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ABSTRACT 

Whether reading and spelling rely on the same orthographic representations has 

been a controversial issue in the neuropsychology literature.  In general, associations 

between patterns of alexia and agraphia in neurological patients have been interpreted to 

support the view that reading and spelling share the same orthographic lexicon.  By 

contrast, dissociations between reading and spelling profiles are considered as evidence 

for the existence of separate orthographic input and output lexicons subserving written 

word recognition and production. Neuroimaging research relevant to the neural substrates 

of orthographic processing has shown consistent association between reading and 

activation in the mid-lateral portions of the left fusiform gyrus (BA 37), a region that has 

come to be known as the “visual word form area” (VWFA). Critically, it has been shown 

that spelling words also activates the VWFA. These findings seem to confirm the central 

role of the VWFA in orthographic processing and support the view that the same 

orthographic representations mediate reading and spelling. Unfortunately, the available 

neuroimaging evidence on the relationship between reading and spelling is limited in that 

the relevant studies typically have involved different subject groups. The purpose of this 

study was to investigate whether the cortical region responsible for orthographic 

processing during reading is also activated during spelling in the same individuals using 

fMRI (functional magnetic resonance imaging). Fifteen native English speakers 

participated in the study and were administered reading and writing tasks designed to 

isolate cortical regions involved in orthographic processing during reading and writing. 

Results showed that the left mid fusiform gyrus corresponding to the VWFA is associated 
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not only with orthographic processing in reading but is also recruited during the retrieval 

of orthographic information in spelling, suggesting that this cortical region is the 

common neural substrate of orthographic processing for both written language tasks. 

These findings are consistent with shared components cognitive models that postulate a 

single orthographic lexicon mediating both reading and spelling.   
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INTRODUCTION 

Although written language is a relatively recent cultural invention that is probably 

not more than 6,000 years old (McCandliss, Cohen, & Dehaene, 2003), the ability to read 

and write influences every aspect of our daily lives. Over the past decade, electronic 

communication via the internet and text-based communication have become primary 

means of information transmission for many individuals. Written language proficiency is 

a necessity for such rapid and instantaneous communication, and is a skill that most 

people take for granted. But, how does the brain support written language processing? 

When exchanging information through electronic or traditional written media, 

literate individuals perceive letter or character strings and recognize them as familiar 

words in their native language. In contrast, written words from a foreign language are 

merely meaningless visual stimuli to a person who has never encountered the writing 

system of the language. For instance, 사과 (meaning ‘apple’) is not likely to be 

recognized as a word to people who are not familiar with Korean. This suggests that we 

have a memory store of written word forms (i.e., orthographic lexicon) that supports 

visual word recognition for reading. Knowledge of visual word forms develops over time 

through repeated exposure to the orthographic regularities of a given language. Once 

achieved, this expertise allows us to instantly detect minute differences in visual word 

forms, so that literate adults of English can distinguish a word like acne from acre within 

a few hundred milliseconds (Devlin, Jamison, Gonnerman, & Matthews, 2006). We also 

perceive letters or letter strings as abstract identities despite variation in font, case, size, 

color, and recognize them as familiar words. For example, we appreciate that ‘apple’ and 
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‘APPLE’ are identical in meaning. Also, a skilled speller can retrieve spelling 

information of words, and write familiar words in various ways (e.g., print, cursive) or 

type them on a keyboard. This suggests that we have stored spelling knowledge that 

supports our written communication.  

Cognitive models of language processing postulate that reading and spelling 

involve the association of several processing components: semantics (word meanings), 

phonological lexicon (spoken word forms), and orthographic lexicon (written word 

forms).  It is generally accepted that reading and spelling rely on the same semantic and 

phonological representations that are involved in spoken language processing (Tainturier 

& Rapp, 2001; Hillis & Rapp, 2004; Lambon Ralph & Patterson, 2005; Rapcsak, Kim, 

Henry, Cho, Andersen, & Beeson, 2010). What has been debated, however, is whether 

reading and spelling are mediated by the same or different orthographic representations. 

This difference is illustrated by the two models of single word processing illustrated in 

Figure 1: Model A depicts an independent components model which posits that there are 

separate orthographic representations for reading and writing, and Model B depicts a 

shared components model which postulates that a single orthographic lexicon mediates 

both reading and spelling.  The independent components model includes distinct 

orthographic input and output lexica that support reading and spelling, respectively.  In 

contrast, the shared components model includes a single store of orthographic 

representations used for both written language modalities. Although the two models 

reflect different perspectives regarding orthographic lexicon, both posit that written 

language processing is accomplished by two distinct but interactive procedures: lexical 
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and sublexical routes (Rapcsak, Henry, Teague, Carnahan, & Beeson, 2007). According 

to a dual route model, familiar words, regardless of whether they have regular or irregular 

letter-to-sound relationships, can be read or spelled by the lexical route. Unfamilar words 

or nonwords, however, cannot be processed by the lexical route because these items do 

not have lexical representations. In contrast, the sub-lexical route can process nonwords 

and regular words by using letter-to-sound correspondence rules (i.e., subword-level 

procedure), but it cannot process irregular words that do not have predictable letter-to-

sound relationships. Disruption of each processing route results in distinct patterns of 

impairment of reading and spelling. 

 

Figure 1. Cognitive models of written language processing. Model A: dual-route 

independent-components model; Model B: dual-route shared-components model 
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The two contrasting views on the nature of orthographic representations emerged 

from studies of acquired deficits of reading and spelling in neurological patients. In 

general, co-occurrence of same types of impairment of reading and spelling has been 

interpreted to support the shared components model. In contrast, co-occurrence of 

different types of reading and spelling deficits or presence of impairment in one modality 

alone have been considered as evidence for the independent components model 

(Tainturier & Rapp, 2001; Philipose et al., 2007). Surface alexia/agraphia are 

characterized by a disproportionate difficulty in reading/spelling of irregular words with 

relatively spared reading/spelling of regular words and nonwords. The syndromes of 

surface alexia and surface agraphia are most relevant to this issue because they can be 

accounted for by postulating damage to the orthographic lexicon, with relative 

preservation of phonological processes (Rapcsak & Beeson, 2004). Phonological 

dyslexia/dygraphia are the complement of surface alexia/agraphia in that orthographic 

knowledge is relatively preserved relative to sub-lexical (i.e., phonological) processing.  

The syndromes are characterized by poor nonword reading and spelling due to poor 

letter-to-sound or sound-to-letter conversion abilities, compared to relatively preserved 

reading/spelling of familiar regular and irregular words (Patterson & Marcel, 1992; Fiez, 

Tranel, Seager-Frerichs, & Damasio, 2006; Rapcsak et al., 2009). Co-occurrence of 

surface alexia with surface agraphia has been frequently reported, and can be considered 

as supporting evidence for the shared components model (Behrmann & Bub, 1992; 

Friedman & Hadley, 1992).  In contrast, isolated surface dysgraphia (Rapcsak, Arthur, & 

Rubens, 1988) and phonological dyslexia with surface dysgraphia (Beauvois & 
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Dérousesné, 1981) favor the independent components model. The co-occurrence of 

surface alexia or agraphia with phonological alexia or agraphia in the same individual has 

been difficult to interpret because interruption of reading should manifest a similar type 

of writing difficulties in the individual and vice versa. However, the interpretation of 

neuropsychological cases requires some caution. Given that reading is a recognition task 

and thus, partial orthographic knowledge may be sufficient to recognize a familiar word 

whereas writing requires retrieval of exact spellings of words, it is possible that some of 

evidence favoring independent components model could be a mere reflection of 

differences in task demands associated with reading and spelling. It has also been 

suggested that co-occurrence of the same type of alexia and agraphia could result from 

damage to two adjacent brain regions, not necessarily damage to a region supporting both 

functions. Thus, the classic neuropsychological evidence is not definitive in support of 

one or the other model. 

With regard to neural substrates involved in written language processing, Déjerine 

was the first to suggest a brain region associated with orthographic processing more than 

a century ago. In 1891, he described a patient who lost his ability to read and write words 

although the patient could name objects shown to him and understood what was said to 

him. The post-mortem examination showed a lesion in the left angular gyrus. In the 

following year, Déjerine reported another post-mortem study. Following a 

cerebrovascular event, the patient could write correctly either spontaneously or to 

dictation, but could not read what he had written. Ten days before death, the patient 

suddenly developed writing impairment. The post-mortem examination revealed an old 
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infarct of the left occipital lobe and the splenium of the corpus callosum. In addition, a 

fresh infarct was found in the left angular gyrus, which must have resulted in writing 

impairment ten days before the patient’s death (Déjerine, 1892). On the basis of these 

results, Déjerine proposed that the left angular gyrus is a cortical region that stores the 

visual images for written words.  

Since the time of Déjerine, lesion studies of individuals with acquired impairment 

of reading have provided accumulating evidence regarding a putative brain region critical 

for orthographic processing. Brain regions associated with impairment of reading have 

been reported in both single case and group studies of neurologically impaired patients. 

Behrmann and Bub (1992) reported a case study of a surface dyslexic patient. The patient 

had a lesion of the left inferior temporal lobe and the left occipital lobe. Another surface 

dyslexic patient reported by Friedman and Hadley (1992) had damage to the left temporal 

lobe. Both patients were examined in the chronic stage and had difficulty in reading of 

irregular words with relatively spared reading of regular words and nonwords.  

Using a different approach, Hillis and colleagues (Hillis, Kane, Barker, 

Beauchamp, Gordon, & Wityk, 2001) investigated regions of dysfunctional tissue 

associated with disruption of cognitive components of reading in acute stroke patients. 

Forty individuals were examined within 24 hours of onset of the left hemisphere stroke. 

Among various lexical tasks administered to each subject, three tasks were performed in 

order to examine presence or absence of impairment at the level of orthographic input 

lexicon: written lexical decision, written word/picture verification, and oral reading of 

words.  Perfusion imaging scans were collected and used to identify which of 10 
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Brodmann areas were hypoperfused in each patient. They found that impairment on the 

three orthographic tasks was significantly associated with hypoperfusion of the angular 

gyrus (BA 39) and the posterior middle temporal gyrus/temporal-occipital junction (BA 

37). 

With regard to spelling, lesion studies of individuals with surface dysgraphia are 

relevant. Roeltgen and Heilman (1984) reported 4 cases of surface dysgraphic patients 

and their lesion locations. All patients showed good or relatively preserved nonword 

spelling, but had difficulty spelling irregular words compared to regular words. Although 

the lesion location varied across the patients, all had damage that overlapped in the region 

of the left angular gyrus and parieto-occipital lobule. The authors suggested that the 

junction of the angular gyrus with the parieto-occipital lobule was an important 

anatomical substrate for orthographic lexicon for writing.  

A group study of individuals with surface dysgraphia due to stroke (n = 8) was 

reported by Rapcsak and Beeson (2004). The participants all demonstrated the classic 

regularity effect (regular words and nonwords were spelled better than irregular words). 

The lesion analysis revealed that the damage encompassed an area within the left 

posterior inferior temporal cortex (BA37/20) that included the fusiform gyrus. None of 

the patients had damage to the left angular gyrus. 

Using perfusion imaging, Hillis and colleagues (Hillis, Newhart, Heidler, Barker, 

Herskovits, & Degaonkar, 2005) examined both reading and spelling in a group of 

individuals with left hemisphere stroke. The authors evaluated associations between acute 

damage or dysfunction of brain regions and impairment in lexical tasks involving spoken 



 

 

18 

and written input/output in 80 patients. Results yielded significant association between 

the left midfusiform gyrus and impairment on tasks involving oral reading, oral naming, 

and written naming of pictures. In another perfusion study, Philipose et al. (2007) 

investigated brain regions associated with impaired reading/spelling of words and 

prounounceable pseudowords in a large group of acute stroke patients (n = 105). 

Diffusion- and perfusion-weighted imaging scans as well as oral reading and written 

spelling to dictation tests were administered to the patients within 24 hours onset of left 

hemisphere stroke. Left hemisphere brain regions associated with lexical processing were 

examined for the presence or absence of hypoperfusion or infarct. Using regression 

analysis, they found that dysfunction of BA 37 (posteroinferior/middle temporal gyrus) 

and BA 40 (supramarginal gyrus) predicted impairment of reading for both words and 

nonwords. Specifically, dysfunction of BA 37 was associated with impairment in spelling 

of both stimulus types whereas dysfunction of BA 40 was associated with impairment in 

spelling words only. 

In contrast to the converging studies that associate left temporo-parieto-occipital 

regions with orthographic processing, two studies have suggested an important role of 

left frontal regions in spelling irregular words. Rapcsak et al. (1988) reported a case of 

surface agraphia in an individual with no impairment of reading, who had a focal lesion 

to the left precentral gyrus. The patient read aloud nonwords with 95% accuracy and his 

reading of regular and irregular words was 100% and 90% correct, respectively. In 

contrast to his relatively preserved reading, his spelling was impaired (nonwords: 60% 

correct; regular words: 63% correct) with disproportionate difficulty spelling irregular 
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words (20% correct). Hillis and colleagues (2002) also suggested a critical role of left 

frontal cortex in spelling in a perfusion study involving eighty individuals with acute, left 

hemisphere stroke (the time post onset within 24 hours). Written naming of pictures and 

spelling to dictation of irregular words were performed to determine whether the 

orthographic output lexicon was impaired. Diffusion and perfusion imaging scans were 

obtained from each patient and examined to identify which of 11 Brodmann areas were 

hypoperfused and/or infarcted. Results showed that impairment of written picture naming 

and spelling to dictation were associated with hypoperfusion and/or infarct of Broca’s 

area (BA 44 and 45). The authors suggested association of the frontal brain region with 

spelling impairment to the use of verbs as stimuli and involvement of the region in 

processing of verbs. Posterior cortical regions were not significantly related to spelling 

performance in this study, however, it was not clear whether this cohort included 

adequate representation of ventral temporo-occipital damage to detect such associations.  

Neuroimaging studies of neurologically intact individuals provide another source 

of evidence regarding brain regions involved in orthographic processing. With regard to 

reading, early PET studies demonstrated that visual presentation of words activated left 

extrastriate cortex (Petersen, Fox, Snyder, & Raichle, 1990) or a left inferior temporo-

occipital region (Bookheimer, Zeffiro, Blaxton, Gaillard, & Theodore, 1995). A number 

of subsequent functional imaging studies have consistently shown that words and word-

like visual stimuli activate a region in the left ventral occipitotemporal cortex. Using 

fMRI, Cohen and colleagues (2000) had subjects silently read words that were visually 

presented to either the left or right visual hemifield. When reading was compared to the 
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resting condition, they observed activation in the left mid fusiform gyrus (Talairach 

coordinates: x = -43, y = -54, z = -12). They hypothesized that this cortical region is 

specialized for visual word form processing in reading and labeled the area the visual 

word form area (VWFA). Subsequent reading studies from this research group 

demonstrated consistent activation in the left fusiform gyrus during reading words 

(Cohen, Lehéricy, Chochon, Lemer, Rivaud, & Dehaene, 2002; Cohen et al., 2003; 

Dehaene, Le Clec’H, Poline, Le Bihan, & Cohen, 2002).  

Since the series of reading studies by Cohen and colleagues, a large number of 

neuroimaging studies of reading have been conducted. Several studies investigated the 

responsiveness of the VWFA to abstract properties of visual word forms. Dehaene and 

colleagues (2001) examined whether the abstract identity of the letter string is processed 

in the VWFA using masked repetition priming. The prime and target word were the same 

or different, and were presented in either lower or upper case. Participants were asked to 

indicate whether the target was natural or man-made (a semantic classification task). Less 

activation was observed in the VWFA when the prime and target word were the same 

than when they were different words, indicating that the abstract identity of words was 

extracted. A priming effect in the VWFA also occurred when the prime and the target 

were presented in a different case (e.g., prime = RADIO, target = radio), indicating that 

this region processes words at a case-invariant level. In contrast, the right extrastriate 

cortex did not show a priming effect. Dehaene et al. (2004) further examined case-

invariant word recognition by manipulating letter shape similarity between upper and 

lower case. In the ‘similar’ condition, the prime and target were composed of letters 



 

 

21 

whose shape was similar in upper and lower case (e.g., COUP-coup). In the ‘dissimilar’ 

condition, the prime and target were words made of letters with no visual similarity 

between upper and lower case (e.g., RAGE-rage). Both the similar and dissimilar 

conditions showed a priming effect in the left fusiform gyrus. Other evidence of the 

insensitivity of the VWFA to variance in case was provided by Polk and Farah (2002) 

who presented words and pseudowords in consistent case (e.g., table, TABLE) or 

alternating case (e.g., tAbLe). Words and pseudowords presented in alternating-case 

activated the visual word form area as much as words and pseudowords in consistent-

case. Taken together, findings from these studies indicate that the nature of orthographic 

processing in this region is beyond mere surface feature level and imply that it supports 

abstract representations of words or letter strings. 

Other evidence for the involvement of the VWFA in orthographic processing 

comes from observations that this region is sensitive to familiarity of visual word forms. 

High frequency words tend to consist of frequently recurring letter combinations while 

low frequency words, pronounceable pseudowords, and pseudohomophones are less 

likely to have such letter combinations. Kronbichler, Hutzler, Wimmer, Mair, Staffen, & 

Ladurner (2004) hypothesized that if the VWFA responds differentially to familiarity of 

such stimuli, it suggests that this region is specialized for orthographic processing.  In 

support of this prediction, the authors found an inverse relationship between word 

frequency and activation in the left occipitotemporal region during silent reading in 

German speakers. Decreasing activation in response to increasing word frequency was 

observed in the middle and posterior fusiform regions corresponding to the VWFA.  
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Region of interest analyses further demonstrated the left versus right hemisphere 

difference in the fusiform area (y = -50 to -70), with higher activation for the left 

fusiform than the right homologous region. In contrast, the occipital regions of interest (y 

= -82) did not show such a hemispheric difference. In a follow-up study, Kronbichler et 

al. (2007) examined orthographic familiarity that was independent of phonological-

semantic familiarity by presenting orthographically familiar words (e.g., taxi) and 

orthographically unfamiliar pseudohomophones of the same words (e.g., taksi), and 

pseudowords (tazi). Stimuli were visually presented with a phonological lexical decision 

task (i.e., “Does it sound like an existing word?”) that simply required a button press. The 

authors found higher activation for pseudohomophones than for words in the left fusiform. 

Similar results were reported in English by Bruno, Zumberge, Manis, Lu, & Goldman  

(2008) using an occipitotemporal region of interest (ROI) defined by the peak voxel from 

Cohen et al. (2000) and a 10 mm radius. The authors found that orthographically novel 

pseudowords and pseudohomophones elicited greater activation than did familiar words 

in the occipitotemporal ROI whereas there was no difference between the first two types 

of stimuli. Findings from those studies indicate that the left mid fusiform gyrus is 

sensitive to the familiarity of visual word forms at the lexical level, with less activation 

noted for more familiar stimuli. 

Meta-analyses of neuroimaging studies provide converging evidence regarding 

the role of the left fusiform gyrus in reading. Jobard, Crivello, & Tzourio-Mazoyer 

(2003) compiled coordinates of activation peak reported in 35 neuroimaging studies 

using PET or fMRI that involved viewing or reading of words/pseudowords. This meta-
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analysis identified a cluster located in the left fusiform gyrus with the mean coordinates 

of x = -44, y = -58, z = -15. These findings were further supported by another meta-

analysis of reading conducted by Bolger, Perfetti, & Schneider (2005) that involved 

studies of different writing systems and languages. The investigation included 25 studies 

of English and other Western European languages that use an alphabetic writing system, 

9 of Chinese, and 9 of Japanese (5 of Kana reading and 4 of Kanji reading). The meta-

analysis revealed that a region in the left mid fusiform gyrus was consistently activated 

across the studies. Results from these two meta-analyses demonstrate the critical role of 

the region in reading that transcends a specific writing system.  

In contrast to the large body of research on reading, only a few studies have 

examined brain regions involved in orthographic processing during spelling. Beeson et al. 

(2003) investigated neural correlates of English orthography during spelling. In that study, 

participants wrote names of self-generated exemplars from semantic categories (e.g., 

animals, fruits).  The contrast of this task to drawing circles yielded activation in the left 

mid fusiform.  This was the same region of activation reported by Nakamura and 

colleagues in their fMRI study of writing in Japanese (Nakamura et al., 2000, 2002). 

They found that a kana-to-kanji transcription task, mental recall of kanji orthography, and 

writing to dictation of kanji all yielded activation in the left fusiform gyrus. Together, 

these studies provide evidence that this region is engaged in orthographic processing 

during spelling across different writing systems. A more recent study by Norton, 

Kovelman, & Petitto (2007) also reported activation in the left fusiform region when 

participants responded whether a visual presentation of a spelling of a heard 



 

 

24 

word/nonword was correct or incorrect by button press; however, the peak activation was 

more anterior to that of the Beeson et al. (2003) and Nakamura et al. (2000, 2002) studies. 

When findings from imaging studies of reading are compared to those of writing 

studies, they appear to provide consistent results for the involvement of the left fusiform 

region in orthographic processing during reading and spelling. However, there has been 

only one imaging study that examined both reading and spelling in the same healthy 

individuals (Rapp & Lipka, 2010). In this study, participants attended to words in the 

reading condition, which was compared to attending to checkerboards, and, for spelling, 

the participants responded whether a visually presented letter was in the spelling of heard 

words by button press. The spelling task was compared to the baseline task where 

participants indicated whether a visually presented letter was or was not in upper case by 

button press. The results showed that both reading and spelling tasks activated common 

areas within the left fusiform. Although this study involved orthographic aspects of 

reading and spelling, the paradigm did not involve spelling per se. 

In summary, findings from lesion studies of individuals with acquired 

impairments of reading and spelling have shown damage to the left occipitotemporal 

region (BA 37), angular gyrus (BA 39), and supramarginal gyrus (BA 40). Considered 

relative to the findings from functional neuroimaging studies in healthy individuals, it 

appears that the left mid fusiform gyrus in the occipitotemporal region is critical for 

orthographic processing in reading and spelling. Of course, each methodology has some 

limitations: brain damage may be extensive and encompass more than one region, and 

imaging studies tend to activate a set of brain regions that are involved, but may not be 
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essential for a particular function or task. However, findings from the two sources 

converge on the left fusiform region as critical for written language processing and favor 

the view that the same neural region mediates reading and spelling. From a cognitive 

perspective, this would be most consistent with a shared-components model. Given that 

there is convergence from group studies, a stronger test would be involve examination of 

reading and spelling in the same individuals. The recent fMRI study reported by Rapp 

and Lipka (2010) provided evidence of convergence between reading and a task that 

required spelling knowledge. The present study similarly used fMRI to compare brain 

activity during reading and spelling in the same individuals, but reading was compared to 

actual written spelling of words. 

Thus, the purpose of the present study was to investigate whether a common 

neural substrate supports orthographic processing during reading and spelling in the same 

individuals. The hypothesis was that if a fusiform region engaged in processing of visual 

word forms during reading is also activated during retrieval of orthography in spelling, 

this would support the view that the region is the common neural substrate of 

orthography both for reading and spelling. Such results would support shared components 

models of written language processing that postulate a single orthographic lexicon 

subserving both reading and spelling.      
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METHOD 

Participants 

Fifteen healthy adults (11 females; 4 males) between the age of 19 and 55 (mean 

age: 27.07 years) participated in this study. All subjects were right-handed as assessed by 

the Edinburgh Handedness Questionnaire (Oldfield, 1971; mean laterality quotient: 90). 

English was the first and primary language of all individuals.  Participants had no history 

of neurological disease, learning or language disabilities. Years of education ranged from 

13 to 25 (mean: 17.93 years).  Informed written consent was obtained from all individuals 

prior to participation in this study. This research project was approved by the Human 

Subjects Protection Program at the University of Arizona. 

Procedure 

The present experiment involved single word reading and writing tasks during 

fMRI. Two block-design protocols were implemented: one for reading and one for 

writing. One run of reading and two runs of writing were administered to each subject. 

All participants were familiarized with procedures and tasks during practice sessions 

prior to the study. The stimuli were presented using E-Prime software (Schneider, 

Eschman, & Zuccolotto, 2002a, b).  
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Figure 2. A schematic diagram illustrating the reading (left) and writing paradigm 

(right) 
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Note: The writing protocol was repeated to produce equivalent blocks relative to the reading protocol 

 

 

The reading protocol consisted of three conditions: reading words silently, 

viewing consonant letter strings, and viewing checkerboards (Figure 2). These tasks have 

been widely used in imaging studies of reading and thus should provide a means of 

comparison with the literature. Typically, letter strings and checkerboards serve as 

control stimuli for words. Each task was performed during a block that lasted 12 seconds 

and consisted of eight items. Individual stimuli were presented for 1000 ms followed by 

an inter-stimulus interval (ISI), during which a blank screen was shown. The ISIs varied 

(i.e., 400, 450, 500, 550, 600 ms) in order to prevent confounding effects that might come 

from physiological factors such as heart rate. A fixation cross appeared for 2400 ms after 

each block to indicate that a new set of stimuli would be presented. All conditions in the 

reading protocol were repeated 12 times with pseudo-randomized order so that no 

condition was presented twice successively. 
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The writing protocol consisted of 5 conditions: written picture naming, subvocal 

picture naming, copying letter strings, copying scribbles, and viewing a checkerboard 

(Figure 2). Written picture naming was the primary task of interest with the other tasks 

serving as controls. In the written picture naming condition, the task was to write the 

names of the pictures with a pencil held in the right hand on the lap. For the subvocal 

picture naming, subjects named the presented items silently. In the letter string condition, 

the task was to copy each visually presented alphabetic letter string. In the scribble 

condition, three different images were presented for copying that had been generated by 

circular, vertical, or horizontal drawing motions (see Figure 2). A control condition 

consisted of viewing a static checkerboard throughout the epoch.  

An iconic instruction appeared for 2400 ms at the beginning of each task 

condition in order to indicate whether it was a writing, subvocal naming, or viewing task 

(see Figure 2). A picture of a hand holding a pencil was used to indicate writing for the 

following conditions: written picture naming, copying letter strings, copying scribbles. A 

picture of the mouth indicated subvocal picture naming and a pair of eyes indicated the 

task of viewing the checkerboard. Three pictured objects for written picture naming and 

four pictured objects for subvocal picture naming were presented per block. Stimulus 

durations were shorter in subvocal naming than those in written naming in order to keep 

participants engaged because subvocal naming required less time than written naming. 

Three items were presented during copying of letter strings and the scribble condition. 

Each condition lasted 12 seconds and was repeated 12 times across two runs (repeated 6 
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times per run). Stimulus duration varied with no ISI (3700, 4000, 4300 ms for 

writing/copying tasks; 2700, 3000, 3300 ms for subvocal picture naming). 

Stimuli 

The word stimuli for the reading protocol consisted of 96 concrete words of 4-7 

letters. An equal number of words for each letter length were selected from the MRC 

Psycholinguistic Database (Coltheart, 1981). The words ranged in frequency from 1 to 

348 occurrences per million (mean frequency: 34.07) (Kucera & Francis, 1967). For the 

consonant letter string condition, 96 letter strings (e.g., qtzw) were used, ranging from 4 

to 7 letters. These letter strings were selected from MCWord: An On-Line Orthographic 

Database of the English Language (http://www.neuro.mcw.edu/mcword). Letter strings 

with bigram frequency of 0 were used in order to ensure that they were orthographically 

unusual (i.e., not at all word-like).  

For the writing protocol, 84 items (48 pictures for subvocal picture naming, 36 

pictures for written picture naming) were selected from the colorized Snodgrass and 

Vanderwart pictures (Rossion & Pourtois, 2004). Pictures were divided into two sets for 

each condition (one for each fMRI run) and were balanced in terms of concreteness, 

imageability, familiarity, and frequency using the MRC Database between the two 

conditions as well as between the runs for each condition. Pictures for the written naming 

condition depicted eleven 4-letter, twelve 5-letter, nine 6-letter, and four 7-letter words. 

Picture items were matched to the word stimuli used in the reading task in terms of 

frequency (mean frequency: 37.33; range: 1- 591) and there was no difference between 

the pictures and words (t (178) =  -.325, p = .549). Thirty-six sequential alphabetical 
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letter strings of 4-5 letters were generated for the copying letter strings condition and 

divided into two sets. The letters were in alphabetical order in order to minimize the 

cognitive demands of the task (e.g., abcd, efgh, ijkl). Three types of scribbles resulting 

from repeated circular, vertical, or horizontal motions were generated for the scribble-

copying condition.  

Image Acquisition 

Functional images sensitive to blood oxygenation level-dependent (BOLD) 

contrast were acquired using a single-shot spiral in-out acquisition protocol (Glover & 

Lee, 1995; Glover & Law, 2001) on a GE 3T whole-body MRI system (Waukesha, WI) 

(TR= 2400 ms, TE= 30 ms, FOV= 22 cm, flip angle= 90°, matrix= 64 x 64). Two 

hundred twenty-three functional volumes were obtained from the reading protocol. Three 

hundred seventy functional volumes were obtained from two runs of writing tasks (185 

volumes from each run). The first 5 volumes from each run were discarded to allow 

signal equilibrium. Each volume comprised 26 axial slices of 5 mm thickness covering 

the whole cerebrum. T1-weighted anatomical images were acquired as a set of 124 

contiguous sagittal slices using a three-dimensional spoiled-gradient-echo sequence [3D 

Inversion Recovery Prepared Spoiled Gradient Echo (SPGR): TR=7.4 ms, TE= 3.0 ms, 

TI= 500 ms, flip angle= 15°, slice thickness= 1.5 mm, matrix= 1 x 1 mm]. Additional T1-

weighted anatomical images parallel to AC-PC line were collected (TR= 625 ms, TE=14 

ms, flip angle= 90°, slice thickness= 5 mm, matrix= 256 x 256 mm). 
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fMRI Data Analyses 

For data preprocessing and statistical Analysis, SPM5 (Statistical Parametric 

Mapping) software was used (The Wellcome Department of Cognitive Neurology, 

London, UK., http://www.fil.ion.ucl.ac.uk/spm), implemented in Matlab 2008b 

(Mathworks Inc., Sherbon MA, USA). To correct for motion, functional scans were 

realigned using the 4th volume of the retained data as a reference and then spatially 

normalized to an MNI (Montreal Neurological Institute) EPI template with 2x2x2 mm 

voxel size. Normalized images were smoothed with an 8-mm FWHM (full width at half 

maximum) isotropic Gaussian kernel. A high-pass filter with a cut-off of 128 s was 

applied to remove low-frequency noise.  

Whole Brain Analyses 

The assumption underlying the analyses was that reading and writing tasks 

employed in this study involve both distinct and common cognitive processes and by 

contrasting one task to another, cognitive processes of interest and brain regions 

associated with them can be isolated. For the reading data, three comparisons were made: 

(a) reading words silently vs. viewing checkerboards, (b) viewing letter strings vs. 

viewing checkerboards, (c) reading words silently vs. viewing letter strings. Cognitive 

processes involved in each reading task are the following: (1) reading words silently: 

early visual processing of complex visual features, visual recognition of words, 

phonological processing, semantics; (2) viewing letter strings: early visual processing of 

complex visual features, recognition of letters; (3) viewing checkerboards: early visual 

processing of complex visual features (Table 1). The contrast (a) word reading vs. 
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viewing checkerboards should reflect visual recognition of words as well as phonological 

processing and semantics while controlling for early visual processing.
1
 The contrast (b) 

viewing letter strings vs. checkerboards should isolate cognitive process of visual 

recognition of letters while controlling for early visual processing. The contrast (c) 

reading words vs. viewing letter strings was intended to isolate the process related to 

recognition of familiar letter strings (i.e., words). Although letter strings have been used 

as control stimuli in an attempt to identify activation specific to visual recognition of 

words as opposed to random, unfamiliar letter sequences, the evidence for differentiated 

activation for words versus unfamiliar letter strings is weak. Whereas Cohen et al. (2002) 

found activation specific to words versus letter strings, other studies where words and 

unfamiliar letter strings were used yielded comparable activation (Cohen et al., 2003) or 

stronger activation for unfamiliar stimuli (e.g., letter strings, pronounceable pseudowords 

or pseudohomophones) than for words (Tagamets, Novick, Chalmers, & Friedman, 2000; 

Mechelli, Gorno-Tempini, & Price, 2003; Kronbichler et al., 2004, 2007; Bruno et al., 

2008). Thus, the prediction that this contrast would reveal word-specific activation was 

not strong. 

For the writing data, each of the four tasks was compared to the baseline 

condition of viewing a checkerboard in order to verify brain regions involved in each task. 

Also, comparisons between the four tasks were made in an attempt to isolate cognitive 

processes associated with each contrast. The contrasts of interest were the following: (a) 

                                                 
1
 Although regions associated with semantic processing of written words would be expected, significant 

activation specific to semantics is rarely detected in this task, possibly owing to the ease of the task or 

semantic engagement (i.e., thinking) that occurs during control tasks.  
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written picture naming vs. copying scribbles, (b) written picture naming vs. copying letter 

strings, (c) copying letter strings vs. copying scribbles, (d) written picture naming vs. 

subvocal picture naming. Cognitive operations associated with each task are illustrated in 

Table 1.  

Table 1. Cognitive processes involved in reading and writing tasks 

 
Orthography   Visual 

processing 
Recognition Retrieval 

Phonology Semantics Allographic/

Grapho- 

motor 

planning 

Motor 

control of 

the hand 

Reading 

words 

silently 

√ √  √ √   

Viewing 

letter 

strings 

√ √      

Reading 

Viewing 

checker- 

boards 

√       

Written 

picture 

naming 

√  √ √ √ √ √ 

Copying 

letter 

strings 

√ √  √  √ √ 

Copying  

scribbles 

√      √ 

Subvocal 

picture 

naming 

√   √ √   

Writing 

Viewing  

checker-

board 

√       

 

The written picture naming vs. copying scribbles contrast was expected to reveal 

activation associated with phonology and semantics, as well as the retrieval of 

orthography and graphomotor control involved in writing words, while removing 

activation related to general motor control for movement of the pencil. Written picture 

naming was compared to copying letter strings in order to detect activation associated 
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with the retrieval of orthography during spelling while removing common activation 

associated with writing letters. The letter strings vs. scribbles contrast was included to 

identify activation related to graphomotor control for writing letters while taking out 

activation for general motor control of the pencil. Finally, the written vs. subvocal picture 

naming comparison should reveal a cortical region specific to the retrieval of orthography 

and graphomotor control while subtracting out activations in common to both tasks (i.e., 

activations associated with visual analysis of pictures, semantic and phonological 

processing). 

Statistical analyses were performed at two levels. At the first level, contrast 

images from each of the comparisons were obtained for each individual subject. At the 

second level, those contrast images were entered into one-sample t-tests to permit 

inferences about the population. For reading results, a threshold of p < 0.05 FDR at the 

voxel level and p < 0.05, corrected at the cluster level were used to identify regions of 

significant activation. The writing results were initially examined using the same 

threshold as for reading, but the activations from writing were far stronger than those 

from reading, so more stringent thresholds were used. For each of the four conditions 

relative to the baseline, a voxelwise threshold of p < 0.001 FDR and cluster-level 

threshold of p < 0.05 corrected was used. For contrasts between the four tasks in the 

writing protocol, a voxelwise threshold of p < 0.01 FDR and cluster-level threshold of p 

< 0.05 corrected was used.  
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Region of Interest Analyses 

ROI analyses were conducted to more closely examine the location and 

lateralization of activation in the ventral temporo-parieto-occipital region at the group 

level and in each individual participant. In addition to regions that were reported to be 

engaged in orthographic processing, other regions were also included in order to examine 

areas that are likely to participate in other aspects of reading and writing tasks (e.g., 

regions known to be associated with early visual processing such as lingual gyrus, cuneus, 

calcarine fissure). The following bilateral regions in WFU PickAtlas software (Maldjian, 

Laurienti, Burdette, & Kraft, 2003) were combined in order to create the ROI as one 

region (Figure 3): inferior/middle temporal gyri, angular gyrus, inferior/middle/superior 

occipital gyri, fusiform gyrus, lingual gyrus, cuneus, calcarine fissure, temporal pole, 

hippocampus, and parahippocampus. For this analysis, the results from reading (reading 

words vs. viewing checkerboards) and writing (written picture naming vs. copying 

scribbles) were examined. Only these two contrasts were examined in ROI analyses 

because they best isolate cognitive process engaged in orthographic processing during 

reading and spelling. A voxel-wise threshold of p < 0.001 uncorrected with extent 

threshold of > 50 voxels was used for group analysis. This threshold level of p < 0.001 

uncorrected is widely used for whole brain analysis in the literature and was selected for 

ROI analysis in this study because it was stringent enough given the number of voxels 

within the ROI (i.e., the number of voxels in the ROI was about one fourth of that in the 

whole brain).  
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Figure 3. Image of the region of interest 

 

 
 

 

Because this study was designed to examine whether a common neural substrate 

is engaged in both reading and spelling, it was important to compare activation of reading 

and that of spelling in terms of their regional proximity. Although objective criteria to 

evaluate this proximity has not yet been established, the meta-analysis of neuroimaing 

studies of reading by Jobard et al. (2003) may be used as a guideline in comparing 

coordinates in occipitotemporal regions reported across studies. The meta-analysis 

yielded mean coordinates of x = -44, y = -58, z = -15 in the left fusiform gyrus with a 

standard deviation of 4 mm, 5 mm, and 6 mm for each axis. On this basis, when 

activation coordinates were compared, they were considered as close to each other if they 

were within 5 (±1) mm on all three axis (x, y, z).  
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RESULTS 

In the following section, results from the whole brain analysis are presented first 

in order to provide information regarding the overall pattern produced by each contrast, 

followed by the region of interest analyses.  Because the activation for the writing tasks 

was consistently more robust than that observed for reading, the threshold for display of 

results was more stringent for writing (i.e., .05 FDR for reading and .01 FDR or .001 

FDR for writing), however, direct comparisons at the same threshold settings are 

included for all contrasts of interest in Appendix A – E.  

Whole Brain Analyses 

Reading vs. Visual Control Task 

The word reading vs. viewing checkerboards contrast resulted in left-lateralized 

activation in the frontal and occipitotemporal region (Figure 4a and Table 2). Activation 

peaks were detected in the left lingual gyrus, middle occipital gyrus, and fusiform gyrus 

(BA 18, 19, 37). Importantly, the peak coordinates in the left fusiform gyrus were located 

at x = -40, y = -58, z = -16, which was in close proximity to the coordinates reported for 

the VWFA by Jobard et al. (2003) based on a meta-analysis of 35 neuroimaging studies 

(MNI: x = -44, y = -58, z = -15). Activations in the right occipital region were significant 

only at the voxel level and did not survive the cluster-level threshold of p < 0.05 

corrected. Activation in the left frontal cortex was noted in the precentral/postcentral gyri 

(BA 6) and supplementary motor area (BA 6) extending to the middle cingulum (BA 24), 

and insula. This frontal activation was consistent with brain regions associated with 

motor control for speech production.  
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Figure 4. Brain regions showing significant activation for reading and writing tasks 

relative to viewing checkerboard 

 

 
Note: For reading tasks, activations were thresholded at p < 0.05 FDR (voxel level) and p < 0.05 corrected 

(cluster level). For writing tasks, activations were thresholded at p < 0.001 FDR (voxel level) and p < 0.05 

corrected (cluster level). 
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Table 2. Brain regions identified for reading words compared to viewing 

checkerboard 

 

Brain region BA Cluster-level Voxel-level 

MNI coordinates   Location of maxima 

  P corrected 

No. of 

voxels x  y  z 

Z 

score 

Frontal     

 L precentral gyrus 0.000 792   -44 -10  62 4.7 

       -44  -12  48 4.38 

  

6 

3 

6      -36  -14  70 3.66 

       

 6 0.000 990 -4     2 54 4.68 

 6      -2    -6 66 4.17 

 

L supplementary motor 

area 

24      2   18 34 3.71 

          

 L insula 0.032 326 -34  26  12 4.03 

       -36     12 8 3.84 

  

 

     -44   8   8 3.26 

          

Occipitotemporal         

 L inferior occipital gyrus 18 0.000 1343  -24 -94 -12 5.08 

  19      -36  -88  -4 4.63 

  19      -36  -80  -16 4.49 

  37   -40 -58 -16 4.49 

         

 *R inferior occipital gyrus 0.099 227 38 -90 -10 4.54 

    24 -96 -10 4.35 

  

19 

18 

19   44 -84 -14 3.69 

         

Cerebellum        

 *R cerebellum  0.319 131 42 -50 -30 4.34 

     28 -60 -28 3.50 

     38 -64 -26 3.25 

BA = Brodmann’s area; L = left, R = right. (voxel level: p < 0.05 FDR; cluster level: p < 0.05 corrected). * 

regions of activation not significant at the cluster level 

 

The viewing letter strings vs. checkerboards comparison yielded bilateral 

activation in the occipitotemporal region compared to the more left-lateralized activation 

during reading words (Figure 4b and Table 3).  Similar to the reading words vs. 

checkerboards contrast, significant activation in the left occipitotemporal region was 

found in the middle/inferior occipital gyri (BA 18, 19) and fusiform gyrus (BA 37). The 
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peak coordinates in the fusiform gyrus (x = -40, y = -54, z = -12) were close to those of 

the word reading task. In the right occipitotemporal region, significant activation was 

located in the inferior occipital gyrus, but was absent in the fusiform region. Left frontal 

activation was evident on this task, but to a lesser extent than reading words. Specifically, 

significant frontal activation was restricted to the precentral gyrus (BA 4, 6) and the 

operculum of the inferior frontal gyrus (BA 44).  

 

Table 3. Brain regions identified for viewing letter strings compared to viewing 

checkerboard 
 

Brain region BA Cluster-level Voxel-level 

MNI coordinates   Location of maxima 

  P corrected 

No. of 

voxels x  y  z 

Z 

score 

Frontal      

 L precentral gyrus 0.000 936 -52 0 44 4.48 

    -46 -4 60 3.28 

  

6 

6 

44   -46 12 28 3.09 

         

Occipitotemporal        

 L middle occipital gyrus 0.000 2605 -38  -88 -2 5.85 

      -40        -54 -12 5.44 

  

19 

37 

18       -26  -94  -10 5.42 

         

 R inferior occipital gyrus 0.000 1018 44  -86  -8 5.04 

       34  -90  -6 5.03 

  

19 

19 

18      26  -92  -10 4.75 

BA = Brodmann’s area; L = left, R = right. (voxel level: p < 0.05 FDR; cluster level: p < 0.05 corrected). 

 

Reading Words vs. Viewing Letter Strings 

Direct comparison of reading words to viewing letter strings did not yield 

significant activation in any region of the brain even at lower thresholds (voxel level: p < 

0.001, uncorrected; cluster level: p < 0.05 corrected). 

Writing vs. Visual Control Task 
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The written picture naming vs. viewing a checkerboard contrast revealed 

extensive left-lateralized fronto-parietal and bilateral occipitotemporal activation (Figure 

4c and Table 4). Left fronto-parietal activation was detected in the left precentral gyrus 

(BA 4, 6), postcentral gyrus (BA 2, 3), supplementary motor area (BA 6), supramarginal 

gyrus (BA 40), middle cingulum (BA 24), paracentral lobule (BA 6), and 

inferior/superior parietal lobe (BA 2, 3, 7). The left precentral gyrus, postcentral gyrus, 

supplementary motor area, and inferior/superior parietal lobe have been reported in other 

studies that examined motor control involved in writing. At the more lenient .05 FDR 

significance level, frontal activation included the left middle frontal gyrus (BA 9), 

rolandic operculum, and inferior frontal gyrus (BA 44, 45, 47). Of particular interest was 

the significant activation in the left fusiform region. A cluster of significant activation 

was detected encompassing the left fusiform gyrus (BA 37), middle/inferior temporal 

gyri, middle/inferior occipital gyri, and cerebellum. The peak coordinates in the left 

fusiform gyrus (x = -38, y = -52, z = -10) were similar to those found during word 

reading (x = -40, y = -58, z = -16). Similar activation was observed in the right 

occipitotemporal region. Significant activation was found in the right fusiform region, 

middle temporal gyrus, middle/inferior occipital gyri and cerebellum, but the peak 

coordinates were not in the fusiform gyrus. Subcortical activation was detected in the left 

thalamus including the pallidum, insula and amygdala.  
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Table 4. Brain regions identified for written picture naming compared to viewing 

checkerboard 

 

Brain region Cluster-level Voxel-level 

MNI coordinates  Location of maxima 

BA 

P corrected 

No. of 

voxels x  y  z 

Z 

score 

Frontal         

 L precentral gyrus 0.000 6556 -38  -26  62 6.46 

      -36 -32  72 6.39 

  

4 

3 

3     -32 -28 48  6.28 

         

Occipital        

 L superior occipital gyrus 17 0.022 63 -10 -98 14 4.66 

         

Cerebellum/Temporal        

 L cerebellum   0.000 2679 -30 -48 -24 5.39 

  37     -38 -52 -10 5.11 

  37     -42 -60 -4 4.90 

         

 R cerebellum  0.000 5091 16 -48 -24 7.40 

     4 -64 -20 6.36 

     30 -46 -32 5.84 

         

Subcortical        

 L thalamus 0.000 2772 -12 -20 2 6.12 

    -24 -4 -2 5.46 

  

 

  -8 -16 -12 5.30 

BA = Brodmann’s area; L = left, R = right. (voxel level: p < 0.001 FDR; cluster level: p < 0.05 corrected). 

 

The copying letter strings vs. viewing the checkerboard contrast resulted in an 

activation pattern that was highly similar to that found in written picture naming as 

shown in Figure 4d and Table 5: extensive left-lateralized fronto-parietal activation and 

bilateral occipitotemporal activation that was greater in the left hemisphere. Peaks of 

significant fronto-parietal activation were detected in the following areas: precentral 

gyrus, postcentral gyrus, supplementary motor area, inferior parietal lobe, supramarginal 

gyrus, and paracentral lobule. Left occipitotemporal activation included the 

inferior/middle occipital gyri and fusiform gyrus extending to the cerebellum. The 

location of the fusiform gyrus activation (x = -38, y = -54, z = -14) was in close 
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proximity to that observed in the written naming task. Subcortical activation was found in 

the left thalamus extending to the putamen and insula. In the right hemisphere, significant 

activation was detected in the inferior occipital gyrus and inferior part of the fusiform 

gyrus. Cerebellar activation was stronger in the right hemisphere compared to that of the 

left cerebellum. 

 

Table 5.  Brain regions identified for copying letter strings compared to viewing  

checkerboard 

 

Brain region Cluster-level Voxel-level 

MNI coordinates  Location of maxima 

BA 

P corrected 

No. of 

voxels x  y  z 

Z 

score 

Frontal         

 L postcentral gyrus 0.000 5302 -32  -40  62 6.51 

      -34 -28  64 6.50 

  

2 

6 

3     -32 -28 50  6.14 

         

Occipitotemporal        

 L middle occipital gyrus 19 0.000 1838 -34 -88 -4 5.29 

  37   -38 -54 -14 5.18 

  19   -32 -80 -2 5.15 

         

 L cuneus 17 0.022 63 -10 -98 14 4.66 

         

 R inferior occipital gyrus 19 0.027 50 48 -82 -10 4.66 

        

Cerebellum /Temporal         

 R cerebellum  0.000 3264 14 -50 -22 7.46 

     4 -62 -18 6.43 

  37   40 -54 -22 4.94 

         

Subcortical        

 L thalamus 0.000 2138 -12 -20 4 6.25 

    -22 -12 2 5.90 

  

 

  -24 -20 16 5.71 

BA = Brodmann’s area; L = left, R = right. (voxel level: p < 0.001 FDR; cluster level: p < 0.05 corrected). 

 

The copying scribbles vs. viewing the checkerboard contrast yielded strong 

activation in the left pre/postcentral gyri and neighboring areas (left precentral gyrus, 
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postcentral gyrus, supplementary motor area, paracentral lobule, and rolandic operculum) 

(Figure 4e and Table 6). In contrast to written picture naming and copying letter strings 

relative to the checkerboard, activation was less extensive in the parietal region. 

Subcortical activation was in the left insula, thalamus, and putamen. In the left 

occipitotemporal region, significant activation was detected in the middle occipital gyrus 

and middle temporal gyrus. In the right hemisphere, clusters of significant activation 

were located in the precentral gyrus, supramarginal gyrus, and cerebellum. 

Table 6. Brain regions identified for copying scribbles compared to viewing  

checkerboard 

 

Brain region Cluster-level Voxel-level 

MNI coordinates  Location of maxima 

BA 

P corrected 

No. of 

voxels x  y  z 

Z 

score 

Frontal         

 L precentral gyrus 0.000 5623 -38  -28  64 6.85 

      -34 -40 62 6.80 

  

4 

2 

3     -30 -32 52  6.66 

         

 L precentral gyrus 6 0.000 300 -56 2 38 5.41 

         

 R precentral gyrus 6 0.024 55 64 4 30 4.40 

         

Parietal        

 R supramarginal gyrus 40 0.000 171 68 -20 38 4.72 

  40   68 -24 30 4.61 

      66 -28 44 4.42 

          

Occipitotemporal        

 L middle occipital gyrus 37 0.002 109 -42 -72 4 4.32 

  37   -42 -58 -2 4.08 

         

Subcortical        

 L insula  0.000 1945 -36 0 12 5.72 

     -12 20 2 5.58 

     -22 -12 -6 5.12 

         

Cerebellum        

 R Cerebellum 0.000 2659 18 -48 -26 7.48 

    6 -62 -22 6.25 

  

 

  24 -80 -20 4.52 

BA = Brodmann’s area; L = left, R = right. (voxel level: p < 0.001 FDR; cluster level: p < 0.05 corrected). 
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The result of the subvocal picture naming vs. viewing the checkerboard 

comparison is shown in Figure 4f and Table 7. This contrast yielded strong bilateral 

activation in the occipital and fusiform regions (BA 17, 18, 19, 37) extending to the 

cerebellum. There was no significant activation in other areas of the brain. However, 

when the threshold was lowered (voxel level: p < 0.05 FDR; cluster level: p < 0.05 

corrected), there was significant activation in the left frontal region (the precentral gyrus, 

inferior frontal gyrus, rolandic operculum) as might be expected for a subvocal naming 

task. 

Table 7. Brain regions identified for subvocal picture naming compared to viewing  

checkerboard 

 

Brain region Cluster-level Voxel-level 

MNI coordinates  Location of maxima 

BA 

P corrected 

No. of 

voxels x  y  z 

Z 

score 

Occipital        

 L middle occipital gyrus 0.000 3784 -32 -78 -2 5.95 

     -14 -98 12 5.73 

  

19 

17 

19    -34 -88 0 5.70 

         

Cerebellum/Occipitotemporal        

 R cerebellum  0.000 3714 38 -68 -24 6.15 

  37    38 -54 -18 5.54 

  18    34 -90 2 5.53 

BA = Brodmann’s area; L = left, R = right. (voxel level: p < 0.001 FDR; cluster level: p < 0.05 corrected). 

 

Comparisons between Writing Conditions 

Written picture naming was contrasted with copying scribbles to detect activation 

associated with the retrieval of spelling information and graphomotor control for writing 

letters. Significant activation was found in the left fusiform gyrus (BA 37) and inferior 

occipital gyrus (BA 19) extending to the cerebellum (Figure 5a and Table 8). The 

coordinates of activation in the fusiform gyrus were located at x = -40, y = -58, z = -12 
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that was very close to the reading peak (x = -40, y = -58, z = -16). In the right 

occipitotemporal region, significant activation was observed in the calcarine region and 

inferior/middle occipital gyri extending to the fusiform gyrus and cerebellum. In the 

frontal cortex, activation was more extensive in the left than the right hemisphere. One 

cluster of activation was evident in the left inferior frontal gyrus (BA 44, 45) extending to 

the middle frontal gyrus (BA 9), precentral gyrus (BA 6) and the insula. The second 

cluster spanned the left and right supplementary motor area (BA 6, 8) extending to the 

bilateral superior frontal gyrus (BA 9), bilateral cingulum, and left middle frontal gyrus 

(BA 9).  In the right hemisphere, frontal activation was noted in the inferior frontal gyrus 

(BA 45, 47) and insula.  

 

Figure 5. Brain regions showing significant activation for writing contrasts 

 

 
Note: Activations were thresholded at p < 0.01 FDR (voxel level) and p < 0.05 corrected (cluster level) 
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Table 8. Brain regions identified for written picture naming compared to copying 

scribbles 

 

Brain region Cluster-level Voxel-level 

MNI coordinates  Location of maxima 

BA 

P corrected 

No. of 

voxels x  y  z 

Z 

score 

Frontal         

 L inferior frontal gyrus  0.000 2889 -52  26  18 4.78 

  -38  18 12 4.58  
45 

45 

9   -40  12 40 4.48 

         

 0.000 3362 4 24 50 5.03 

   -6 14 66 4.68 

 

R supplementary motor 

area 

8 

6 

9   -22 44 44 4.38 

         

 R inferior frontal gyrus 0.005 317 40 24 6 3.59 

    42 24 -4 3.56 

  

47 

47 

45   40 22 14 3.45 

   

Occipitotemporal   

 

 

    

 L fusiform gyrus 0.000 2389 -34 -46 -22 5.52 

      -40 -82 -8 5.34 

  

37 

19 

37     -40 -58 -12 5.17 

         

 R calcarine 0.000 4467 2 -98 0 5.90 

      42 -80 -10 5.11 

  

17 

19 

19      46 -86 2 5.06 

BA = Brodmann’s area; L = left, R = right. (voxel level: p < 0.01 FDR; cluster level: p < 0.05 corrected). 

 

The comparison of written picture naming to copying letter strings was expected 

to detect activation related to retrieval of orthography of familiar words while subtracting 

out common activation involved in graphomotor control for writing letters as well as 

activation related to processing of complex visual stimuli. Significant activation was not 

found in the left fusiform region, perhaps due to visual processing jointly associated with 

both tasks (viewing pictures and viewing letter strings) (Figure 5b and Table 9). In the 

right occipitotemporal region, two clusters of activation were observed: one in the 

fusiform gyrus and cerebellum extending to the middle/inferior occipital gyri; the other 

one in the calcarine region. This contrast yielded fewer areas of activation in the left 
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frontal cortex compared to the written naming vs. copying scribbles contrast, but the 

pattern was similar (the left supplementary motor area, superior/middle/inferior frontal 

gyri, precentral gyrus). In the right frontal cortex, a cluster of activation was detected in 

the insula extending to the inferior frontal gyrus and temporal pole. 
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Table 9. Brain regions identified for written picture naming compared to copying 

letter strings 

 

Brain region BA Cluster-level Voxel-level 

  Location of maxima MNI coordinates 

    P corrected 

No. of 

voxels x  y  z 

Z 

score 

Frontal     

 0.000 1229 -2  14 62 5.55 

 

L supplementary motor 

 area     -6 18 70 4.66 

  

6 

6 

8     -2 20 50 4.53 

       

 L superior frontal gyrus 0.008 184 -18 40 42 3.98 

   -22 44 26 3.79 

 

9 

46 

46   -34 48 26 3.65 
 

        

L middle frontal gyrus 0.007 192 -40 12 56 4.29 

     -50 12 48 4.05 

 

9 

6 

9   -42 20 42 3.83 

        

 

L inferior frontal gyrus  0.000 905 -38 22 14 5.28 

    -48 28 22 3.89 

  

45 

45 

45   -44 34 4 3.86 

         

 L precentral 4 0.035 125 -36 -22 56 4.19 

         

 R insula 0.000 709 38 24 6 5.15 

      48 24 -8 4.54 

  

 

    48 8 -8 4.04 

         

Occipitotemporal        

 L Lingual gyrus 17 0.041 119 -4 -76 -8 4.45 

         

 R fusiform gyrus 37 0.000 1993 28 -58 -16 5.17 

       34 -50 -28 4.65 

       38 -76 -22 4.63 

         

 R calcarine 0.006 198 0 -102 6 5.09 

  

17 

17     12 -100 14 4.06 

         

Cerebellum        

 L cerebellum  0.000 460  -20 -44 -18 5.04 

      -28 -46 -22 4.39 

BA = Brodmann’s area; L = left, R = right. (voxel level: p < 0.01 FDR; cluster level: p < 0.05 corrected). 
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The copying letter strings vs. copying scribbles contrast resulted in a small region of 

significant activation in the left precentral gyrus (BA 6), left occipital region (BA 17, 19) 

and right calcarine region (BA 17, 18) (Figure 5c and Table 10).  

 

Table 10. Brain regions identified for copying letter strings compared to copying 

scribbles 

 

Brain region Cluster-level Voxel-level 

MNI coordinates  Location of maxima 

BA 

P corrected 

No. of 

voxels x  y  z 

Z 

score 

Frontal         

 L precentral gyrus  6 0.018 54 -40 2 36 4.37 

          

Occipital        

 L middle occipital gyrus 0.000 651 -34 -84 0 5.68 

    -14 -90 4 5.28 

  

19 

17 

19   -42 -76 -6 4.25 

         

 R calcarine 17 0.00 198 14 -90 2 5.52 

BA = Brodmann’s area; L = left, R = right. (voxel level: p < 0.01 FDR; cluster level: p < 0.05 corrected). 

 

The written naming vs. subvocal naming contrast was expected to localize cortical 

regions specific to the retrieval of orthography and letter-specific motor movement for 

writing. This comparison resulted in extensive activation in the left fronto-parietal region 

that was also evident in written picture naming and copying letter strings relative to the 

checkerboard baseline (Figure 5d and Table 11). This activation included the following 

areas (left precentral gyrus, postcentral gyrus, inferior/superior parietal lobe, 

supplementary motor area, supramarginal gyrus, middle cingulum, paracentral lobule, 

precuneus, insula, rolandic operculum, superior temporal gyrus) and extended to right 

hemisphere regions (the right superior/middle frontal gyri, supplementary motor area, 

middle cingulum). In the left fusiform region, no activation was detected even at a lower 
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threshold (voxelwise threshold p < 0.05 FDR), suggesting the common fusiform 

activation detected in the contrasts with viewing the checkerboard for each of these tasks 

was not greater for written versus subvocal picture naming. In the right hemisphere, two 

clusters of significant activation were found: one in the inferior parietal 

lobe/supramarginal gyrus slightly extending to the superior temporal lobe, and the other 

in the cerebellum.  

 

Table 11. Brain regions identified for written picture naming compared to subvocal 

picture naming 

 

Brain region Cluster-level Voxel-level 

MNI coordinates  Location of maxima 

BA 

P corrected 

No. of 

voxels x  y  z 

Z 

score 

Frontal         

 L precentral gyrus 4 0.000 21691 -40  -26   64 6.24 

       -14 -20 2  6.17 

       -30 -26 48 6.10 

         

 R inferior parietal lobe 40 0.000 838 40 -44 44 3.94 

  40   66 -44 32 3.88 

     66 -38 20 3.74 

        

Cerebellum        

 R Cerebellum   0.000 4109 14 -48 -24 7.34 

       4 -64 -20 6.97 

       -4 -70 -10 6.61 

BA = Brodmann’s area; L = left, R = right. (voxel level: p < 0.01 FDR; cluster level: p < 0.05 corrected). 

 

Activation Associated with Sensorimotor Control 

Because overt evidence of reading, naming, and spelling performance was not 

collected in this study, it is important to note that confirmatory activations were obtained 

that were consistent with the sensorimotor aspects of naming, reading, and writing tasks.  

The silent word reading task yielded activation in the regions previously shown to be 



 

 

52 

associated with motor aspects of speech production: the left precentral gyrus, 

supplementary motor area, and insula. These results are consistent with findings of other 

reading studies (Fiez & Petersen, 1998 ; Dehaene et al., 2001; Cohen et al., 2002; 

Mechelli et al., 2003; Vinckier, Dehaene, Jobert, Dubus, Sigman, & Cohen, 2007). 

Regarding brain regions involved in motor control for writing, results of writing studies 

have reported activation in the left sensory-motor cortex, superior parietal lobule, Exner’s 

area (the posterior part of the left middle frontal gyrus or superior frontal gyrus), bilateral 

SMA area, and the right cerebellum. (Nakamura et al., 2000; Menon & Desmond, 2001; 

Beeson et al., 2003; Sugishita, Kaminaga, & Sugishita, 2006). Extensive activation 

observed in the present study during the tasks involving motor control for writing letters 

is consistent with those findings in other imaging studies.  

Region of Interest Analyses 

When the two contrasts of interest (reading words vs. viewing checkerboards, 

written picture naming vs. copying scribbles) were examined in the temporo-parieto-

occipital region of interest at the group level, they both showed activation in the left 

fusiform region (Figure 6 a, b and Table 12). As noted in the whole brain analysis for the 

group, the activation peaks were in close proximity (x = -40, y = -58, z = -16 for reading; 

x = -40, y = -58, z = -12 for spelling). The activations from the two contrasts were also 

examined at the individual level in order to explore whether activation of visual word 

form processing in reading and activation of retrieval of orthography in spelling spatially 

converge in individual participants. To do so, significant regions of activation during 

reading (reading words vs. viewing checkerboards) were overlaid on activation from 
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spelling (written picture naming vs. copying scribbles). Then, the intersection of the two 

activations from reading and spelling was determined for each individual. The 

intersections from each individual are displayed in a different color in Figure 6c. 

 Activation of reading overlapped with that of spelling in all but two of the 15 

participants. Despite some variability, activations common to reading and spelling 

clustered around the coordinates of the VWFA reported by Jobard et al. (2003). The 

intersection of activation between reading and spelling in the vicinity of the VWFA was 

found in 9 participants at p < 0.001 uncorrected and in 10 participants when the threshold 

was lowered to p < .01 uncorrected (See Appendix F for individual data). In contrast, 

only 3 individuals showed overlapping activation between reading and spelling in the 

homologous right fusiform region. Of those who did not have overlap in the VWFA, 

three individuals showed intersections of reading and spelling that were posterior to the 

Jobard et al.’s coordinates (overlap extending in the y dimension for each as follows: y = 

-71 to -90;  y = -75 to -81, y = -96 to -103).  
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Figure 6. Axial views showing results from ROI analyses 

 

a. Reading words vs. 

viewing checkerboards at 

group level  

b. Written picture naming vs. 

copying scribbles at group 

level  

c. Intersection between 

reading and spelling in 

individual participants  

   
 
Note: (a, b) The crosshairs correspond to the peak (x = -40, y = -58, z = -16 for reading; x= -40, y = -58, z = 

-12 for writing). (c) Activations common to reading and spelling in 9 individuals overlaid on the 

coordinates reported by Jobard et al. (2003). The crosshairs indicate the coordinates (x = -44, y = -58, z = -

15). The intersections from each individual are displayed in a different color. 

 

Table 12. Brain regions identified in the reading words vs. viewing checkerboard 

contrast and written picture naming vs. copying scribbles contrast 

 

BA  Voxel-level 

MNI coordinates 

 

  x  y  z Z score 

Reading words vs. Viewing checkerboard       

L lingual gyrus 18  -24 -94   -12 5.09 

L middle occipital gyrus 19  -36 -88 -4 4.64 

L fusiform gyrus 37  -40 -58 -16 4.51 

       

R inferior occipital gyrus 19  38 -90 -10 4.57 

R inferior occipital gyrus 18  24 -96 -10 4.38 

R inferior occipital gyrus 19  44 -84 -14 3.71 

       

Written picture naming vs. Copying scribbles       

L fusiform gyrus 37  -34 -46 -22 5.53 

L inferior occipital gyrus 19  -40 -82 -8 5.35 

L fusiform gyrus 37  -40 -58 -12 5.18 

       

R calcarine 17  2 -98 0 5.91 

R inferior occipital gyrus 19  42 -80 -10 5.10 

R fusiform gyrus 19  38 -72 -18 4.99 

Both contrasts were thresholded at voxel level: p < 0.001 uncorrected with extent threshold of > 50 voxels 
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DISCUSSION 

The aim of the present study was to examine whether the cortical region 

responsible for orthographic processing in reading also supports spelling in the same 

cohort of individuals. Both reading and spelling (reading words vs. viewing 

checkerboards and written picture naming vs. copying scribbles) not only yielded 

activation that was in good agreement with coordinates reported in previous imaging 

studies of reading and spelling, but also demonstrated that the location of peak voxels 

observed in the two written language tasks was in close proximity to each other. 

Specifically, the location of peak activation observed in the left mid fusiform gyrus 

during reading (x = -40, y = -58, z = -16) was consistent with the coordinates of the 

VWFA reported in a meta-analysis of reading studies (x = -44, y = -58, z = -15) (Jobard 

et al., 2003). Spelling activated essentially the same cortical region, with the peak located 

at x = -40, y = -58, z = -12, which was in good agreement with other writing studies. 

Specifically, the coordinates were roughly within 5 mm of those reported in Nakamura et 

al. (2000: TC: -43, -63, -11, MNI: -43, -64, -16; 2002: TC: -43, -58, -9, MNI: -43, -59, -

14), Beeson et al. (2003: MNI: -42, -54, -12), and Rapp & Lipka (2010: TC: -48 -52 -11, 

MNI: -48, -53, -16). Thus, data from the current study are highly consistent with the 

previous group studies of reading and spelling. 

The close proximity between the peaks observed in reading and spelling suggests 

that orthographic processing in the two written language tasks is supported by a common 

neural substrate. The convergence between reading and spelling was further 

demonstrated by the ROI analyses. At the individual level, the majority of participants 
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(10 of 15) showed overlapping activation between reading and spelling in the vicinity of 

the VWFA. Because the common activation was observed in the same individuals, these 

results provide compelling evidence that the left mid fusiform gyrus is a common neural 

region involved in orthographic processing both in reading and spelling. 

 In addition to the finding of association of the left fusiform gyrus with written 

word forms, viewing letter strings activated the same cortical region, yielding peak 

activation at x = -40, y = -54, z = -12. When reading words was contrasted with viewing 

letter strings, there was no significant activation in any region of the brain even at a less 

stringent threshold, indicating that this region is involved in recognition of letters whether 

or not they form meaningful words. Furthermore, copying letter strings relative to 

viewing a checkerboard activated the left mid fusiform gyrus (x = -38, y = -54, z = -14). 

Thus, these results demonstrate that activation in the fusiform was not specific to word 

forms per se and are consistent with previous studies that found common activation in the 

left occipitotemporal region during processing of words and word-like stimuli (Tagamets 

et al., 2000; Cohen et al., 2003; Mechelli et al., 2003; Kronbichler et al., 2004, 2007; 

Vigneau, Jobard, Mazoyer, & Tzourio-Mazoyer, 2005; Bruno et al., 2008).  

Although findings from the present study and other neuroimaging studies show 

that the VWFA is involved in orthographic processing during reading and spelling, there 

is debate regarding whether the functional role of this region extends beyond the domain 

of written language. Price and colleges (Price & Devlin, 2003, 2004) challenged the 

notion of a cortical region specialized for visual word form representations. Their review 

of previously published imaging studies showed that the VWFA is engaged in tasks that 
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do not have visual word form processing, such as object recognition/naming, naming 

colors of gratings. On the basis of the review, they claimed that it is misleading to label 

this region the “VWFA.” Such perspective is consistent with the primary systems 

hypothesis proposed by Patterson and Lambon Ralph (1999), which claims that reading is 

supported by three central processing components (vision, phonology, and semantics). 

According to the hypothesis, orthographic processing is supported by brain regions 

responsible for visual object recognition that develop early in life rather than a 

specialized brain region dedicated to reading or spelling (Patterson & Lambon Ralph 

1999; Lambon Ralph & Patterson, 2005). In other words, the generic visual processing 

system is engaged in orthographic processing as one learns to read and spell, and the 

system ultimately supports it. On the basis of the primary systems hypothesis, a common 

region of activation is expected during recognition of objects and written word forms. In 

the present study, the written and subvocal picture naming tasks involved object 

recognition and both tasks activated the left fusiform region when they were compared to 

viewing a checkerboard. Also, the comparison of written picture naming to subvocal 

picture naming yielded no activation in the left fusiform even at a more lenient threshold. 

The activation associated with picture naming was consistent with other studies that 

employed picture stimuli (Bookheimer et al., 1995; Murtha, Chertkow, Beauregard, & 

Evans, 1999; Bright, Moss, & Tyler, 2004; Price, Devlin, Moore, Morton, & Laird, 2005; 

Starrfelt & Gerlach, 2007). Taken together these results are consistent with the primary 

systems hypothesis that this region is responsive to visual features specific to 

orthographic stimuli, but it also participates in general object processing.  
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With regard to the specificity of the left fusiform gyrus to orthographic and non-

orthographic stimuli, Starrfelt & Gerlach (2007) conducted a PET study that showed this 

region responds to both written words and pictures, but the degree of its involvement in 

the two types of stimuli could be affected by demands associated with the task. The 

authors demonstrated that when the demand for shape analysis was low, neural activity 

was higher for words than for pictures and the difference between the two stimuli was 

relatively large, whereas when the demand for shape analysis increases, the difference 

between the two types of stimuli became smaller. In the study, both pictures and words 

were used in the two tasks: color decision task (low demands on shape analysis) and 

categorization task (high demands on shape analysis). In the color decision task, 

participants decided whether stimuli were colored white or yellow. During categorization, 

the task was to decide whether stimuli represented natural or man-made objects. Using a 

ROI approach (centered on the coordinates for VWFA reported in Cohen and Dehaene, 

2004), the authors found a significant main effect of task type with increased rCBF 

during categorization compared to color decision, and a significant stimulus type effect 

associated with increased rCBF during processing of words compared with pictures. 

Analyses of mean blood flow values showed that the effect of stimulus type was 

significant in the color decision task whereas it was not significant in the categorization 

task. In contrast, such an effect was not present in right homologue ROI. Results of this 

study suggest that the left fusiform gyrus is involved in processing both orthographic and 

non-orthographic stimuli, but its engagement can vary depending on task demands on 

visual analysis.  
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Support for the specific tuning of the left fusiform gyrus to orthography can be 

found in a recent neurosurgical case study by Gaillard et al. (2006) that involved  

resection of a portion of the left occipitotemporal region due to seizures.  Prior to surgery, 

the patient showed no language impairment and no reading deficit. A pre-surgical fMRI 

study was conducted where the patient pressed a button whenever a visual stimulus 

(words, faces, houses, tools) was identical to the previous one. Results demonstrated 

activation in the VWFA in response to words: (TC: x = -42, y =  -57, z = -6; MNI: x = -

42, y =  -58, z = -11).  The region removed during surgery involved part of the area that 

was activated during the fMRI tasks (approximately from Talrairach Coordinates y = -60 

to -80). Following the surgery, the patient read words in a slow, letter-by-letter fashion. 

Furthermore, activation induced by words in the fusiform region was no longer evident 

whereas other visual stimuli (faces, houses, tools) yielded activations similar to pre-

surgical results. These findings suggest that the resected region was an important area for 

recognition of visually presented words.  

More recently, Tsapkini and Rapp (2010) provided evidence in support of the 

orthography-specific function of the left fusiform gyrus. The authors investigated 

modality (written vs. spoken language) and category specificity (written language vs. 

other visual stimuli) of the left fusiform gyrus in a patient who had surgical resection of a 

tumor. After the surgery, the patient’s lesion extended -15 to -66 along the anterior-

posterior axis. The patient presented with impaired reading and spelling, but his picture 

naming and performance on the picture version of Pyramid and Palm Trees did not differ 

from control participants. The patient was also unimpaired on tasks of famous face 
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judgment (deciding whether a face corresponds to a famous person or not) and 

categorization of profession (choosing the occupation of the target face from two 

categories). Results of this study suggest that the left fusiform region participates in 

processing of other categories of visual stimuli, but may not be critical in the way it is for 

processing of orthographic stimuli. Consistent with this view, in their group study of 

healthy individuals, Rapp and Lipka (2010) demonstrated that non-orthographic visual 

stimuli such as houses and faces activated portions of the left fusiform region that were 

distinct from the regions activated for reading and spelling. These results support the 

view that there is a specialized region for orthographic processing.   

The resolution of current functional neuroimaging techniques may limit the ability 

to distinguish whether or not neurons within the left fusiform region are functionally 

differentiated and anatomically separable for orthographic tasks compared to other visual 

processing tasks. In other words, it is difficult to test whether there are sub-groups of 

neurons in that area that are more responsive to words than pictures, with some overlap 

between them. In the case of written vs. subvocal picture naming in the present study, it 

is possible that visually presented pictures obscured activation associated with 

orthographic retrieval in spelling. However, the involvement of the left fusiform gyrus in 

spelling can be confirmed by other imaging studies of written spelling that did not use 

visual stimuli. As reviewed earlier, Beeson et al. (2003) used a generative writing task 

with no visual stimuli and observed activation in the left fusiform gyrus. Thus, the left 

fusiform gyrus appears to be specifically involved in retrieval of spelling information, 

independent of visual presentation of stimuli. More advanced imaging techniques in the 
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future may provide means to examine functional specificity of the left fusiform gyrus or 

functions of subregions within the structure. 
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CONCLUSION 

The results from this study showed that the left fusiform gyrus corresponding to 

the VWFA is associated not only with orthographic processing in reading but is also 

recruited during the retrieval of orthographic information in spelling, suggesting that this 

cortical region is the common neural substrate of orthographic processing for both written 

language tasks. These findings provide empirical support for the notion that reading and 

spelling rely on shared orthographic representations. With regard to the future direction, 

there have been only a few imaging studies of spelling across different writing systems as 

well as within a writing system. Also, most studies of reading have been conducted in 

languages of alphabetic writing system. More studies in those unexplored areas are 

expected to provide converging evidence regarding the neural substrates of orthographic 

processing in reading and spelling across different writing and language systems. Lastly, 

it appears that the functional role of the VWFA in visual processing extends beyond the 

domain of written language. The nature and functional specificity of this region remains 

to be determined.   
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APPENDIX A. 

BRAIN REGIONS SHOWING SIGNIFICANT ACTIVATION FOR READING AND 

 WRITING TASKS RELATIVE TO VIEWING CHECKERBOARD (VOXEL LEVEL: 

P < .05 FDR; CLUSTER LEVEL: P < .05 CORRECTED) 
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APPENDIX B. 

 

BRAIN REGIONS SHOWING SIGNIFICANT ACTIVATION FOR READING AND 

 WRITING TASKS RELATIVE TO VIEWING CHECKERBOARD (VOXEL LEVEL: 

P < .01 FDR; CLUSTER LEVEL: P < .05 CORRECTED) 
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APPENDIX C. 

 

BRAIN REGIONS SHOWING SIGNIFICANT ACTIVATION FOR READING AND 

WRITING TASKS RELATIVE TO VIEWING CHECKERBOARD (VOXEL LEVEL:  

P < .001 FDR; CLUSTER LEVEL: P < .05 CORRECTED) 
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APPENDIX D. 

 

BRAIN REGIONS SHOWING SIGNIFICANT ACTIVATION FOR WRITING 

CONTRASTS (VOXEL LEVEL: P < .05 FDR; CLUSTER LEVEL: P < .05 

CORRECTED) 
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APPENDIX E. 

 

BRAIN REGIONS SHOWING SIGNIFICANT ACTIVATION FOR WRITING 

CONTRASTS (VOXEL LEVEL: P < .001 FDR; CLUSTER LEVEL: P < .05 

CORRECTED) 
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APPENDIX F. 

 

INTERSECTIONS BETWEEN READING AND SPELLING OBSERVED IN 10 

INDIVIDUAL PARTICIPANTS (P < .001 UNCORRECTED FOR BOTH 

CONTRASTS EXCEPT FOR SUBJECT 15 (P < .01 UNCORRECTED FOR 

READING; P < .001 UNCORRECTED FOR WRITING)) 

 

 Reading words vs. 

Checkerboards 

Written naming vs. 

Scribbles 

Intersection 

S1 

   
 -42 -50 -10 -44 -50 -12 -44 -50 -12 

S3 

   
 -38 -48 -16 -34 -52 -20 -34 -52 -20 

S4 

   
 -36 -52 -10 -38 -56 -14 -38 -56 -14 

S5 

   
 -46 -54 -20 -42 -54 -22 -42 -54 -22 
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S8 

   
 -40 -46 -14 -42 -50 -16 -42 -50 -16 

S9 

   
 -38 -50 -14 -46 -48 -12 -46 -48 -12 

S10 

   
 -58 -58 -16 -54 -56 -16 -54 -56 -16 

S11 

   
 -50 -54 -16 -48 -54 -12 -48 -54 -12 

S12 

   
 -38 -65 -16 -40 -62 -14 -40 -62 -14 
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S15 

   
 -38 -54 -14 -40 -52 -12 -40 -52 -12 
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