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Abstract  
  

  

Early childhood is a critical time for language development. Language impairments that go untreated in 

the early years can result in decreased academic achievement and future mental health concerns. Despite 

the importance of early language development, very little research has focused on the functional brain 

systems supporting language in typically developing young children. We investigated relationships 

between age, language abilities, and the brain’s functional connectivity (FC) patterns seeded from brain 

areas associated with reading. The study included 50 healthy children aged 2.9-5.6 years (3.8 ± 0.6 

years, 21f/29m) who completed a language assessment (NEPSY-II Phonological Processing and 

Speeded Naming) and underwent functional MRI (magnetic resonance imaging) scanning while 

watching a movie. Phonological Processing scores positively correlated with FC between the left 

angular gyrus and contralateral sensorimotor cortices, as well as between the right angular gyrus and the 

left supramarginal gyrus. Speeded Naming scores positively correlated with FC between the left inferior 

frontal gyrus, pars triangularis and the left fusiform gyrus, extending to the posterior region of the 

middle/inferior temporal gyrus and negatively correlated with the precuneus of the default mode 

network. Despite these variations in the FC patterns associated with speeded naming and phonological 

processing, both language measures positively correlated with FC between the ROI and the angular 

gyrus, supramarginal gyrus, and precentral gyrus. Age positively correlated with FC between regions 

within the ventral language pathway, including the inferior frontal gyrus and middle/inferior temporal 

gyrus and negatively correlated with FC between ipsilateral language regions and contralateral visual 

areas within the occipital cortex. The results demonstrate that better language abilities in young children 

are associated with stronger functional connections between brain regions within the language network 

identified in older children and adults who can perform more complex language processes.  
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1 INTRODUCTION  
  

  

1.1 Behavioral Studies: Linguistic Development  

According to language theorists, early language development lays the foundation for more 

complex linguistic processes, such as reading (Ruben, 1999). The foundational language skills include: 

phonological awareness, phonological memory, and syntax. Phonological awareness refers to the 

specific ability to identify and manipulate speech sounds (phonemes) to build connections between 

sounds and print (i.e. the alphabet) (Lonigan et al., 2009). Phonemes are the smallest meaningful units 

of sound composed of specific syllables and sounds combinations that can be grouped together to form 

words. Phonological memory refers to the short-term storage of phonological information needed for 

word decoding and recall of text (Lonigan et al., 2009). These two cognitive processes are required for 

developing literacy and oral language skills and together comprise phonological processing. Finally, 

syntax defines the set of rules within a language used to form unique sentences and phrases. The 

fluency of oral and written language is dependent on the efficiency of these processes and their ability 

to function together to assist individuals in understanding and decoding language. Altogether, these 

basic language skills are utilized as tools to learn the meaning behind different speech sounds (Carota, 

Kriegeskorte, Nili, & Pulvermuller, 2017; Wagner & Torgesen, 1987).   

According to the literature, the first two years of life are especially important for developing the 

fundamental phonological processing skills used to learn the more complex rules of language (Conti-

Ramsden & Durkin, 2012; Ruben, 1999). This idea is supported by an earlier study that compared the 

language development trajectories between children born hard of hearing to children who acquired a 

hearing impairment in early childhood (Ling, 1989). According to Ling (1989), children who acquired a 

hearing impairment during the preschool years (around two years of age) demonstrated superior 



9 

 

semantic and syntactic language skills in later childhood compared to children born with a hearing 

impairment. The author suggests that the early acquired phonological processing skills support the 

development of the semantic and syntactic aspects of language (Ling, 1989). More recent studies found 

evidence that suggests phonological awareness development begins in early infancy. According to these 

studies, children as young as two months of age can discriminate between different voices and are able 

to identify and attend to their caregiver’(s) voice (Conti-Ramsden & Durkin, 2012; Ruben, 1999). In 

addition, researchers found a strong resemblance between the intonation of an infant’s pre-babbling 

canonical syllable sounds (well-formed consonant + vowel combinations), older infants babbling sounds 

(repetitions of syllables), and their caregiver’s voice (Conti-Ramsden & Durkin, 2012; Ruben, 1999). 

These findings suggest that phonological awareness develops and strengthens with language exposure, 

particularly during infancy and early childhood.  

As early as five months of age, children begin to demonstrate an understanding of the connection 

between speech sounds and their underlying meaning – an important skill for vocabulary building 

(Conti-Ramsden & Durkin, 2012). Sometime between 10 and 15 months of age, children utter their first 

word. After this point, children begin to build their vocabulary at a rate of approximately 10 words per 

month until the child has learned approximately 50 words, then rate of vocabulary building increases 

from 10-15 words to around 30 words per month (Conti-Ramsden & Durkin, 2012). This rate of 

vocabulary building remains elevated throughout the preschool years, until the child has learned 

approximately 14,000 words (around 6-years of age). During this early vocabulary building period, 

around two-years of age, children begin to show signs of grammatical knowledge by combining more 

than one word in short utterances, such as, “hurt head” or “more juice”. By age five, most children can 

combine words and phrases together by applying the grammatical rules of their native language needed 

to create longer, more complex sentences and multiclause expressions. Before learning to read, around 

six years of age, children need to develop their fundamental phonological processing skills, 
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grammatical speaking skills, and have built a vocabulary large enough to understand most of the words 

in the text (Conti-Ramsden & Durkin, 2012).      

  

  

  

  

1.2 Reading Impairments: Definitions, Prevalence, Risk-factors, and Long-Term Outcomes  

According to leaders in dyslexia research, reading difficulties are estimated to affect up to 

20% of the North American population (Shaywitz et al., 2003). Developmental dyslexia, also called 

specific reading impairment, is a highly prevalent neurodevelopmental disorder that affects reading 

in 5 to 17.5% of children and 80% of children diagnosed with a learning disability in North  

America (Ferrer, Shaywitz, Holahan, Marchione, & Shaywitz, 2010; Ferrer, Shaywitz, Holahan, 

Marchione, Michaels, & Shaywitz, 2015; Shaywitz, Shaywitz, Fletcher, & Escobar, 1990). 

Developmental dyslexia is characterized by an unexpected difficulty in reading compared to peers of the 

same age and education level (Shaywitz & Shaywitz, 2005). Many language researchers argue that 

developmental dyslexia is caused by a core deficit in phonological awareness – the ability to recognize 

how different words are created from combining elemental units of sound (phonemes) in different ways 

– an essential ability given that reading requires that the reader map or link printed symbols to sound 

(Ferrer et al., 2010; Ferrer et al., 2015). While the severity of the phonological awareness impairment 

may be indirectly measured with speeded naming – a measure of the efficiency of serial word 

production ( Ferrer et al., 2010; Ferrer et al., 2015; Vukovic & Siegel, 2006). According to researchers, 

phonological awareness is strongly linked to decoding and reading accuracy, while speeded naming is 

more strongly associated with reading speed and fluency (Norton et al., 2014; Vukovic & Siegel, 2006).  
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According to the double deficit hypothesis of dyslexia, individuals with deficits in both 

phonological awareness and speeded naming present with a more severe reading impairment compared 

to individuals with a specific deficit in phonological awareness (Norton et al., 2014; Vukovic & Siegel, 

2006). Although the double deficit hypothesis is widely accepted among scientists, the degree of overlap 

between the underlying deficits of speeded naming and phonological awareness is still under debate. 

One theory is that developmental dyslexia is caused by an underlying deficit in phonological awareness, 

while speeded naming ability reflects the degree of the impairment. According to this theory, an 

individual with a serve impairment in phonological awareness will have carry over effects and perform 

poorly on speeded naming tasks, where an individual with a mild or moderate impairment in 

phonological awareness may score in the normal range for speeded naming. The counter argument, also 

known as the independent cognitive process theory, suggests that speeded naming and phonological 

awareness skills stem from primarily separate cognitive processes and utilize different brain areas, thus 

independently contribute to reading (Norton et al., 2014; Vukovic & Siegel, 2006). In line with the 

independent cognitive process theory, recent genetic-environmental studies examining the etiology of 

developmental dyslexia identified distinct cognitive variants, or subtypes of developmental dyslexia that 

were grouped based on their distinct genetic and environmental profiles (Fluss et al., 2008; Neef et al., 

2017; Sun et al., 2017). More specifically, researchers were able to pair genes with cognitive deficits 

specific to phonological processing, speeded naming, and orthographic processing and characterize 

developmental dyslexia into distinct homogeneous reading-impaired subtypes based on different 

genotype-phenotype interactions (Neef et al., 2017; van Bergen, van der Leij, & de Jong, 2014; Willems 

et al., 2016). While, neuroimaging studies have identified differences in brain structure and function 

between typical and atypical readers (Neef et al., 2017; Sun et al., 2017). The primary environmental 

risk factors associated with reading challenges and have also been found to affect the severity of a 

reading impairment include, low socioeconomic status (SES) and little or poor-quality language and 
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reading exposure in childhood. SES has been considered to influence language development because of 

the corresponding affects of low post-secondary maternal education, poor food quality, higher 

prevalence of chronic illness, mental illness, and violence within lower SES communities (Wu et al., 

2003). While, the quality and amount of time caregiver(s) allocate to reading with their child is strongly 

associated with the child’s vocabulary, grammar knowledge and reading skills (Fluss et al., 2008; Fluss 

et al., 2009; Gardner-Neblett & Iruka, 2015; Richels, Johnson, Walden, & Conture, 2013; Zubrick, 

Taylor, & Christensen, 2015). Researchers suggest that the genetic and environmental risk factors 

operate probabilistically to produce a variety of different reading-related cognitive impairments (Brian 

Byrne 2005; Willems, Jansma, Blomert, & Vaessen, 2016). Altogether, these findings provide support 

for the multiple cognitive deficit model of developmental dyslexia, which suggests that there are several 

underlying causes associated with a reading impairment (van Bergen et al., 2014; Vukovic & Siegel, 

2006).  

   Similar to developmental dyslexia, individuals with other neurodevelopmental disorders, such as 

autism spectrum disorder (ASD) and specific language impairment (SLI) often struggle with reading 

(Leonard et al., 2002; Ricketts, Jones, Happe, & Charman, 2013). However, unlike developmental 

dyslexia, children with ASD often struggle with reading comprehension despite having intact decoding 

skills. Whereas, children with a SLI often have trouble comprehending and/or producing oral language 

despite their good health, intact hearing, normal intelligence, and are motivated to learn (Bishop & 

Edmundson, 1987; L. B. Leonard, 1998). Although SLI is sometimes associated with poor phonological 

processing skills, a phonological processing deficit is often more pronounced in persons with 

developmental dyslexia (Bishop, McDonald, Bird, & Hayiou-Thomas, 2009). Thus, information on the 

degree of the phonological processing deficit could be useful for identifying children who are high risk 

for developing a reading specific impairment.   
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Although early detection and interventions for a reading impairment are important for good long-

term outcomes, many children still receive insufficient training and support for their reading difficulties 

and might continue to struggle with word decoding and spelling in adulthood. Even children fortunate 

enough to receive early interventions for their reading challenges and learn to accurately decode words, 

read slower, and with greater mental effort than healthy controls with matched IQ scores (Ferrer et al., 

2015). Since reading is an important skill for learning and communicating, individuals with a reading 

impairment might struggle in other areas, including memorization and other nonverbal social and 

academic skills that are typically learned through reading and interacting through written language 

(Conti-Ramsden & Durkin, 2007). For example, today most children and youth acquire their typing, 

spelling skills, and written social skills by communicating with their friends through different social 

media sites, online forums, and media posts. The recurring academic and social struggles and failures 

associated with a reading disability can place a child at risk of developing poor self-confidence, which is  

associated with greater social, emotional, and professional stress (Carawan, Nalavany, & Jenkins, 2016). 

Altogether, these academic, social, and psychological factors associated with a reading disability can 

result in less-favorable educational and developmental outcomes if not treated at an early age (Andres-

Roqueta, Adrian, Clemente, & Villanueva, 2016; Barbu et al., 2015; Bishop & Edmundson, 1987; 

Conti-Ramsden & Durkin, 2007). Therefore, the development of earlier detection methods and 

interventions for children at risk or children diagnosed with a reading impairment could help to improve 

a child’s mental health and overall quality of life.   
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1.3 Language Assessments Appropriate for Studying Pre-Reading Language Abilities in Children 

 Although developmental dyslexia cannot be formally diagnosed until the child begins 

learning to read, measures of phonological processing and speeded naming can be used to predict a 

child’s future reading ability (Kirby, Parrila, & Pfeiffer, 2003; Olofsson, 2000) and identify 

potential future challenges (Puolakanaho A, 2007). As briefly described in Section 1.1, 

phonological processing encompasses phonological awareness and phonological memory to detect, 

identify, and manipulate word sounds long enough in our working memory to make a correct 

response (Wagner, & Torgesen, 1987). These two cognitive processes are required for developing 

normal literacy and oral language skills. While speeded naming tasks require coordination between 

several cognitive components to accurately identify a random series of visual symbols and produce 

the corresponding word (Moseley, Pulvermuller, & Shtyrov, 2013; Ries, Legou, Burle, Alario, &  

Malfait, 2015). More specifically, speeded naming measures the efficiency of lexical access (the  

process of converting visual symbols into phonological codes using stored orthographies), item 

identification (matching orthographic information with the correct semantic representation) before 

relaying the information to the sensorimotor system for word articulation (Logan, Schatschneider, 

& Wagner, 2011; Denckla & Rudel, 1974; Wagner & Torgesen, 1987; Wolf, Bally, & Morris, 

1986). The moderately positive relationship between speeded naming and phonological processing 

scores is thought to reflect the overlap in the use of phonological processing to complete the tasks.  

While, the degree of overlap in the cognitive processing between these two language tasks is still 

under debate. Psychology studies found that speeded naming and phonological processing tasks 

provide independent information in regards to the cognitive processes required to process the 

language information, ultimately contributing to the variance in reading ability (Bowers & 

Swanson, 1991). For this reason, researchers strongly recommend that both speeded naming and 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3246275/#R11
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3246275/#R11
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3246275/#R40
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3246275/#R40
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3246275/#R40
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3246275/#R46
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3246275/#R46
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3246275/#R46
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3246275/#R46
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3246275/#R46
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phonological processing measures are used for evaluating a child’s pre-reading language skills 

(Norton et al., 2014; van Bergen et al., 2014; Vukovic & Siegel, 2006).  

Prior to inferring the predictability of the speeded naming and phonological processing measures 

to a child’s future reading abilities, researchers need to take into account the child’s previous linguistic 

experience, developmental stage, and the specific methods used to test these language skills.  

Recent studies found that the relationship between phonological processing and reading ability 

strengthens across early and mid-childhood (from 2 to 6 years of age) but becomes less significant as 

children become proficient decoders (Kirby, Parrila, & Pfeiffer, 2003). In contrast, speeded naming and 

reading ability continually strengthens across mid-childhood into late adolescence (Kirby, Parrila, & 

Pfeiffer, 2003). The difference in the timing between the two language measures is considered to reflect 

the child’s developmental stage in their language learning. During the early and mid-childhood years, 

children are still in the process of acquiring and mastering their phonological awareness skills. 

Therefore, major delays or challenges in the development of phonological processing skills during this 

period may be indicative of a phonological processing cognitive deficit. Whereas, speeded naming—a 

measure of orthographic processing and efficient language production— cannot be accurately measured 

until the child has developed a solid foundation in their phonological processing skills. The timing of 

this developmental shift in the predictability of these two language measures depends on the 

orthographic depth of the language. Since English is highly inconsistent in its correspondence between 

word sounds (phonemes) to the spelling of these words (graphemes), English speaking children require 

more practice and instruction in word decoding compared to children who speak other alphabetic 

languages of lower orthographic depth, such as Spanish, German, and Dutch (Marinus, Nation, & de 

Jong, 2015). In English speaking children, the developmental shift in language processing occurs in 

mid-childhood (around grades 3-4) (Wolf, 2012). As a result, phonological processing ability may be 
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better at predicting future reading ability in preschool-aged children, while speeded naming may help to 

identify children with more serious pre-reading language concerns (Miller, Vaughn, & Freund, 2014).  

According to the literature, the relationship between speeded naming and reading fluency is 

greatest when the items (words, shapes, colours, symbols, etc.) used in the task are familiar and 

regularly used (Frijters et al., 2011; Meyer, Hart, & Felton., 1998; Sarborough et al., 1998). For this 

reason, the predictive relationship between reading fluency and speeded naming is greatest for young 

children (with little exposure and experience with numbers and letters) when the items presented in the 

task are alphanumeric (such as objects and colors) (Frijters et al., 2011; Meyer et al., 1998; Sarborough 

et al., 1998). In support of the stimuli familiarity hypothesis, two independent studies found a stronger 

positive relationship between the use of alphanumeric task stimuli in the speeded naming task and 

reading ability for older school-aged participants (aged 6-to-8 years) compared to the younger, preschool 

aged-children (3-5 years old) with less exposure to letters and numbers (Meyer et al. 1998, Wolf et al. 

1986). For these reasons, non-alphanumeric task stimuli (such as colors and shapes) are preferred over 

alphanumeric task stimuli for preschool-aged children (Norton et al., 2014; van Bergen et al., 2014; 

Vukovic & Siegel, 2006).   

In contrast to reading measures targeting reading comprehension and passage analysis, 

phonological processing and speeded naming measures are sensitive to the language skills associated 

with the reading process. As reading comprehension and passage analysis measures involve complex 

higher-level cognitive processes, these language abilities are strongly influenced by one’s overall 

intelligence, subject knowledge, vocabulary size, and grammatical knowledge (Lonigan et al., 2009; 

Snowling & Hulme, 2011). Whereas, speeded naming and phonological processing measures are better 

at assessing and predicting reading processing abilities and associated learning disabilities (particularly, 

developmental dyslexia). Although not directly tested, specific cognitive abilities, including attention 

and working memory, are important for reading and analyzing written content.  
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1.4 Functional Magnetic Resonance Imaging (fMRI) as a Tool to Study Language    

Functional magnetic resonance imaging (fMRI) is a powerful, non-invasive technique that 

indirectly measures the spontaneous modulation of neural activity at rest and in response to an external 

stimulus (Glover, 2011). Ogawa (1990), Kwong (1992) and colleagues first discovered and pioneered 

fMRI after discovering that hemoglobin has different magnetic properties in its oxygenated and 

deoxygenated states. Ogawa was the first to identify the magnetic resonance imaging (MRI) contrast 

signal associated with the concentration of blood deoxyhemoglobin, otherwise known as the blood-

oxygen-level-dependent (BOLD) signal (Ogawa, Lee, Kay, & Tank, 1990). Functional MR imaging 

assumes that the magnitude of the hemodynamic response reflects the local changes in neural 

metabolism. As an increase in neural firing requires additional oxygen to meet the greater metabolic 

needs of the cells. The faster the metabolic rate, the more oxygen is delivered to the cells from the 

surrounding blood, the higher the concentration of deoxygenated hemoglobin in the local blood supply. 

In addition, an increased cellular metabolic rate is associated with an increased amount of energy by-

products (particularly, CO2, NO, H+), which dilate the local blood vessels and cause an increase in 

oxygenated blood to the affected region by increasing blood volume and blood flow. However, the 

intensity of the BOLD signal is inversely proportional to the concentration of paramagnetic 

deoxyhemoglobin. Higher concentrations of deoxygenated blood is associated with a lower BOLD 

signal, which can be quantified over time, producing time courses for each voxel in the brain (Ogawa et 

al., 1990). Although fMRI scan time can vary across tasks and methods, it is common for resting state 

fMRI scans to acquire images every few seconds for 5 to 10 minutes. In the current study, we acquired 

fMRI images every two seconds for just over eight minutes (8.10 minutes).   

  Higher cognitive processes, such as reading, involve the dynamic interplay between various 

functional networks and systems (Maria de la Iglesia-Vaya, 2013; Tang, Tang, Tang, & Lewis-Peacock, 

2017). Similarly, neurological and psychiatric disorders often involve deficits in widespread brain 
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regions; these factors make fMRI a highly valuable multipurpose tool in cognitive neuroscience research 

(Greicius et al., 2008; Zhao et al., 2017). In fMRI, brain regions are said to be functionally connected 

when the measured BOLD signal in one region is correlated with that of another region. Functional 

connectivity (FC) strength is based on the correlational coefficient and depends on the degree of 

synchronization of the BOLD signal patterns between two separate brain areas (Biswal et al., 1995; 

Kelly et al., 2012). Whereas the degree of synchronization depends on the amount of overlap in the 

measured signal frequency and amplitude across a set timeframe averaged over a cluster of voxels 

anatomically representing a specific brain area. Regarding the interpretation of fMRI results, a positive 

correlational coefficient suggests that these distinct brain regions are functionally connected, or in direct 

communication (timecourse signals are in phase), whereas a negative correlation coefficient suggests 

that these two brain areas function in opposition (timecourse signals are opposite in phase). Both 

positive and negative correlations supply important information in regard to how brain networks 

function as a unit and communicate with other brain networks.     

  The FC patterns of the brain can be identified using either resting state or task-based brain 

activation methods (Gallagher, Tremblay, & Vannasing, 2016). However, task-based methods are 

limited in their scope to a specific task, whereas resting state FC (rsFC) studies examine how brain 

networks are intrinsically organized (Glover, 2011). According to the literature, the brain is organized 

into large-scale resting-state brain networks (RSNs) that function in concert when the stimuli is 

cognitively relevant, or in opposition, between brain networks that process cognitively opposing or 

irrelevant information for the task at hand (Fox & Raichle, 2007). Therefore, rsFC studies are useful for 

examining the FC relationship between distinct brain regions and their function within a specific brain 

network (Fox et al., 2005). For example, studies have consistently found a negative relationship between 

the language and the DMN (primary function is to regulate internal mental processes) and a positive 

relationship between regions of the functional language and attention networks (Fox et al., 2005; 
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Raichle et al., 2001). In addition, these rsFC brain maps can be correlated with a specific behavioral or 

cognitive measure to find the relationship between a factor of interest and the strength of the FC 

between distant brain areas (Glover, 2011). 

Independent Component Analysis (ICA) and seed-based rsFC are the two most common 

methods used to investigate the brain’s FC patterns within rsFC data. ICA is a data driven research 

method that is useful for identifying large-scale brain networks, whereas seed-based rsFC is a hypothesis 

driven method that examines FC patterns originating from preselected brain areas. Seed-based rsFC 

analysis works by first creating a region of interest (ROI), a collection of voxels placed within a 

preselected anatomical area, then correlating the average timecourse signal within the ROI with every 

other voxel in the brain to create group average FC maps. This seed-based rsFC analysis method is 

useful for understanding the functional relationship of a specific brain area with the rest of the brain and 

to gain a better understanding the role of each node within a functional brain network. For example, the 

seed-based rsFC method can be used to determine how different cognitive states, mental disorders, and 

health conditions impact brain function in males, females and individuals of different age groups (Power 

et al., 2011; Power, Fair, Schlaggar, & Petersen, 2010). The flexibility and adaptability of fMRI study 

designs makes rsFC analyses optimal for a variety of research, diagnostic and clinical treatment 

planning and evaluating purposes (Fox & Greicius, 2010; Glover, 2011). For these reasons, FC analyses 

can be used to help guide researchers in therapy program development and for refining treatment plans 

for different diseases and disorders, including reading disabilities.   

Due to the need to remain still for the duration of the fMRI scan,  little research has examined the 

FC patterns of children, and even fewer studies have investigated preschool aged children between two 

and six years of age who particularly struggle to remain still for long periods of time (Power, Mitra, 

Laumann, Snyder, Schlaggar, & Petersen, 2014). The primary reason for this limitation is head motion. 

Head motion artifacts are large-scale, spurious and systematic in nature. Associated with an increase in 
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short-distance correlations and a reduction in long-distance correlations throughout the image 

(AfshinPour, Grady, & Strother, 2014; Power, Barnes, Snyder, Schlaggar, & Petersen, 2012; Power et 

al., 2014). Fortunately, new artifact post processing image correction methods and modified scanning 

procedures (such as passive motive watching) has enabled researchers to successfully study young 

children (Power et al., 2014). Although passive movie watching during fMRI imaging cannot be equated 

with rsFC (where the participants rest with their eyes either open or closed), recent FC adult studies have 

found comparable results (Vanderwal, Kelly, Eilbott, Mayes, & Castellanos, 2015). Despite these newly 

discovered methods and image quality improvements, the presence of an external stimulus during the 

MRI scan can still alter or dampen the FC strength (statistical significance) between the areas within the 

resting state networks. This dampening phenomenon occurs in-response to the presence of an external 

stimulus because the external processing brain networks function in opposition to the resting state 

networks involved in regulating one’s internal mental processes (Fornito et al., 2013; Pamilo et al., 

2012). In addition, an independent study found that movie watching altered of the frequency of the 

hemodynamic response across specific areas of the cortex (particularly, the primary auditory and visual 

cortex), accounting for the presence of the external stimulus (Kauppi, Jaaskelainen, Sams, & Tohka, 

2010; Rohr et al., 2016). Overall, the potential negative impact caused by movie watching during the 

fMRI scan on the FC patterns are marginal in comparison to the effects of motion induced image 

artifacts. According to Fox and Grecius (2010), shorter resting state scans are preferred over longer 

within-scanner task-based studies for clinical and pediatric participant populations that find it difficult to 

remain still for extended periods of time. In task-based fMRI studies, around eighty percent of the 

acquired signal is discarded as noise after the images have undergone extensive averaging to produce 

average FC maps. Due to these limitations in scan time and postprocessing methods used to reduce the 

impact of motion artifacts, resting state scans typically have a higher signal-to-noise ratio than task-

based studies, particularly when scanning high motion subjects: young children and clinical subjects 
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(Fox & Greicius, 2010). An additional benefit of the resting state fMRI study design is that it sidesteps 

the need to choose an ‘ideal task’ that would probe the network of interest, especially for children of 

different ages and educational backgrounds (Biswal et al., 1995; Kelly et al., 2012). In addition, rsFC 

studies are more reliably compared across research studies involving different age ranges and 

backgrounds as language tasks often vary in their method of delivery, content, and level of complexity.   

Although fMRI is a useful tool with many advantages over the more invasive neuroimaging and 

neuroscience methods, we still do not have enough statistical power to draw strong conclusions based on 

individual subjects (Glover, 2011). Therefore, fMRI results are typically based-on group averages. This 

limitation is in part caused by the relatively low temporal resolution of the fMRI scan, which is 

dependent on the relatively slow responding (~ 1 second) hemodynamic response and general individual 

differences in brain structure and function. Despite these study limitations, group average FC maps still 

provide researchers with a solid understanding of the most prominent FC relationships.    

  

  

  

  

1.5 Functional Brain Networks involved in Language and Reading  

   Neuroimaging research has provided scientists with a better understanding of the intricate 

relationship between language, reading, and the brain’s functional and structural connections (Smits, 

Jiskoot, & Papma, 2014). In the mid-20th century, Geschwind (1965) first speculated that language and 

reading disorders arise from diminished structural connectivity between the brain’s anterior and 

posterior functional systems after he observed that patients with damage to these white matter tracts had 

intact language comprehension but impaired and “disconnected” language production. Geschwind’s 

structural connectivity theory was founded on the pioneering work of Pierre Paul Broca, who recognized 
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that his patients with lesions to the left inferior frontal gyrus had trouble with language production, and 

spoke dysfluently, yet still maintained relatively good oral comprehension (known as Broca’s aphasia) 

(Broca, 1861; Mohr et al., 1978). Around the same time, Karl Wernicke discovered that lesions to 

Wernicke’s area (area within the left posterior superior temporal gyrus and temporal parietal junction) 

resulted in word finding and language comprehension difficulties. These patients often omitted key 

words or used words out of context but otherwise spoke using normal grammar, syntax, intonation, 

stress and rate (Heilman & Scholes, 1976). Since then, scientists have discovered that Wernicke and 

Broca’s areas are involved in a variety of other language and reading cognitive processes 

(HorowitzKraus, Toro-Serey, & DiFrancesco, 2015; Vigneau et al., 2006; Zhong et al., 2014). More 

specifically, Broca’s area is involved in language-associated executive functions, particularly syntactic 

language processing (Thothathiri, Kim, Trueswell, & Thompson-Schill, 2012), phonological processing, 

and semantic processing (Costafreda et al., 2006; Seghier et al., 2004). Whereas Wernicke’s area has 

been associated with phonological processing, motor processing and reading fluency (Costanzo, 

Menghini, Caltagirone, Oliveri, & Vicari, 2013; Seghier et al., 2004). Although Broca and Wernicke’s 

areas are important for reading (Thothathiri et al., 2012; Zhu et al., 2014), researchers now understand 

that reading is a complex skill that relies upon the functional integration of these traditional language 

areas, as well as, additional brain areas within the frontal, temporal, and parietal lobes (Zhu et al., 2014). 

These language regions work in concert and are organized into cortical-wide brain networks to perform 

complex linguistic operations, such as reading and writing (Koyama et al., 2010; Wu et al., 2013; Zhu et 

al., 2014). These FC reading brain regions are often referred to collectively as the functional reading 

network or the reading network for short.   

The reading network integrates the brain areas involved in processing and attending to language, 

visual, sensorimotor and auditory information (Dehaene et al., 2009). Most of the language regions 
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reside along the dorsal and ventral language pathways. The dorsal language pathway functionally 

connects the posterior temporal/parietal cortex to the sensorimotor cortex (Saur et al., 2008) via the 

superior longitudinal fasciculus (SLF), where the left frontal and temporal-parietal language regions 

(involved in phonological processing) connect via the arcuate fasciculus (AF) (Dick & Tremblay, 2012; 

Vandermosten et al., 2012; Vigneau et al., 2006). Whereas the ventral language pathway connects the 

frontal, temporal, and occipital language areas via the uncinate fasciculus (UF), inferior longitudinal 

fasciculus (ILF), and inferior fronto-occipital fasciculus (IFOF) (Dick & Tremblay, 2012) for semantic 

(Saur et al., 2008) and orthographic processing (Jobard, Crivello, & Tzourio-Mazoyer, 2003; 

Vandermosten et al., 2012). However, scientists only found a moderate correlation between the 

structural and functional connectivity trajectories associated with language development. Many of the 

observed FC associated with language had no direct structural pathways, which suggests that these 

regions connect through indirect routes, such as smaller white matter tracts (Honey et al., 2009).  

According to two fMRI brain activation reading meta-analyses (Bolger et al., 2005; Houde et al., 2010), 

the primary hubs of the functional reading network include: the inferior frontal gyrus, middle temporal 

gyrus, precentral gyrus, postcentral gyrus, posterior superior temporal gyrus, fusiform gyrus, inferior 

occipital gyrus, angular gyrus and supramarginal gyrus. In addition, recent fMRI studies found that the 

cerebellum plays an active role in reading as well as fine motor control (Argyropoulos, 2015; Stoodley 

& Schmahmann, 2009). Whereas the left medial supplementary motor area and the thalamus have been 

found to play a role in reading, but primarily in children (Koyama et al., 2011). In addition, the posterior 

middle and inferior temporal gyrus have been found to activate in response to language and reading 

tasks in children, and positively associated with the child’s age and reading-associated language skills 

(Weiss-Croft & Baldeweg, 2015b). Each of these language areas have been associated with more than 

one cognitive function involved in language processing and/or non-language function, which explains 

why researchers identified similar brain activation patterns across speeded naming, phonological 
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processing, and orthographic processing tasks. Since phonological processing and speeded naming 

undergo major developmental milestones in early childhood, exploring the functional relationship 

between these language regions will help provide researchers with valuable insight into the biological 

factors predictive of future reading ability in young children.    

In resting state fMRI analysis, the FC between the nodes of the language network positive 

correlate with each other (Bolger, Hornickel, Cone, Burman, & Booth, 2008; Seghier et al., 2004). In 

contrast, the brain regions known to decrease in activation during reading and language tasks, namely 

the precuneus and posterior cingulate cortex (PCC) of the default mode network (DMN), negatively 

functionally correlate with the regions of the language network in resting state fMRI studies (Fox et al., 

2005; Raichle et al., 2001). In support of this idea, an independent study found a positive relationship 

between the coordinated oppositional activity between the posterior hubs of the DMN (precuneus and 

PCC) and the language network with an improvement in reading comprehension (Smallwood et al., 

2013). These posterior regions of the DMN are thought to function in opposition to the language 

network and provide greater control to increase processing efficiency and support the synchronization of 

the language and attention networks (Smallwood et al., 2013). Since individuals are not actively 

attending an external stimulus during resting-state conditions, resting state FC analyses are useful for 

exploring the relationship between task-positive and task-negative brain areas (in both the left and right 

hemispheres), as well as additional language-related areas within the sensorimotor (Londei et al., 2010) 

and prefrontal cortices (Smallwood et al., 2013).  

Efficient communication between the regions of the functional language network is needed to 

support higher order language processes, such as reading comprehension and literature analysis 

(Dehaene, 2009). Recent studies have identified distinct and specialized neural networks, nested inside 

the larger, more complex reading network to improve the efficiency of processing specific language 

information, such as phonological processing and orthographic processing (Blank, Kanwisher, & 
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Fedorenko, 2014; Weiss-Croft & Baldeweg, 2015b). Throughout childhood and adolescence, the 

cognitively relevant functional connections within and between the language network strengthen, while 

the cognitively irrelevant regions disintegrate and separate (Fair et al., 2007). The developmental 

transition towards building the long-range FC between the regions of the functional language network is 

associated with more proficient reading, improved reading comprehension, and reasoning within the text 

(Blank et al., 2014). While the maturity of these reading network(s) is associated with the myelination 

and integrity of the white matter tracts connecting the language regions (Greicius, Supekar, Menon, & 

Dougherty, 2009; Lebel & Beaulieu, 2009; Vydrova et al., 2015), as well as, the integration, strength, 

and efficiency of the FC between regions of the language network (Houde et al., 2010; Turkeltaub et al., 

2002; Weiss-Croft & Baldeweg, 2015b). While reading impairments are often the result of a specific or 

a small number of highly specific cognitive deficits involved in language and/or sensory processing. 

These reading deficits are associated with poor synchronization and poor integration of one or more 

neural systems involved in reading, as well as structural abnormalities connecting the language regions 

(Friederici, 2006; Shaywitz et al., 1998). For these reasons, no single or absolute language or reading 

measure is sufficient to accurately identify all the potential underlying causes of a reading impairment 

(Norton, Beach, & Gabrieli, 2015). Therefore, a variety of reading and language measurements should 

be used to determine if a young child is at risk for developing a reading disability.  

  

  

  

 

1.6 Neural Mechanisms Underlying Speeded Naming and Phonological Processing  

As described in detail in section 1.5, reading impairments often arise from specific language-

associated cognitive deficit(s), such as phonological awareness, speeded naming, and/or orthographic 
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processing (Raichle et al., 2001; Sonuga-Barke et al., 2015; Wise et al., 2017). Neuroimaging studies 

have been used to identify the specific neural substrates associated with speeded naming and 

phonological processing, resided primarily within the frontal and temporal-occipital cortices’ (Raschle et 

al., 2014; Vigneau et al., 2006; Yamada et al., 2011). Within the frontal lobe, the prefrontal cortex is 

associated with overcoming competition in word selection among semantically-related alternatives (a 

key ability for the speeded naming task) (Gabrieli, Poldrack, & Desmond, 1998; Ries et al., 2015); while 

the middle frontal gyrus is important for verbal working memory and manipulating the sounds within 

words (a key component of the phonological processing task) (Bolger et al., 2008).  While a speeded 

naming study found a negative association between the degree of prefrontal cortex activation and the 

repetition frequency of the items presented when the trials randomly presented semantic alternatives 

during the speeded naming task (Ries et al., 2015). These study findings suggest that activation within 

the prefrontal cortex positively associates with task difficultly. Whereas an independent study found 

greater activation within the middle frontal gyrus for the rhyming task (a measure of phonological 

processing) compared to the spelling and semantic language tasks. These findings suggest there is a 

positive relationship between activation of the middle frontal gyrus and the degree of difficulty of the 

phonological processing component of the language task (Bolger et al., 2008). In comparison to speeded 

naming, phonological processing has been found to be more strongly associated with FC patterns 

between areas along the dorsal language pathway across the planum temporale, including the inferior 

frontal gyrus, superior temporal gyrus, angular gyrus and supramarginal gyrus (McCandliss & Noble, 

2003; Norton et al., 2014; Schlaggar & McCandliss, 2007). However, a recent functional imaging study 

found that activation within the left angular gyrus increased for both reading and pseudo word reading 

tasks (a measure of phonological processing), which suggests that the angular gyrus is associated, but 

not specifically involved in phonological processing. The results showed that pseudo word reading (a 

measure of phonological processing) ability positively correlated with activation within the left angular 
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gyrus, left inferior frontal gyrus, left superior temporal gyrus and left occipital gyrus (Hampson et al., 

2006). In addition, Hampton and colleagues (2006) found that the FC strength between the left angular 

gyrus and Broca’s area positively correlated with pseudo-word reading scores during resting state 

conditions (Hampson et al., 2006). While speeded naming was found to be more strongly associated 

with activation within the left posterior fusiform gyrus (alternatively called the visual word form area), 

which is important region for word recognition (Dehaene & Cohen, 2011), as well as the left ventral 

inferior frontal gyrus, which is important for combining phonetic and semantic information for efficient 

language processing (Costafreda et al., 2006).   

Although language tasks target a specific language function, each of these language tasks require 

(at least partial) overlap with other cognitive and language functions (Carota et al., 2017; Londei et al., 

2010; Moseley et al., 2013). The greatest degree of overlap in brain activation across the separate 

language tasks resides within the sensorimotor cortex, inferior frontal gyrus, and the posterior-temporal 

language areas needed for coordinating language information, as well as semantic and phonological 

processing (Carota et al., 2017; Londei et al., 2010; Moseley et al., 2013). In addition, many of the 

regions within the language network have been found to serve more than one cognitive function. For 

example, in addition to phonological processing, the angular gyrus has been found to play a major role 

in modulating and integrating the smaller neural language circuits for reading and passage analysis 

(Hartwigsen, Golombek, & Obleser, 2015; Rosselli et al., 2015). Whereas the post cingulate cortex and 

the precuneus of the DMN is involved in modulating the FC between supportive and oppositional 

functional brain networks (Fox et al., 2005; Kjaer TW, 2001; Raichle et al., 2001; Smallwood et al., 

2013). These neuromodulation regions ensure that the specific but overlapping language processes 

operate efficiently.  
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1.7 Resting-State Functional Connectivity Studies: Associations with age and linguistic ability      

Although certain language networks do not reach maturity until early adulthood, early childhood 

is a still period of profound neural-cognitive development. According to the current literature, the 

language network develops by first strengthening the local connections before the distant, complex 

cortical-wide connections get integrated into the functional network (Fair et al., 2007; Xiao et al., 2016). 

While, the rate of development of the language systems varies according to the cognitive demands 

necessary for that period of development. For example, the rudimentary sensory and motor networks are 

robust in children as young two years of age (Fransson, Aden, Blennow, & Lagercrantz, 2011), while 

the complex, large scale brain networks (including the reading networks) continue to develop throughout 

childhood and adolescence, sometimes reaching maturity in early adulthood (Zielinski, Gennatas, Zhou, 

& Seeley, 2010). The developmental transition from local to distant brain areas helps to explain the 

positive relationship between age, language, and the strength of the long-distant FC in the brain (Weiss-

Croft & Baldeweg, 2015a).  

Only a small number of fMRI studies have examined the dynamic relationship between language 

development and the developing brain. An fMRI study examining brain-language relationships in young 

children 3-to-5 years of age found that activation within the bilateral auditory cortex, left superior 

temporal lobe, left angular and supramarginal gyrus increased during a passive story listening task. The 

children’s receptive vocabulary scores positively correlated with the increased activation within the left 

angular gyrus, left supramarginal gyrus, and bilateral thalamus (Sroka et al., 2015). These results 

suggest that the language network is undergoing major neurological changes that are associated with 

meeting major milestones in language development. Similarily, an independent longitudinal rsfMRI 

study found that the strength of the FC patterns between the left posterior superior temporal 

gyrus/superior temporal sulcus seeds and areas within the left middle frontal gyrus, left dorsomedial 

prefrontal cortex, bilateral angular gyrus, post cingulate cortex, and superior temporal gyrus/superior 
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temporal sulcus increased in children from age five to age six (Xiao, Friederici, Margulies, & Brauer, 

2015). However, when these two age groups were directly compared, the six-year old children 

demonstrated stronger FC between the left posterior superior temporal gyrus/sulcus seeds and the left 

angular gyrus and intrafrontal sulcus (Xiao et al., 2015). These studies show that both the intra and 

interhemispheric FC are developing in childhood, while the rsFC networks become slightly more left 

lateralized with increasing age and language ability. Altogether these studies demonstrate that early 

childhood is an important period in the development of the pre-reading language networks and that rsFC 

is an effective method for studying language development.   

  

 

 

 

1.8 Study Objective:   

            The objective of my thesis is to explain the relationship between the FC patterns originating from 

reading-related brain areas, age, and language ability in preschool-aged children. We selected the 

angular gyrus, inferior frontal gyrus pars triangularis, and the superior temporal gyrus as our regions of 

interest (ROI) because they are involved in the early developmental stages of the reading network. By 

examining the relationship between the brain FC patterns, language, and age we can gain insight into 

how the brain matures and how these FC correlate with language ability. We selected language 

measures sensitive to reading ability and predictive of future reading abilities to help identify the early 

neurocorrelates predictive of future reading abilities in young children. In addition, we separated our 

language measures (phonological processing and speeded naming) into two statistical models to gain a 

better understanding of the specific language skills contributing to the separate cognitive components 
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involved in reading and determine if our results are comparable to rsFC studies of older children and 

adults diagnosed with a reading disability.   

  

  

  

  

1.9 Rationale:  

  Early childhood is an important period for language development, and language impairments left 

untreated in young children are often associated with future reading problems, poor academic 

performance, mental health concerns and reduced career prospects in adulthood (Berl et al., 2014; 

Wilson, Deri Armstrong, Furrie, & Walcot, 2009). Functional connectivity MRI is a powerful method 

for studying the neural basis of cognitive performance, especially for studies with a strong 

developmental component (Hampson et al., 2006; Koyama et al., 2011; Xiao et al., 2015). However, 

only a small number of studies have identified and explored language and reading FC networks using 

task-independent fMRI techniques, and even fewer studies have applied task-independent techniques on 

children (Xiao et al., 2015). Although studies have thoroughly investigated the relationship between 

language ability and disability with brain structure and function in school-aged children (Morken, 

Helland, Hugdahl, & Specht, 2014; Raschle, Chang, & Gaab, 2011; Sroka et al., 2015), very little 

research has examined the relationship between the FC patterns in preschool aged children. Recent adult 

studies suggest that the reading network is comprised of multiple brain circuits involved in language. 

Future research needs to focus on understanding the brain basis of language in early childhood and 

determine whether reading-associated language abilities are associated with changes in the 

brain’s underlying FC patterns. 
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1.10 Research Aims (1 & 2) and Hypotheses   

Aim 1: Determine whether there is a relationship between phonological processing, speeded naming, 

and FC patterns within the language network in 2-5-year-old children.  

Aim 1 Hypotheses:  

1a. We hypothesized that speeded naming and phonological processing ability would positively 

correlate with the strength of the FC between reading areas (ANG, STG, and IFGtr) and other brain 

areas involved in language processing, including the sensorimotor cortex. Also, we expect the 

Phonological Processing scores to positively correlate with the strength of the FC between our regions 

of interest (ROI) and other language areas within the posterior temporal-parietal cortex (including, the 

angular gyrus, supramarginal gyrus, superior temporal gyrus), as well as the middle frontal gyrus. In 

addition, we expected the Speeded Naming scores to positively correlate with FC between our ROI and 

the inferior prefrontal cortex and fusiform gyrus (Koyama et al., 2011; Stoodley & Schmahmann, 2009; 

Tomasi & Volkow, 2012; Weiss-Croft & Baldeweg, 2015b).  

1b. We expected to find a negative relationship between language ability and the strength of the  

FC between our language ROI, additional adjacent language areas, the posterior regions of DMN 

(including, the precuneus and the PCC), as well as regions involved in more rudimentary language 

processes (such as primary auditory cortex for processing auditory information).  

  

Aim 2: Determine if there is a relationship between age and the FC patterns of the language network in 

2-5-year-old children.  

Aim 2 Hypotheses:  

 2a. We hypothesized that age would positively correlate with the strength of the FC between our ROI 

and long-distant bilateral language areas within the frontal and temporal-parietal cortices around the 

temporal parietal junction and the middle and inferior temporal gyrus. In addition, we expect that age 
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will positively correlate with FC between our ROI and frontal executive regions within the left inferior 

frontal gyrus (particularly the pars opercularis), left middle frontal gyrus, and left prefrontal cortex 

(Koyama et al., 2010; Koyama et al., 2011).  

2b. We expected that age would negatively correlate with the strength of the FC between our ROI and 

spatially local brain areas associated with more basic language processing in the precuneus and PCC of 

the DMN, as well as, child specific language areas within the bilateral thalamus, non-language specific 

areas within the frontal and occipital lobes (Koyama et al., 2010; Koyama et al., 2011).  
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2 METHODS  
  

  

2.1 Participants  

Sixty-four healthy children between 2 and 6 years of age were recruited from Calgary as part of 

the larger APrON study, a pregnancy cohort study conducted in Alberta, Canada (Kaplan BJ et al., 

2014). Participants with either excess head motion (see head motion assessment and regression), an 

accidental finding, or children who feel asleep during the scan were excluded from the analysis, 

resulting in 50 participants between 2 and 6 years of age (3.83 ± 0.61 years), including 21 females and 

29 males (5 left-handed and 45 right-handed (90%). Eight participants were excluded for having 

excessive head motion, 5 participants feel asleep during the fMRI scan, and 1 additional participant was 

excluded because of an incidental finding. The majority of the subjects were Caucasian, with 1 

participant being of Asian descent, and 6 participants being of mixed race. Seven of these participants 

reported having an immediate family member with a reading disability and two subjects reported 

secondary family member(s) with a language-based learning disability. All children were born at full 

term (>37 weeks), without any diagnosed neurocognitive or developmental disorders, spoke English as a 

primary language, had no contraindications to MRI scanning (i.e., metal implants), and had not yet 

received any formal reading instruction. To gain a better understand the socioeconomic status of our 

representative Canadian sample, we obtained information on the number of years of maternal post-

secondary education (M= 5.5 ± 2.6 years). However, an additional five participants were excluded from 

the speeded naming portion of the analyses because they were unable to complete the entire subtest 

(reduced sample: M =3.81 ± 0.54 years of age, 21 females and 24 males; 4 left-handed and 41 right-

handed (91.1%)). This study was approved by the conjoint health research ethics board at the University 
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of Calgary. Informed consent was obtained from the participant’s legal guardian(s), and verbal assent 

was obtained from the children.   

  

  

  

  

2.2 Data Acquisition: Procedure  

To prepare the children for MRI scanning, guardians were provided with information and 

resources prior to the first meeting. Guardian(s) were encouraged to talk to their child about the MRI 

scanning procedure using a child-friendly instructional video and story book published from our 

laboratory explaining the imaging procedure. In addition, we encouraged the guardian(s) to schedule a 

mock MRI training session for their child so they could practice lying still in a MR simulator prior to 

their first scan. The three subjects that underwent MR mock scan training, successfully completed the 

real MR scan.  

Language assessments and MR imaging were scheduled within the same visit. Participants 

unable to successfully complete the language assessment on the same day due to fatigue or other 

concentration challenges repeated the assessment within two weeks of the initial scan. Language 

assessments were first administered to the participants by a trained research personal before the child 

underwent MR imaging while watching a movie of their choice through a projector and listening via 

noise reduction headphones. Both verbal consent from the child and written consent from the 

guardian(s) was obtained prior to the MR scan. To ensure the child fully understood and agreed to the 

MR scan, the MRI scanning procedure was explained to the child using child-sensitive language (“are 
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you ready to get pictures taken of your brain within the noisy rocket ship? Ready to remain still like a 

statue?”).  

 

  

  

 

2.3 Language Assessments    

Participants underwent a Phonological Processing and Speeded Naming subtest from the 

standardized Developmental Neuropsychological Assessment (NEPSY-II) developed for children 3-16 

years of age (Korkman et al., 2007). The standardized scoring methods are based on an investigative 

study conducted using over 1000 American children, aged 3-16 years and the specific language 

assessments were selected because of their association with reading ability (Korkman M, 2007). All 

participants successfully completed the Phonological Processing subtest, while only a subset of subjects 

completed the Speeded Naming subtest (N=45). The Phonological Processing subtest assesses phonemic 

awareness and short-term phonemic memory, whereas the Speeded Naming subtest measures the 

efficiency of lexical access and oral production of serially presented strings of well-recognized items 

(such as letters, colours or shapes). For the Phonological Processing subtest, the assessor reads four 

rhyming words aloud, then asks the child to point to the image associated with the cued phoneme. For 

example, if the child was presented with a picture of a dog, duck, and a door, then cued with the 

phoneme ‘uck’, the child would be correct to select the picture of the duck. This activity is strongly 

associated with reading, especially word decoding (Martinez Perez, Majerus, Mahot, & Poncelet, 2012; 

Martinez Perez, Majerus, & Poncelet, 2012). Whereas the Speeded Naming subtest measure is more 

strongly associated with reading fluency (Logan et al., 2011; Verhoeven, van Leeuwe, Irausquin, & 

Segers, 2016). Since the relationship between speeded naming and reading is strongest when the items 



36 

 

presented are familiar and regularly used, the Speeded Naming subtest of the NEPSYII uses non-

alphanumeric items (shapes and colors) (Frijters et al., 2011; Meyer et al., 1998; Sarborough et al., 

1998). The speeded naming task was timed with a stopwatch and the scores for time and accuracy scores 

were combined and averaged across the two trials to create one composite Speeded Naming scaled 

score. These language assessments took approximately 10 minutes to complete.   

To include participants under three years of age, we adapted the scaling of the language scores 

by extracting the effects of age from the raw language scores and applying linear regression to control 

for age. The standardized residual values were used in our analyses. As the Speeded Naming score is 

based on two latent variables (time to complete the task and the number of correct responses), we first 

applied factor analysis to quantify and combine these two averaged variables from the two trails (color 

and shape naming). Since the Speeded Naming variables were non-orthogonal, and strongly correlated 

r= -.621, p<0.01, we separated factors using the oblique rotation factor analysis method. From the factor 

analysis, we extracted two variables that accounted for 100% of the variance. Since factor 1 extracted 

most of the shared variance (specifically, 81.04% of the shared variance) between the two latent 

variables, we used these values to represent our composite Speeded Naming scores in our final analyses.   

  

  

 

 

2.4 Behavioral Analysis  

Pearson’s bivariate correlations were computed to determine the relationship between age, sex, motion 

and language using SPSS (Chicago, IL).  Independent samples t-tests were used to test for differences in 

age, average head motion, and language scores between males and females. We determined significance 

with a two-tailed probability value (p-value or p) of p< 0.05.   
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2.5 Functional Connectivity  

2.5.1 Data Acquisition    

MRI scanning was performed on a GE 3T MR750w (General Electric, Waukesha, WI) system using a 

32-channel head coil at the Alberta Children’s Hospital. Children were scanned awake watching a movie 

of their choice. Passive viewing functional MRI data were acquired with a gradient-echo echo-planar 

imaging (EPI) sequence (240 volumes, TR = 2000 ms, TE = 30 ms, flip angle = 60o, 36 3.6 mm slices, 

voxel size = 3.6 x 3.6 mm isotropic; duration = ~8.10 minutes). Anatomical scans were acquired using a 

high-resolution T1-weighted 3D FSPGR BRAVO gradient echo sequence (4:12 minutes; TR = 8.228 

ms; TE = 3.76 ms; TI = 540 ms; flip angle = 12o; 210 slices; voxel size: 0.9 x 0.9 x 0.9 mm3).  

  

 

  

 

2.5.2 Data Preprocessing  

Data preprocessing followed the pipeline described by Power and colleagues (2014) using 

functions from AFNI (Cox, 1996), FSL (Smith et al., 2004), and in lab developed functions from 

MATLAB. The pipeline consisted of skull stripping, interleaved slice-time correction, spatial smoothing 

(6 mm FWHM Gaussian kernel), motion correction, band-pass filtering (0.009 -0.08 Hz), image 

registration and normalization to the standard asymmetrical high-resolution 2mm3 pediatric template, 

optimized for children aged 33- 44 months (developed by the McGill McConnell Brain Imaging Center) 

(Fonov, 2009).   

First, we skull stripped each subject’s high-resolution T1 anatomical images, as well as the 

pediatric template by removing the non-brain tissue (skull, meninges, and fluid filled spaces between the 
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skull and brain), from each subject’s high-resolution T1 anatomical images using the FSL brain 

extraction tool (BET). After completing BET, any remaining non-brain tissue was manually removed in 

FSLview. The participant raw images were checked to ensure that registration was done correctly and 

brain masks (gray matter, white matter, cerebral spinal fluid, and whole-brain masks) did not reside 

outside the image field of view (FOV). Second, we applied interleaved slice-time correction, MCFLIRT 

linear motion estimation, and grand mean scaling of 1000 calculation for each participant’s functional 

image to reduce the effects of noise and motion artifacts in the functional data. MCFLIRT uses trilinear 

interpolation methods to determine the identify transformation of all the functional volumes in the time-

course (140 volumes in our study) to estimate motion in six directions (three translational (x, y, z) and 

three rotational (pitch, roll, and yaw); MCFLIRT accomplishes this by comparing the BOLD signal of 

each volume to the time lengths middle volume across each voxel in the FOV. Next, we calculated the 

framewise displacement (FD) from each subject’s functional images using the FSL command, FSL 

Motion Outliers using a threshold of 0.3 mm. This function produces a matrix of zeros and ones, with 

each non-zero value representing an image volume with a FD or average rotational and translational 

parameter difference greater than the 0.3 mm set threshold between the volume and the reference 

volume.   

Image registration and normalization involved anatomically warping each participant’s low-

resolution functional MR images to their own high-resolution T1-weighted image, then warping the 

resultant image to the standard asymmetrical high-resolution 2mm3 pediatric template, optimized for 

children aged 33- 44 months (developed by the McGill McConnell Brain Imaging Center) (Fonov, 

2009). These registration steps were taken to obtain a more anatomically accurate registration before 

warping each participant’s data to the standardized pediatric template. We used linear regression to 

remove the pre-calculated head motion based on six rigid body realignment motion parameters (x, y, z, 

pitch, raw, roll) from MCFLIRT, as well as, other nuisance signals (including, average 4D signal by 



39 

 

grand mean scaling, the global signal and signal within the white matter and CSF) (Jenkinson et al., 

2012). Any remaining motion artifacts were detected by calculating the root-mean squared difference in 

the brain-wide BOLD signal intensity (DVARS) from one functional volume to the next. Next, we 

applied a band-pass filter of 0.009-0.08 Hz to filter out noise above or below the threshold range and 

focus on the low-frequency fluctuations (<0.1 Hz) involved in spontaneous FC. The final residual data 

underwent spatial smoothing using a Gaussian filter with 6 mm FWHM to increase the results signal-to-

noise ratio.    

Image quality was improved by regressing out head motion based on six rigid body realignment 

motion parameters (x, y, z, pitch, raw, roll) from FSL’s MCFLIRT linear motion estimation tool, as well 

as signal from white matter, cerebral spinal fluid, and the global signal (Jenkinson et al., 2012). High 

motion corrupted volumes were identified by FSL MotionOutliers (Mean number of corrupted 

volumes=42.0 ± 28.15 SD; range 0-94 volumes or between 8 and 4 minutes, 52 seconds of usable data) 

then censored for volumes exceeding a frame-wise displacement 0.3 and 0.3% change in BOLD signal 

intensity (DVARS) (Jenkinson et al., 2012; Power et al., 2012; Power et al., 2014). Finally, functional 

image data with less than 4.5 minutes (>135 censored volumes) of usable uncensored data was excluded 

from analysis. Altogether, these motion corrections and noise reduction steps increased the signal-to-

noise ratio of the functional imaging data.   
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2.5.3 Regions of Interest   

To investigate how age and language skills reflect in the FC of the reading network, we selected 

three 6-mm radius regions of interests (ROI) that have been shown to activate during reading tasks (refer 

Appendix A for MNI and pediatric template coordinates) (Bolger et al., 2005; Houde et al., 2010; 

Rosselli et al., 2015; Stoodley & Schmahmann, 2009). We decided to focus our study to three main 

areas, including the posterior superior temporal gyrus (part of Wernicke’s area), the inferior frontal 

gyrus, pars triangularis (IFGtr; central area of the inferior frontal gyrus, part of Broca’s area), as well as 

the angular gyrus (ANG) because of its strong integrative role in linguistic (Callan, Callan, & Masaki, 

2005) and semantic processing (A. R. Price, Bonner, Peelle, & Grossman, 2015). In addition, the 

angular gyrus has been found to correlate with reading performance and reading comprehension in both 

brain activation (Pugh KR1, 2000) and resting state studies (Hampson et al., 2006; Koyama et al., 2010). 

The extensive research evidence supporting the ANG’s role in processing and regulating language 

information makes this region ideal for cross-study comparison (Rosselli et al., 2015). While, we 

selected the inferior frontal gyrus (IFG) and superior temporal gyrus (STG) to build upon the work of 

Koyama and colleagues (2011) by choosing the same coordinates for these specific regions (Koyama et 

al., 2011) (refer to Appendix A for coordinates). Koyama and colleagues (2011) selected these areas (as 

well as, nine additional reading regions) based on their spatial locations identified from child linguistic 

task (Houde et al., 2010) and adult word reading meta-analysis (Bolger et al., 2005). These regions were 

categorized into three groups: child-only, adult-only, or both (child and adult), depending on the 

distance between the average peak coordinates recorded in the child and adult meta-analyses. The 

average peak activation coordinates for the posterior STG were categorized as both (less than 15 mm 

apart in MNI adult brain template space), while the more spatially distant regions (greater than 15 mm 

apart) were categorized as either child or adult specific regions. We selected our ROI coordinates from 
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the pars triangularis region within the IFG because only this area within the IFG was identified in the 

child meta-analysis (Houde et al., 2010). While the left ANG ROI coordinates were selected from the 

Harvard Oxford Cortical Structural Atlas (Rosselli et al., 2015; Stoodley & Schmahmann, 2009) within 

Brodmann area 39, to align with a previous resting state adult study (Hampson et al., 2006).  

To better understand how the right hemisphere is involved in language development, we added 

ROI to the right hemisphere by flipping the left ROI coordinates (described above) into the right 

hemisphere in the non-symmetrical pediatric template space using the FSLview, then manually adjusted 

the ROI coordinates to anatomically match the left ROI onto the pediatric template (Fonov, 2009) in 

FSL view (Jenkinson et al., 2012). ROI were created in pediatric template space by expanding the 

preselected coordinates spherically outwards creating a 6-mm radius (refer to Appendix A for 

coordinates in MNI and pediatric template space).    

 

 

  

  

 

 

 

 

Figure 1. Schematic Brain Including Regions of Interest. Schematic demonstrates the placement of the left  

(yellow) and corresponding right (red) seed regions within the angular gyrus (ANG), superior temporal gyrus (STG), 

and inferior frontal gyrus, pars triangularis (IFGtr) for children (Houde et al., 2010) and adults (Bolger et al., 2005). 

The regions of interest were normalized to the 1mm T1-weighted MNI adult template for accurate placement on the 

adult BrainMesh ICBM152 smoothed surface template (Jenkinson et al., 2012; Xia, Wang, & He, 2013).   
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2.5.4 Functional MRI Analyses  

            To prepare for whole-brain seed-based FC analysis, the average time course for each ROI was 

extracted and correlated with every other voxel in the brain of each participant’s 4D residual volume 

(excluding signal from the cerebral spinal fluid, white matter, and global mask signal). The resultant 

whole-brain FC correlation maps were then normalized to represent the Gaussian distributed values 

using Fisher's r-to-z transform (z = .5[ln(1+r) - ln(1-r)]) for cross-subject correlational analysis. Group-

level statistical analysis was performed using the mixed-effects least-squares model implemented in 

FSL’s Higher-level FEAT program (Smith et al., 2004).  

First, we created a group average FC map from a model that included the group intercept, as well 

as age, sex, and the number of censored corrupted high motion volumes as a covariate of no-interest. 

Voxel-wise thresholding was set at z-score >2.3 and p<0.01 for the Gaussian cluster-wise correction. 

Second, we examined the relationships between the reading network and language ability by correlating 

the language subtest scores (Speeded Naming and Phonological Processing) with the group average 

seed-based FC maps, controlling for age, sex, and head motion (Aim 1). To control for statistical 

interactions between Speeded Naming and Phonological Processing (ContiRamsden & Durkin, 2012; 

Savage, Pillay, & Melidona, 2008), we input the language subtest scores into separate statistical models. 

Third, we correlated age with each of the seed-based average FC maps to examine the relationship 

between age and FC of the language network in in 2-5-year-old children, while controlling for sex and 

the z-scored number of corrupted high motion volumes (Aim 2). All Group level FC results were 

thresholded at Z-score > 2.3 using a Gaussian voxel-wise correction method and Holm’s Bonferroni 

multiple comparison correction method was completed to maintain a family-wise error rate of 0.01 for 

the three comparisons (the number of seeds regions placed within each hemisphere; p<0.0033).   

             Finally, to ensure sex was appropriately incorporated into our statistical models, we ran the 

analysis a second time, excluding sex as a covariate and found comparable results (Arnett et al., 2017; 



43 

 

Burman, Bitan, & Booth, 2008; Largo, Molinari, Comenale Pinto, Weber, & Duc, 1986; Shaywitz et al., 

2005). Comparing the results between the two models (sex added as a covariate (sex-included) vs. sex 

excluded as a covariate (sex-excluded)), the significant (p<0.001) clusters overlapped. However, the 

significant clusters (p<0.001) from the sex-excluded model were found to be larger than the sex-

included model, extending into other language and non-language brain regions. To determine if the sex-

excluded model derived significant clusters because of unwanted statistical variance, we followed-up 

our study with a group contrast. We compared FC maps between boys and girls, controlling for age, 

motion, and language scores (using separate models for Phonological Processing and Speeded Naming) 

and found significant differences between males and females (p<0.01, corrected for multiple 

comparisons). Therefore, we concluded that sex is an appropriate covariate in our statistical models. 

However, decided to exclude IQ as a covariate from our statistical models because previous 

neuroimaging studies found that including Full IQ scores led to overcorrected, anomalous and 

counterintuitive results (Dennis et al., 2009). The authors describe Full IQ to be a poor measure of 

intelligence for individuals with neurodevelopmental disabilities because the test was designed for 

neurotypical individuals who do not have a specific language or attention deficit that might undermine 

their ability to perform. For this reason, neurodevelopmental studies investigating brain-behavior 

relationships are particularity vulnerable to being overcorrected by adding unnecessary covariates that 

could bias the results (Dennis et al., 2009). Although the current study is examining typically developing 

children, our subjects are prereaders and have not been formally assessed for neurodevelopmental 

disabilities, therefore excluding IQ from our statistical models will keep our methods more consistent 

with other neurodevelopmental studies. 
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3 RESULTS  

  

3.1 Correlations between age, head motion, and language ability   

Age was found to be strongly positively correlated with Phonological Processing scores (raw scores: r= 

.646, p<0.01; scaled scores:  r=.335, p=0.018) and Speeded Naming scores (raw scores: r=.691, p<0.01; 

scaled scores: r=.440, p=0.003). While head motion was not found to be significantly correlated with 

age (r= -.192, p = .181) or vary between males and females (F48 =1.79, p=.081).  

  

  

  

 

3.2 Language assessments  

Language scores were in the below average (6-10th percentiles) to average (>75th percentile) range for 

both the Speeded Naming (M= 11.82 ± 3.27, range = 5-19) and Phonological Processing (M= 11.28 ± 

2.63, range = 6-16) measures. Our mean scores are slightly above the expected population mean of 10 ± 

3 (Korkman M, 2007). The two language assessment scores were found to be weakly positively 

correlated r= 0.24, p= 0.02 (weak correlation is a coefficient r with an absolute value between .20 and 

.39). We found no significant difference between the male and female participants scaled language 

scores (Phonological Processing scores t48= .176, p= .86; Speeded Naming scores t43= -1.35, p= 0.18).  
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3.3 Functional Connectivity Patterns within the Language Network  

   Group average FC maps of the left and right ANG, STG, and IFGtr seeds are shown in Figure 2 

(refer to Figure 1 for schematic diagram of ROI placement). Consistent with adult and child imaging 

studies, we observed positive FC between the ROI and adjacent and contralateral brain areas, as well as 

more distant brain areas in other brain lobes (refer to Figure 1). Where we found widespread negative 

FC across the occipital and frontal-parietal cortices. More specifically, we found that the ANG ROI 

demonstrated positive FC across the frontal lobes and the middle/inferior temporal gyrus, while negative 

correlations were found across the occipital, inferior medial-frontal and sensorimotor cortices. The STG 

ROI demonstrated positive FC across the superior temporal gyrus, extending towards the edge of the 

middle temporal gyrus, as well as, the medial parietal lobe and the precentral and postcentral gyrus, 

while negatively correlated with the bilateral frontal pole, precuneus and the occipital cortex. Finally, we 

found the IFGtr ROI to be positively FC between areas across the temporal-parietal and middle/inferior 

temporal gyrus but negatively FC with regions across the inferior temporal, superior central parietal, and 

the lateral/middle occipital cortex.  
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Figure 2. Group average FC maps of the a) left and b) right ANG, STG and IFGtr seeds, after controlling for 

age, sex, and motion. The scale bar represents the group average z-scores derived from the FC maps (p<0.01, multiple 

comparison corrected). The results were normalized to the 1mm T1-weighted MNI adult template prior to mapping the 

results onto the adult BrainMesh ICBM152 smoothed surface template (Jenkinson et al., 2012; Xia et al., 2013).  
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3.3.1 Relationship between Phonological Processing and the Language Network  

Phonological Processing scores positively correlated with the FC originating from both the left 

and right ANG ROI. More specifically, scores on the Phonological Processing subtest positively 

correlated with the FC between the left ANG ROI and the right sensorimotor cortex, particularly the 

middle precentral gyrus and postcentral gyrus, extending outwards the right anterior region of the 

supramarginal gyrus. In addition, Phonological Processing subtest scores were positively correlated with 

the negative FC between the left ANG ROI and the right lateral occipital cortex, nestled between dorsal 

and ventral regions of the lateral occipital cortex, overlapping the posterior edge of the temporo-

occipital area of the middle temporal gyrus (Figure 3a). While we found the FC between the right ANG 

ROI and the right supramarginal gyrus to be positively correlated with Phonological Processing ability 

(Figure 3b).   
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Sign of 

Association 
Seed  Hemisphere  Connectivity Voxels  p-Value   Z-Max   x  y  z  

        Positive                    

  

L ANG  R  

Lateral Occipital Cortex, anterior part  

Lateral Occipital Cortex, posterior part  

Middle Temporal Gyrus, temporo-occipital part  728  0.0452   4.4   44  -68  12  

  

L ANG  R  

 

Precentral Gyrus, Postcentral Gyrus 

Supramarginal Gyrus, anterior division  1643  8.03E-05*  3.91   50  -20  51  

  

  
 

R ANG 

 

  R   

 

Supramarginal Gyrus, anterior division 

 

1005 

 

0.00304*   

 

3.98   

 

 41  

 

-40  

 

16  

  
Table 1. Functional connectivity is associated with phonological processing. Regions of interest (STG= superior temporal gyrus, posterior division; ANG= 

angular gyrus; IFGtr= inferior frontal gyrus, pars triangularis) were selected from word reading and linguistic task brain activation meta-analyses for children 

(Houde et al., 2010) and adults (Bolger et al., 2005). The average time course of each seed (6mm radius) was extracted and correlated with each voxel in the 

brain. Linear regression was used to find the association between the FC patterns and Phonological Processing scores. The order of the presented functionally 

connected regions was arranged from largest to smallest (top to bottom) percent overlap with the brain regions underlying the significant clusters. Coordinates are 

in MNI space. All results are significant at the 0.05 alpha value; *Significant p<0.05, family-wise after applying Bonferroni multiple comparison correction (p-

Value <0.0033) for the three seed regions.  
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Figure 3. Phonological Processing scores correlated with the ANG seed-derived FC maps after controlling for 

age, sex, and head motion. Phonological Processing scores positively correlated (yellow-red clusters) with the strength 

of the FC between the a) left ANG and the right pre/postcentral gyrus, right supramarginal gyrus, right lateral occipital 

cortex and right middle temporal gyrus, as well as, between the b) right ANG and right supramarginal gyrus. The scale 

bar demonstrates the group average z-scores representing the relationship between the Phonological Processing scores 

and the strength of the FC between correlated areas (p<0.05). Significant clusters were normalized to the 1mm T1-

weighted MNI adult template for accurate placement on the adult BrainMesh ICBM152 smoothed surface brain model 

(Jenkinson et al., 2012; Xia et al., 2013).  
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3.3.2 Relationship between Speeded Naming and the Language Network   

Speeded naming scores positively correlated with FC between the IFGtr seed regions and areas 

activated during sight reading, word articulation, and linguistic processing (refer to Table 2. for 

connectivity details). More specifically, speeded naming ability was positively correlated with the 

strength of the FC between the left IFGtr and the posterior left middle/inferior temporal gyrus, left 

fusiform gyrus (Figure 4a) (connection often involved in sight reading) (Dehaene & Cohen, 2011), left 

frontal operculum, left insular cortex, right supramarginal gyrus, right parietal operculum and the right 

angular gyrus (Figure 4a). Secondly, Speeded Naming scores positively correlated with the strength of 

the FC between the right IFGtr and the left precentral gyrus, extending from the precentral gyrus to the 

posterior region of the middle frontal gyrus, as well as, and the bilateral medial dorsal and left ventral 

posterior regions of the thalamus (Figure 4b). Thirdly, speeded naming ability positively correlated with 

the strength of the FC between the right STG and the left supramarginal gyrus and left angular gyrus for 

complex language processing, while negatively correlated with the negative FC correlation between the 

right STG and the left precuneus and left occipital cortex (Figure 5a). Lastly, Speeded Naming scores 

were negatively correlated with the strength of the negative FC correlation between the right ANG and 

the right superior occipital pole for visual processing (Figure 5b).  
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Figure 4. Speeded naming scores positively correlated with the FC between the a) left IFGtr seed-region and the 

left posterior middle/inferior temporal lobe and the right temporal-parietal junction, as well as between the b) 

right ANG seed and the bilateral thalamus and contralateral sensory-motor cortices (yellow-red clusters). The 

scale bar represents the group average z-scores derived from the relationship between the Speeded Naming scores and 

the strength of the FC between correlated areas (p<0.05, family-wise Bonferroni multiple comparison corrected for the 

three seed regions). The results were normalized to the 1mm T1-weighted MNI adult template for accurate placement 

on the adult BrainMesh ICBM152 smoothed surface model template (Jenkinson et al., 2012; Xia et al., 2013).  
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Figure 5. Speeded Naming scores positively correlated with FC between the a) right STG seed and the left 

angular gyrus (yellow-red clusters) and negatively correlated with the bilateral precuneus extending out to the 

medial visual cortex (blue clusters), as well as between the b) right ANG seed and the ipsilateral visual cortex 

(blue clusters). The scale bar represents the group average z-scores derived from the relationship between the Speeded 

Naming scores and the strength of the FC between correlated areas (p<0.05, family-wise Bonferroni multiple 

comparison corrected for the three seed regions). The results were normalized to the 1mm T1-weighted MNI adult 

template for accurate placement on the adult BrainMesh ICBM152 smoothed surface model template (Jenkinson et al., 

2012; Xia et al., 2013).  

  

  



 

 

 

 

Sign of 

Association 
Seed Hemisphere Connectivity Voxels p-Value Z-Max x y z 

Positive          

 

L IFGtr L 

Middle Temporal Gyrus, temporo-occipital 

Inferior Temporal Gyrus, temporo-occipital 

Fusiform Gyrus, temporo-occipital 1805 2.41E-05* 3.66 -51 -53 0 

 
 

L IFGtr 

 

R 

 

Supramarginal Gyrus, Parietal Operculum 

Planum Temporale, Angular Gyrus 

 

1520 

 

0.000142* 

 

4.37 

 

61 

 

-31 

 

27 

 L IFGtr L Frontal Operculum Cortex 

Insular Cortex 
1075 0.0029 4.06 -27 19 8 

 
R IFGtr L Precentral Gyrus 994 0.000925* 4.12 -41 1 48 

 

R IFGtr L/R 

Left Medial Dorsal Thalamus 

Left Ventral Posterior Medial/Lateral Thalamus 

Right Medial Dorsal Thalamus 

802 0.00522 3.93 -4 -11 7 

Negative R STG L 

Supramarginal Gyrus 

Angular Gyrus 697 0.0194 3.94 -67 -41 40 

  

R ANG 

 

R 

 

Superior Occipital Pole 

 

707 

 

0.0103 

 

4.44 

 

17 

 

-88 

 

25 

 

R STG L 

 

Precuneus Cortex 

Cuneal Cortex Supracalcarine Cortex 

 

 

1963 1.01E-06*  

 

 

4.25 

 

 

-20 

 

 

-58 

 

 

22 

Table 2. Functional connectivity is associated with speeded naming ability. Regions of interest (STG= superior temporal gyrus, posterior division; ANG= angular gyrus; 

IFGtr= inferior frontal gyrus, pars triangularis) were selected from word reading and linguistic task brain activation meta-analyses for children (Houde et al., 2010) and adults 

(Bolger et al., 2005).  The average time course of each seed (6mm radius) was extracted and correlated with each voxel in the brain. Linear regression was used on the 

connectivity maps to find the association between the brain’s FC patterns and the Speeded Naming scores. The order of the presented functionally connected regions was 

arranged from largest to smallest (top to bottom) percent overlap with the brain regions underlying the significant cluster. Coordinates are in MNI space. All results are 

significant at the 0.05 alpha value; *Significant at the 0.01 alpha value after applying Bonferroni multiple comparison correction (p-Value <0.0033) for the three seed regions.  
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3.4 Functional Connectivity Correlates with Age  

  Age positively correlated with FC between several cross-cortical brain areas involved in 

linguistic processing. More specifically, age positively correlated with FC between the left ANG and the 

right inferior fronto-parietal cortex (including Broca’s areas), as well as the right superior lateral 

occipital cortex, while negatively correlated with the right inferior occipital pole (for processing visual 

information) and the left central middle temporal gyrus (which is important for executive language 

functioning) (Figure 6.1a). Whereas the right ANG FC maps demonstrated a positive relationship 

between age and the strength of the FC between the right ANG and the left pre/postcentral gyrus but 

negatively correlated with Crus I of the right cerebellum (Figure 6.1b). In addition, we found that age 

positively correlated with the FC patterns between the STG (both left and right seeds) and the 

contralateral temporal-parietal language areas (Figure 6.2a and 6.2b). More specifically, age positively 

correlated with the FC between the left STG and the right angular gyrus and the right supramarginal 

gyrus, as well as the right posterior inferior temporal gyrus, extending out towards the temporo-occipital 

fusiform gyrus. While FC patterns of the right STG average FC maps were found to positively correlate 

with the FC strength between the right STG and the left pre/postcentral gyrus. Finally, we found a 

positive relationship between age and the FC strength between the left IFGtr and the right middle frontal 

gyrus, and a negative relationship between the left IFGtr and the occipital pole (right superior occipital 

and the left lateral occipital pole) (Figure 7).   
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Figure 6. Age correlated with the FC originating from the ANG and STG seed-regions after correcting for sex 

and head motion. Age positively correlated with FC patterns between the 1a) left ANG seed and contralateral inferior 

frontal-parietal and occipital language processing regions (yellow-red clusters) and negatively correlated with the 

inferior visual cortex (blue clusters), as well as, between the 1b) right ANG seed and the left sensorimotor cortex. Age 

positively correlated with FC patterns between the 2a) left STG seed and contralateral posterior temporal and 

sensorimotor association language areas, as well as, between the 2b) right STG seed and the inferior left sensorimotor 

cortex. The scale bar represents the group average z-scores derived from the relationship between the Speeded Naming 

scores and the strength of the FC patterns with the ROI (p<0.05, family-wise Bonferroni multiple comparison corrected 

for the three seed regions). The results were normalized to the 1mm T1-weighted MNI adult template for accurate 

placement on the adult BrainMesh ICBM152 smoothed surface model template (Jenkinson et al., 2012; Xia et al., 

2013).  
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Figure 7. Age correlated with FC between the IFGtr ROI and areas within the right frontal-motor and posterior 

inferior temporal-occipital cortices after correcting for sex and head motion. Age positively correlated with FC 

patterns between the left IFGtr seed and the right middle frontal gyrus (yellow-red clusters) and negatively correlates 

with the visual cortex (blue clusters). The scale bar represents the group average z-scores derived from the relationship 

between the Speeded Naming scores and the strength of the FC patterns with the ROI (p<0.05, family-wise Bonferroni 

multiple comparison corrected for the three seed regions). The results were normalized to the 1mm T1-weighted MNI 

adult template for accurate placement on the adult BrainMesh ICBM152 smoothed surface model template (Jenkinson 

et al., 2012; Xia et al., 2013).  



 

Sign of 

Association 
Seed  Hemisphere 

 

Connectivity 

 

 Voxels   p-Value       Z-Max  x  y  z  

Positive                    

  L ANG  R  
Inferior Frontal Gyrus, Pars Opercularis 

Precentral Gyrus 1518  7.71E-05*  4.34  61  19  26  

  L ANG  R  
Frontal Pole 

Inferior Frontal Gyrus, pars triangularis 1514  7.93E-05*  3.92  48  45  4  

  L ANG  R   Superior Lateral Occipital Cortex 
1168  0.000897*  4.03  35  -72  57  

  L ANG  L  Cerebellum Crus VIIb & II 890  0.00753*  3.83  -34  -71  -53  

  R ANG  L  
Postcentral Gyrus 

Precentral Gyrus 1510  0.000169*  4.33  -51  -22  48  

  L IFGtr  R      Middle Frontal Gyrus 863  0.0155  3.91  35  16  31  

  L STG  R               Middle Frontal Gyrus 1514  3.06E-05*  3.63  41  1  60  

  L STG  R  
Inferior Temporal Gyrus, temporooccipital 

Fusiform Gyrus 1125  0.000575*  4.19  62  -45  -16  

  L STG  R  
Angular Gyrus 

Supramarginal Gyrus 963  0.00215*  4.13  59  -48  52  

  

Negative  R STG  L  
Postcentral Gyrus 

Precentral Gyrus 609  0.0372  4.24  -70  -10  14  

  
L ANG  L  

Middle Temporal Gyrus, posterior division Inferior 

Temporal Gyrus, temporo-occipital region 1060  0.00201*  4.09  -34  -55  -4  

  L ANG  R        Occipital Pole 1029  0.00254*  3.98  18  -100  20  

  L ANG  R         Inferior Occipital Pole 710  0.0333  4.1  31  -93  -17  

  R ANG  R          Cerebellum Crus I 746  0.0373  3.83  34  -71  -23  

  
L IFGtr  R  

Fusiform Gyrus, occipital part 

Medial Occipital Pole 1519  0.000167*  4.97  22  -84  0  

Table 3. Functional connectivity is associated with age. Regions of interest (STG= superior temporal gyrus; ANG= angular gyrus; IFGtr= inferior frontal gyrus, pars triangularis) 

were selected from word reading and linguistic task brain activation meta-analyses for children (Houde et al., 2010) and adults (Bolger et al., 2005). The average time course of each 

seed (6mm radius) was extracted and correlated with each voxel in the brain. Linear regression was used on the connectivity maps to find the association between seed-based FC 

patterns and age. The order of the presented functionally connected regions was arranged from largest to smallest (top to bottom) percent overlap with the brain regions underlying 

the significant cluster. Coordinates are in MNI space. All results are significant at the 0.05 alpha value; *Significant at the 0.01 alpha value after applying Bonferroni multiple 

comparison correction (p-Value <0.0033) for the three seed regions. 
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4 DISCUSSION  

  

4. 1 Functional Connectivity Correlates with Age and Language Ability in Preschoolers  

Reading is a complex task requiring a multitude of cognitive functions derived from FC 

networks associated with language, executive functions and sensorimotor skills. Early childhood is a 

period of rapid brain development where children acquire the fundamental language skills required for 

reading. The purpose of this study was to gain a more solid understanding of how specific reading-

related language skills relate to brain function in young children. To accomplish this, we examined the 

relationship between age, language ability, and the FC patterns of the brain’s intrinsic reading networks. 

We selected speeded naming and phonological processing because these language skills are associated 

with reading ability and are commonly used among a battery of cognitive assessments to make a formal 

diagnosis of dyslexia (Jap, Borleffs, & Maassen, 2017; Korkman, Kirk, & Kemp, 2007). To our 

knowledge, we are the first to examine the relationship between the brain’s intrinsic FC and reading 

diagnostic measures (phonological processing and speeded naming) in preschool aged children.  

As hypothesized, we found that age positively correlated with the strength of the long-distant FC 

patterns between brain areas associated with reading in older-children and adults. This includes regions 

along the dorsal language pathway (involved in mapping sound information onto the motor network for 

verbal articulation), as well as regions found along the ventral language pathway (involved in 

corresponding language sounds to their specific meaning) in both verbal and written language (Saur et 

al., 2008; Hickok & Poeppel, 2004; Scott et al., 2000). After we controlled for age, language ability 

positively correlated with the FC patterns between brain areas associated with the language measure of 

interest (either speeded naming or phonological processing). These findings suggest that  
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the strength of the FC patterns between the language regions are associated with language ability but 

strengthen with increasing age. Our findings are congruent with models of neurodevelopment that 

suggest that the language network becomes increasingly robust across childhood as the long-distant 

language regions become further integrated into the language network (Dosenbach et al., 2010; Fair et 

al., 2009; Fair et al., 2007; Menon, 2013; Power et al., 2010).  

  

  

  

  

4.2 Functional Connectivity Patterns Associated with Age  

As hypothesized and briefly introduced, we found that age positively correlated with the strength 

of the FC patterns across the regions of the language network (within the frontal, temporal, and parietal 

lobes), while negatively correlated with FC patterns between adjacent and contralateral regions within 

the visual cortex (refer to Table 3, Figure 6 and 7 for details). Our findings support previous 

neurodevelopmental studies that found the more distant FC of the language network integrate and 

strengthen once the more local FC have developed (Fair et al., 2007; Rowlands et al., 2016). This 

developmental pattern may reflect increased myelination in the language associated white matter tracts, 

allowing for more efficient communication between brain regions (Pol, 2010). These 

neurodevelopmental milestones need to be established before children can undergo more complex, 

higher-level cognitive processes such as reading (Ferretti, Mazzotti, & Brizzolara, 2008; Franceschini, 

Gori, Ruffino, Pedrolli, & Facoetti, 2012).  
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As previously hypothesized, age positively correlated with the FC strength between regions of 

the language network previously identified in older-children and adults. This includes regions within the 

dorsal and ventral language pathways that connect the posterior temporal/parietal language areas to the 

inferior frontal lobe for language processing and verbal expression (Saur et al., 2008; Hickok and 

Poeppel, 2004; Scott et al., 2000). The dorsal stream is involved in phonological processing and 

mapping sounds onto the motor pathway for verbal articulation via the arcuate fasciculus and the 

superior longitudinal fasciculus. While the ventral stream is associated with recognizing the meaning 

behind language sounds for both verbal and written language via the uncinate fasciculus and the inferior 

fronto-occipital fasciculus (Saur et al., 2008; Hickok and Poeppel, 2004; Scott et al., 2000). These 

language streams have been further divided into two sections connecting the posterior and anterior 

language areas (Brauer et al., 2013). The primary dorsal pathway (D1) terminates in the premotor cortex 

and is considered to be important for auditory-motor integration for early language learning (Friederici 

et al., 2011), while the secondary dorsal pathway (D2) terminates in the inferior frontal gyrus and is 

associated with more complex linguistic processes (Friederici et al., 2006; Brauer et al., 2011). In our 

analysis, we show that age positively correlated with the strength of the FC patterns between both the 

left STG, left/right ANG seed regions and the left frontal-parietal areas of the dorsal and ventral 

language processing streams. More specifically, we found that age positively correlated with the FC 

strength between the left ANG and the superior lateral occipital cortex, inferior frontal gyrus, and 

precentral gyrus of the D1 and D2 pathways. In addition, we found that age positively correlated with 

the FC strength between the right ROI (ANG and STG) and the left pre/postcentral gyrus of the D1 

pathway for mapping language information onto the motor system. These findings are in-line with a 

structural neurodevelopmental MRI study that found evidence of the primary and secondary dorsal 

pathway tracts connecting the posterior temporal/parietal lobe to the inferior/middle frontal gyrus in 5-8-

year-old children, whereas only the D1 pathway was identified in the infant group (Brauer et al., 2013). 

http://www.sciencedirect.com.ezproxy.lib.ucalgary.ca/science/article/pii/S1053811915006576#bb0175
http://www.sciencedirect.com.ezproxy.lib.ucalgary.ca/science/article/pii/S1053811915006576#bb0175
http://www.sciencedirect.com.ezproxy.lib.ucalgary.ca/science/article/pii/S1053811915006576#bb0175
http://www.sciencedirect.com.ezproxy.lib.ucalgary.ca/science/article/pii/S1053811915006576#bb0175
http://www.sciencedirect.com.ezproxy.lib.ucalgary.ca/science/article/pii/S1053811915006576#bb0175
http://www.sciencedirect.com.ezproxy.lib.ucalgary.ca/science/article/pii/S1053811915006576#bb0175
http://www.sciencedirect.com.ezproxy.lib.ucalgary.ca/science/article/pii/S1053811915006576#bb0175
http://www.sciencedirect.com.ezproxy.lib.ucalgary.ca/science/article/pii/S1053811915006576#bb0175
http://www.sciencedirect.com.ezproxy.lib.ucalgary.ca/science/article/pii/S0093934X13000709?_rdoc=1&_fmt=high&_origin=gateway&_docanchor=&md5=b8429449ccfc9c30159a5f9aeaa92ffb&ccp=y#b0090
http://www.sciencedirect.com.ezproxy.lib.ucalgary.ca/science/article/pii/S0093934X13000709?_rdoc=1&_fmt=high&_origin=gateway&_docanchor=&md5=b8429449ccfc9c30159a5f9aeaa92ffb&ccp=y#b0090
http://www.sciencedirect.com.ezproxy.lib.ucalgary.ca/science/article/pii/S0093934X13000709?_rdoc=1&_fmt=high&_origin=gateway&_docanchor=&md5=b8429449ccfc9c30159a5f9aeaa92ffb&ccp=y#b0090
http://www.sciencedirect.com.ezproxy.lib.ucalgary.ca/science/article/pii/S0093934X13000709?_rdoc=1&_fmt=high&_origin=gateway&_docanchor=&md5=b8429449ccfc9c30159a5f9aeaa92ffb&ccp=y#b0090
http://www.sciencedirect.com.ezproxy.lib.ucalgary.ca/science/article/pii/S0093934X13000709?_rdoc=1&_fmt=high&_origin=gateway&_docanchor=&md5=b8429449ccfc9c30159a5f9aeaa92ffb&ccp=y#b0100
http://www.sciencedirect.com.ezproxy.lib.ucalgary.ca/science/article/pii/S0093934X13000709?_rdoc=1&_fmt=high&_origin=gateway&_docanchor=&md5=b8429449ccfc9c30159a5f9aeaa92ffb&ccp=y#b0100
http://www.sciencedirect.com.ezproxy.lib.ucalgary.ca/science/article/pii/S0093934X13000709?_rdoc=1&_fmt=high&_origin=gateway&_docanchor=&md5=b8429449ccfc9c30159a5f9aeaa92ffb&ccp=y#b0025
http://www.sciencedirect.com.ezproxy.lib.ucalgary.ca/science/article/pii/S0093934X13000709?_rdoc=1&_fmt=high&_origin=gateway&_docanchor=&md5=b8429449ccfc9c30159a5f9aeaa92ffb&ccp=y#b0025
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These findings suggest that the development of the functional language network follows a similar 

trajectory as previously identified in structural imaging studies.  

In contrast to adult studies, a tractography study examining 2-to-5 year-old children did not find 

phonological processing ability to positively correlate with the integrity of the ventral and dorsal route 

tracts. Instead, phonological processing ability positively correlated with fractional anisotropy (a 

measure of the structural integrity of the white matter) in the bilateral inferior fronto-occipital fasciculus 

of the ventral tracts (Walton et al., 2016). These findings suggest that the ventral and dorsal tracts are 

still developing in 2-to-5-year-old children. We also expected to find a positive relationship between age 

and the strength of the FC patterns between our ROI and the bilateral inferior/middle temporal gyrus. 

However, we found age positively correlated with the FC between our ROI and the inferior/middle 

temporal gyrus localized to the same hemisphere. More specifically, we found that age positively 

correlated with the FC strength between the left STG and the contralateral inferior temporal gyrus and 

fusiform gyrus, while negatively correlated with the FC strength between the left ANG and the 

ipsilateral middle/inferior temporal gyrus. Although we cannot equate structural and functional 

connectivity, our findings support previous structural imaging studies that suggest the language 

pathways are still immature in preschool-aged children.  

   In line with our original hypothesis, age positively correlated with the FC between several brain 

areas across the language network that are both independent and dependent of language ability. In 

support of these findings the we found a positive relationship between age and the raw language scores. 

These results are in line with previous fMRI studies that found the development of the language network 

to be coupled with improvements in both reading fluency and reading comprehension (Brauer, 

Anwander, Perani, & Friederici, 2013; Croft & Baldeweg, 2015; Ferguson, Nielsen, & Anderson, 2014). 

More specifically, we found that age positively correlated with the FC strength between the left STG 

ROI and the inferior temporal gyrus (region primarily associated with language development), as well as 
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between the ANG, IFGtr, STG and the inferior frontal gyrus, middle frontal gyrus, supramarginal gyrus 

and angular gyrus (language regions associated with both age and language performance) (Weiss-Croft 

& Baldeweg, 2015a). These findings are congruent with the results of the child meta-analysis that found 

a positive correlation between age and the degree of activation within the inferior frontal gyrus and 

middle/inferior temporal gyrus during semantic language tasks, regardless of task performance (Weiss-

Croft & Baldeweg, 2015a). In addition, previous studies have found a positive relationship between the 

magnitude of activation within the inferior frontal gyrus and the middle/inferior temporal gyrus with the 

FC strength between the regions of the language network and reading automaticity (Weiss-Croft & 

Baldeweg, 2015a). While, in the current study, FC patterns between the inferior frontal gyrus and the 

middle/inferior temporal gyrus both positively associated with age and speeded naming ability, 

suggesting that the involvement and integration of these brain regions are associated with both speeded 

naming and the development of the language network. In contrast, the left cerebellum— brain area 

considered to play a role in working memory, visual short-term memory, and attention—positively 

correlated with age but not with language ability (Table 1 & 2) (Berninger, Richards, & Abbott, 2017; 

Koyama, Stein, Stoodley, & Hansen, 2011; Nguyen et al., 2017). Our findings suggest that increased FC 

strength between the left ANG and the left cerebellum (Crus VIIb & II) might be more strongly tied 

with brain maturation than language performance in preschool-aged children. In contrast, a meta-

analysis examining the brain activation patterns associated with language in children found that the 

middle frontal gyrus positively correlated with both age and language performance (Weiss-Croft & 

Baldeweg, 2015a). These findings help explain the relationship between attention span, working 

memory capacity and language ability. Therefore, we are not surprised to find that age positively 

correlated with the FC patterns between language and executive function between areas to support other 

cognitive processes, such as reading (Koyama, Stein, et al., 2011; Nguyen et al., 2017; Plaza & Cohen, 

2007; Rohr et al., 2017). In addition, the FC patterns between the language and executive function areas 
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help explain the high comorbidity rates between developmental dyslexia and ADHD (Plaza & Cohen, 

2007). Therefore, our findings support previous studies that suggest the language network follows a 

strong developmental pattern that can be moderated by language performance (Barquero, Davis, & 

Cutting, 2014; Davis et al., 2011; Simos et al., 2007). In addition, these findings suggest that both age 

and language ability positively associate with the degree of functional integration of the more distant 

brain regions (Brauer, Anwander, Perani, & Friederici, 2013; Croft & Baldeweg, 2015; Ferguson, 

Nielsen, & Anderson, 2014). These results were expected, as efficient communication between several 

brain areas is needed to support the more complex cognitive functions, such as reading (Ferretti, 

Mazzotti, & Brizzolara, 2008; Franceschini, Gori, Ruffino, Pedrolli, & Facoetti, 2012).  

As expected, we found that age and speeded naming ability negatively correlated with the FC 

patterns between our ROI and short-distant ipsilateral and contralateral language regions within the 

occipital pole for visual processing (Figure 6a and Figure 7). We found that younger preschool-aged 

children display stronger FC between ipsilateral language regions and contralateral visual areas 

compared to older children. This finding is inline with previous studies that found greater FC between 

ipsilateral, short-distant language regions, and rudimentary sensory processing areas in younger children 

compared to older children and adults (Fair et al., 2007; Weiss-Croft & Baldeweg, 2015b). In contrast to 

our original hypothesis, age was not found to negatively correlate with the FC patterns between our ROI 

and the precuneus and PCC of the DMN (brain regions previously found to segregate from the language 

network and strengthen within the DMN with increasing age and language skill improvement in school-

aged children and adolescents) (Fair et al., 2007). This developmental pattern is thought to be associated 

with more efficient language functioning as the brain develops by strengthening the functionally 

relevant brain connections, while weakening connections with the less cognitively irrelevant areas (Fair 

et al., 2007). In contrast to the correlational patterns with age, speeded naming ability negatively 

correlated with the strength of the FC between the right STG and the left precuneus. These findings 
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suggest that the separation between of the functional language network and DMN regions may begin in 

early childhood but is more strongly associated with speeded naming (a measure of efficient language 

processing) than age within the preschool period.   

 

 

 

 

 

4.3 Brain-Language Relationships     

  After controlling for age, language ability positively correlated with the FC patterns of the 

language network associated with the cognitive skill in question. We found speeded naming and 

phonological processing ability to be associated with distinct FC patterns within the language network, 

which suggests that the speeded naming and phonological processing subtests utilize separate language 

functions (Korpilahti, Valkama, & Jansson-Verkasalo, 2016; Norton et al., 2014; Pennington et al., 

2012; Vukovic & Siegel, 2006; Willems, Jansma, Blomert, & Vaessen, 2016). Adult brain activation 

fMRI studies found that speeded naming tasks induced similar brain activation patterns to orthographic 

language tasks, particularly within the inferior prefrontal cortex, fusiform gyrus, and inferior frontal 

gyrus. While phonological processing increased activation within the middle frontal gyrus, inferior 

frontal gyrus, sensorimotor cortex and posterior temporal-parietal areas (previously associated with 

phonological awareness and semantics). The greatest overlap in the brain activation maps between the 

speeded naming and phonological processing tasks were found in the inferior frontal gyrus and 

sensorimotor cortices, which is important for sound-to-motor mapping, verbal articulation, and semantic 

processing (Brian Byrne 2005; Korpilahti, Valkama, & Jansson Verkasalo, 2016; Norton et al., 2014; 

Pennington et al., 2012; Savage, Pillay, & Melidona, 2008; Vukovic & Siegel, 2006; Willems, Jansma, 
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Blomert, & Vaessen, 2016). In the current study, we decided to separate the two language measures to 

gain a clearer understanding of the FC patterns associated with speeded naming and phonological 

processing in prereaders. First, we describe our findings regarding the relationship between language 

ability and the brain’s intrinsic FC patterns. Second, we discuss the similarities and differences in the 

FC patterns associated with speeded naming and phonological processing ability.   

 

 

 

 

 

4.3.1 Relationship between Phonological Processing and the Functional Language Network  

After we corrected for age-related effects, we found a positive relationship between phonological 

processing ability and the FC strength between the left and right ANG ROI and posterior language 

regions within the right middle temporal gyrus, supramarginal gyrus, and the primary sensorimotor 

cortices (precentral and postcentral gyrus). These brain areas are important for language perception and 

semantic representation and integration of language information (supramarginal gyrus) (Bulut, Hung, 

Tzeng, & Wu, 2017; Gonzalez-Garrido, Alejandro Barrios, Gomez-Velazquez, & Zarabozo-Hurtado, 

2017; Mattheiss, Alexander, & Graves, 2017), while the primary and secondary sensorimotor cortex is  

involved in mapping semantically-associated phonological information onto the motor pathways for 

speech articulation (Bolger, Hornickel, Cone, Burman, & Booth, 2008; Heim, Opitz, Muller, & 

Friederici, 2003). More specifically, phonological processing ability positively correlated with the 

strength of the FC between the left ANG and the right sensorimotor cortex, including the precentral 

gyrus, postcentral gyrus and superior parietal lobule (refer to Table1& 3 and Figure 3 & 5). While the 



66 

 

angular gyrus is important for processing semantic information and orchestrating the functional 

processes of the language network to improve processing efficiency (Seghier, 2013).  

Although, age and phonological processing ability were found to positively correlated with the 

FC patterns between the ANG and the primary sensorimotor cortices (precentral and postcentral gyrus), 

the significant clusters were found in opposite hemispheres. Age positively correlated with FC between 

the right ANG and the left precentral and postcentral gyrus, while phonological processing ability 

positively correlated with FC between the left ANG and the right precentral and postcentral gyrus 

(Figure 3a and Figure 6b). These results suggest that the strength of FC patterns between the ANG and 

the sensorimotor cortex increase with age and phonological processing performance; while the left 

angular gyrus and the right superior sensorimotor cortex is more strongly tied to phonological 

processing ability in young children. However, when seeded from the right hemisphere, Phonological 

Processing scores positively correlated with the FC strength between the right ANG and the right 

anterior supramarginal gyrus. These findings suggest that the FC between the left ANG and right 

sensorimotor cortex is strongly positively associated with phonological processing ability in preschool 

aged children, while the FC patterns between the right ANG and the left sensorimotor cortices is more 

strongly tied to age. In contrast to speeded naming, the significant cluster within the sensorimotor cortex 

associated with phonological processing encompassed a larger surface area than the cluster associated 

with speeded naming. This finding suggests that the sensorimotor cortex might play a larger role in 

phonological processing that diverges from speeded naming ability (Horwitz, Rumsey, & Donohue, 

1998). Altogether, our findings support the dorsal stream hypothesis of phonological processing, which 

suggests that FC patterns between the posterior temporal-parietal language and sensorimotor cortices are 

important for phonological processing (D1 pathway) (Saur et al., 2008; Vandermosten et al., 2012; 

Vigneau et al., 2006). Altogether, these results provide support for the sensitive period of language 
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development theory, which suggests that children make significant gains in phonological processing 

skills within the first five years of life (Conti-Ramsden & Durkin, 2012).   

  

  

  

  

4.3.2 Relationship between Speeded Naming and the Functional Language Network  

  Speeded naming measures the efficiency of language processing across the visual, auditory and 

motor systems. These processes involve the coordination between the visual and orthographic systems 

to interpret the written symbols for semantic representation and the sensorimotor cortex to produce the 

corresponding words (Meyer et al., 1998). In the current study, we found a positive relationship between 

the Speeded Naming scores and the FC strength between Broca’s area (left IFGtr) and the posterior 

region of the left middle/inferior temporal gyrus, left fusiform gyrus, right angular gyrus, and right 

supramarginal gyrus (Figure 4a). The left posterior fusiform gyrus (also called the word form area) has 

been previously found to be involved in visual recognition of written language (Dehaene & Cohen, 

2011; Devlin et al., 2006), which is important for identifying letter patterns and recognizing words as 

whole units (rather than letter by letter) for sight reading (Bolger et al., 2008; Messer & Dockrell, 2011; 

O'Brien, Wolf, Miller, Lovett, & Morris, 2011). Whereas the inferior frontal gyrus has been associated 

with combining phonetic and semantic information for language production (Meyer MS, 1998). Our 

findings help explain the relationship between orthographic processing and speeded naming. A previous 

fluency-based reading intervention study found that children with improvements in orthographic 

processing performed better on the rapid letter naming tasks, but on the spelling tasks (O'Brien et al., 

2011). Altogether, these findings suggest that speeded naming heavily relies on orthographic processing 
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to identify the correct symbol (word, object or shape), while spelling is more strongly associated with 

phonological processing to select the appropriate letters that match the specific word sounds (Conti-

Ramsden & Durkin, 2012). An independent longitudinal FC study found an increase in activation of the 

fusiform gyrus during reading for children with developmental dyslexia that underwent an intensive 

speed reading program, independent of their initial reading ability (Horowitz-Kraus, DiFrancesco, Kay, 

Wang, & Holland, 2015; Horowitz-Kraus, Toro-Serey, & DiFrancesco, 2015). This suggests that the FC 

strength between the fusiform gyrus and the other areas of the language network increase with age and 

practice with orthographic processing, such as letter or object recognition. Since we know that speeded 

naming is associated with reading fluency (Savage et al., 2008; Stanovich & Siegel, 1994), and fluent 

reading depends on proficient orthographic processing (Bolger et al., 2008; Messer & Dockrell, 2011; 

O'Brien et al., 2011), we suggest that the FC strength between the IFGtr and fusiform gyrus in pre-

readers might help predict future reading ability in young children.   

According to previous fMRI task-based studies, orthographic and phonological processing 

assessments utilize separate functional networks and provide independent information regarding reading 

skills (Bolger et al., 2008). Previous research has linked speeded naming and orthographic processing 

with the FC strength between the fusiform gyrus, inferior frontal gyrus, and other regions within the 

functional language network (Bolger et al., 2008). These findings suggest that speeded naming and 

phonological processing tasks activate predominately independent neural networks. As a result, speeded 

naming measures may provide researchers with independent information from phonological processing 

regarding the predictability and specificity of future reading ability in preschool-aged children. While 

the relationship between speeded naming ability and FC strength between the left IFGtr and the left 

fusiform gyrus might provide researchers with greater insight into how the development of the language 

network(s) in typically developing young children diverges from impaired readers. These results explain 

why individuals with developmental dyslexia often demonstrate lower activation patterns in the fusiform 
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gyrus compared to typical readers during reading tasks (Dehaene & Cohen, 2011). These findings 

suggest that children with inferior speeded naming skills may present with different reading-associated 

challenges (even if within a normal range for reading) compared to children with inferior phonological 

processing skills. In addition, our findings support the double deficit hypothesis of developmental 

dyslexia, which suggests that phonological processing and speeded naming contribute independent 

information regarding severity and the underlying cause of the reading impairment. 

  We found that speeded naming ability positively correlated with the FC strength between our 

ROI and the frontal operculum/insular cortex (specifically between the left IFGtr and the left ventral 

frontal operculum and insular cortex) (Figure 4a). According to previous lesion and neuroimaging 

studies, the left insular cortex is involved in meditating the motor aspects of speech production for 

articulatory planning and control (Chang, Lee, & Metcalfe, 2017). An independent brain activation 

fMRI study found that the insula is divided into separate regions, each of these regions are associated 

with a different cognitive function involved in speech and language processing (Chang et al., 2017). The 

authors found greater frontal lobe activation within the ventral insula in response to expressive language 

tasks compared to the speech perception tasks; these findings suggest that the left insular cortex is more 

strongly associated with speeded naming than phonological processing ability (Chang et al., 2017). 

Based on previous findings, the significant clusters we identified in the frontal lobe (including the 

inferior frontal gyrus, fontal operculum, and insular cortex) might reflect the major top-down cognitive 

control processes needed for the speeded naming task, particularly in young children who are still 

undergoing major language developmental milestones (Basso, Spanhauer, Arnold, & Deplazes, 2014; 

Gabrieli, Poldrack, & Desmond, 1998; Hussey, Ward, Christianson, & Kramer, 2015; Ries, Karzmark, 

Navarrete, Knight, & Dronkers, 2015). 

 In agreement with our initial hypothesis, speeded naming ability positively correlated with the 

FC strength between the right IFGtr and the bilateral medial dorsal thalamus (Figure 4b). Although the 
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thalamus is not well-recognized in the literature as a language region, two neuroimaging study reported 

increased activation of the bilateral thalamus in response to reading tasks in children, but not in adults 

(Koyama, Di Martino, et al., 2011). The authors suggest that the bilateral thalamus is a child-specific 

language area involved in speeded naming (Koyama, Di Martino, et al., 2011). Similarly, we did not 

find a significant relationship between our ROI and the thalamus when we correlated our findings with 

age.  However, a longitudinal fMRI study found activation within the left thalamus increased from age 5 

to age 11 for word generation tasks (Szaflarski et al., 2006). While an independent adult brain activation 

study found a positive relationship between activation within the medial and ventral thalamus and 

coordination between the cognitive and motoric aspects of language production (Johnson & Ojemann, 

2000). Altogether, these findings suggest that the thalamus might be associated with greater efficiency 

in language production in preschool-aged children.   

Since previous longitudinal FC studies found evidence that suggests the language and default 

mode networks separate and independently strengthen with increasing age and language skill 

advancement, we expected to find a negative relationship between our language ROI and the DMN (Fair 

et al., 2007). Similarly, previous brain activation studies found a negative relationship between speeded 

naming ability and activation within the precuneus/PCC and visual cortex. For example, one study 

found that language skill and reading comprehension negatively correlated with the degree of activation 

within the precuneus and PCC during reading tasks (Fox et al., 2005; Fransson, 2005; Mar, 2011; 

Smallwood et al., 2013). Whereas, task-based adult brain activation studies found that the location and 

degree of activation change within the precuneus and PCC changed with the different language and 

reading tasks (Fox et al., 2005; Fransson, 2005; Klawiter, 2013; Mar, 2011; Smallwood et al., 2013). 

However, rsFC MRI adult studies found the FC strength between the posterior precuneus/PCC and the 

primary visual cortex to be more strongly associated with visual and orthographic processing, compared 

to phonological language processing (Klawiter, 2013; Zhang S, 2012). For example, one study found 
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that the activation within the precuneus/PCC decreased more for a spelling task than for the rhyming 

task (involving phonological processing skills) (Bolger et al., 2008). Bolger and colleagues (2008) 

interpreted the differences in the language-specific activation patterns within the precuneus and PCC to 

correspond to a difference in the language associated cognitive processes for the spelling and rhyming 

tasks. Rhyming involves phonological awareness and working memory, while spelling involves a larger 

range of language processes including, phonological processing, orthographic processing, and semantic 

knowledge. In line with previous findings and our hypothesis, we found a negative relationship between 

speeded naming ability and the strength of the negative relationship between our ROI (ANG and STG) 

and the posterior parietal-occipital regions of the occipital cortex and DMN. More specifically, Speeded 

Naming scores negatively correlated with the strength of the negative FC patterns between the right 

STG and areas within the left precuneus and cuneal cortex, as well as between the right ANG and the 

right superior occipital pole (Figure 5a and 5b). In contrast, we did not find a relationship between 

phonological processing ability and FC patterns between the regions of the language network and the 

posterior hubs of the DMN. Altogether, these findings suggest that the negative relationship between the 

precuneus/visual cortex and our language ROI are more strongly associated with speeded naming than 

phonological processing in preschool aged children. In addition, our findings support previous studies 

that suggest the posterior precuneus/PCC hub of the DMN plays a dynamic role in reading and language 

(Klawiter, 2013; Seghier, 2013).   

Interestingly, we did not find a relationship between age and the FC patterns between regions of 

the language network and DMN. Only after we controlled for age did we observe that the FC patterns 

between the STG and precuneus/PCC significantly correlated with the Speeded Naming scores (Table 

2). This finding suggests that the FC patterns between regions our ROI (ANG, IFGtr, and STG) and the 

DMN are more tightly linked to language performance than brain maturation in young children. As a 

result, the FC strength between the intrinsic STG and the precuneus/PCC hub may provide greater 
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insight into how the early speeded naming skills relate to future reading ability. In conclusion, we 

demonstrate that speeded naming ability in young children is associated with the strength of the FC 

between regions involved in orthographic processing and coordinating language information.   

  

  

  

  

4.3.3 Similarities and Differences between Phonological Processing and Speeded Naming   

  We provide support for the double deficit hypothesis of developmental dyslexia that suggests 

phonological processing and speeded naming measures contribute independent information regarding 

the severity and underlying cause of a specific reading impairment (Vandermosten et al., 2016). This 

finding is in line with previous neuroimaging studies that identified both distinct and overlapping brain 

activation patterns during speeded naming and phonological processing tasks, with the majority of the 

overlap in activation around the temporal parietal junction and sensorimotor cortex (Bolger et al., 2008; 

Lidzba, Schwilling, Grodd, Krageloh-Mann, & Wilke, 2011; Lonigan et al., 2009; Norton et al., 2014; 

Pennington et al., 2012; Raschle, Stering, Meissner, & Gaab, 2014). The overlap in brain activation 

maps between the two language tasks is thought to reflect the overlap in cognitive demands, specifically 

item identification and phoneme recognition (Bolger et al., 2008; Lidzba, Schwilling, Grodd, Krageloh-

Mann, & Wilke, 2011; Lonigan et al., 2009; Norton et al., 2014; Pennington et al., 2012; Raschle, 

Stering, Meissner, & Gaab, 2014). Although we found similar FC patterns between correlations with 

Phonological Processing and Speeded Naming scores (refer to Table 1 and Table 2), the significant 

clusters resided in opposite hemispheres and encompassed a different amount of spatial area. For 

example, we found that speeded naming and phonological processing ability positively correlated with 

the FC patterns between the ROI and the primary sensorimotor cortices (precentral and postcentral 
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gyrus), while the significant clusters associated with phonological processing encompassed a much 

larger area and was found in the right pre/postcentral gyrus, in contrast with the left sensorimotor cortex 

that was found to be associated with speeded naming (Figure 3a and Figure 4b). More specifically, 

Phonological Processing scores positively correlated with the FC strength between the left ANG and the 

right pre/postcentral gyrus (primary (D1) dorsal language pathway), while Speeded Naming scores 

positively correlated with the FC strength between the right IFGtr and the left precentral gyrus (part of 

the secondary (D2) language pathway). These findings suggest that the sensorimotor cortex might be 

more directly associated with phonological processing than speeded naming in preschool-aged children.  

In addition, these results support the dorsal stream of language processing theory that suggests the 

sensorimotor cortex plays a key role in phonological processing (Saur et al., 2008; Vandermosten et al., 

2012; Vigneau et al., 2006).  

We identified several discrepancies in the FC patterns when correlated with either speeded naming or 

phonological processing. Speeded Naming scores positively correlated with the FC strength between 

brain regions critical for orthographic and language-motor processing, including the left and right 

inferior frontal gyrus (Broca’s area), the left posterior inferior temporal gyrus, left fusiform gyrus, and 

left insular cortex, whereas Phonological Processing scores positively correlated with the FC strength 

between the angular gyrus and the supramarginal gyrus, precentral gyrus and postcentral gyrus 

(important regions for semantic and phonological processing). These observed discrepancies found in 

the FC correlational patterns between the two language measures suggest that speeded naming 

information might be primarily processed along the ventral language pathway, whereas phonological 

information might be primarily processed along the dorsal language pathway. However, based on 

previous findings conducted on older-children and adults, we suspect that the FC patterns between 

Broca’s area and the posterior temporal-parietal language regions will increase with age and 

phonological processing ability once the child has began learning to read (Heim et al., 2003). As a 
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result, our findings suggest that the FC patterns between the anterior and posterior language areas 

involved in phonological processing are immature in preschool-aged children.  

   In the current study, we found that the angular gyrus plays a critical role in the development of 

phonological processing in preschool-aged children. We found that both the left and right ANG seed-

derived FC maps were significantly correlated with phonological processing ability but not with speeded 

naming. Phonological Processing scores positively correlated with the strength of the FC between the 

right ANG and the right supramarginal gyrus, while the left ANG positively correlated with and the 

right lateral occipital cortex, posterior right middle temporal gyrus, right supramarginal gyrus, and the 

right sensorimotor cortex. These findings suggest that the ANG plays an important role in phonological 

processing that might diverge from speeded naming (Horwitz, Rumsey, & Donohue, 1998). Previous 

studies report that the angular gyrus plays an important role in modulating and directing brain function 

to improve the efficiency of language processing, while the primary and secondary sensorimotor areas 

are critical for semantic processing and speech articulation (Hickok, 2012a, 2012b; Seghier, 2013). 

Anatomically speaking, the angular gyrus is well situated to perform this type of integration, as it is 

closely positioned near the end of the major white matter tracts beside the classic language areas and the 

sensorimotor cortex within the inferior-frontal and superior-temporal cortices (Seltzer & Pandya, 1978; 

Pandya & Seltzer, 1982; Yeterian & Pandya, 1985; Mesulam & Mesulam, 2000; Bonner et al., 2013).   

  In conclusion, our findings suggest that speeded naming and phonological processing contribute 

both overlapping and independent information in regard to reading predictability in preschool-aged 

children (refer to Table 1 & 2 for details). However, we cannot conclude that our findings are specific to 

our language measures because we utilized a resting-state FC correlational cross-sectional design. 

Therefore, it is possible to find similar findings if we correlated our results with other language 

measures, such as orthographic processing or vocabulary scores. In fact, previous studies have reported 

similar FC patterns associated with other related language skills, such as vocabulary size (Lonigan et al., 
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2009; Sroka et al., 2015), reading comprehension (Lidzba et al., 2011; Price, Moore, Humphreys, & 

Wise, 1997; Seghier et al., 2004; Vigneau et al., 2006), spelling and word decoding (Bolger et al., 2008; 

Savage et al., 2008). Despite the limitation in our interpretative power, we are confident that our results 

are accurate and reliable as our findings reflect previous FC language studies conducted with adults and 

older-children.  

 

 

 

 

4.3.4 Lateralization of the Functional Language Network   

Although language processing is usually considered to be left lateralized, brain activation studies 

found that certain language tasks can induce bilateral or right hemispheric brain activation (Lidzba et al., 

2011). For example, one brain activation fMRI study found a positive relationship between reading 

comprehension and bilateral activation of the sensorimotor cortices (Lidzba et al., 2011). In addition,  

Lidzba and colleagues (2011) found that the verbal IQ scores positively correlated with activation in the 

right posterior temporal-parietal language areas during a brain activation during a reading task. The 

authors suggest that superior reading comprehension and higher verbal intelligence requires efficient 

processing across a large range of brain areas, involving the right hemisphere to access memory stores, 

make inferences, and shift attention to relevant information (Lidzba et al., 2011). According to previous  

resting-state fMRI studies, the functional language network transitions from a highly distributed, 

bilateral network to a slightly left lateralized, specific interconnected functional network (Brauer et al., 

2013). The FC patterns between the regions of the language network have been found to increase with 

age (Weiss-Croft & Baldeweg, 2015a) and language skill advancement (Koyama, Di Martino, et al., 

2011; Sroka et al., 2015). In the current study, both age and language ability positively correlated with 
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the long-distant and cross-cortical FC patterns between the language areas but negatively correlated with 

shorter and more lateralized FC patterns (refer to Tables 1, 2 and 3 for details). Our findings show that 

stronger, long-distant FC between language regions positively correlate with both phonological 

processing and speeded naming ability (Horowitz-Kraus, DiFrancesco, et al., 2015; Norton et al., 2014; 

Tomasi & Volkow, 2012) and support our original hypothesis stating that the language measures will be 

positively correlated with the more anatomically distantly brain areas associated with language and 

reading. These findings suggest that children with superior language scores may have stronger FC 

between the longer-distant language regions needed for more efficient and complex language processes. 

In contrast, we found age and Speeded Naming scores negatively correlated with the strength of the FC 

between language regions within the same hemisphere. This observation suggests that children with 

inferior language skills might process language information more locally and at a slower rate because 

their language network might still be underdeveloped or inefficiently developed (Koyama, Di Martino, 

et al., 2011; Sroka et al., 2015).   

More recent studies suggest that the lateralization of the language network(s) should be viewed 

as a continuous variable, involving both intra and interhemispheric functional connectivity patterns. It is 

important to consider that lateralization of the FC networks can be influenced by a variety of different 

factors, including study methodology (resting state vs. task-condition), the specific language 

measure/task used, participant factors (e.g., age and previous language exposure) and statistical 

thresholds (Seghier, 2008). In the current study, we examined the relationship between the intrinsic FC 

patterns of the language and reading networks while the child passively watched a movie (Lee et al., 

2012; Tomasi & Volkow, 2012). Fortunately, previous adult FC studies found similar results between 

passive movie watching and traditional resting state conditions (Vanderwal, Kelly, Eilbott, Mayes, & 

Castellanos, 2015). Therefore, we are confident that our findings can be interpreted in terms of 

traditional resting state conditions. While the strength of the FC patterns between the spatially distinct 
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language regions helps provide insight into the efficiency of language processing (Koyama et al., 2010). 

Our results are comparable to previous resting state FC studies conducted on adults, suggesting that the 

efficiency of language processing increases with both age and language ability in preschool aged 

children (Koyama et al., 2010). In addition, our results support previous studies that found a positive 

relationship between the strength and distance of the FC patterns between the language regions with 

phonological processing and speeded naming ability (Horowitz-Kraus, DiFrancesco, et al., 2015; Norton 

et al., 2014; Tomasi & Volkow, 2012), suggesting that children with superior language scores have 

stronger FC between distant language regions. In contrast, we observed a negative relationship between 

age, language ability and the strength of the FC between more local brain areas, predominately localized 

to the same hemisphere. This observation suggests that children with inferior language skills have an 

underdeveloped, more basic language network (Koyama, Di Martino, et al., 2011; Sroka et al., 2015).  

  

  

  

  

4.4 Limitations   

           Although we found strong correlations between reading-associated language skills (phonological 

processing and speeded naming) and the strength and complexity of the intrinsic FC of the language 

network in young prereaders, we cannot assume that these FC are specific to the language skill in 

question. To more accurately predict future reading ability in preschool-aged children, future studies 

need to use a longitudinal study design and follow young prereaders through the stages of language and 

reading development. In addition, environmental factors, such as socioeconomic status (SES), 

caregivers’ education level, and the time parents invested in their child’s learning may contribute to the 

variation in our participants’ early language abilities. Previous language development studies found a 
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positive relationship between the caregiver’s vocabulary, complexity of language usage, and the amount 

of time caregivers spend speaking and reading to their child with their child’s written and oral 

communication skills. Therefore, major variations between the participants linguistic environment is a 

potential confounding factor (Fluss et al., 2008; Karahmadi, Shakibayee, Amirian, Bagherian-Sararoudi, 

& Maracy, 2014). Although we did not specifically control for language exposure, we did collect 

demographic data on the number of years of maternal post-secondary education, which we used as a 

proxy for SES (Gardner-Neblett & Iruka, 2015; Horowitz-Kraus, DiFrancesco, et al., 2015; McKean et 

al., 2017; Richels, Johnson, Walden, & Conture, 2013; Zubrick, Taylor, & Christensen, 2015). We 

found little variation between subjects on the number of years of maternal education (mean of 5.5 ± 2.6 

years of postsecondary education), which suggest that the children experienced little variability in the 

quality and amount of language exposure. Previous language exposure if important factor to consider 

because a child with lower amount and lower quality language exposure may underperform until they 

have been provided with the opportunity to catch up to their peers with formal education 

(HorowitzKraus, DiFrancesco, et al., 2015; Horowitz-Kraus, Toro-Serey, et al., 2015; Mermelshtine, 

2017; van Bergen, van der Leij, & de Jong, 2014). We also cannot equate reading and written language 

with verbal language. Although our language measures are predictive of future reading abilities, 

children with attention difficulties or other learning challenges might also perform poorly on our 

language assessments. Thus, it is possible that poor performance on the language measures might also 

be associated with non-reading factors, such as ADHD.   

             Functional imaging research is limited by the technical constraints of the MR scanner. Current 

MRI scanners cannot adjust to changes in participant position or correct the effects of motion within the 

scanner, which ultimately results in motion image artifacts. Head motion artifacts are spurious and 

systematic in nature, thus have the potential to alter the FC patterns. In line with the well-recognized 

functional imaging methods by Power and Colleagues (2014-2015), we employed image scrubbing 
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techniques and applied stringent thresholds for detecting motion artifacts. We also excluded participants 

with less than 4.5 minutes of high quality data (with little or no motion artifacts) (Power et al., 2012; 

Power et al., 2014). As a result, we excluded 25.86 % of the data because of excessive head motion; this 

rate of exclusion criteria is close to the percentage of subjects excluded in previous pediatric studies 

(approximately 30%) (Vanderwal, Kelly, Eilbott, Mayes, & Castellanos, 2015; Yuan et al., 2009). Also, 

to account for the variation in the amount of data censoring between subjects (range = 4:32 – 8 minutes 

of usable data; M= 1.4, SD =0.93 minutes), we decided to add the number of censored high motion 

volumes as a covariate to our group-level statistical model. Even if data censoring and subject exclusion 

biased our sample, head motion did not significantly correlate with our language scores, which means 

that our data was not systematically biased by variations in motion artifacts across our subjects.  

            We played a movie for the child during the MRI scan to help the child feel more comfortable 

during the scan and reduce the frequency of head motion. However, because we focused our analyses to 

the low-frequency spontaneous fluctuations of the BOLD signal (similar to resting state fMRI studies), 

having an external stimulus present during the fMRI scan may have reduced the strength of the FC 

patterns, particularly between regions of the language and default mode network as these networks 

function in opposition during resting and task states. Despite the potential drawbacks of playing a movie 

during scanning, previous studies report that the benefits of reduced head motion associated with movie 

watching far outreached the source of random error in the data caused by the presence of a passive 

stimulus. Playing a movie during the MRI scan was associated with greater participant compliance, 

increased participant comfort level, lower frequency of head motion, and an overall increase in sample 

size (Vanderwal et al., 2015). In addition, the authors found highly comparable results between 

traditional resting state and passive movie watching within-scanner conditions for adults with consistent 

high-quality, low-motion data (Kauppi, Jaaskelainen, Sams, & Tohka, 2010; Pamilo et al., 2012). 
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Therefore, we are confident that our results can be reliability compared to studies utilizing traditional 

resting state methods.    

  

  

  

  

4.6 Future Directions  

  Despite major scientific and technological advancements, the exact etiology and developmental 

trajectory underlying a specific reading disability are still largely unknown. The most prominent 

theories of developmental dyslexia stem from the opposing (but partially overlapping) cognitive deficit 

models of developmental dyslexia. More specifically, the single deficit phonological processing model, 

the double-deficit phonological processing-speeded naming model, the speeded naming subtype model, 

and the multiple cognitive deficit model (van Bergen et al., 2014). In our study, we used language 

measures that are predictive of future reading abilities, specifically phonological processing and speeded 

naming. Future studies should follow-up our results and directly compare the FC patterns associated 

with speeded naming and phonological processing to gain a clearer understanding of how these 

language skills are interconnected and help us identify the brain areas that uniquely contribute to these 

specific language skills.  

   To further identify the distinct, yet interconnected language networks within the larger language 

network, future studies should include additional language measures (such as verbal IQ, verbal 

comprehension, verbal expression, vocabulary, and orthographic processing). Incorporating additional 

language measures, would help to increase our confidence in our ability to predict future reading skills 

in young children that could be utilized to help identify children at risk for developing a reading 

disability. In addition, gaining a better understanding of the specific cognitive-FC patterns associated 
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with reading would help scientists further characterize children diagnosed with a reading specific 

impairment into specific subtypes, based on their distinct cognitive profiles. Finally, this information 

could be used to help researchers develop more targeted therapies for children at risk of developing a 

reading disability (van Bergen et al., 2014). In addition to language, future studies should examine the 

relationship between the brain systems associated with language and other highly-comorbid 

neurodevelopmental disorders, such as attention deficit hyperactivity disorder (ADHD) (Germano, 

Gagliano, & Curatolo, 2010) and specific language impairment (SLI) (van Bergen et al., 2014). It is 

important to understand the developmental trajectories and dynamic relationship between the language 

and executive functional systems when studying the underlying cause of a specific reading impairment 

because a deficit in attention, verbal working memory, task-shifting, or oral language ability can 

exacerbate the symptoms of a specific reading impairment (Germano, Gagliano, & Curatolo, 2010; van 

Bergen et al., 2014). Therefore, all reading, and language associated cognitive factors should be 

considered when developing assessment tools and interventions for children with reading difficulties. In 

addition, examining the relationship between reading, language, and executive function impairments 

would provide researchers with the insight needed to develop more targeted interventions aimed at 

reducing symptoms common to each of these comorbid neurodevelopmental disorders. Finally, 

longitudinal fMRI studies following children from early to late childhood are needed to determine the 

underlying neurological cause of a reading impairment and determine what language measures should 

be used to predict a child’s future reading ability.   
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4.5 Conclusion  

Although the language network has been reliably mapped in adults, language networks in 

children are less well characterized, especially for children younger than five years of age. According to 

previous fMRI longitudinal studies the language network follows a strong neurodevelopmental pattern 

that can be moderated by language ability (Barquero, Davis, & Cutting, 2014; Davis et al., 2011; Simos 

et al., 2007). In the current study, we found that age and language ability positively correlated with the 

FC strength between language areas but negatively correlated with the FC patterns between our ROI, 

nearby areas, as well as language and sensory brain areas associated with rudimentary language 

processes. More specifically, speeded naming ability positively correlated with the FC strength between 

our language areas involved in orthographic processing, executive and semantic processing, including 

the bilateral inferior frontal gyrus, left fusiform gyrus and left frontal operculum; whereas phonological 

processing ability positively correlated with regions involved in phonological awareness, semantic 

processing and sensorimotor mapping within the angular gyrus, supramarginal gyrus, middle temporal 

gyrus. We also identified similar FC patterns between the two statistical models within in the precentral 

motor cortex and angular gyrus. Our results are comparable to the language and reading network(s) of 

older children and adults, which suggests that the FC pathways involved in reading begin in early 

childhood.  

As hypothesized, we found a positive relationship between age, language ability, and the 

strength of FC patterns between distant and interhemispheric FC patterns along the ventral and dorsal 

language pathways, including the inferior frontal gyrus, middle/inferior frontal gyrus and the precentral 

and postcentral gyrus (Brauer et al., 2013; Londei et al., 2010; Smits, Jiskoot, & Papma, 2014). Also, in 

partial support of our initial hypothesis, and previous findings in older school-aged children, we found 

that the strength of the FC between our ROI and the sensorimotor cortices significantly correlated with 

age and language ability. Although previous fMRI studies conducted on older children and adults found 
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significant FC patterns between the language network and the bilateral sensorimotor cortices, our 

significant FC between our language regions with the sensorimotor cortex remain predominately 

lateralized to one hemisphere (Weiss-Croft & Baldeweg, 2015b). More specifically, we found that age 

positively correlated with FC patterns between the right posterior ROI (ANG and STG) and the left 

pre/postcentral gyrus, while Phonological Processing scores positively correlated with the strength of 

the FC between the left ANG and right pre/postcentral gyrus (Koyama, Di Martino, et al., 2011; 

Stoodley & Schmahmann, 2009; Tomasi & Volkow, 2012; Weiss-Croft & Baldeweg, 2015b). These 

findings suggest that FC patterns between the language regions and the sensorimotor cortex is still 

underdeveloped in preschool aged children. A developmental effect thought to be associated with 

reading automaticity (Weiss-Croft & Baldeweg, 2015b). These findings suggest that the brain undergoes 

rapid changes within the frontal-temporal and temporal-parietal language regions during early 

childhood, whereas language ability appears to reflect the maturity and complexity of the FC patterns 

between regions of the language network. Therefore, information regarding the FC strength between 

regions of the language network might help researchers gain insight into the early predictors of future 

reading abilities.  

Similar to the FC patterns we found to negatively correlate with age, we found a negative 

relationship between language ability and the strength of the FC between brain areas involved in 

rudimentary language processes, including the occipital cortex for visual processing. We also found that 

speeded naming ability negatively correlated with the FC strength between right STG and the precuneus 

and the PCC of the DMN. These findings provide support for models of brain development describing 

increasing network integration and strengthening, coinciding with between network segregation 

(Dosenbach et al., 2010; Fair et al., 2009; Fair et al., 2007; Menon, 2013; Power et al., 2010). These 

findings add to our understanding of the language network and suggest that pre-readers with superior 

language abilities have developed a more mature arrangement of brain function. In addition, our results 
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provide insight to the early neural correlates associated with early language development and support the 

double-deficit and multi-cognitive component theories of developmental dyslexia, which suggest 

speeded naming and phonological processing utilize (at least partially) separate, but interconnected 

neural networks (Vandermosten, Hoeft, & Norton, 2016). In conclusion, our results provide insight into 

the neural underpinnings associated with speeded naming and phonological processing in preschool-

aged children. These findings highlight the enormous potential language researchers and professionals 

could have to identify a reading impairment early on and develop targeted interventions. 
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Appendix A  
  

  

  

  

  

 
Regions of Interest  MNI Coordinates  Pediatric Coordinates    x  y 

 z  x  y  z  

Left Hemisphere  

Angular gyrus (ANG)  

 

   

-48  

  

-52  

  

38  

  

-39  

  

-42  30  

Superior temporal gyrus (STG)  -53  -31  9  -43  -25  7  

Inferior frontal gyrus, pars triangularis (IFGtr)  -48  32  6  -39  26  5  

  

Right Hemisphere  

Angular gyrus (ANG)  

  

  

48  

  

  

-52  

  

  

38  

  

  

39  

  

  

-42  

  

  

30  

Superior temporal gyrus (STG)  53  -31  9  43  -25  7  

Inferior frontal gyrus, pars triangularis (IFGtr)  52  32  6  43  26  5  

Table 2. Coordinates for regions of interest (ROI) in standard MNI and Pediatric Template space. The left 

hemispheric ROI were selected from word reading and linguistic task brain activation meta-analyses for children 

(Houde et al., 2010) and adults (Bolger, Perfetti, & Schneider, 2005). Where the right hemispheric ROI regions were 

manually selected to correspond to the same regions within the right hemisphere. All coordinates were expanded to 

create spheres of equal size (2mm3, 6mm radius). The pediatric coordinates are based on the standard asymmetrical 

high-resolution 2mm3 pediatric template, optimized for children aged 33- 44 months, developed by the McGill 

McConnell Brain Imaging Center (Fonov, 2009).   

  

  

  

  


