to the visual targets. For the regular rate of speech input, 

children with DLD answered the comprehension questions with an average accuracy of 60%, 

while for the slow condition they answered with an average accuracy of 69.1%. Response 

averages were above-chance (33%) for both the regular (t(7) = 3.86, p = 0.006) and slow (t(5) = 

5.93, p = 0.002) rates of speech, suggesting that the children were attending to the auditory input.  

Response times for the experimental data can be seen in Table 4.4. As a reminder, the 

visual probe in the sentences matched the first main clause noun phrase and appeared at the 
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offset of either the control noun phrase, the pronoun, or the reflexive in the second clause. 

Therefore, according to binding principles, the picture was the correct antecedent only for the 

pronoun condition and should facilitate linking the pronoun to the anaphor as indexed by faster 

response times.  

A mixed linear model with participants and order of sentence presentation (which was 

counterbalanced across visits) as random intercepts was run to examine the effect of rate 

(regular, slow), condition (pronoun, reflexive, control), and the interaction of rate × condition on 

reaction time (RT). Results revealed a significant main effect of rate (F(1,36) = 6.09, p = 0.01), 

in which children with DLD responded on average about 173ms slower overall in the regular 

speech rate condition (𝑥response time= 1044ms) compared to the slow speech rate condition (𝑥response 

time= 871ms; t(366) = -2.47, p = 0.014).  

Table 4.4. Mean response times (RT) in milliseconds and standard deviations (SD) for each 

condition by rate. 

 Pronoun RT 
Mean (SD) 

Reflexive RT 
Mean (SD) 

Control RT  
Mean (SD) 

Regular (n=8) 1043 (328.0)  1056 (342.4) 1033 (305.9) 

Slow (n=6) 879 (278.8) 849 (260.3) 885 (291.7) 

 

Results also revealed a significant rate × condition interaction (F(2,712) = 9.87, p < 

0.0001). To further probe the significant interaction, post-hoc testing using least mean squares 

indicated that children with DLD were significantly faster to respond at the regular rate of 

speech in the control condition (𝑥response time= 1033ms) compared to (a) the pronoun condition 

(𝑥response time= 1043ms; t(715) = -3.83, p = 0.0001) and (b) the reflexive condition (𝑥response time= 

1056ms; t(722) = -3.79, p = 0.0002), which means there was no evidence of priming; that is, 

there was no correct priming for the pronoun condition (or incorrect priming for the reflexive 
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condition) at the normal speech rate. These results suggest that the process of pronoun-anaphor 

linking does not occur in real-time at the regular rate of speech input for children with DLD, as 

indexed by increased reaction times to the visual target for both the pronoun and reflexive 

conditions as compared to the control condition. There is also the additional possibility that the 

increased reaction times at the regular speech rate for the pronoun and reflexive conditions 

compared to the control condition could be the result of an interference effect created by the dual 

task nature of priming paradigms. However, this possibility is unlikely due to the minimal pair 

triplet design used in this study. As a reminder, each sentence triplet was identical except for the 

inclusion of an unrelated noun phrase (control), a pronoun, or a reflexive. At the offset of each 

condition, participants would see the same image and were asked to make a binary decision 

about whether the image was of something alive or not alive. Each participant contributed data to 

all conditions for each of the experimental sentences; that is, they heard all three versions of the 

sentences across three different visits with the order of sentence presentation randomized across 

each visit, allowing us to isolate pronoun-antecedent linking while controlling for additional 

effects of the dual task design.  

Recall, that our a priori hypothesis was that unlike typically developing children, 

children with DLD would not show evidence of priming in the pronoun condition at the regular 

rate of speech (i.e., faster response times in the pronoun condition compared to the control 

condition) but would show evidence of priming in the pronoun condition at the slowed rate of 

speech. To explore our hypothesis, we examined the difference in reaction times to the pronoun 

and control conditions during the slow speech rate manipulation as compared to the regular rate 

condition (Figure 4.5).  
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Unlike the priming pattern at the regular rate of speech input described above, post-hoc 

analyses revealed the opposite pattern with the slow rate of speech input. Here, children with 

DLD were significantly faster to respond in the pronoun condition (𝑥response time= 879ms) 

compared to the control condition (𝑥response time= 885ms; t(707) = 2.27, p = 0.02) demonstrating 

evidence of priming.  

 

Figure 4.5. The priming effect (control minus pronoun) for the pronoun condition in both the 

regular and slow rate speech conditions. A positive difference indicates that the mean RT was 

faster in the pronoun condition, reflecting priming (noted by the highlighted region). *The 

change in RT from the regular to slow rate was significant at p < 0.05.  

 

While not the direct focus of this investigation, we also explored whether children with 

DLD would show a rate effect while processing sentences containing reflexives, which did not 

reveal incorrect priming at the regular rate of speech input. At the slow rate of speech input, 

while we did not find statistically significant priming, the reaction time patterns indicated a 

reversal from the patterns found at the regular rate (see above; slow rate: reflexive 𝑥response time= 

849ms; control 𝑥response time= 885ms; t(701) = 0.99, p = 0.32). As described in the discussion 

section, these patterns of results are consistent with those found with neurotypical children when 

processing sentences containing reflexives. Specifically, those prior studies showed compliance 
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with Principle A (no incorrect linking) at the regular rate of speech input and disrupted 

processing at the slowed rate of speech input.  

Overall, results regarding pronoun-antecedent linking from experiment (1) showed no 

evidence of priming at the regular speech rate, but when the speech rate was slowed, children 

with DLD showed evidence of priming, suggesting that the linguistic knowledge needed to link 

pronouns to anaphors (Principle B) during online sentence processing is intact, but there is a 

delay in the speed at which this link is built.  

2.3. Discussion: Experiment 1  

Experiment (1) tested online response time patterns for linking pronouns and reflexives 

with the structurally licensed antecedent for the pronoun (the main clause noun phrase, NP1), 

across two different speech input rate conditions in children with DLD. Here, we were interested 

in whether children with DLD would show evidence of priming (indexed by quicker response 

times to pronouns than controls) when presented with a picture that correctly linked a pronoun 

with its antecedent; and if rate of speech input modulated this effect. As demonstrated in Love et 

al. (2009) using the same paradigm and materials, TD children showed evidence of pronoun 

priming (and thus, knowledge of Principle B) during online sentence processing at a regular rate 

of speech (Love et al., 2009). However, when speech was slowed, the priming effect went away, 

indicating that the speech rate impacted the real-time, automatic process of co-referential linking. 

For this study, we predicted the opposite; that at a regular rate of speech, children with DLD 

would not demonstrate priming effects, but when the speech rate was slowed, their response 

times would decrease indicating correct linking, as the slowed rate of input would allow for 

additional processing time to make the link between the pronoun and its antecedent.  

Consistent with our predictions, we found that at a regular rate of speech, unlike patterns 

found with TD children, children with DLD did not show priming effects, suggesting that they 
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are unable to automatically link pronouns to their antecedents in real-time. However, when the 

speech input was slowed, children with DLD showed statistically faster response times in the 

pronoun condition compared to the control condition, indicating priming. This pattern differs 

from the results found for TD children in Love et al. (2009), who showed a breakdown in 

automatic linking with slow speech (Love et al., 2009). In fact, when looking at response times 

for the regular speech rate compared to the slow speech rate overall, results showed that in 

general, children with DLD were faster to respond in the slow rate condition than the regular rate 

condition. Though the important comparison of interest for this study is response times between 

the pronoun and control conditions within each rate of speech condition, the overall pattern 

further illustrates how slowed speech may facilitate real-time sentence processing in this group. 

Taken together, results suggest that children with DLD do in fact have knowledge of binding 

principles (since slowing down the sentence facilitated priming) and instead exhibit a language 

processing deficit in the speed at which they build these syntactic relationships.  

We note here that children with DLD showed a similar pattern to TD children for 

processing of reflexive anaphors at the regular rate of speech; that is, they did not show evidence 

of incorrect priming upon encountering the reflexive anaphor. However, they differed in their 

priming patterns at the slow rate of speech. In Love et al. (2009), the authors found a marginally 

significant effect for priming of reflexives compared to control sentences and a significant effect 

when compared to pronouns, as TD children were quicker overall in responding in the reflexive 

condition (Love et al., 2009). The authors suggested that for TD children, the slow rate of speech 

caused breakdowns in the real-time linking that they demonstrated in the regular speech rate. 

However, for this study, the slow rate of speech facilitated children with DLD in making the 

correct pronoun-antecedent link while also causing them to incorrectly link the reflexive and the 
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antecedent for the pronoun, indicating that slowed speech input aids performance for linguistic 

processes that are not yet acquired and impairs those that are already established. This 

dissociation in the benefit of slow speech suggests that children with DLD have knowledge of 

binding principles but follow a different developmental trajectory than TD children. It may be 

the case that children with DLD need more time to implement certain language processes than 

typically developing children, which implies that younger children with DLD might benefit more 

from slowed speech than older children with DLD. Though the effect of age on anaphor-

antecedent linking goes beyond the scope of this paper, an exploratory analysis of age effects can 

be found in Appendix A in consideration of this possibility.  

Thus far, the CMPP results indicate difficulties for children with DLD in automatic 

processing of sentences containing pronominal anaphors. This approach, however, cannot 

indicate if the slow rate of speech ultimately helps children with DLD with final comprehension 

of these sentence constructions. We now turn to Experiment (2) which explores overt, offline 

comprehension of sentences containing pronouns. 

3. Experiment 2: Offline Processing via Sentence-Picture-Matching 

Experiment (2) used a sentence-picture-matching task to investigate offline processing of 

coreferential binding in children with DLD at both regular and slow rates of speech input. As 

previously discussed, prior research from Love et al. (2009) found that offline, TD children 

demonstrated at-chance comprehension accuracy at the regular speech rate for the pronoun 

condition, but showed significant improvement when the rate of speech was slowed. Given that 

children with DLD did not show evidence of intact pronoun-antecedent linking at regular rates of 

speech, we hypothesize that they will perform at-chance offline at regular rates of speech (with 

small gains with the slow rate of speech input). This hypothesis is based on the findings from 
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Love et al. (2009) that conscious, final comprehension abilities are generally acquired after real-

time pronoun linking abilities are acquired (Love et al., 2009). In Experiment (1), children with 

DLD only showed evidence of priming in the pronoun condition once the rate of speech was 

slowed, indicating that they were unable to make co-referential links at regular rates of speech 

input during online, real-time sentence processing, which suggests they have not fully acquired 

the skill.  

3.1. Materials and methods 

3.1.1. Participants 

The same group of participants tested in the online condition from Experiment (1) 

returned for 1 visit and were tested in this offline condition. They remained in the same regular 

(n=8) and slow (n=6) rate groups for Experiment (2) (see Table 4.2).  

3.1.2. Study design and stimuli 

The design, materials, and procedure are the same as those used in Love et al. (2009) and 

are described in more detail therein (Love et al., 2009). For the sake of brevity, we discuss the 

most relevant aspects here. Fifteen sentences from the online experiment were selected for this 

offline experiment, based upon their high degree of imageability. Sentences were modified from 

Experiment (1) to only contain one noun phrase so that it limited participants’ ability to utilize 

pictorial context to interpret the referential links in the sentence. For each sentence, there were 

two versions, one with a pronoun and one with a reflexive, for a total of 30 items. Two images 

were created for each sentence; one correctly depicting a pronoun link and one correctly 

depicting a reflexive link (see Figure 4.6). 

Experimental sentences were presented in a single session with the two versions 

presented at maximal distance. Sentences were recorded by a female native English speaker. In 
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the regular rate of speech input condition, sentences were delivered at an average rate of 5.00 

syllables per second. In the slow rate of speech condition, sentences were slowed to an average 

of 3.19 syllables per second (maintaining pitch, using the Cool Edit Pro v1.2 software package; 

Syntrillium Software, Phoenix, AZ). Each sentence was paired with the two pictures on an 8.5 x 

11-inch picture card, the position of the pictures was counterbalanced across items. Each picture 

corresponded with either the pronoun or reflexive interpretation of the sentence.  

 

Figure 4.6. An example sentence and corresponding pictures for the sentence/picture matching 

task. 

 

3.1.3. Procedure 

Participants were instructed to listen carefully to the sentences they would hear and to 

select the picture that matched the sentence by pointing to it. During testing, sentences were 

presented to the participant via recorded audio files with the experimenter turning the picture 

cards before each recorded sentence was played. Children were familiarized with the task with a 

practice session consisting of four practice sentences before beginning the actual experiment.  

3.1.4. Analysis 

Data were analyzed using a mixed-effects logistic regression model for binary accuracy 

data (correct or incorrect) with rate (regular, slow) and condition (pronoun, reflexive) as fixed 
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effects and participant and sentence order as random effects. The model was estimated with SAS 

9.4 (SAS Institute Inc, 2014) PROC MIXED. Post-hoc testing using least mean squares was used 

to examine significant main effects and the interaction for the model. F-statistics are reported for 

main effects and interactions and t-statistics are reported for follow-up comparisons.  

3.2. Results 

For the comprehension accuracy data (Figure 4.7), a mixed-effects logistic regression 

model indicated that children with DLD did not demonstrate an overall rate effect between the 

regular (𝑥accuracy= 61%) and slow (𝑥accuracy= 64%) rates of speech (F(1,416) = 0.60,  p = 0.44). 

However, consistent with prior research, the results revealed a significant main effect of 

condition (F(1,416) = 23.39, p < 0.0001), indicating that across rates of speech, children with 

DLD were more accurate overall with sentences containing reflexives (𝑥accuracy= 73%) than 

sentences containing pronouns (𝑥accuracy= 52%); in fact, according to a one-sample t-test, 

performance in the pronoun condition was no different from chance (50%; t(13) = 0.23, p = 

0.82). Importantly, further analysis revealed a significant rate × condition interaction (F(1,416) 

= 5.42, p = 0.02). This significant interaction arises from a large improvement in accuracy in the 

slow condition between pronoun (𝑥accuracy= 48%) and reflexive (𝑥accuracy= 81%) sentences (t(416) 

= -4.74, p < 0.0001); we note here that again, according to one-sample t-tests, performance for 

the pronoun condition was no different from chance for the regular (t(7) = 0.52, p = 0.62) or slow 

(t(5) = -0.16, p = 0.88) rate conditions. Overall, the slowed speech input helped improve 

comprehension accuracy for reflexives between the regular (𝑥accuracy= 67%) and slow (𝑥accuracy= 

81%) conditions (t(416) = -2.20, p = 0.03).  
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Figure 4.7. Percent accuracy (error bars are for standard error) for each rate condition. *indicates 

the significant rate x condition interaction effect for the difference in accuracy between the 

pronoun and reflexive conditions (blue brackets) when comparing the regular speech rate to the 

slow speech rate (p = 0.02). 

Of interest to this study was the difference in accuracy in sentences containing pronouns 

between the regular and slow rate speech conditions. While children with DLD performed better 

in understanding sentences containing pronouns in the regular rate condition (𝑥accuracy= 55%) as 

compared to the slow rate condition (𝑥accuracy= 48%), the difference was not significant (t(416) = 

1.10, p = 0.27). We remind the reader that accuracy was not significantly different from chance 

(50%) for either condition. This pattern is partially consistent with our predictions, as we 

anticipated that children with DLD would demonstrate difficulty with the offline task regardless 

of speech rate. However, we also predicted that they would demonstrate a slight improvement in 

pronoun processing with the slowed speech rate. Instead, we found a (non-significant) decline in 

pronoun accuracy at the slow rate. Results indicate that slowing down the rate of speech did not 

help with conscious access of the linguistic knowledge required for successful pronoun-
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antecedent interpretation, despite evidence of real-time knowledge (i.e., priming with slow 

speech in Experiment 1) of binding principles.  

3.3. Discussion: Experiment 2 

For the offline experiment, we used a sentence-picture-matching task to investigate final 

comprehension of sentences with either pronouns or reflexives. Here, we predicted that children 

with DLD would show impaired (at-chance) performance for identifying the correct picture in 

the pronoun condition, regardless of speech rate, but would see modest gains in accuracy at a 

slowed rate of speech. Partially consistent with this prediction, we found that for the pronoun 

condition, children performed at-chance at both regular and slow rates of speech but did not 

show any significant gains in accuracy for the slow rate.  

This pattern differs from the results found for TD children in Love et al. (2009). In their 

study, TD children demonstrated at-chance performance for the interpretation of pronouns at a 

regular rate of speech but improved when speech was slowed, suggesting that the slower speech 

rate facilitated final comprehension of sentences containing pronouns. The authors concluded 

that slowed speech may help with final comprehension of sentences containing pronouns only 

when the metalinguistic processes necessary to link pronouns and antecedents have not yet been 

fully mastered, suggesting that slow speech may be more beneficial to younger children whose 

language skills are still developing (see Appendix B for an exploratory analysis examining age 

effects in our participant group). 

The focus of this paper was on pronoun-antecedent linking, but it is important to note 

differences for reflexive-antecedent processing since it can provide insight into whether children 

with DLD have knowledge of different binding principles. In the offline reflexive condition, 

while children performed above chance, they were more accurate for the slow rate of speech 
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compared to the regular rate of speech. The lack of ceiling effects in the data indicate that 

children with DLD have not yet fully mastered this ability, so when provided with more time, 

they perform better. Here the results suggest that children with DLD have intact knowledge of 

binding (Principle A) but may need more time to reflect on and make the link between the 

reflexive and antecedent. 

4. Conclusion 

In sum, our results demonstrate that children with DLD show evidence of priming (i.e., 

are faster) for online, real-time pronoun-antecedent linking when speech input is slowed but do 

not show evidence of priming (i.e., are slower) when sentences are presented at a regular rate of 

speech. This pattern of performance is the opposite of what was observed previously in TD 

children (Love et al., 2009). This suggests that children with DLD may have a delay in 

processing these co-referential relationships for pronouns that can be mitigated by slowing down 

the incoming auditory speech stream. However, when the same group of children were tested on 

these pronoun-antecedent relationships offline, they showed impaired (at-chance) interpretation 

of pronouns regardless of speech rate. This result is also different from that of TD children (Love 

et al., 2009), who showed improved accuracy in their final comprehension with a slowed rate of 

speech. Developmentally, the ability to link pronouns to their antecedents online is acquired 

before the ability to link them offline (Love et al., 2009; McKee et al., 1993; Schwartz et al., 

2016). This likely has to do with the subconscious versus conscious properties involved in online 

processing versus offline final comprehension. Online processing measures the moment-by-

moment mapping of words with their relationship to other words in the sentence, whereas offline 

processing measures final comprehension after all different levels of processing are complete. 

Thus, offline measures of accuracy encompass both sentence processing and sentence 
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comprehension. For children with DLD, slowing down speech may help with real-time mapping 

of pronoun-antecedent relationships, but it may not be enough to mitigate the additional demands 

of offline processing in terms of integrating all of the linguistic information, holding that 

information in memory, and making a final decision about the sentence meaning. In typically 

developing children, prior research has demonstrated a maturational effect of online vs offline 

pronoun-antecedent linking, such that online abilities are acquired before offline abilities, 

possibly due to the additional cognitive demands imposed by offline tasks (Love et al., 2009). 

Future studies with larger sample sizes of children with DLD across age ranges should be 

conducted to explore whether priming effects emerge at a later stage of development. Taken 

together, these results provide evidence that children with DLD do develop underlying 

knowledge of binding principles, which suggests that deficits in sentence processing may not be 

specifically linked to linguistic knowledge but instead are the result of other cognitive processes 

that impact language, such as delayed processing speed. The sentence triplet design used in our 

study allowed us to isolate pronominal binding while controlling for other factors such as 

sentence length and memory, which suggests that processing speed delays may more strongly 

impact language operations, though more work is needed to disentangle domain general 

processing from language-specific processing. 
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Appendix A: Post-hoc Exploration of Age Effects on Online Processing (Experiment 1) 

Like Love et al. (2009), this study includes children over a wide range of ages which 

means there may be differences across age in how children with DLD process sentences 

containing pronouns. Love et al. (2009) found that overall, older children were faster than 

younger children to respond during the decision task, but children as young as 5 years of age 

showed evidence of correct pronoun priming at the regular rate of speech input. Although our 

hypotheses did not include predictions about age-related differences, we acknowledge that for 

this study the youngest children may benefit more from the slow rate of speech condition, with 

that benefit diminishing as they get older. Such a relationship would indicate a delay in real-time 

knowledge of pronominal dependency relationships. To test this possibility, we re-ran our mixed 

effects model to include age (in years) as a continuous variable, along with the interactions 

between age × rate, age × condition, and age × rate × condition (again, acknowledging that the 

participants were not selected to ensure an equal number of ages across the range tested).  

Results revealed a significant main effect of age (F(1,332) = 10.76, p = 0.001) in which 

older children were on average around 64ms slower to respond (across rate and condition) than 

younger children during the binary decision task (t(1052) = 2.49, p = 0.013). This pattern of age 

effects is reversed when compared to the results from Love et al. (2009), however, the reaction 

time differences are likely due to the significant age × condition interaction (F(2,672) = 14.2, p < 

0.0001), and the significant age × rate × condition interaction (F(2,672) = 8.40, p = 0.0002). To 

further probe the interaction effects, we first examined the age × condition interaction. Here, an 

interesting pattern emerged. Starting around 9 years of age, there was an increase in mean RT in 

the reflexive condition (t(1056) = 8.41, p < 0.0001) which likely accounts for the overall slower 

response times for the older children. This pattern reverses for sentences containing pronouns; 
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that is there was a decrease in mean RT for children over 9 years of age (t(1060) = 4.69, p < 

0.001). Interestingly, there were no significant effects of age on condition for children younger 

than 9 years. These results suggest that around 9 years children with DLD begin to demonstrate 

real-time knowledge of correct pronoun-antecedent linking as indexed by quicker response times 

to the pronoun condition, but as they demonstrate greater mastery of binding rules, they begin to 

experience processing delays when they encounter an incorrect antecedent-reflexive structure 

during real-time referential linking. The results for older children with DLD in this study are 

what we would expect for typically developing children (as young as 5 years of age), which 

shows that children with DLD do in fact have knowledge of binding rules during real-time 

sentence processing, but mastery of this knowledge is delayed and may be more variable when 

compared to typically developing children.  

Next to probe the effect of age and the two rates condition on RT measures within each 

condition, we examined the three-way interaction between age × rate × condition that is detailed 

above. Again, an interesting pattern emerged here. Children younger than 9 years of age were 

significantly slower to respond during the binary decision task in the pronoun condition 

compared to the control condition at the regular rate of speech (t(696) = -3.63, p = 0.0003), but 

when the rate of speech was slowed, this pattern was flipped; that is, children younger than 9 

years of age were significantly faster to respond in the pronoun condition compared to the 

control condition (t(700) = 2.83, p < 0.005). Finally, turning to the reflexive condition, a similar 

pattern of results was found. Children under 9 years of age, were faster to respond to sentences in 

the control condition than sentences in the reflexive condition for the regular speech rate (t(702) 

= -3.99, p < 0.0001), but when sentences were slowed, the pattern reversed (faster for sentences 

containing reflexives than control sentences; t(697) = 2.43, p = 0.02), indicating incorrect 
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priming of the antecedent. This pattern of results suggests that at the regular speech rate, children 

are unable to make the correct link between the pronoun and the antecedent but are able to 

recognize that the reflexive is not the correct anaphor. When speech is slowed, it aids in 

pronoun-antecedent linking but disrupts the ability to correctly process sentences containing 

reflexives. 

To summarize, in our exploratory analysis, we examined whether differences would 

emerge across age in how children with DLD process referential relationships during real-time 

sentence processing, and how rate of speech impacted the process. We found a delineation by 

age in the ability to make syntactically dependent links between constituents. In our study, when 

sentences were presented at a regular speech rate, the younger children (under 9 years) were 

unable to make the necessary referential links between pronouns and antecedents (i.e., they failed 

to prime the structurally licensed antecedent), but were able to recognize that the reflexive 

anaphor was the incorrect link (i.e., they did not prime the incorrect antecedent). This pattern 

changed when the speech rate was slowed; the younger children demonstrated evidence of 

correct referential linking (e.g., priming) when sentences contained pronouns and incorrect 

referential linking when sentences contained reflexives (e.g., priming the incorrect antecedent) 

indicating that slowed speech improved pronoun-antecedent processing but impaired reflexive 

processing. These results suggest that young children with DLD may still be developing the real-

time language processing skills necessary for pronoun-antecedent linking (as outlined by 

Binding Principle B), but have mastered the linguistic skills for real-time reflexive-antecedent 

linking (as outlined by Binding Principle A). After 9 years of age, results were more variable, but 

seem to suggest that rather than improving the ability to link pronouns to antecedents, slow 
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speech disrupts the process, which may indicate that around this age, children with DLD begin to 

develop automatic structural processing skills.  

Taken together, these results provide preliminary evidence of a delay in the application of 

binding rules during real-time sentence processing until around 9 years of age, at which point 

they begin to demonstrate knowledge, but not yet mastery of pronoun-antecedent linking. Given 

the small sample size in this study and that we did not originally set out to test the effect of age 

on our findings, future studies should be conducted with larger sample sizes across a range of 

ages to determine the point at which children with DLD fully master this knowledge. 



  

 173 

 

Appendix B: Post-hoc Exploration of Age Effects on Offline Processing (Experiment 2) 

The maturational findings from the online portion of this study, along with the findings 

from Love et al., (2009) bring up the possibility that children with DLD may be delayed in their 

ability to correctly link pronouns and antecedents when compared to TD children. If offline final 

comprehension of sentences containing anaphors take longer to fully master than online, real-

time processes (as demonstrated in Love et al., 2009), then it is a reasonable assumption that the 

developmental trajectory for children with DLD may be further delayed. Though we did not set 

out to specifically test for maturational changes in the interpretation of sentences containing 

pronouns, we ran an exploratory correlation analysis to test for a relationship between age and 

accuracy for each sentence condition at each rate of speech.  

For the pronoun condition, results revealed a moderate correlation between age and 

accuracy at the regular rate of speech (r = 0.27, p = 0.003) suggesting that accuracy increased 

with age. When looking at accuracy for the pronoun sentences for each participant, results were 

somewhat variable, with some children doing better in the pronoun condition and other children 

doing better in the reflexive condition regardless of age, but nonetheless an interesting picture 

emerged. The children over 10 years of age had some of the highest accuracy scores for the 

interpretation of sentences containing pronouns, whereas the children under 10 were more 

variable suggesting that children with DLD may follow a delayed developmental trajectory for 

offline pronoun-antecedent linking when compared to TD children who seem to acquire these 

abilities around 8 years of age (Love et al., 2009). The correlations between age and accuracy for 

the other conditions did not reach significance. As noted previously, the ages of our participants 

were not carefully selected to test hypotheses about maturational differences, therefore, future 
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studies investigating pronoun processing in children with DLD should include carefully selected 

age ranges across larger sample sizes. 
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Chapter 5  
GENERAL DISCUSSION AND CONCLUSION 

 

 This dissertation examined the neurobiological underpinnings of language processing by 

investigating how alterations in brain structure and function affect language behavior. Chapter 1 

looked at cerebral blood flow (CBF) patterns in people with post-stroke aphasia (PWA). PWA 

have overt, structural brain damage to regions of the brain associated with language. In adults 

with aphasia, the language system and associated neural networks are already developed. Thus, 

changes in language abilities likely reflect compromised neural tissue and neural function, which 

provides a unique window into the neural underpinnings of language processing. In Chapter 1, 

we emphasized the importance of characterizing baseline cerebral blood flow (CBF) values in 

PWA. By taking an individualized approach to exploring CBF patterns throughout the whole 

brain, we found regions of aberrant brain function (e.g., reduced CBF) that weren’t otherwise 

accounted for by the lesion.  

 There is a tight coupling between CBF and neural activity, as discussed in Chapters 1-3. 

When neurons fire, there is an increase in CBF to the region to supply the neurons with the 

necessary fuel to perform the action. If neurons are not receiving adequate blood flow, then this 

can impact their function. In Chapter 2 and Chapter 3 of this dissertation, we explored the 

possibility of altered blood flow dynamics in children with DLD. Unlike PWA, children with 

DLD do not have over damage to the brain, yet language abilities are significantly impacted. In 

Chapter 2, we discussed a number of key brain regions that have been implicated in DLD both 

structurally and functionally. These included regions such as the inferior frontal gyrus, superior 

temporal gyrus, and striatum (comprised of the caudate and putamen). We then argued for 

exploring underlying factors that support brain function, namely CBF and functional 

connectivity (FC) patterns, to better inform future investigations of brain and behavior in DLD.  
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In Chapter 2, we examined these measures (CBF and FC), in two children with DLD 

compared to a larger typically developing (TD) group. We found contrasting patterns of CBF in 

each child with DLD (significantly decreased CBF compared to slightly elevated CBF). 

Interestingly, when CBF was compared to FC patterns, each child with DLD showed an inverse 

relationship (e.g., decreased CBF and increased FC v. increased CBF and decreased FC). In the 

TD children we found that these measures were positively correlated with one another, indicating 

that an inverse relationship may be a potential biomarker of DLD. Though more work is needed 

to better understand these results, they are especially compelling as they align well with reports 

from other neurologically impaired populations of inverse relationships between the measures. In 

particular, more work is needed to understand how they relate to language impairment. In this 

chapter, we utilized a standardized measure of language, the CELF-CLS, which may not be 

sensitive to the subtle nuances of language, such as the speed at which language must be 

processed. Thus, in Chapter 4, we explored real-time, online syntactic dependency linking as 

well as offline syntactic linking at two different rates of speech, regular and slow.  

Results from the online portion of the study indicated that when presented with sentences 

at a regular speech rate, children with DLD were unable to make the necessary link between a 

pronoun and its syntactically licensed antecedent (a previously referred to noun phrase in this 

case). However, when the speech rate was slowed, they were able to make the appropriate link. 

In the offline portion of the study, the children struggled to make the link, regardless of speech 

rate. The pattern of results suggests that children with DLD do in fact have knowledge of 

linguistic principles (i.e., syntactic binding principles) during real-time sentence processing, but 

need more time to make the links. Taken together with the other results from this dissertation, it 

may be the case that reduced CBF or inefficient neural networks impact processing speed in 
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children with DLD. This underscores the importance of investigating the underlying properties 

that support brain function in impaired-language populations in conjunction with both 

standardized and more carefully constrained experimental measures of language abilities. In 

doing so, we can continue to elucidate the neural underpinnings of language and eventually 

identify biomarkers of language impairment across the lifespan. 
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