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Accurate pronunciation of phonetically irregular words (exception words) requires prior exposure to unique
relationships between orthographic and phonemic features. Whether such word knowledge is accompanied
by structural variation in areas associated with orthographic-to-phonemic transformations has not been
investigated. We used high-resolution MRI to determine whether performance on a visual word-reading test
composed of phonetically irregular words, the Wechsler Test of Adult Reading (WTAR), is associated with
regional variations in cortical structure. A sample of 60 right-handed, neurologically intact individuals were
administered the WTAR and underwent 3T volumetric MRI. Using quantitative, surface-based image
analysis, cortical thickness was estimated at each vertex on the cortical mantle and correlated with WTAR
scores while controlling for age. Higher scores on the WTAR were associated with thicker cortex in bilateral
anterior superior temporal gyrus, bilateral angular gyrus/posterior superior temporal gyrus, and left
hemisphere intraparietal sulcus. Higher scores were also associated with thinner cortex in left hemisphere
posterior fusiform gyrus and central sulcus, bilateral inferior frontal gyrus, and right hemisphere lingual
gyrus and supramarginal gyrus. These results suggest that the ability to correctly pronounce phonetically
irregular words is associated with structural variations in cortical areas that are commonly activated in
functional neuroimaging studies of word reading, including areas associated with grapheme-to-phonemic

conversion.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Substantial progress has been made in identifying the key
neuroanatomical substrates of reading. In contrast to a large number
of functional neuroimaging studies on word reading networks, there
have been relatively few investigations of structural variations
associated with reading proficiency (Richardson and Price, 2009). The
current study was designed to investigate whether structural variations
associated with oral reading proficiency can be observed in nonim-
paired individuals and whether regional variation in cortical thickness
corresponds to neuroanatomical areas previously implicated in func-
tional and structural neuroimaging studies of normal reading pathways.

Recent advances in neuroimaging have contributed significantly to
the understanding of the associations between specific brain areas
and reading function. Functional imaging studies of nonimpaired
individuals consistently identify several left-lateralized and bilateral
regions despite variations in task design and post-processing
procedures (Fiez and Petersen, 1998; Turkeltaub et al., 2002). These
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regions of the so-called reading network include occipital and
occipitotemporal cortex, the left frontal operculum, bilateral regions
within the cerebellum, primary motor cortex, the superior and middle
temporal cortex, and medial regions in the supplementary motor area
and anterior cingulate. Meta-analytic comparison of alphabetic,
syllabic, and morpho-syllabic reading systems revealed common
activations in the left superior posterior temporal gyrus, the left
inferior frontal gyrus, and the left occipitotemporal region (Bolger
et al., 2005), regions of the reading network that were found to be
functionally correlated even at rest (Koyama et al., 2010).
Comparison of specific reading strategies has identified dissociable
networks for word decoding and whole word retrieval. Brain areas
implicated during graphophonological conversion usually include
left-hemisphere regions, such as superior temporal areas, supramar-
ginal gyrus, and the opercular part of inferior frontal gyrus; whereas
tasks requiring lexicosemantic access consistently activate left
occipitotemporal, middle temporal gyrus and the pars triangularis of
the inferior frontal gyrus (Jobard et al., 2003; Pugh et al., 2000).
Phonetically irregular word reading activates the left frontal opercu-
lum relative to phonetically regular word reading (Fiez and Petersen,
1998). Greater supramarginal/angular gyrus and superior temporal
gyrus activation is associated with graphophonological conversion
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tasks (Booth et al., 2002a,b, 2003). The latter findings suggest that
inferior parietal areas maintain a specialized role in extracting
statistical regularities between orthographic and phonetic word
features (Booth et al., 2004).

Fewer studies have looked at the structural correlates of reading.
Group studies of dyslexic and unimpaired readers that use voxel-
based morphometry (VBM) and diffusion tensor imaging (DTI) show
reduced gray matter density in the left inferior, middle, and superior
temporal gyri (Brown et al, 2001; Vinckenbosch et al, 2005),
decreased fractional anisotropy (FA) in bilateral fronto-temporal
and left temporo-parietal white matter regions, and reduced gray
matter volume in bilateral superior temporal gyri (Steinbrink et al.,
2008), as well as reduced gray matter volume in bilateral fusiform
gyri, anterior cerebellum, and right supramarginal gyrus (Kronbichler
et al.,, 2008). This overlap with areas of the functional reading network
indeed suggests a link between regional brain morphology and
function. In a study combining functional magnetic resonance
imaging (fMRI) and VBM (Hoeft et al., 2007), it showed that the left
parietal and bilateral fusiform cortices of individuals with dyslexia
activate less compared to typically developing readers, a pattern that
was accompanied by reduced gray matter volume in the left parietal,
but not the fusiform regions. Similarly, PET and VBM analyses in two
separate studies revealed reduced activation in left temporal and
temporal-occipital regions in dyslexic adults from three different
countries (Paulesu et al., 2001), along with reduced gray matter
density in left middle temporal gyrus and reduced white matter
density in the depth of left Broca's area, left post-central gyrus, and
supramarginal gyrus (Silani et al., 2005). These findings are supported
by post-mortem findings of small pathological ectopias and dysplasias
in individuals with developmental dyslexia, located throughout the
inferior left frontal, superior left temporal, and right frontal regions
(Galaburda et al., 1985; Rosen et al., 1993).

Structural imaging studies of reading performance in nonimpaired
populations are more sparse, but do support the shared structure-
function hypothesis. For example, faster reading speeds have been
associated with increased gray matter density and higher FA values in
left frontal regions (Steinbrink et al., 2008), whereas increased local
gray matter volume (LGMV) in perisylvian areas and reduced LGMV in
inferior temporal areas (including fusiform gyrus) correlates with
better pseudoword reading performance (Pernet et al.,, 2009).
Intriguingly, structural comparisons between individuals who learned
to read as adults and matched illiterates revealed increased white
matter in the splenium of the corpus callosom and increased gray
matter in bilateral angular gyri, dorsal occipital, middle temporal, left
supramarginal, and superior temporal gyri (Carreiras et al., 2009),
suggesting that experience and proficiency can effect structural
changes in areas of the reading network even in adulthood.

The current study explores whether variations in cortical thickness
are associated with exception word reading, a skill that involves the
acquisition of unique associations between visual and auditory
features. Exception words, or phonetically irregular words, are
words that do not follow typical phonetic rules (for example: gnat,
porpoise, ogre, aisle, paradigm). Exception word reading, in contrast to
pseudoword decoding, must involve prior exposure to unique
grapheme-to-phoneme relationships and is therefore well suited to
investigate whether (a) exposure/learning is associated with struc-
tural variations in classic reading networks, and more specifically
(b) whether such structural differences are located in areas associated
with rapid word identification (ventral route, occipito-temporal
areas) and/or areas associated with the integration of orthographic
with phonological and lexical-semantic features (dorsal route, inferior
parietal areas). In line with prior work that demonstrates structural
differences between late-literates and illiterates in bilateral inferior
parietal areas and the splenium of the corpus callosum (Carreiras
et al.,, 2009), we predict that structural variations will be bilateral and
homologous.

Materials and methods
Participants

A sample of 60 right-handed, neurologically intact individuals (age
range: 19 to 66 years; M =36.4, SD = 13.3, 32 females) gave consent
to participate in the study. All participants were determined to be
right-handed with the Edinburgh Handedness Inventory, with left-
handedness defined as a score<0 (Oldfield, 1971). Participants were
determined to be free of schizophrenia, neurological disorders, and
reading impairment in an initial screening interview where they were
asked whether they had ever been diagnosed with a psychiatric
illness, neurological illness, or learning disability. Group education
level ranged from an eighth grade education to a graduate degree
(M=14.0, SD=2.4). The study was approved by the Institutional
Review Board of New York University.

Word reading assessment

All subjects completed The Wechsler Test of Adult Reading™
(WTAR™). This reading test is composed of a list of 50 words that
have atypical grapheme to phoneme relationships. The WTAR was
developed as a tool to estimate premorbid intellectual functioning in
neurologically diseased populations. Words with irregular pronuncia-
tions were chosen in order to minimize the participant's ability to
apply standard pronunciation rules, as well as to assess previous
learning of the word. In a stratified US sample of 1,134 individuals
ranging in age from 16 to 89, mean raw scores for each age group
ranged from 24.8 (SD=7.9) to 42.3 (SD=6.6). The distribution
of mean scores indicated a curvilinear pattern with gradual perfor-
mance increases from the 16-17 age group to the 45-54 age group
and gradual performance decreases from the 45-54 age group to the
84-89 age group. Internal consistency reliability coefficients were
strong for each age group with an average of r=0.93., as was test-
retest stability for each age group with correlations ranging from
r=0.92 to r=0.94 (Wechsler, 2001).

MRI scanning and image processing

Imaging was performed at the New York University Center for
Brain Imaging on a 3T Siemens Allegra head-only MR scanner.
Image acquisitions included a conventional 3-plane localizer and two
T;-weighted volumes (TE = 3.25 ms, TR =2530 ms, TI=1.100 ms, flip
angle =7 deg, field of view (FOV)=256 mm, voxel size=1x1x
1.33 mm). Acquisition parameters were optimized for increased gray/
white matter image contrast. The imaging protocol was identical for all
subjects studied. The image files in DICOM format were transferred to a
Linux workstation for morphometric analysis. The two T;-weighted
images were rigid body registered to each other and reoriented into a
common space, roughly similar to alignment based on the AC-PC line.
Images were automatically corrected for spatial distortion due to
gradient nonlinearity (Jovicich et al., 2006) and B; field inhomogeneity
(Sled et al., 1998), registered, and averaged to improve signal-to-noise
ratio. Images were further processed with the FreeSurfer (4.0.2)
software package (http://surfer.nmr.mgh.harvard.edu).

Surface reconstruction and thickness measurements

Cortical thickness is a measure derived from automated MRI post-
processing procedures that segment the cerebral cortex and measure
the distance between the pial surface and gray/white matter
boundary (Dale et al., 1999). An advantage of surface- over volume-
based approaches is the possibility of spherical averaging, which
aligns sulcal and gyral patterns and thus allows for improved
coregistration of brain structures across individual brains (Fischl
et al., 1999). To this end, the averaged volumetric MRI scan was used
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to construct models of each subject's cortical surface using an
automated procedure that involves (1) segmentation of the white
matter, (2) tessellation of the gray/white matter boundary, (3)
inflation of the folded surface tessellation, and (4) automatic
correction of topological defects. These steps are described in detail
elsewhere (Dale et al., 1999; Fischl et al., 2001; Fischl et al., 1999).
From this reconstructed surface, measures of cortical thickness were
obtained by constructing an estimate of the gray/white matter
boundary by classifying all white matter voxels in the MRI volume
(Fischl and Dale, 2000). The white matter surface was refined in order
to obtain submillimeter accuracy in delineating the gray/white matter
junction. The surface was then deformed outward to locate the pial
surface (Dale et al., 1999). Estimates of cortical thickness were made
by measuring (1) the shortest distance from each point on the white
matter surface to the pial surface, and (2) the shortest distance from
each point on the pial surface to the white matter surface. Cortical
thickness at each vertex was computed as the average of the two
values. Maps were smoothed with a Gaussian kernel (15 mm FWHM)
across the surface and averaged across participants using a spherical
averaging technique (Fischl et al., 1999), which accurately matches
anatomically homologous regions across participants while minimiz-
ing metric distortions. For each hemisphere, a general linear model
was used to estimate the effects of WTAR performance on cortical
thickness at each vertex along the cortical surface. Significance maps
were corrected for multiple comparisons with cluster-based Monte-
Carlo simulations with 10,000 permutations (Hayasaka and Nichols,
2003). Corrected significance values of thickness correlations with
WTAR scores were mapped onto the white matter surface of the
average brain reconstruction for visual display.

Results
Age and gender

WTAR scores in our sample ranged from 24 to 50 (M =41.72,
SD = 6.43). Given the adequate range and normal distribution of these
scores, raw scores, as opposed to normatively corrected scores were
used in additional analyses. Performance on the WTAR showed a
moderate negative correlation with age (r=-.39, p<.01) (Fig. 1), a
moderate positive correlation with education (r=.36, p<.01) and no
difference between genders (t(58)=—1.3, p=.2; females:
M=42.72, SD=6.5; males: mean=40.57, SD=6.27). Given the
negative correlation between WTAR scores and age in our sample,
as well as prior evidence of age-related decline in cortical thickness
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Fig. 1. Correlation of WTAR performance and age.

(Salat et al., 2004), an additional vertex-wise analysis of cortical
thickness and WTAR was performed which controlled for age-related
effects.

Cortical thickness

Several brain areas showed distinct structural differences associated
with performance on a test of irregular word pronunciation (Fig. 2).
Higher test performance was associated with thicker cortex, indepen-
dent of age, in the intraparietal sulcus of the left hemisphere and the
angular gyrus/posterior superior temporal gyrus area (AG/pSTG) and
anterior STG (aSTG) bilaterally. Better performance was associated with
decreased cortical thickness in left posterior fusiform gyrus (pFG), as
well as inferior frontal gyrus (IFG) and central sulcus.

Discussion

Our results demonstrate that better performance on a phonetically
irregular oral word reading task is associated bilaterally with
increased cortical thickness in the angular gyrus/posterior superior
temporal gyrus (AG/p-STG) and anterior superior temporal gyrus
(aSTG), two well-established oral reading areas. The first is consis-
tently implicated in orthographic-to-phonemic translation (Booth
et al., 2002a,b) and the second in the analysis and categorization of
speech sounds (Leff et al., 2009; Obleser et al., 2006). We also found a
relationship between exception word knowledge and cortical thick-
ness in the left superior parietal area/intraparietal sulcus (IPS), an
area previously implicated in the spatial attention aspects of word
reading (Baciu et al., 2002; Bitan et al., 2005).

These results are consistent with prior imaging studies that
demonstrate greater volume or density in inferior parietal association
cortex related to reading skill acquisition (Carreiras et al., 2009),
vocabulary acquisition (Lee et al., 2007), the ability to pronounce
novel words (Golestani and Pallier, 2007), and second language
proficiency (Mechelli et al., 2004). In a comparison of late-literates to
matched illiterates, inferior parietal areas were found to be greater in
volume bilaterally, suggesting that this area may be critical for adult
reading skill acquisition. Furthermore, increased functional connec-
tivity between the left and right angular gyri was demonstrated
during reading tasks in early literates, relative to object naming
(Carreiras et al., 2009). This highlights the importance of inferior
parietal regions in normal reading, despite inconsistent findings
between functional and structural investigations. Specifically, in
contrast to findings of reduced task-related activation in the left
angular gyrus of dyslexic readers (Price and Mechelli, 2005; Richlan et
al., 2009; Shaywitz et al., 1998), this area is not found to be strongly
activated in functional neuroimaging of nonimpaired readers (Fiez
and Petersen, 1998; Turkeltaub et al., 2003). Our results provide novel
evidence that knowledge of unique grapheme-to-phoneme relation-
ships is associated with increased cortical thickness in inferior and
superior parietal areas, even in the absence of reading impairment.

Contrary to our hypotheses, we found an inverse relationship
between skilled exception word reading and cortical thickness in
bilateral inferior frontal gyri, right hemisphere lingual and supramar-
ginal gyrus, and left hemisphere posterior fusiform gyrus and central
sulcus. Activation of inferior frontal and primary motor areas is a
consistent finding in functional neuroimaging studies of word reading
(Fiez and Petersen, 1998; Turkeltaub et al., 2002), and the supramar-
ginal gyrus is another region implicated in orthographic to phonemic
translations (Booth et al., 2002a,b); however, it is not clear why
reduced thickness in these areas might be associated with stronger
performance. The fusiform gyrus is a key area implicated in studies
involving rapid letter and word identification (McCandliss et al.,
2003). Notably, an inverse relationship between fusiform gyrus
volume and pseudoword reading performance was also found in a
prior investigation (Pernet et al., 2009). Although different
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Fig. 2. Areas with significant WTAR and cortical thickness correlations displayed on the group-averaged white matter surface. Regions in red are positive (better performance with
increased thickness) and regions in blue are negative (better performance with decreased thickness). Statistical P maps thresholded at p<0.0.5, cluster-corrected. (A) Uncorrected
for age-related changes. (B) Corrected for age. (C) Scatter plots with best fit line showing thickness (x-axis) and WTAR score (y-axis) for each participant in areas of significant
correlation. (aSTG = anterior superior temporal gyrus; AG/pSTG = angular gyrus/posterior STG; IPS = intraparietal sulcus; pFG = posterior fusiform gyrus).

performance measures were used, this intriguing convergence
between our morphological findings strengthens the claim that
decreased gray matter in the the fusiform area is associated with
improved functional intregrity.

When considered in the context of prior functional imaging
studies, our findings provide strong evidence for structural variations
in classic reading areas associated with performance on an exception
word reading test; however, the nature of these variations remains
unclear. The underlying cellular properties that mediate the relation-
ship between cortical thickness variations and word reading perfor-
mance need to be investigated with post-mortem or post-resection
histological studies. The cortical mantle contains cell bodies of various
neuron types, neuronal synapses, axons, etc., and variation in any of
these could influence both structural and functional properties of an
area. Cortical thickening in some regions may reflect experience-
dependent dendritic branching; however, such mechanisms remain
unknown. Although there is evidence that cortical thickening is
associated with learning/practice within a specific domain (Haier et
al.,, 2009), it is also possible that early structural differences in gray
matter thickness may potentiate more efficient learning and memory
of novel grapheme-to-phoneme relationships.

Likewise, the relationship between cortical thinning and stronger
performance on cognitive tasks has been documented in prior studies
(Dickerson et al., 2008; Lu et al., 2007; Shaw et al., 2006); however, it
remains unclear why stronger performance may be associated with
thinner cortex in select areas. Such relationships may be associated
with the myelination process or synaptic pruning, particularly in
earlier stages of development (Lu et al., 2007; Sowell et al., 2008;
Sowell et al., 2004). Increased myelination in tertiary cortex, such as
fusiform and lingual areas, may reflect the early development of
expert systems for letter and word identification, while gray matter
thickening in association cortex may reflect lifetime learning/
acquisition of unique relationships between visual, auditory, and
articulatory word features. Further research investigating how

developmental changes in gray matter properties and white matter
tracts relate to oral reading skill acquisition is needed to clarify the
complex relationships between regional cortical thickness and
reading skill acquisition.

Several structural correlates in our study were bilateral and
homologous, a finding which is consistent with other investigations
of cortical thickness variations associated with language processing
(Golestani and Pallier, 2007; Lee et al., 2007; Mechelli et al., 2004).
Functional imaging studies commonly demonstrate bilateral activa-
tions in homologous areas during reading tasks, particularly in the
superior temporal gyri (Fiez and Petersen, 1998; Turkeltaub et al.,
2002). Although bilateral networks are activated during oral reading,
left-hemisphere areas appear to be necessary while right hemisphere
sites play a complementary or compensatory role (Roux et al., 2004).
This is demonstrated in several studies where disruption of left
hemisphere temporo-parietal networks is associated with reading
impairment and an increase in reliance on right hemisphere and
frontal networks (Coslett and Monsul, 1994; Horwitz et al., 1998;
Pugh et al., 2000; Rumsey et al., 1997).

Dissociable reading networks have been proposed for reading
strategies that involve effortful rule-based analysis (dorsal temporo-
parietal stream) and automatic memory based whole word identifi-
cation (occipito-temporal ventral stream) (Pugh et al., 2000). Our
results demonstrate cortical thickening related to skilled pronuncia-
tion of phonetically irregular words in the angular gyrus/posterior
superior temporal gyrus, an area previously associated with rule-
based orthographic-to-phonemic analysis (Booth et al., 2004). This
finding is consistent with a single area for acquisition of relationships
between orthographic and phonemic word features, regardless of
whether such relationships are unique, as in the case of exception
words, or rule-based, as in the case of regular words or pseudowords.
However, the current study was limited in that only a measure of
exception word reading was administered. Future work should
include comparison between structural correlates of psuedoword
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reading and exception word reading to determine whether regional
variations overlap or can be dissociated. This would be relevant for
characterizing morphometric variations associated with different
profiles of reading impairment, such as surface dyslexia or phono-
logical dyslexia.

Limitations of the current study include a reliance on a single
performance measure. This precludes any claim that the structural
variations we found are related specifically to exception word reading
and not other measures of reading and/or language acquisition. In
fact, given results from other studies (Golestani and Pallier, 2007; H.
Lee et al., 2007; Mechelli et al., 2004)(Golestani et al., 2002; Mechelli
et al.,, 2004; Lee et al., 2007) it is likely that structural variation in the
inferior parietal region is associated with many different aspects of
language processing. Further limitations include minimal information
regarding the level of intellectual functioning of our participants, their
socioeconomic status, their reading history and habits (i.e. age of
reading onset, reading frequency) as well as any family history of
reading disabilities. It is recommended that future studies in this area
include analyses of the relationship between such demographic
variables and reading performance, as they may independently
contribute to variance in structural and performance measures.

In sum, the current study is one of very few demonstrating
structural correlates of reading performance in nonimpaired indivi-
duals and shows a clear association between exception word reading
and cortical thickness in classic reading areas. Contrary to the
assumption that more is better, stronger performance was associated
with thinner cortex in critical reading areas such as the fusiform gyrus
and the inferior frontal region. Such findings are valuable for
designing future longtitudinal work investigating structural changes
accompanying normal reading skill acquisition or remediation efforts
in individuals with reading impairment. As the nature of such regional
structure-performance correlates becomes better defined, structural
markers may predict the success of remediation efforts in individuals
with developmental or acquired reading impairment.
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