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Abstract

How does the developing brain support the transition from spoken language to print? Two spoken 

language abilities form the initial base of child literacy across languages: knowledge of language 

sounds (phonology) and knowledge of the smallest units that carry meaning (morphology). While 

phonology has received much attention from the field, the brain mechanisms that support 

morphological competence for learning to read remain largely unknown. In the present study, 

young English-speaking children completed an auditory morphological awareness task 

behaviorally (n = 69, ages 6–12) and in fMRI (n = 16). The data revealed two findings: First, 

children with better morphological abilities showed greater activation in left temporo-parietal 

regions previously thought to be important for supporting phonological reading skills, suggesting 

that this region supports multiple language abilities for successful reading acquisition. Second, 

children showed activation in left frontal regions previously found active in young Chinese 

readers, suggesting morphological processes for reading acquisition might be similar across 

languages. These findings offer new insights for developing a comprehensive model of how 

spoken language abilities support children’s reading acquisition across languages.
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Acquisition of natural human languages typically precedes and predicts learning to read 

(Ziegler & Goswami, 2005). Spoken words are comprised of sounds (phonemes) and the 

smallest units of grammar that carry meaning (morphemes); hence, children’s phonological 

and morphological abilities are important for learning to read across languages (Carlisle & 

Goodwin, 2013; McBride-Chang et al., 2013). Phonological abilities help children map 

language sounds onto their orthographic representations. In contrast, morphological 

awareness supports children’s ability to extract meaning in print through morpho-syllabic 

units (e.g., emot-ion-al; Ehri, 2014). Thus, an understanding of the brain-based mechanisms 

for morpho-phonological competence, and how they emerge in the developing brain, is 

essential to understanding how children become literate (Frost, 2012). Yet, little is known 
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about the brain bases of morphological awareness (Aylward et al., 2003; Liu et al., 2013) 

and whether they overlap or are independent from the brain bases of phonological 

competence (Deacon, 2012). The present study offers the first functional magnetic resonance 

(fMRI) brain imaging investigation of young readers’ morphological abilities in the auditory 

modality and their relation to literacy in the brain.

Research with alphabetic languages, like English, has shown that phonological awareness 

contributes the most to children’s early achievements in reading acquisition (Ziegler & 

Goswami, 2005). However, the balance begins to shift away from phonology toward 

morphology around 3rd grade (Carlisle, 2000). Originally, this trend was thought to occur 

because phonology is a precursor for learning to read, while morphology comes to support 

literacy predominantly as a consequence of children’s phonological, vocabulary and 

orthographic experiences (e.g., Share, 1999). Newly emerging theoretical frameworks 

suggest that morphological awareness is also an early-emerging and significant contributor 

to reading acquisition (Deacon, 2012). Specifically, research now shows that morphology 

makes a small but significant contribution to literacy in 1st to 3rd grades, even after 

controlling for variables such as phonological awareness, vocabulary and IQ (Deacon, 

2012). Importantly, morphological awareness supports multiple reading skills such as single 

word and pseudoword reading, as well as text comprehension (cf. Carlisle & Goodwin, 

2013; Marinova-Todd, Siegel, & Mazabel, 2013). This is likely the case because English has 

many instances of phonologically-irregular but morphologically-regular spellings (e.g, 

magic-magician), and because morphology taps into both the meaning and grammatical 

representations of language (Deacon, 2012).

Finally, dyslexia research suggests that there might be different consequences to having 

deficits in phonology versus morphology. Specifically, children with phonological word 

reading deficits might benefit from learning morphological strategies as a compensatory 

mechanism for reading (Elbro & Arnbak, 1996). In contrast, children with deficits in text 

comprehension, but not word reading, show selective impairments in morphology but not in 

phonology (Tong et al., 2011). Despite the growing evidence suggesting that it is equally 

important to understand the cognitive underpinnings of morphological reading skill, little is 

known about the brain bases of morphological competence in young children (Aylward et 

al., 2003; Liu et al., 2013), especially in the auditory modality, which potentially precedes 

and predicts reading competence (Deacon, 2012).

Emerging perspectives on literacy aim to explain reading acquisition across languages, 

across development, and in the brain (Frost, 2012; Perfetti, Cao, & Booth, 2013; Pugh et al., 

2013). Recent research has found significant cross-linguistic variation on how phonology 

and morphology contribute to reading acquisition: Alphabetic orthographies include 

relatively overt associations between phonology and individual letters, whereas Chinese 

orthography offers relatively more overt associations between morphemic units and their 

characters (McBride-Chang et al., 2013). Not surprisingly, neuroimaging studies of 

phonological reading abilities also yield significant cross-linguistic differences: Alphabetic 

readers show robust activation in left temporal regions classically associated with 

phonological processing (near Wernike’s area; Hoeft et al., 2006, 2007), whereas Chinese 

readers show robust activation in left frontal regions coupled with somewhat less activation 
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in left temporal regions (Siok et al., 2004, 2008). It remains unclear whether cross-linguistic 

differences stem from highly salient lexico-semantic and morphological features in Chinese 

(Liu et al., 2013; McBride-Chang et al., 2013), higher mnemonic demands for characters, or 

greater efforts to compute phonology with Chinese characters (Cao et al., 2010; Siok et al., 

2004). The general paucity of knowledge on the brain bases of morphology in young 

children (Liu, et al., 2013; Aylward et al., 2003) further complicates the interpretation of 

divergent cross-linguistic findings and impedes the construction of a comprehensive model 

of how children’s language and cognition support reading acquisition.

In particular, little is known about the brain bases of morphological awareness, and to our 

knowledge, no study has yet examined this ability in the auditory modality with children. 

Children’s language abilities in the spoken modality typically precede and predict reading 

acquisition (Ziegler & Goswami, 2005). While core language knowledge, including 

morphology, can be effectively accessed through both auditory and visual modalities in adult 

proficient readers (Bozic, Tyler, Su, Wingfield, & Marslen-Wilson, 2013), studies with 

children show that automaticity in accessing mental representations for language via print 

continues to develop into the adolescent years (Coch, Grossi, Coffey-Corina, Holcomb, & 

Neville, 2002; Grossi, Coch, Coffey-Corina, Holcomb, & Neville, 2001; Coch, Grossi, 

Skendzel, & Neville, 2005). Therefore, the present study employed an auditory paradigm to 

avoid confounding reading proficiency with children’s underlying morphological ability.

Previous neuroimaging studies on English morphology that used visual tasks have found 

activation in left ventral inferior (IFG BA 47) and middle frontal (MFG BA 9) regions in 

both adults and older children (Aylward et al., 2003; Bozic, Marslen-Wilson, Stamatakis, 

Davis, & Tyler, 2007; Bozic et al., 2013; Bick, Goelman, & Frost, 2008). These regions are 

also typically active in young Chinese readers during phonological reading tasks (Cao et al., 

2010, 2011; Brennan et al., 2012; Bolger et al., 2008; Siok et al., 2004, 2008), possibly due 

to children’s greater morphological processing when reading in Chinese (McBride-Chang et 

al., 2013). We hypothesized that English-speaking children (ages 6–12) should also exhibit 

significant activation in left ventral inferior (BA 47) and middle frontal (MFG BA 9) regions 

during an auditory morphology task. In the present study, children completed language and 

literacy tasks, and a subset also completed an auditory morphology task during fMRI 

scanning. To explore the potentially common and distinct brain mechanisms that support 

morphology and other aspects of metalinguistic competence across languages, we conducted 

whole-brain analyses for the morphological task employed in this study, as well as region of 

interest analyses with left temporo-parietal and frontal regions that were reported active 

during phonological reading tasks in English (Hoeft et al., 2007) and in Chinese (Siok et al., 

2004).

Materials & Method

Participants

Sixty-nine English-monolingual children completed language and literacy tasks (33 females; 

age range = 6.1 – 12.8 years-old, mean age [M] = 9.1 years, standard deviation [SD] = 1.8). 

A subset of 20 right-handed children also completed a morphological awareness task in the 

fMRI scanner, however, 4 participants were excluded due to below 70% task accuracy. 
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Consequently, a subset of 16 participants’ neuroimaging data was analyzed (8 females; age 

range = 6.6 – 12.5 years-old, M = 9.3, SD = 1.6). The study was broadly advertised 

throughout the community in southeast Michigan (libraries, gyms, afterschool programs 

etc.). After an initial phone or e-mail screening for age, handedness and neurodevelopment 

disabilities, the participants were invited for a mock-scanner visit and behavioral 

assessments. All participants that fit the eligibility criteria (see below) and were still 

interested in fMRI imaging after visiting the mock scanner were then invited to participate in 

the fMRI scanning. All participants in the present study met eligibility criteria, including: 

native English speaker, typical development with no history of cognitive/motor 

developmental difficulties and brain injury, no current regimen of medication affecting brain 

functioning, normal hearing, and a standard score above 85 (−1.5 SD) for IQ and reading 

ability as measured by the Kaufman Brief Intelligence Test of Verbal Knowledge (KBIT-2; 

Kaufman & Kaufman, 2004) and Woodcock Reading Mastery Tests (Woodcock, 1998), 

respectively. The study was reviewed and approved by medical institutional review boards; 

parents and children completed informed consent/assent forms and were monetarily 

compensated for their time.

Procedure

All children completed assessments of morphological awareness (see details below), 

phonological awareness (Elision subtest, Comprehensive Test of Phonological Processing 

[CTOPP]; Wagner, Torgesen, & Rashotte, 1999), and single word reading (Word ID subtest, 

Woodcock Reading Mastery Tests [WRMT]; Woodcock, 1998) while their parents 

completed a detailed questionnaire about their child’s development. See Table 1 for 

children’s performance on all tasks. Participants were then invited to an fMRI session after 

visiting a mock scanner and agreeing to participate in the imaging part of the study. Before 

fMRI scanning, children completed a computer version of the task with a set of practice 

stimuli.

Morphological awareness behavioral task—Children completed a modified version 

of the Test of Morphological Structure (Carlisle, 2000) that included subtests of 

decomposition and derivational morphology. In the decomposition subtest, participants were 

instructed to take away part of a given word to correctly complete a sentence, such as 

“Driver. Children are too young to… (‘drive’).” In the derivation subtest, participants were 

instructed to add a part to a given word to correctly complete a sentence, such as “Help. 
Mother says I am a good… (‘helper’).” A composite score for each participant included 18 

decomposition and 12 derivation sentences. Each subtest also included 2 additional practice 

items. The experimenter presented the trials aurally (no reading was involved from the 

participant).

Imaging Experimental Design

Children who partook in the fMRI session completed a derivational morphology task during 

brain scanning. The task was based on English derivational morphology principles (Carlisle, 

2000), and employed methodology previously used for assessing morphological competence 

in young Chinese readers and pre-readers (asking children to generate or judge novel 

morphological word items; McBride-Chang et al., 2003). The task included an experimental 
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morphological awareness condition, a control word-matching condition, and rest periods. 

During resting periods, a white fixation cross was displayed on a black background. During 

the morphological awareness condition, participants heard a high-frequency real word (e.g., 

“jump”) and a morphologically derived new word (“re-jump”), in which the new word either 

conformed to or violated morphological structures of English. Participants were asked to 

indicate with a button-press whether the new word was a good (acceptable) or a bad 

(unacceptable) word. For example, “re-jump” is acceptable because the prefix re-can be 

applied to verbs as to define that something can be done again; conversely, re-apple is 

unacceptable because the prefix re-cannot be applied meaningfully to nouns. The 

morphology condition included verbs and nouns with lexical morphemes that were 

appropriate for testing at this age (Carlisle, 2000). Other derivational morphemes used in the 

study were un-, -er, -ness, -ly, and –ful. In half of the trials, the derivational rules of 

morphology were applied correctly (“jump” “re-jump”), while the rules were applied 

incorrectly in the remaining trials (“apple” “re-apple”). See Appendix A for stimuli.

During the control condition, participants heard two words and made judgments using 

button-presses on whether the words were identical or not (e.g., “car” and “car” are 

identical; “key” and “pen” are not). In designing the control condition, we had to take into 

account that morphology is a higher-order linguistic process that involves access to 

phonology (word sounds), semantics (word meanings), and word structure (grammar). 

Therefore, we used a language-based word-matching control task in which participants 

heard two words and decided if the two words were the same or not. In this control task, 

children had to access the word sound, meaning, and structure as well as retain two words in 

phonological short-term memory to make the judgment. We designed this control task to 

best match the processes required for completing the experimental morphology task, with 

the exception of the added effort for actively evaluating morphological structure. We have 

validated the utility of this control task in our prior published work (Kovelman et al., 2012), 

in which we used this task as a control for a phonological awareness rhyme judgment task. 

In our previous work on phonological awareness, this control method successfully yielded 

group differences in brain activation between typical and dyslexic readers during contrasts 

between the experimental phonological rhyme task and the control word matching task (see 

Kovelman et al., 2012). Finally, we also used a resting baseline control in which participants 

were asked to look at a fixation cross in the middle of the screen.

The 7-min blocked design task included six 24-secs randomized blocks for each condition 

(morphology, control and rest). Participants received an audio and visual prompt indicating 

whether the upcoming condition was a “word game” (morphology condition) or a “matching 

game” (control condition). Experimental (morphology and control conditions) blocks 

included four 6-secs trials, which totaled 24 trials per condition. During each trial, the first 

word was first played and the second word followed 2-secs later with an average of 1.5-secs 

between the words. Children saw a fixation cross during presentation of the words and a 

question mark during the last 2-secs of the trial cuing for a button-press response. The order 

of trials and blocks was randomized with an equal number of “yes” and “no” answers.

Stimuli—All words were child-friendly, high-frequency monosyllabic words matched 

within and across conditions (morphology and control) for concreteness, written and verbal 
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frequency, number of sounds, syllables and letters (data from MRC Psycholinguistic 

database). Ad hoc t-tests comparing the conditions within and across were non-significant (p 
> 0.05). All words were recorded by a female-speaker who was native to the Midwest region 

in the United States (same locale as the participants). The words were then filtered and 

normalized to 80-dB using Adobe Audition 1.5 software. The task was presented using 

Psychophysics Toolbox Version 3 (PTB-3) in MATLAB (2010a, MathWorks). While in the 

fMRI, sounds were played using Pyle Home PCA1 30-Watt Stereo Mini Power amplifier to 

moderate the volume, and children wore Sensimetrics insert earphones model S14 and MRI 

non-magnetic earmuffs Ultra-33 (NRR 33) to attenuate scanner noise and allow better 

quality of audio.

Imaging Data Acquisition

Image acquisition was collected using a 3 Tesla GE Signa scanner equipped with a 

quadrature head coil (General Electric, Milwaukee, WI). Participants used a button box to 

make responses. The task was projected onto a screen and participants wore goggles with 

built-in mirrors (VisuaStim XGA, Resonance Technologies) to view the display. Foam 

padding and a cloth forehead restraint were used to prevent head movement. A T1 overlay 

with Fast Gradient Echo Sequence 15 was conducted to obtain an anatomical image (TR = 

250 ms, TE = 5.7 ms, flip angle = 90°, field of view (FOV) = 24 cm, 43 slices). Automatic 

slice prescription, based on alignment of localizer scans to a multi-subject atlas, was used to 

achieve a consistent head position across subjects. Functional T2* BOLD images were 

acquired with a spiral reverse only sequence. For each TR, 43 3mm slices were captured (TR 

= 2000 ms, TE = 30 ms, flip angle = 90°, field of view (FOV) = 22 cm, voxel size = 3.44 

mm × 3.44 mm × 3 mm).

Imaging Data Analysis

Imaging data was processed and analyzed using statistical parametric mapping software 

SPM8 (Wellcome Department of Cognitive Neurology, London, UK) using MATLAB 

(2011a, MathWorks). We performed the following steps in the following order: slice timing, 

realignment, normalisation, and smoothing. There were a total of 218 TRs (excluding 4 

dummy scans). After image reconstruction, each subject’s data was realigned to the first 

functional volume using SPM8’s spline interpolation. Movement parameters calculated by 

SPM8 realignment were used to exclude volumes with potential artifacts. This procedure 

was implemented for each participant separately. Sessions were then normalized using the 

mean functional volume into a standard EPI anatomical space; these were then resampled to 

fit Montreal Neurological Institute (MNI) stereotactic space. Spatial smoothing was done 

using a 6-mm full-width half-maximum Gaussian filter, which is a typical level for reducing 

noise that Hopfinger, Büchel, Holmes, and Friston (2000) have found to work best for 

examining data in the cortex. Smoothing was done after normalisation to increase the 

probability that the activity was reflected in the grand average accurately. Each subject’s 

data was then high-pass filtered at 128s; we chose 128s due to the length of our blocks. 

Poldrack, Mumford, and Nichols (2011) suggest that the high-pass filter should be at least 

twice the period of a block, but given that we had two experimental conditions each lasting 

24s and our participants were children, we decided on the standard 128s high-pass filter.
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Each subject’s data was then analyzed using a fixed-effects model that included morphology 

and control conditions as factors; rest served as the implicit baseline and was not included as 

a regressor in the model. For each participant, BOLD impulse response was then modeled 

using the dual-gamma canonical hemodynamic response function. Statistical images for the 

following contrasts were generated: control > rest, morphology > rest, control > 

morphology, and morphology > control.

Second-level analyses were performed to obtain group-level contrast images, which were 

then examined using one-sample t-tests for whole-brain activations. Analyses that included 

contrast images against rest (control > rest, morphology > rest) had a height threshold of p < 

0.001 and extent threshold (ET) of > 35 voxels. Analyses that included both of the 

experimental conditions (control > morphology, morphology > control) had a height 

threshold of p < 0.005 and ET of > 30 voxels. All analyses were corrected for multiple 

comparisons at p < 0.05 (False Discovery Rate, FDR).

Brain-behavior associations were examined using whole-brain correlations between 

children’s brain activity in the morphology > control contrast image to age, task accuracy on 

phonological awareness and behavioral morphological awareness task (overall score and 

each subtest [decomposition and derivational]), separately. Whole-brain analyses were FDR 

corrected for multiple comparisons at p < 0.05, height threshold p < 0.005, ET > 15 voxels.

Region of interest analyses—To further examine morpho-phonological segmentations 

during reading acquisition, we correlated children’s behavioral performance in the 

phonology, morphology, and reading tasks to brain regions considered to support English 

and Chinese phonological reading processes. We applied several principled criteria for 

selecting the studies for the ROI regions for our study: First, given that our study aimed to 

understand morphological relative to phonological awareness processes in young children, 

we chose developmental studies of phonological awareness with child participants’ age 

ranges similar to the present study. Second, as we hoped for the results to generalize across 

typical development and dyslexia, we chose studies that included both typically developing 

children and children with dyslexia. Finally, the English language study (Hoeft et al., 2007) 

that was chosen was the only study matching the criteria that also included children who 

were both age- and reading ability-matched to children with dyslexia. The Chinese language 

study chosen (Siok et al., 2004) was the first to demonstrate cross-cultural differences in the 

brain bases for phonological awareness and developmental dyslexia in Chinese.

To examine English morpho-phonological competence, we extracted participants’ activation 

in the morphology > control contrast image from the selected left supramarginal gyrus 

region (MNI coordinates: x = −52, y = −42, z = 40; Hoeft et al., 2007). In order to examine 

morphological competence compared to previous research with Chinese readers on 

phonological competence, we extracted participants’ activation in the morphology > control 

contrast image from the selected left middle frontal gyrus (MFG) region (MNI coordinates: 

x = −50, y = 10, z = 38; Siok et al., 2004). MarsBaR toolbox (Brett, Anton, Valabregue & 

Poline, 2002) in SPM8 was used to create spheres of 8-mm radius and extract these regions’ 

beta values. During ROI extraction, the data was normalized using a hemodynamic response 
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function and the temporal derivate to extract the percent signal change of contrast images. 

For details of the method see http://marsbar.sourceforge.net/

Results

Behavioral Results for Phonology, Morphology and Reading Acquisition

Partial correlations controlling for age revealed that children with better phonological and 

morphological abilities also performed better in reading, r(64) = 0.63, p < 0.001 and r(64) = 

0.42, p < 0.001 respectively. In order to investigate whether phonology and morphology 

were independent predictors of English literacy and whether their relative contribution 

changed over time, we conducted standard multiple regression analyses across younger 

(ages 6–9) and older (ages 9–12) readers, splitting at the mean age of the sample (9-years-

old). The results indicated that phonological and morphological awareness explained 57.1% 

(R2 = 0.60, F(2,32) = 22.26, p < 0.001) of the variance for younger readers and 17.3% (R2 = 

0.22, F(2,33) = 4.45, p = 0.02) for older readers. Analyses revealed that both variables made 

significant and independent contribution to younger children’s literacy, but only morphology 

was a significant contributor for older children’s reading ability (see Table 2).

Brain Basis of Morphological Language Ability

See Table 3 for brain imaging results, including Brodmann areas (BA). In the control 

condition (word-matching), whole brain analyses for the control > rest contrast revealed that 

children showed significant activation in bilateral occipital, temporal and parietal regions 

(see Figure 1a). In the morphology condition, whole-brain analyses for morphology > rest 

contrast revealed that children showed significant activation in bilateral regions including 

occipital, temporal, inferior frontal and parietal regions, as well as left brain regions 

including middle/superior/medial frontal, cingulate gyrus, and superior motor areas.

In the whole-brain contrast for morphology > control, analyses revealed that children 

showed significant activation in bilateral superior frontal gyri (SFG), left middle and inferior 

frontal gyri (MFG, IFG), as well as anterior superior temporal gyrus (aSTG; see Figure 1 

and Table 3). The whole brain analysis for control > morphology contrasts did not reveal any 

significant activation that passed the FDR threshold.

To examine the relationships between the morphological processing regions, whole-brain 
correlations were performed using the morphology > control image contrasts to age, 

phonological awareness, behavioral morphology (overall score, as well as decomposition 

and derivational subtest scores), and reading performance. The whole-brain correlation on 

the overall score of the behavioral morphology task revealed that children who performed 

better had stronger activation in left superior temporal and inferior parietal regions (see 

Table 3 and Figure 2). This finding was followed with separate whole-brain correlation 

analyses for derivational and decomposition morphology subtests, in which we found that 

the derivational subtest reached significance thresholds for positive correlations in the same 

regions as reported for the overall score, see Table 3. There were no significant correlations 

that passed the FDR threshold with participants’ age, phonological awareness, 

decomposition morphology subtest, and single word reading scores.
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Second, regions of interest (ROI) analyses revealed that children who performed better in 

morphological competence also showed greater activation in regions previously associated 

with phonological abilities in English (left supramarginal gyrus: r(14) = 0.58, p = 0.02) and 

in Chinese (left MFG: r(14) = 0.53, p = 0.03); see Figure 3 for visualization of these 

correlations. We also correlated these regions to participants’ age, phonological awareness 

and reading ability scores, but these results were non-significant. Additionally, children’s 

brain activation between these ROIs correlated, r(14) = 0.67, p = 0.005.

Discussion

Phonological and morphological language abilities support children’s reading acquisition, 

yet little is known about the brain bases of morphological development in young readers 

(Frost, 2012; Perfetti, et al., 2013; Pugh et al., 2013). We used behavioral tasks of language 

and literacy to confirm that phonological and morphological abilities independently 

contribute to children’s development of literacy, and that morphological competence 

continues to contribute to reading success in older readers (see prior cross-linguistic work 

for English: Berninger, Abbott, Nagy, & Carlisle, 2010; Spanish: Ramirez, Chen, Geva, & 

Luo, 2011; Chinese: Zhang et al., 2013). During the morphological brain-imaging task, 

children showed activation in left IFG and anterior STG regions, as previously reported in 

studies of word structure and meaning (Booth et al., 2006; Bozic et al., 2013; Friederici, 

2002). Moreover, the children showed significant correlations between their morphological 

competence and brain activation in regions previously reported active during phonological 

awareness reading tasks in English (Hoeft et al., 2007) and in Chinese (Siok et al., 2004). In 

sum, the convergent behavioral and brain imaging findings highlight the relevance of 

morphological processes for learning to read and that, for young readers, morphological 

tasks engage brain regions associated with processing word meaning and word structure.

Theoretical perspectives specific to alphabetic literacy suggest that a key characteristic of 

advanced reading ability is being able to progress beyond sound-to-letter mapping and to 

learn to rapidly recognize entire morpho-syllabic units on a printed page (Ehri, 2014). 

Consistent with this idea, the behavioral results of the present study showed that both 

phonology and morphology explained a significant amount of variance in young children’s 

(ages 6–9) reading ability, each being a separate and significant predictor of literacy. In 

contrast, for older children (ages 9–12), only morphological competence explained a 

significant amount of variance in children’s reading ability. This developmental effect has 

been found in “deep” alphabetic orthographies like English (Carlisle, 2000; Roman, Kirby, 

Parrila, Wade-Woolley, & Deacon, 2009) and in “shallow” alphabetic orthographies like 

Spanish (Ramirez et al., 2011). Importantly, while the present analyses only included tasks 

of phonology and morphology, the validity of the present finding is supported by studies that 

have shown similar results using a broader range of language and literacy measures, 

including vocabulary, rapid automated naming and working memory tasks (Deacon, 2012; 

Tong et al., 2011, Deacon & Kirby, 2004; McBride-Chang et al., 2005; Wolter, Wood, & 

D’zatko, 2009).

Brain imaging results revealed that during the control word-matching brain imaging task, 

children showed activation in bilateral superior and middle temporal regions typically 
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associated with auditory word recognition (Zatorre, Halpern, Perry, Meyer, & Evans, 1996). 

The morphology task also engaged these regions, as well as bilateral frontal regions (Table 

3). The direct comparison between the morphology and the word-matching control task 

(morphology > control contrast) revealed significant activation in left inferior and middle 

frontal regions, including a ventral aspect of IFG (BA 47), IFG (BA 45), MFG (BA 46/9), 

and anterior STG (BA 38). Researchers typically find that left ventral IFG (BA 47) is active 

during tasks of lexico-semantic access, while anterior STG has been linked to morpho-

syntactic processes (cf. Friederici & Gierhan, 2013). Activation in left IFG BA 45 is 

frequently found during a broad range of language tasks spanning phonology, syntax and 

semantics (e.g., Friederici & Gierhan, 2013; Bozic et al., 2013). Yet, children did not show 

significantly greater activation during the morphology task relative to the control word-

matching task in regions typically associated with phonology-specific analyses, that is dorsal 

IFG (BA 44) and posterior STG regions (Booth et al., 2006; Katzev et al., 2013; Petitto et 

al., 2000). The findings converge with adult research that contrasts lexical, morphological 

and phonological processes: greater activation in ventral IFG (BA 47) during morphological 

and lexical decision tasks (Bozic et al., 2013), greater activation in dorsal IFG (BA 44) 

during phonological tasks (Katzev et al., 2013), and shared activation in left IFG (BA 45) 

region across lexico-semantic, lexical and verbal morphology, as well as phonological tasks 

(Bozic et al., 2013; Friederici & Gierhan, 2013; Tan, Laird, Li, & Fox, 2005; Zatorre et al., 

1996). These convergent developmental and adult findings hint at the possibility that at least 

in English, morphology tasks may engage cognitive processes (and associated brain regions) 

important for lexico-semantic and syntax-based tasks (ventral IFG, aSTG), as well as those 

that integrate various levels of language analyses, possibly localized around the general area 

of left IFG (BA 45).

During the morphology task, children showed significant activation in left MFG (BA 46/9), 

a region also found active during a broad variety of language tasks that include a verbal 

working memory component (cf. Smith, Jonides, Marshuetz, & Koeppe, 1998). Importantly, 

activation in both ventral IFG and MFG regions are consistently found across studies that 

use phonological (Cao et al., 2009; Siok et al., 2004, 2008) and/or morphological (Liu, et al., 

2013) reading tasks in Chinese. We suggest that these two regions might be important for 

retrieving and evaluating the meaning and structure of suprasegmental or morpho-syllabic 

language units (Bozic et al., 2013), which is an important aspect of learning to read across 

languages, especially during both early and later stages of learning to read in Chinese 

(McBride-Chang et al., 2011).

Whole-brain correlation analyses revealed that children with better morphological abilities 

also showed greater activation in left superior temporal and inferior parietal regions (Figure 

2); similar results are found during tasks of phonological awareness (e.g., Frost et al., 2009). 

Based on prior behavioral findings, at least two interpretations are possible: Research shows 

that improvement in phonological awareness and experiences with sound-to-letter mapping 

contribute to children’s growing morphological competence (cf. Ehri, 2014). Thus, one 

possibility is that morphological competence builds upon phonological competence and the 

functioning of brain regions that support phonological awareness. Another related possibility 

is that shared cognitive processes underlie children’s improvement in a broad range of 

metalinguistic abilities, including phonological and morphological awareness abilities 
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(Carlisle & Goodwin, 2013), and hence are supported by the functioning of similar temporal 

and parietal brain regions.

Finally, in an attempt to provide a first-time bridge on cross-linguistic cognitive differences 

between alphabetic and non-alphabetic literacy at the level of morphological competence, 

we correlated children’s brain activity in the left supramarginal gyrus, which is associated 

with typical reading acquisition and dyslexia in English (Hoeft et al., 2007), as well as left 

middle frontal regions associated with typical reading and dyslexia in Chinese (Siok et al., 

2004). Remarkably, we found that children’s activation in both of these regions was 

positively related to their morphological ability, which in turn was related to their reading 

ability. There were no significant correlations between the children’s activation (whole-brain 

and ROIs) and their age or to other language or reading abilities, possibly due to loss of 

power by our low sample size. In sum, it is possible that the significant correlations found 

between children’s morphological competence and brain activation in left middle frontal and 

supramarginal regions previously found active during phonological awareness tasks in 

Chinese and in English, respectively, suggests that the functioning of these regions might 

support multiple types of metalinguistic abilities necessary for learning to read across 

languages.

The innovation of the present study is the investigation of the brain bases of morphological 

awareness in the auditory modality in young alphabetic readers using fMRI imaging. The 

study developed a new, fMRI-compatible morphological awareness task and contrasted 

children’s brain activation during this task against their brain activity during a word-

matching control task. Akin to the morphology task, the control task also engaged 

phonological, morphological and semantic processes necessary to access word form and 

meaning. A similar control task was previously used to show differences in brain activation 

for phonological processing between typical and dyslexic young readers (Kovelman et al., 

2012; Raschle, Zuk, & Gaab, 2012), suggesting that left inferior/middle frontal and left 

superior temporal activation stemmed from a combined difference in brain activity between 

control and experimental measures of phonology. Yet, some of the limitations of the present 

study include a limited sample size along with a wide age range. The study also does not 

include children who speak languages other than English. Nevertheless, the convergence 

between present and past behavioral, neuroimaging and cross-linguistic findings reinforce 

the idea that shared morpho-phonological and metalinguistic processes support children’s 

emergent literacy across languages (Carlisle & Goodwyn, 2013; Frost, 2012; Pugh et al., 

2011). Another significant limitation is that the present study only included tasks of 

morphological competence. Thus, while we find significant activation in regions thought to 

be specific to lexico-semantic (ventral IFG) and not phonology-specific (dorsal IFG or 

posterior STG; Katzev et al., 2013), further investigations that directly contrast experimental 

measures of morphology and phonology are necessary to adjudicate the specificity of shared 

and unique cognitive bases for morphology relative to phonology.

Conclusion

New theoretical perspectives suggest that only by understanding morphological processes in 

addition to the typically-considered phonological processes, we can better understand 
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developmental mechanisms that give rise to reading acquisition across languages (Geva & 

Wang, 2001; Frost, 2012; Zhang et al., 2013). The present study aimed to shed light on the 

brain bases of morphological awareness in English-speaking children. During the 

morphological awareness task, relative to control word matching task, children showed 

significant activation in brain regions typically reported as active during imaging tasks of 

word structure (aSTG) and word meaning (ventral IFG). These findings suggest that 

additional lexico-semantic and grammatical processes are necessary to complete a 

morphological computation task, as compared to a simpler word matching control task. 

Moreover, the finding of significant correlations between children’s morphological 

competence and brain activation in left middle frontal and supramarginal regions previously 

found active during phonological awareness tasks in Chinese and in English, respectively, 

suggests that the functioning of these regions might support multiple types of metalinguistic 

abilities necessary for learning to read across languages. Taken together, these findings pave 

the way for new insights for developing a comprehensive model of how spoken language 

abilities support children’s reading acquisition across languages.
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Figure 1. 
Brain activation for (a) Control > Rest, FDR corrected for multiple comparisons at p < 0.05, 

height threshold p < 0.001, ET > 35 voxels. (b) Morphology > Control contrasts, FDR 

corrected for multiple comparisons at p < 0.05, height threshold p < 0.005, ET > 30 voxels.
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Figure 2. 
Whole-brain correlations revealed greater activation in left temporo-parietal region in 

children with better morphological competence (Morphology > Control contrast; FDR 

corrected for multiple comparisons at p < 0.05, height threshold p < 0.005, ET > 15 voxels).
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Figure 3. 
(a) Figure showing location of ROI 8-mm spheres. Following are ROI scatterplots for 

correlations between morphology scores to signal change in Morphology > Control contrast 

(b) left MFG (Siok et al., 2004) and (c) left SMG (Hoeft et al., 2007).
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Table 1

Mean and standard deviation task performances for participants taking part in behavioral-only and 

neuroimaging sessions.

Variable Behavioral-only
M ± SD
53 participants

Neuroimaging
M ± SD
16 participants

Age in years 9.04 ± 1.84 9.28 ± 1.56

Behavioral measures

 Phonological Awareness Raw Score 15.58 ± 4.04 15.63 ± 4.21

 Phonological Awareness Standard Scorea 12.23 ± 2.62 11.75 ± 2.02

 Morphological Awareness Raw Scoreb 27.06 ± 2.25 27.94 ± 1.24

 Reading Raw Score 68.79 ± 17.98 72.13 ± 20.19

 Reading Standard Score 115.12 ± 10.89 116.09 ± 11.31

 KBIT-2 Standard Score 113.2 ± 10.84 115.94 ± 12

 Morphology Condition (% correct)c 82.38 ± 10.43 82.03 ± 11.78

 Morphology Condition RT (ms.)c 2,642± 389 2,698± 353

In-scanner task performanced – 76.67 ± 11.44

 Morphology Condition (% correct)

 Morphology Condition RT (ms) – 2,599 ± 205

 Control Match Condition (% correct) – 94.72 ± 16.02

 Control Match Condition RT (ms) – 2,406 ± 257

Note. Mean performance scores are presented separately for those who completed behavioral-only, and for those who completed neuroimaging and 
behavioral.

a
This subtest standard score is based on a mean of 10 rather than 100.

b
Two children in the behavioral-only group did not complete this task due to failure to complete practice trials correctly. The morphology task 

included a total of 30 items; that is, 2 subtests of decomposition (18 items) and derivational (12 items) morphology.

c
Task performance for 7 children in the behavioral-only group and 1 child in the neuroimaging group is missing due to technical error, 

experimenter error, and/or participant not passing practice trials.

d
In-scanner task accuracy performance for 1 participant and response time for 2 participants are missing due to technical error.
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Table 2

Standard multiple regression analyses predicting reading in younger (6- to 9-years-old; R2 = 0.60) and older 

(9- to 12-years-old; R2 = 0.22) learners of English literacy.

Phonological Awareness Morphological Awareness

Predictors Standardized Beta t Standardized Beta t

Younger Readers (n = 34) .54*** 4.23 .37** 2.89

Older Readers (n = 35) .27 1.6 .34* 2.56

Note.

*
p ≤ .05.

**
p ≤ .01.

***
p ≤ .001.
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