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Abstract
Oral reading is a complex skill involving the interaction of orthographic, phonological, and
semantic processes. Functional imaging studies with non-impaired adult readers have identified a
widely distributed network of frontal, inferior parietal, posterior temporal, and occipital brain
regions involved in the task. However, while functional imaging can identify cortical regions
engaged in the process under examination, it cannot identify those brain regions essential for the
task. The current study aimed to identify those neuroanatomical regions critical for successful oral
reading by examining the relationship between word and nonword oral reading deficits and areas
of tissue dysfunction in acute stroke. We evaluated 91 patients with left hemisphere ischemic
stroke with a test of oral word and nonword reading, and magnetic resonance diffusion-weighted
and perfusion-weighted imaging, within 24–48 hours of stroke onset. A voxel-wise statistical map
showed that impairments in word and nonword reading were associated with a distributed network
of brain regions, including the inferior and middle frontal gyri, the middle temporal gyrus, the
supramarginal and angular gyri, and the middle occipital gyrus. In addition, lesions associated
with word deficits were found to be distributed more frontally, while nonword deficits were
associated with lesions distributed more posteriorly.
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Oral reading is a learned linguistic skill involving the complex interaction of orthographic,
phonological, and semantic processes. Numerous studies have attempted to identify the
brain regions associated with reading in an attempt to uncover more about the functional
architecture of the brain, and the nature of the representations and processes involved in this

Correspondence Address: Dr. Lauren Cloutman, Lecturer in Psychology for Speech Language Therapy, Neuroscience and Aphasia
Research Unit (NARU), School of Psychological Sciences, Room T3, Zochonis Building, University of Manchester, Oxford Road,
Manchester, M13 9PL, Tel: +44 (0)161 27 51978, Lauren.Cloutman@manchester.ac.uk.
Disclosure
The authors have no relationships to disclose.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Brain Lang. Author manuscript; available in PMC 2012 January 1.

Published in final edited form as:
Brain Lang. 2011 January ; 116(1): 14–21. doi:10.1016/j.bandl.2010.09.002.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



highly specialised skill. Functional imaging studies with skilled adult readers have identified
a widely distributed network of brain regions, including the occipital cortex (notably the
extrastriate visual cortex), the occipitotemporal cortex (including the fusiform gyrus),
posterior temporal regions, inferior parietal regions (notably the supramarginal gyrus),
inferior frontal regions (notably pars triangluaris and opercularis), and premotor regions (for
meta-analyses see Joseph, Noble, & Eden, 2001; Schlagger & McCandliss, 2007;
Turkeltaub, Eden, Jones, & Zeffiro, 2002).

Although various cognitive models of reading differ in the implementation of component
processes, many implicate two different distinct (but in some models, interacting) strategies
for reading: a lexical or semantic route used for the reading of words (particularly those with
irregular spelling-sound correspondences), in which orthography is mapped onto phonology
via access to semantic information; and a sublexical or phonological route used for the
reading of unfamiliar words or nonwords, involving the orthographic analysis of letter
strings into graphemic units, and the subsequent mapping of these graphemes onto phonemic
units (see e.g., Coltheart, Rastle, Perry, Ziegler, & Langdon, 2001). In relation to specific
processes implicated in such models, functional imaging studies have implicated occipital
and occipitotemporal regions, particularly the fusiform gyrus, in visual letter/word form
processing, inferior parietal and superior temporal in the conversion of orthography to
phonology, and inferior frontal and premotor regions, in phonological recoding and output
for production (Joseph et al., 2001). Other researchers have noted that the lexical-semantic
reading processes appear to be associated with posterior middle/inferior temporal regions
and the triangular part of the inferior frontal gyrus, while phonological processing appears
associated with the superior temporal gyrus, supramarginal gyrus, and the opercular part of
the inferior frontal gyrus (Jobard, Crivello, & Tzourio-Mazoyer, 2003; Salmelin & Kujala,
2006). Thus there appears to be some subdivision and specialisation of the functional
architecture of the reading network.

However, other models of reading do not specify separate mechanisms for reading words
and nonwords (or unfamiliar words), but a single set of distributed phonological and
orthographic (and, in some models, semantic) representations or nodes that are activated in
parallel to compute word or nonword output (Harm & Seidenberg, 2004; Plaut, McClelland,
Seidenberg, & Patterson, 1996; Plaut, 1997; Seidenberg & McClelland, 1989). This single
parallel distributed process is sensitive to statistical relationships between orthographic and
phonological patterns that arise from repeated word exposure and associated output. These
models would predict that a single network of neural regions is engaged and necessary for
word and nonword reading, but the precise pattern and intensity of activation might differ
for words and nonwords (or highly familiar words and less familiar words). Indeed, most
functional imaging studies do show activation of overlapping if not identical regions during
reading of words and nonwords, although there may be some differences in the degree to
which different types of stimuli depend on relatively localised components of the single
reading process. One review of nine functional imaging studies of reading concluded that
there is some evidence for proposing the following functionally specialised regions: (i)
primary motor cortex (Brodmann’s Area – BA – 4), supplementary motor area (BA 6), and
medial cerebellum for motor speech production; (ii) anterior superior temporal cortex (BAs
22 and 41) bilaterally for auditory feedback activated by the reader’s own vocalization; (iii)
left posterior temporal cortex (BA 22) for acoustically based phonological analysis; (iv) left
inferior frontal and anterior insular cortex for articulatorily based phonological analysis; (v)
the borderzone between superior and middle temporal gyrus (BA 22/21) in semantic
analysis; and (vi) left occipital and occipitotemporal/fusiform cortex (BAs 18, 19, and 37)
for visual analysis specific to word and word-like stimuli (Fiez & Petersen, 1998). Note
semantic analysis would only be required for word processing, but BA 22 would
nevertheless be activated for acoustically based phonological analysis for nonwords. Further
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discussion of the difficulty distinguishing between single and dual route reading models on
the basis of functional imaging studies is provided by Fiez and Petersen (1998).

Despite the presence of consistent similarities across studies in the brain regions implicated
in normal word reading, there are numerous discrepancies across functional imaging studies,
which have led to considerable debate regarding the involvement of certain brain areas. For
example, various studies have implicated the angular gyrus in lexical-semantic reading
processes (e.g., Binder et al., 2003), phonological reading processes (e.g., Pugh et al., 2001),
or have failed to find any significant involvement of this region at all (Turkeltaub et al.,
2002). As has been noted by several researchers, one key shortcoming of functional imaging
studies is that while the methodology can identify cortical regions that are engaged in the
process under examination, it cannot identify which brain regions are essential for the task
(Davis, Hillis, Bergey, & Ritzl, 2007).

One methodology which can provide complementary evidence regarding the critical
involvement of specific brain regions in reading words and nonwords is the study of
acquired reading deficits following lesions to specific cortical regions. Acquired dyslexia is
a common language impairment following left hemisphere brain damage, and has been
studied extensively in an attempt to understand the specific processes involved in both
normal and impaired reading (see Bub, 2003, for a review of acquired dyslexias). Lesions
associated with acquired reading impairments involve a large network of left hemisphere
regions including inferior frontal, temporo-parietal, and occipital regions (Lambon Ralph &
Graham, 2000; Price & Mechelli, 2005). Specifically, these studies have implicated
occipito-temporal regions, particularly the fusiform gyrus, in orthographic processing
(implicated in pure alexia; see Leff et al., 2001); inferior frontal and temporo-parietal
regions with phonological processing (implicated in phonological dyslexia; see Hamilton &
Coslett, 2008; Rapcsak et al., 2009), and a fronto-temporo-parietal network in lexical-
semantic processing (implicated in deep dyslexia; see Laine, Niemi, Niemi, & Koivuselka-
Sallinen, 1990). Thus, the brain regions implicated by examination of lesions associated
with acquired reading deficits appear similar to those identified by the functional imaging
studies of non-impaired readers. However, like the functional imaging studies with
unimpaired readers, there are inconsistencies between lesion studies, and different lesions
have been found to produce to similar deficits. For example, both anterior and posterior
perisylvian brain lesions have been found to be implicated in acquired phonological dyslexia
(Rapcsak et al., 2009).

Very few lesion studies have examined the reading performance of a large number of
individuals following brain damage, with the majority adopting a case study or case series
approach, with one or a few patients with chronic stroke. In relation to neuroanatomical
localisation, such studies suffer from the fact that the vast majority of lesions in these
chronic stroke patients are large, encompassing a number of brain structures, making it
difficult to identify the specific brain regions implicated in the observed reading deficits. In
addition, such studies are unable to demonstrate that damage to the same cortical region will
consistently produce similar deficits across all patients. One important problem with
previous lesion studies is that the vast majority of these studies have examined individuals
with specific acquired reading deficits months or years post-onset. Such chronic deficits may
reflect a reorganisation of functioning, and may involve the use of compensatory
mechanisms or brain regions not normally used for reading. Thus, correlations between
reading patterns and lesion location in the chronic phase may not be an accurate reflection of
normal reading processes.

Very few previous studies have examined reading performance acutely (within one to two
days post-onset). Two studies which have done so are those of Hillis et al. (2001a), and
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Chen, Hillis, Pawlak, and Herskovits (2008). Both studies found that reading deficits were
associated with tissue dysfunction across a distributed network of occipito-temporo-parietal
regions, particularly the angular and supramarginal gyri. However, while these two studies
did examine association between dysfunctional brain tissue and reading deficits in a
relatively large number of acute stroke patients, both have limitations. The study of Chen et
al. only examined real word reading, failing to explore potentially informative nonword
reading deficits, while the study of Hillis et al. utilised a ten-region Brodmann’s area
analysis based on a priori assumptions regarding the functional architecture of the brain,
which may have missed potentially important brain regions involved in reading outside of
those examined.

The current study attempted to examine the brain regions critical for word and nonword oral
reading in acute stroke, addressing the weaknesses of our previous two studies by using
voxel-based analyses of areas associated with impaired reading of familiar words and
nonwords. The study differed from those conducted by other groups in that it examined a
large sample of patients early after stroke to identify brain regions associated with reading
deficits before extensive reorganisation. In addition, tissue dysfunction associated with both
word and nonword reading performance was examined with the aim of identifying any
regions differentially involved which may reflect different underlying reading processes.

Method
Participants

A series of 331 right-handed patients with acute ischemic stroke were initially enrolled upon
meeting the following inclusion criteria: premorbid proficiency in English, no known
hearing loss or uncorrected visual impairment; no history of dementia, previous
symptomatic stroke, or other neurological disease; and no haemorrhage on initial scans.
Testing was attempted to be completed within 24 hours of stroke onset; however, some
patients were included who were tested between 24 and 48 hours of stroke onset (usually
because they were admitted close to or after 24 hours after initial symptoms). Following
enrollment, patients were selected for the current study based on the following criteria: the
presence of unilateral left hemisphere infarct on MRI scans (i.e., no right hemisphere or
bilateral infarcts), no infarcts involving the cerebellum or brain stem, no history of previous
ischemic stroke, an education level of 10th grade or higher, and full completion of the oral
reading task. Additionally, all patients underwent comprehensive neurological examinations,
and any patient with eye movement disorders, visual field defects, right-sided hemispatial
neglect to a sufficient degree to interfere with single word reading was excluded from the
study. The final group consisted of 91 patients (50 males, 41 females), with a mean age of
59.4 ± 16.1 standard deviation (SD) years, and mean education level of 13.1 ± SD 2.2 years.

Oral Reading Task
Within 48 hours of stroke onset participants were presented with a 58 item oral reading task,
involving both word and nonword reading. For the majority of patients, the task involved
reading aloud 34 words and 24 nonwords (however, for a small subset of patients the task
involved reading 36/22 or 35/23 words/nonwords, due to an error in the stimuli), from a
mixed stimulus list presented in typed black print on white paper. Words were all
morphologically-simple common nouns, of variable frequency (M = 46.05, SD = 72.48,
range = 0–434), and imageability (M = 502.06, SD = 98.46, range = 317–639), and ranged in
length from three to seven letters (M = 5 ± SD 1.3 letters). The nonword stimuli tended to be
slightly shorter, ranging from three to five letters (M = 4.1 ± SD 0.7 letters), and were
created by changing one letter of 24 words 3–5 letters in length, which were matched in
frequency to the 24 3–5 letter words on the word reading list.
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Although orthographic regularity was not directly manipulated or controlled for, a large
proportion of the word stimuli on the current reading test had alternative possible
pronunciations. These included many words with irregular or exceptional orthography to
phonology (OPC) mapping (e.g., watch), and words with unique spellings (e.g., heart).

Imaging
Within 24 hours of language testing, patients underwent MR examination, including
diffusion weighted imaging (DWI) with computation of apparent diffusion coefficient
(ADC) maps, which reveal infarct or dense ischemia within minutes to hours of stroke onset,
perfusion-weighted imaging (PWI, which reveals areas of hypoperfusion that correspond to
dysfunction), Fluid Attenuated Inversion Recovery (FLAIR, which is sensitive to old
infarcts), and T2*-weighted gradient-echo (which is sensitive to hemorrhage).
Hypoperfusion was defined as > 4 sec delay in time to peak (TTP) arrival of contrast to the
voxels within each region of interest, relative to the homologous region in the right
hemisphere. In acute stroke, it is essential to identify areas of hypoperfusion as well as
infarct, because both regions of dysfunctional tissue can contribute to the clinical deficits
(see e.g., Hillis et al., 2001b).

Technicians blinded to the language test results identified the presence or absence of tissue
dysfunction (dense ischemia or infarct defined as bright on DWI and dark on ADC maps
and/or hypoperfusion on PWI, as defined above). These areas of tissue dysfunction were
outlined on the MNI atlas, with regions of hypoperfusion and infarct combined to create a
single lesion for each patient which encompassed all dysfunctional tissue.

Statistical Analysis
Patients were categorized into four groups: (1) No Deficit – patients who produced <10%
overall error rate; (2) Nonword Deficit – patients who produced ≥10% error rate on
nonwords but not words; (3) Word Deficit – patients who produced ≥10% error rate on
words but not nonwords; (4) Combined Deficit – patients who produced ≥10% error rate on
both words and nonwords. The cut-off of 10% was based on norms for age-matched controls
for whom 10% errors was > 2 standard deviations below the mean (i.e., greater number of
errors). For full details of the data analysis of patients’ reading performance and group
categorisation, readers are referred to Cloutman, Newhart, Davis, Kannan, and Hillis (in
press).

MRIcroN (http://www.sph.sc.edu/comd/rorden/mricron) was used to carry out a whole-brain
analysis, and create a voxel-wise statistical map to show voxels where ischemia (DWI and/
or PWI abnormality) was associated with word or nonword reading impairment. Two types
of analyses were conducted: (1) behavioural data were treated as binary, and groups were
compared (by the Liebermeister measure; Rorden, Karnath, & Bonilha, 2007; Seneta &
Phipps, 2001), based on the group categorisations described above; (2) behavioural data
were treated as continuous, and accuracy scores were examined across all patients (by the
Brunner-Munzel test; Brunner & Munzel, 2000; Rorden, Bonilha, & Nichols, 2007), for
word, nonword, and overall reading accuracy. In both analyses, lesion data were treated as a
binary measure. An alpha level of 0.05 after a whole-brain False Discovery Rate (FDR)
correction for multiple comparisons was used to identify significant associations in both
analyses (Genovese, Lazar, & Nichols, 2002). To identify the specific brain regions
associated with reading performance in these analyses, AAL brain masks were created with
the WFU Pick Atlas (Maldjian, Laurienti, Burdette, & Kraft, 2003; Tzourio-Mazoyer et al.,
2002). A conservative criterion of at least 10 significantly associated voxels were required in
each mask region for the region to be reported as significantly associated with impairment.
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This was to remove brain regions where the number of significantly associated voxels were
most likely too small to be strongly involved in the observed impairments.

Results
Table 1 provides a summary of patients’ behavioral performance on the oral reading task.
For a detailed error analysis of the reading performance of the current patient group, see
Cloutman et al. (in press), a paper that does not address the lesion sites associated with
deficits. As can be seen from Table 1, only one patient produced more than 10% word errors
without also producing a high rate of nonword errors. Therefore, the Word Deficit
comparison was not conducted for the binary analysis.

An examination of lesion size across the three reading groups (No Deficit, Nonword Deficit,
and Combined Deficit) showed a wide degree of variability in the amount of tissue damage
across patients in all groups (Table 2). A Mann-Whitney U test indicated some differences
in the size of lesions between groups, with the Combined Deficit group associated with
significantly larger lesions than both the No Deficit (U = 335.0, Z = −2.60, p < 0.01), and
Nonword Deficit (U = 220.0, Z = −2.29, p < 0.05) groups. In contrast, there was no
significant difference in lesion size between the No Deficit and Nonword Deficit groups (U
= 379.0, Z = −.96, n.s.).

Figure 1 displays: a) a lesion overlap map showing the distribution of patient lesions; and for
the continuous group analyses, the voxels of the MNI atlas where b) tissue dysfunction was
associated with overall reading performance, and c) tissue dysfunction was associated with
word and nonword reading. The specific brain regions significantly associated with reading
deficit, and the number of voxels associated in each region, are presented in Table 3.

Both the binary and continuous analyses revealed a large network of brain regions important
for reading. Specifically, the most strongly associated voxels with overall reading
performance in both the binary and continuous analyses (p < 0.01) were found in the
triangular part of the inferior frontal gyrus, the angular gyrus, and the middle occipital and
inferior occipital gyri. Other regions also consistently associated with overall oral reading
performance included the pre- and post-central gyri, the middle frontal gyrus, the opercular
part of the inferior frontal gyrus, the middle temporal gyrus, superior parietal lobe,
supramarginal gyrus, and the superior occipital gyrus. Examination of the number of voxels
that were significantly associated in each brain region indicated that in the both the binary
and continuous analyses, the greatest volume of significant voxels were found in the middle
frontal, angular, and middle occipital gyri. The binary analysis also identified a large
number of voxels in the triangular part of the inferior frontal gyrus.

Looking at specific word and nonword performance, as can be seen from Table 3, word
reading performance in the continuous analysis was associated with those brain regions
found for general reading deficits, with the most strongly associated voxels spanning a
widely distributed network involving the precentral gyrus, middle frontal gyrus, inferior
frontal gyrus (triangular and opercular parts), middle temporal gyrus, superior parietal lobe,
angular gyrus, the superior, middle, and inferior occipital gyri, and the precuneus.
Examination of the number of voxels that were significantly associated with word deficits in
the continuous analysis indicated that the greatest volume of significant voxels were found
in the precentral, middle frontal, and middle occipital gyri, and the middle cingulum.

For nonword reading, voxels identified in both the binary and continuous analyses included
the middle frontal gyrus, the inferior frontal gyrus (triangular part), the angular gyrus, and
the middle occipital gyrus. The continuous analysis indentified additional regions, most
strongly in the pre- and post-central gyri, the middle temporal gyrus, the superior parietal
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lobe, the supramarginal gyrus, and the precuneus. Finally, voxels in the binary analysis
associated with a combined word and nonword reading deficit were most strongly associated
with voxels in the middle frontal gyrus, triangular part of the inferior frontal gyrus, middle
temporal gyrus, angular gyrus, and the superior and middle occipital gyri. Examination of
the number of voxels that were significantly associated with nonword deficits in the
continuous analysis indicated that the greatest volume of significant voxels were found in
the middle frontal, angular, and middle occipital gyri.

Regions that were associated with word but not nonword reading (as evidenced by
significant associations in both the binary Combined Deficit and continuous Word analyses,
but not the binary/continuous Nonword analyses) included the rolandic operculum and the
superior frontal gyrus. Regions identified with nonword deficits but not word deficits were
the cuneus and thalamus, which were only found in the continuous analysis. A comparison
of the number of voxels significantly associated with word or nonword deficits in the
continuous analysis indicated that word deficits were disproportionately associated with
dysfunctional frontal regions, notably the precentral gyrus, supplementary motor area,
superior, middle, and inferior (triangular) frontal gyri, and the cingulum (particularly the
anterior and middle parts). In contrast, nonword deficits were disproportionately associated
with more posterior brain regions, especially parietal regions (particularly the angular
gyrus), as well as the middle temporal gyrus, and superior and middle occipital gyri.

As can be seen in Figure 1, in addition to the widely distributed cortical regions identified,
damage to substantial regions of white matter were also associated with word and nonword
reading impairment. Specifically, regions involving the superior longitudinal and superior
fronto-occipital fasciculi appeared to be particularly implicated in both word and nonword
reading.

Discussion
The current study identified a network of brain regions where acute tissue dysfunction is
associated with impaired performance of oral word and nonword reading. The results
indicate that oral reading crucially depends on a widely distributed network including
occipital, posterior temporal (particularly the middle temporal gyrus), parietal (particularly
the angular gyrus), and frontal (middle and inferior) left hemisphere brain regions. These
cortical areas are consistent with those found across numerous functional imaging studies of
reading with non-impaired adult populations (Jobard et al., 2003; Joseph et al., 2001), as
well as the lesion locations found in chronic (Lambon Ralph & Graham, 2000; Price &
Mechelli, 2005), and acute (Hillis et al., 2001; Chen et al., 2008) acquired dyslexias. Thus,
the current study provides converging evidence for the importance of these brain regions in
oral reading, and substantiates the essential nature of these cortical areas previously
identified in functional neuroimaging studies of non-impaired adults.

Oral reading is a complex learned cognitive process which has been proposed to involve a
number of key processes including visual and orthographic analysis, grapheme-phoneme
integration, phonological recoding, and articulation (see e.g., Coltheart et al., 2001; Harm &
Seidenberg, 2004; Plaut, 1997). Previous studies have suggested that visual feature analysis
and early orthographic processing are associated with occipital and occipitotemporal
regions; lexical-semantic processing with the inferior frontal gyrus (particularly the
triangular part), posterior middle temporal gyrus, and the angular gyrus; and phonological
processing with the posterior superior temporal gyrus, supramarginal gyrus, and the
opercular part of the inferior frontal gyrus (Binder et al., 2003; Jobard et al., 2003; Mechelli
et al., 2005; Salmelin & Kujala, 2006). An examination of the brain regions found to be
associated with word and nonword reading in the current study appears to support a number
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of these previous associations. However, there are some interesting points worthy of
discussion.

Previous studies have suggested that visual feature analysis and early orthographic
processing are associated with occipital and occipitotemporal brain regions, with particular
involvement of the lateral mid-portion of the fusiform gyrus, a region which has come to be
referred to by many researchers as the ‘visual word form area’ (VWFA; Cohen et al., 2000;
2002; Vigneau, Jobard, Mazoyer, & Tzourio-Mazoyer, 2005; but see Price & Devlin, 2003,
for a discussion of the debate regarding its precise role in reading). However, while the
current study found substantial regions of the occipital lobe (particularly involving the
middle occipital gyrus), which were associated with both word and nonword reading
deficits, in contrast to previous functional imaging and lesion studies, no significant
association was found between impaired oral reading performance and damage to the
VWFA. An examination of the distribution of patient lesions revealed that only five of the
ninety-one patients in the current study had a lesion which involved the region of the brain
commonly identified as the VWFA (as defined by Vigneau et al., 2005). This reiterates an
important limitation of the voxel-based lesion symptom mapping methodology in
identifying brain regions important to the cognitive process under examination – while the
methodology can help to elucidate the network of brain regions critically involved in the
successful performance of the task, it may not necessarily identify all such regions, and is
limited by the brain structures damaged in the patient sample examined.

Another brain area which has often been implicated in functional imaging studies of oral
reading is the posterior temporal region, particularly the superior temporal gyrus (Fiez &
Petersen, 1998; Jobard et al., 2003). However, the current study found that reading
impairment was exclusively associated with areas of the middle temporal gyrus. Previous
studies have often implicated the superior temporal gyrus in auditory phonological
processing, and it is possible that the involvement of this region in oral reading may be more
associated with auditory feedback from the reader’s vocalization of the word/nonword
stimuli – a process which may be beneficial, but not essential, to task success (Fiez &
Petersen, 1998). Furthermore, in relation to the middle temporal gyrus, it has also been
suggested that in linguistic tasks such as reading and naming, this area may be specifically
involved in lexical-semantic, rather than phonological, processing (Fiez & Petersen, 1998;
Indefrey & Levelt, 2004). Consistent with this functional interpretation, the binary analyses
conducted in the current study found that the middle temporal gyrus was only associated
with a reading deficit which involved words as well as nonwords, and was not associated
with a nonword-only reading deficit.

Oral reading involves not only the processes associated with reading but also those
associated with overt speech production, including phonological processing, articulatory
planning, and motor execution. Recent neuroimaging studies have identified a network of
brain regions associated with overt speech production including the pars opercularis of the
inferior frontal gyrus (involved in the final stages of phonological encoding and initiation of
articulatory planning), the insula, basal ganglia, and the primary motor and premotor
cortices (Eickhoff, Heim, Zilles, & Amunts, 2009). Several of these regions were found to
be associated with oral reading deficits in the current study, specifically, the pars
opercularis, insula, and precentral gyrus (primary motor cortex), further implicating these
regions with the articulatory processes associated with oral word production which occur
subsequent to word retrieval. The association of these regions with articulatory processes is
further exemplified by a comparison of the brain regions identified in the binary analyses for
the Nonword Deficit and Combined Deficit groups. Any deficits associated with articulatory
planning/execution would be anticipated to affect both word and nonword production and so
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should be associated with a general (combined) reading deficit, rather than one restricted to
only nonword oral reading, as was observed in the current study.

As noted above, the current study identified a widely distributed network of brain regions
involved in the successful oral production of written words and nonwords. Accurate
functioning of such a distributed functional network relies not only on the cortical regions
involved, but also the connectivity between these regions, and the current study found
substantial areas of white matter where damage was associated with impaired performance
for both word and nonword reading (Figure 1). Previous studies which have examined the
white matter fiber pathways associated with reading ability in developmentally normal
children and those with dyslexia, have found a relationship between reading performance
and white matter tracts connecting temporo-parietal and frontal brain areas, particularly the
superior longitudinal and fronto-occipital fasciculi (see Ben-Shachar, Dougherty, &
Wandell, 2007, for a review). The observation of the relationship between white matter
damage and reading impairment found in the current study further extends these findings to
an adult population, and emphasizes the importance of the integrity of neural fibre pathways
in the successful functioning of the reading network.

Previous studies examining the processes and brain regions involved in oral reading have
attempted to dissociate the different functional anatomical relationships involved based on
different activation patterns found between word and nonword reading. One important
limitation of the current study in the examination of these component processes was the
inability to compare lesions which produced relatively selective word and nonword deficits
due to the scarcity of patients who demonstrated word reading deficits in the absence of a
nonword reading impairment. However, despite this limitation, there were some interesting
findings regarding the brain regions associated with words and nonwords. In the current
study, while word and nonword reading deficits were found to be associated with similar
brain areas in general, there were differences in relation to the dominance of the different
areas implicated. Brain regions associated with impaired word reading were somewhat more
frontally distributed, and those associated with impaired nonword reading were distributed
more posteriorly. The observation that word reading in particular was associated with larger
frontal brain areas is of interest as previous neuroimaging studies have generally implicated
frontal regions in phonological processing for output, although the picture is complex, and
there are some areas (notably the triangular part of the inferior frontal gyrus), which have
been found to be more strongly associated with word reading via lexical semantics (Jobard
et al., 2003; Sandak, Mencl, Frost, & Pugh, 2004). Of interest to the current discussion are
the findings of a previous behavioral error analysis which indicated that the word and
nonword reading errors produced by the patients in the current study were predominantly
phonological in nature, suggesting that the breakdown is indeed with some of the
phonological processes involved in the oral reading of words (Cloutman et al., in press).

One possible account of this frontal dominance for the oral reading of words compared to
nonwords could be due to an increased involvement of cognitive control mechanisms in the
reading of words, for which both lexical and sublexical processes may produce an output for
reading. Previous studies of word and nonword reading have shown that the relative
contribution of lexical and sublexical reading processes may be under cognitive control,
with the the dominance of either of these processes in determining the final output
dependent on contextual or task requirements (Decker, Simpson, Yates, & Locker, 2003;
Reynolds & Besner, 2005). This cognitive control of reading output would be particulary
important in resolving competition between the two reading processes when the output
responses differed (as in the case of irregular words). Thus, the greater frontal distribution
associated with word reading in the current study may be associated with an increased
demand on the cognitive control mechanisms involved in determining the dominance of
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lexical and sublexical reading outputs in the final response, and the resolution of response
conflict when the two outputs differ. In support of this idea, two brain regions which have
been argued to be crucially involved in cognitive control processes are the dorsolateral
prefrontal cortex (DLPFC, predominantly involving the middle frontal gyrus), and the
anterior cingulum (Banich, 2009; Milham, Banich, & Barad, 2003), and both of these
regions were found to be more greatly associated (by statistical significance and/or number
of voxels) in word reading compared to nonword reading in the current study. Importantly,
the current lesion analysis found that the cingulum was exclusively associated with word
reading (in the continuous analysis), and researchers have argued that this brain region
(specifically the anterior portion) is strongly associated with the detection of response
conflict when two (or more) competing responses are simultaneously activated, with this
conflict subsequently resolved by the DLPFC (Carter & van Veen, 2007).

It could be suggested that the failure to observe patients with selective word-only reading
deficits raises a question regarding the ability of the current stimuli to dissociate lexical-
semantic aspects of oral reading from sublexical processes. The nonwords in the current
study were created by substituting a single letter of a real word to create a phonologically
legal pseudoword. There is some evidence to suggest that the ‘wordness’ of the nonword
stimuli used in reading tasks can affect the processing of such stimuli. For example, studies
have observed different patterns of activation in the mid-fusiform region (the VWFA) which
varies as a function of the visual familiarity of the stimulus, with a greater resemblance of
nowords to real words producing greater similarity in activation patterns to those produced
by word stimuli (Proverbio & Adorni, 2008; Vinckier et al., 2007). Thus, it is possible that
the large number of Combined Deficit patients in the current study, and similarity in brain
regions observed for word and nonword stimuli, was associated with the high degree of
‘wordness’ of the nonword stimuli used in the oral reading task. However, while there
appears to be increasing evidence to suggest that the degree of similarity to words can affect
the visual processing of nonword stimuli, the extent to which this similarity may affect the
processes involved in subsequent orthography-phonology conversion (and the corresponding
brain regions involved), still remains unclear. Studies which have manipulated and
compared the effect of the similarity of nonwords to real words have identified several brain
regions which appear to be associated with reading processes occurring post visual
identification, such as the supplementary motor area, superior temporal sulcus, and Broca’s
area (Vinckier et al., 2007). However, within such studies, the ‘wordness’ of a nonword is
often confounded with pronounceablility, and there is evidence to indicate that phonological
legality may be an important variable in such brain regions, particularly in temporo-parietal
areas (Proverbio et al., 2008). In addition, it should be noted that although the current study
was unable to identify a substantial number of patients with a selective word reading deficit,
the stimuli used was able to dissociate those patients who demonstrated impaired nonword
reading in the face of preserved word reading, indicating a degree of sensitivity in the
identification of word and nonword reading impairment.

In comparing word and nonword reading, one of the key aims is to attempt to dissociate
proposed lexical-semantic reading processes from phonological processes. However, as
words with regular spelling-sound correspondences can be read via both lexical and
sublexical reading processes, in addition to a comparison of words versus nonwords, many
researchers have also manipulated the orthographic regularity and frequency of the word
stimuli used. Due to the limitations associated with testing patients within the first 24 hours
following stroke onset, the current study was restricted to the comparison of words versus
nonwords only, using word stimuli which were all nouns with simple morphography, and
which were limited to a range of phoneme/grapheme lengths (and matched to the nonwords
on the same), within a restricted range of frequencies. As only words and nonwords were
being contrasted in this study, frequency and regularity were not a focus, as they are
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irrelevant for nonwords. It should be noted, however, that a large proportion of the word
stimuli on the reading test used had alternative possible pronunciations, and included many
words with irregular orthography-to-phonology (OPC) mappings or unique spellings. As
such, it is important to note that it would not be possible to achieve normal performance in
reading words on this test by applying the most common OPC mappings to read the stimuli.
Nevertheless, one limitation of the current study was the fact that the regular, irregular, and
exception words used were not matched for length and frequency. Therefore, the
relationship between regions of dysfunction and impairment in reading regular versus
irregular or exception words was unable to be analysed, since orthographic regularity may
have been confounded by length and/or frequency.

Conclusion
Oral reading is a complex skill involving the interaction of orthographic, phonological, and
semantic processes. The identification of brain regions associated with reading is important
as it can help to inform our understanding of the processes involved, and may help to
uncover the mechanisms underlying reading deficits following brain damage. However,
despite accumulating data, the brain regions underlying the processes critical for reading
remain poorly understood. The current study attempted to elucidate the brain regions critical
for oral reading by examining lesion-symptom correlates in a large number of patients in the
acute phase of stroke. Reading performance in the acute phase is of interest as it allows the
identification of brain regions essential for normal reading without the potential for
cognitive or neuroanatomical reorganization of functioning. A widely distributed network of
brain regions were found to be associated with word and nonword oral reading performance,
providing complementary evidence for the importance of several key cortical regions in the
left inferior frontal, inferior parietal, posterior temporal, occipito-temporal and occipital
regions, which are also engaged in reading in functional imaging studies.
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Figure 1.
A) Distribution map of lesion location for all patients in the current study. Voxels of the
MNI atlas where tissue dysfunction (hypoperfusion and/or dense ischemia or infarct, as
defined above) was associated in the continuous analysis with B) overall oral reading
impairment (bright red = p < 0.01 FDR, dark red = p < 0.05 FDR), and C) word (red) and
nonword (blue) reading impairment, and regions common to both (purple). Images are
presented in radiological convention (left hemisphere on right).
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