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Abstract: The objective of this study was to examine the neural correlates of phonological inconsistency
(relationship of spelling to sound) and orthographic inconsistency (relationship of sound to spelling) in
visual word processing using functional magnetic resonance imaging (fMRI). Children (9- to 15-year-
old) performed a rhyming and spelling task in which two words were presented sequentially in the
visual modality. Consistent with previous studies in adults, higher phonological inconsistency was
associated with greater activation in several regions including left inferior frontal gyrus and medial
frontal gyrus/anterior cingulate cortex. We additionally demonstrated an effect of orthographic incon-
sistency in these same areas, suggesting that these regions are involved in the integration of ortho-
graphic and phonological information and, with respect to the medial frontal/anterior cingulate,
greater demands on executive function. Higher phonological and orthographic consistency was associ-
ated with greater activation in precuneus/posterior cingulate cortex, the putative steady state system
active during resting, suggesting lower demands on cognitive resources for consistent items. Both con-
sistency effects were larger for the rhyming compared with the spelling task suggesting greater
demands of integrating spelling and sound in the former task. Finally, accuracy on the rhyming task
was negatively correlated with the consistency effect in left fusiform gyrus. In particular, this region
showed insensitivity to consistency in low performers, sensitivity to inconsistency (higher activity) in
moderate performers, and sensitivity to inconsistency (high activation) and to consistency (deactiva-
tion). In general, these results show that the influence of spelling—sound (and sound-spelling) corre-
spondences on processing in fusiform gyrus develops as a function of skill. Hum Brain Mapp 29:1416—
1429, 2008. ©2007 Wiley-Liss, Inc.
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INTRODUCTION

When learning to read, children must be able to map let-
ters onto their corresponding speech sounds, converting
orthographic representations to phonological representa-
tions. Some languages, such as English, have an irregular
mapping between orthography and phonology, which can
be described as inconsistency. Numerous studies have
shown that phonological inconsistency, which occurs when
the same spelling has different pronunciations (e.g. seat vs.
sweat), slows reaction time of adults during lexical deci-
sion, naming, and reading tasks in the visual modality
[Fiez et al., 1999; Jared et al., 1990; Lacruz and Folk, 2004;
Stone et al., 1997; Ziegler et al., 1997]. Recent work has
also focused on the effects of orthographic inconsistency,
which occurs when a sound can be spelled in multiple
ways (e.g. grade and Iaid). Orthographically, inconsistent
words also slows reaction time in adults during lexical de-
cision and naming tasks in the visual modality [Kessler
et al.,, 2007, Lacruz and Folk, 2004; Massaro and Jesse,
2005; Stone et al., 1997; Ziegler et al., 1997]. However,
others have argued against the existence of an ortho-
graphic consistency effect in reading [Peereman et al.,
1998], but this has been subsequently challenged [Kessler
et al., 2002; Massaro and Jesse, 2005]. The balance of stud-
ies suggests that both orthographic and phonological
inconsistency influence multiple lexical processing tasks,
especially word reading.

Although research on the development of phonological
inconsistency is somewhat inconclusive, the general trends
in the literature suggest that older children and children
with higher phonological awareness show larger consistency
effects [Laxon et al., 1991; Stuart and Masterson, 1992]. How-
ever, these developmental effects seem to be later modulated
by word frequency as experience in word reading increases
[Jared, 1997; Seidenberg et al., 1984; Waters et al., 1984].
Although, there is no research on the orthographic inconsis-
tency effect in children, studies have suggested that the de-
velopment of phonemic awareness (awareness of phonemes
in the speech stream) is directly influenced by the develop-
ment of orthographic knowledge [Byrne, 1992; Treiman
et al.,, 2007]. In general, performance on phonemic awareness
tasks is influenced by orthography in children of later ele-
mentary grades, but the influence of orthography on phono-
logical tasks is weak and variable in children of early ele-
mentary grades [Ehri and Wilce, 1980; Perin, 1983; Tunmer
and Nesdale, 1982; Zecker, 1991]. The influence of ortho-
graphic information on phonological processing consistent
with theoretical frameworks of development suggest that
the productive process of spelling and the receptive process
of reading rely on the same general mechanisms [Ehri, 1991;
Perfetti, 1992]. Although there are some contradictory find-
ings, behavioral research suggests that phonological and
orthographic inconsistency effects should generally increase
as readers gain in age and ability.

Neuroimaging studies have shown that phonological
inconsistency is associated with specific brain activity.

Studies have found that adults show greater activation for
phonologically inconsistent words in left inferior frontal
gyrus [Binder et al., 2005; Fiez et al., 1999; Herbster et al.,
1997; Katz et al., 2005; Peng et al., 2004; Tan et al., 2001],
left superior temporal cortex [Peng et al., 2004; Tan et al.,
2001], and left inferior parietal cortex [Binder et al., 2005;
Peng et al., 2004]. Other studies not examining the phono-
logical inconsistency effect have implicated posterior dor-
sal inferior frontal gyrus and superior temporal gyrus in
phonological processing [Poldrack et al., 1999; Vigneau
et al, 2006] and inferior parietal cortex in integrating
orthographic and phonological representations [Booth
et al., 2002, 2003]. Neuroimaging studies also show that
phonologically inconsistent words produce greater activa-
tion in medial frontal gyrus/anterior cingulate cortex
[Binder et al., 2005; Tan et al., 2001], although this effect is
limited to low frequency words in some studies [Fiez
et al,, 1999]. Various studies have implicated the medial
frontal gyrus/anterior cingulate cortex in conflict resolu-
tion [Barber and Carter, 2005; Kerns et al., 2004]. Finally,
only one study has shown a phonological inconsistency
effect in fusiform gyrus, but this was limited to low fre-
quency words [Peng et al., 2004]. Fusiform gyrus has been
implicated in orthographic processing [Cohen et al., 2004;
Dehaene et al., 2004]. Although behavioral research shows
that orthographic inconsistency has an effect on word
processing, no imaging studies have examined the neural
correlates of the orthographic inconsistency effect. A
related study looking at orthographic neighborhood den-
sity in word and nonword processing revealed greater
activation for items with atypical spellings (low neighbor-
hood) compared with more typical spellings (high neigh-
borhood) in bilateral middle frontal gyrus, anterior cingu-
late gyrus, left angular and middle temporal gyrus, and
bilateral posterior cingulate gyrus [Binder et al., 2003].
While neighborhood density captures the prototypicality
of spelling patterns, it is limited to the visual/orthographic
form of words and bears no relationship with phonological
form.

The goal of the current study was to examine the neural
correlates of both the phonological and orthographic
inconsistency effect in children (9- to 15-year-olds). We
examined the hemodynamic response function (HRF) to
the first word in two separate tasks in which an initial
word is presented followed by a probe word both pre-
sented visually upon which a decision is made. In the
spelling task, a subject must judge whether the two words
are spelled the same from the first vowel onwards, and in
the rhyming task, whether the two words rhyme.
Although, the spelling task does not require access to pho-
nological representations for correct performance, many
studies suggest that there is automatic activation of phono-
logical representations when reading words [Booth et al.,
1999; Perfetti et al., 1988]. On the other hand, the rhyming
task, by its nature, requires access to phonological repre-
sentations for correct performance. Given the highly inter-
active nature of the language network as revealed by effec-
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tive connectivity studies in spelling and rhyming tasks
[Bitan et al., 2005, 2006], we expected both phonological
and orthographic inconsistency to influence brain activa-
tion in left hemisphere regions implicated in prior research
on the phonological consistency effect—inferior frontal
gyrus, superior temporal gyrus, inferior parietal lobule,
medial frontal gyrus/anterior cingulate cortex, and fusi-
form gyrus. However, these consistency effects may be
larger for the rhyming task than for the spelling task, and
this task difference may be especially pronounced for pho-
nological inconsistency, because rhyming requires map-
ping from spelling to sound. Although previous behavioral
research is contradictory, the balance of studies suggests
that consistency effects should be larger for older and
more skilled readers. No previous study has identified
maturation or skill effects in cortex for consistency.

METHODS
Participants

Forty-six healthy children (ages 9-15, mean = 11.3), 20
females, participated in the study. Children were recruited
from the Chicago metropolitan area. Parents of children
were given an interview to exclude participants having a
previously reported history of intelligence, reading, atten-
tion, or oral-language deficits. All children were also
reported as being free of neurological diseases or psychiat-
ric disorders and were not taking medication affecting the
central nervous system. All children were also reported to
be native English speakers, with normal hearing and nor-
mal or corrected-to-normal vision. Children were all right
handed, (mean = 78, range 50-90) according to the 9-item
Likert scale questionnaire (—90 to 90, positive scores indi-
cate right hand dominance). Children were given a stand-
ardized intelligence test [Wechsler, 1999] that showed an
average full scale IQ = 112, (range = 85-141, SD = 14.8);
verbal 1Q = 114 (range = 79-142, SD = 14.7); and per-
formance IQ = 107 (range = 78-135, SD = 14.0). Standar-
dized measures of phonological awareness [Wagner et al.,
1999] and word and nonword reading accuracy [Woodcock
et al., 2001] were also administered. The average standard
score on phonological awareness was 100 (range = 70-121,
SD = 13.6); on nonword reading was 105 (range = 85-125;
SD = 10.1), and on word reading was 109 (range = 91—
130; SD = 10.3). The Institutional Review Board at North-
western University and Evanston Northwestern Health-
care Research Institute approved the informed consent
procedures.

Tasks

Rhyming and spelling tasks

In both the rhyming and the spelling tasks, words were
presented visually in a sequential order. As shown in Fig-
ure 1A, each word was presented for 800 ms followed by
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Figure I.

Top left (A) shows the trial specifications with the prime stimuli
followed by target stimuli presented at a | s SOA. The HRF of
primes and targets were modeled separately with the conditions
of interest being applied to the modeled prime stimuli so as to
minimize neural activity because of task specific processing. Top
right (B) provides a diagram of the conditions of interest in our
2 (consistency type) by 2 (task) design. These conditions are
measured as model coefficients from the item level performed in
the single subject fixed-effect analyses. Bottom (C) reveals the
strategy for the analyses reported.

a 200 ms blank interval. A red fixation-cross appeared on
the screen after the second word, indicating the need to
make a response by pressing one of two buttons during
the subsequent 2,600 ms interval. For the rhyming task,
participants determined if two words had the same pro-
nunciation from the first vowel onward. For the spelling
task, participants determined if the rime (letter sequence
from first vowel onward) was spelled the same in the two
words. For a ‘yes’ response, participants used their right
index finger to press a button and for a ‘no’ response par-
ticipants used their right middle finger to press a second
button. Twenty-four word pairs were presented in each
one of four lexical conditions that independently manipu-
lated the orthographic and phonological similarity between
words. In the two nonconflicting conditions, the two
words were either similar in both orthography and pho-
nology (O+P+, e.g. dime-lime), or different in both orthog-
raphy and phonology (O—P—, e.g. staff-gain). In the two
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conflicting conditions, the two words had either similar or-
thography but different phonology (O+P—, e.g. pint-mint),
or different orthography but similar phonology (O—P+,
e.g. jazz-has). However, the current study did not examine
this manipulation because we were interested in the effect
of phonological and orthographic consistency on brain
activation when processing the first word.

Control conditions

Two perceptual control conditions were used in which
two symbol strings were presented visually in sequential
order and the participant had to determine whether the
strings matched. In the ‘Simple” condition, the symbol
string consisted of a single symbol, while in the ‘Complex’
condition the symbol string consisted of three different
symbols. Timing and response parameters were the same
as for the lexical conditions. Twenty-four items were pre-
sented in each perceptual condition, with half of them
matching. In addition to the perceptual control conditions,
72 fixation trials were included as a baseline. In the fixa-
tion condition, a black fixation-cross was presented for the
same duration as the stimuli in the lexical and perceptual
conditions and participants were instructed to press a but-
ton when the black fixation-cross turned red. However, the
current study did not examine the control conditions
because we were interested in the effect of phonological
and orthographic consistency on lexical processing. The
order of lexical, perceptual and fixation trials were opti-
mized for event-related design [Burock et al.,, 1998] and
fixed for all subjects.

Stimulus characteristics

All words were monosyllabic and 4-7 letters long. Writ-
ten word frequency in children did not differ across the
spelling and rhyming tasks, #(188) = 0.60, P = 0.953
[1996]. Two measures of word consistency were calculated.
Phonological enemies were defined as the number of
words with similar spelling but different pronunciation of
the rhyme and orthographic enemies were defined as the
number of words with similar pronunciation but different
spelling of the rime. Friends were defined as words with
the same rime spelling and same rhyme pronunciation as
the stimulus. Inconsistency was computed as the ratio of
friends to the sum of friends and enemies (i.e. friends/
(friends + enemies)) based on the 2,998 mono-syllable
words [Plaut et al., 1996]. Words that have a ratio
approaching 1.0 have very few or no enemies (consistent),
while words with a ratio approaching 0.0 have few or no
friends (in consistent). Phonological and orthographic
inconsistency did not differ across the spelling and rhym-
ing tasks, #(188) = 0.21, P = 0.832 and #(188) = 0.37, P =
0.707, respectively. In addition, word frequency was not
correlated with phonological or orthographic inconsistency
for either the spelling task, #(95) = —0.02, P = 0.850 and
r(95) = 0.04, P = 0.682, respectively, or the rhyming task,

TABLE I. Mean, standard deviation and ranges
for the stimulus characteristics for the
spelling and rhyming tasks

Spelling Rhyming
Mean SD  Range Mean SD  Range
Word frequency 155  27.0 0-151 157 263  0-166
Phonological 079 027 005-1 080 025 0.20-1
inconsistency
Orthographic 059 031 002-1 061 029 0.06-1
inconsistency

7(95) = —0.11, P = 0.270 and r(95) = —0.04, P = 0.618, res-
pectively. Phonological inconsistency was not correlated with
orthographic inconsistency for the spelling task, r(95) =
0.10, P = 0.334, or the rhyming task, #(95) = 0.11, P =
0.338. Mean values for each of the stimulus characteristics
are presented in Table I.

We conducted a reading aloud pilot experiment on all of
the words used in the rhyming and spelling tasks on 30
adults and Twelve 11-year-old children. The stimuli were
presented visually for 800 ms (same as for the first word
of the rhyming and spelling tasks) and the participant was
asked to pronounce the words as accurately and as quickly
as possible. Analysis of pilot data found moderate positive
correlations between accuracy in word naming and incon-
sistency for children (#(11) = 0.36, 0.23, for phonological
and orthographic, respectively; P < 0.05) and adults (1(29)
= 0.30, 0.28, for phonological and orthographic, respec-
tively; P < 0.05). Only adults showed a significant nega-
tive correlation between inconsistency and reaction time
(r(29) = —0.21, —0.26, for phonological and orthographic,
respectively; P < 0.05). Our findings are consistent with pre-
vious lexical decision and naming experiments in adults
[Fiez et al., 1999; Jared et al., 1990; Lacruz and Folk, 2004;
Stone et al., 1997; Ziegler et al., 1997]. There was no differ-
ence in accuracy (#(188) = 0.16, P = 0.868 for adults, #(188)
= 0.38, P = 0.702 for children) or reaction time (t(188) =
0.68, P = 0.496 for adults, t(188) = 0.74, P = 0.458 for chil-
dren) between the words in the spelling and rhyming tasks.

Experimental Procedures

After informed consent was obtained and the standar-
dized intelligence test was administered, participants were
invited for a practice session, in which they were trained
to minimize head movement in front of a computer screen
using an infrared tracking device. In addition, they per-
formed one run of the experimental task in a simulator
scanner, to make sure they understood the tasks and to
acclimatize themselves to the scanner environment. Differ-
ent stimuli were used in the practice and in the scanning
sessions. Scanning took place within a week from the prac-
tice session. In the scanning session, two 8-min runs of 108
trials each were performed for each task.
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MRI Data Acquisition

Images were acquired using a 1.5 Tesla General Electric
(GE) scanner, using a standard head coil. Head movement
was minimized using vacuum pillow (Bionix, Toledo,
OH). The stimuli were projected onto a screen, and viewed
through a mirror attached to the inside of the head coil.
Participants’ responses were recorded using an optical
response box (Current Designs, Philadelphia, PA). The
blood-oxygen level dependent functional images were
acquired using the echo planar imaging (EPI) method. The
following parameters were used for scanning: time of echo
(TE) = 35 ms flip angle = 90°, matrix size = 64 X 64, field
of view = 24 cm, slice thickness = 5 mm, number of slices
= 24; time of repetition (TR) = 2000 ms. Four runs, with
240 repetitions each, were administered for the functional
images. In addition, structural T1 weighted 3D image were
acquired (TR = 21 ms, TE = 8 ms, flip angle = 20°, matrix
size = 256 X 256, field of view = 22 cm, slice thickness =
1 mm, number of slices = 124), using an identical orienta-
tion as the functional images.

Image Analysis

Data analysis was performed using Statistical Parametric
Mapping (SPM2, http://www filion.ucl.ac.uk/spm). The
images were spatially realigned to the first volume to cor-
rect for head movements. No individual runs had more
than 4 mm maximum displacement. Sinc interpolation was
used to minimize timing-errors between slices. The func-
tional images were coregistered with the anatomical
image, and normalized to the standard T1 Montreal Neu-
rological Institute template volume. The data was then
smoothed with a 10-mm isotropic Gaussian kernel. Initial
statistical analyses included ‘first words,” ‘second words,’
‘perceptual conditions,” and null events as the four condi-
tions of interest. A high pass filter with a cutoff period of
128 s was applied. First and second words of each pair
were treated as individual events for analysis and modeled
using a canonical HRF with intrinsic autocorrelations. The
analysis of consistency effects was conducted only on the
first words. Group results were obtained using random-
effects analyses by combining subject-specific summary
statistics across the group as implemented in SPM2.

In the individual analyses, we entered phonological and
orthographic inconsistency as continuous variables to
determine if brain activation systematically correlated with
these variables. Because phonological consistency was
skewed (many of the words had a consistency value at or
near 1.0), we used a log 10 transformation to normalize
the distribution. To examine activation associated with
higher or lower inconsistency across task and type of
inconsistency in the random effect analysis, we calculated
a 2 task (spelling, rhyming) X 2 type of inconsistency
(phonological, orthographic) analysis of variance (ANOVA).
The diagram in Figure 1B reveals the study design. Model
coefficients from the first-order fixed effects ANOVA were

used in subsequent comparisons. Figure 1C depicts the
strategy for analyzing these coefficients in terms of main
effects over tasks and consistency (Analysis 1), within each
task and consistency (Analyses 2-5), between tasks within
each consistency (Analysis 6), and correlations with accu-
racy partialed for age and age partialed for accuracy
within each task and consistency (Analysis 7). We used an
F-test to examine the main effect over task and consistency
(Analysis 1). We used one-sample t-tests to examine acti-
vation associated with higher or lower inconsistency, sepa-
rately for phonological and orthographic inconsistency
in the spelling task and separately for phonological and
orthographic inconsistency in the rhyming task (Analysis 2—-
5). To examine differences between the spelling and rhym-
ing tasks, we used paired-sample t-tests separately for
phonological and orthographic inconsistency (Analysis 6).
To examine differences between phonological and ortho-
graphic inconsistency, we used paired-sample t-tests sepa-
rately for the spelling and rhyming tasks (Analysis 7). To
determine whether accuracy on the task was associated
with inconsistency/consistency, we used multiple regres-
sion to correlate accuracy with activation, partialed for
age, separately for phonological and orthographic con-
sistency in the spelling task and separately for phono-
logical and orthographic consistency in the rhyming
task (Analysis 8). All reported t-tests are 2-sided and are
significant at least at the uncorrected level of P < 0.001.
All reported effects were significant at P < 0.05 false
discovery rate (FDR) corrected and contain 10 or greater
voxels.

RESULTS
Behavioral Results

The analysis of accuracy on the two tasks showed that
mean accuracy for spelling judgments (M = 92%, SD =
6.0.) was significantly greater than mean accuracy for
rhyming judgments (M = 84%, SD = 10.0; t(45) = 6.67,
P < 0.001).

fMRI Results

To examine the network generally involved in consis-
tency, we calculated a one-sample t-test to examine the
main effect of consistency collapsing across orthographic
and phonological consistency for both the rhyming and
spelling tasks. Several clusters were negatively correlated
with consistency (greater activation for more inconsistent
words) including anterior cingulate cortex/medial frontal
gyrus, left inferior/middle frontal gyrus extending into left
insula, left inferior/superior parietal lobules, left superior/
middle temporal gyrus, and left fusiform gyrus (see Fig. 2
center images, and Table II). Several clusters were posi-
tively correlated with consistency (greater activation for
more consistent words) including posterior cingulate cor-
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Figure 2.

Center images show greater activation for more inconsistent
words (hot scale) and greater activation for more consistent
words (cold scale) collapsed across consistency type (ortho-
graphic and phonological) and task (rhyming and spelling).
Regions in the top image include: inferior frontal gyrus (IFG),
middle frontal gyrus (MiFG), insula, superior parietal lobule
(SPL), inferior parietal lobule (IPL), superior temporal gyrus
(STG), middle temporal gyrus (MTG), and fusiform gyrus (FG).
Regions in the bottom image include: anterior cingulate cortex
(ACC), medial frontal gyrus (MeFG), posterior cingulate cortex

tex/precuneus and a posterior region of left superior/mid-
dle temporal gyrus (see Fig. 2 center images, and Table II).

To examine the contribution of each type of consistency
and each task to the overall effect, we extracted the inten-
sity of activation in the regions of interest described above.
Figure 2 (surrounding graphs) shows that the effects of
orthographic and phonological consistency were quite sim-
ilar, with the only notable difference being a stronger cor-
relation between greater activation and more orthographi-

(PCC) and precuneus (PreCun). Surrounding graphs show the
resulting t-values of the correlations for each consistency type
by each task for individual peaks within the resulting ROls
(threshold value of P < 0.001 uncorrected indicated in green).
Conditions defined on the X-axes for orthographic and phono-
logical consistency for the visual rhyming task (VRO and VRP)
and for the visual spelling task (VSO and VSP). Red bars corre-
spond to stronger correlations with more inconsistent words
and blue bars correspond to stronger correlations with more
consistent words.

cally inconsistent words as compared with the correlation
between greater activation and more phonologically incon-
sistent words for the spelling task in anterior cingulate cor-
tex. Tables III and IV present one-sample t-tests separately
for each type of consistency and for each task for greater
activation associated with more inconsistent words and
greater activation associated with more consistent words.
However, a paired-sample t-test revealed that there were
no significant differences between orthographic and pho-
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TABLE Il. Greater activation for more inconsistent words and greater activation for more consistent words
collapsed across both orthographic and phonological consistency and both the spelling and rhyming tasks

Region Voxel BA x y z z

Greater for more inconsistent
L anterior cingulate 4,680 32 -6 19 38 Infin
R anterior cingulate a 32 6 22 35 Infin
L insula 1,540 13 -33 23 -1 Infin
L inf frontal G a 44 =50 12 16 7.72
R mid frontal G 156 46 46 27 24 6.41
R inf frontal G a 9 45 7 28 5.36
L sup parietal lobule 380 7 —27 —56 42 5.80
L inf parietal lobule a 40 —36 —45 41 5.20
L inf parietal lobule 2 40 —50 —33 46 4.48
L fusiform G 56 19 —48 —56 =7 4.76
L cuneus 156 23 -9 =75 12 4.29
R posterior cingulate a 30 18 —66 12 417
R Lingual G a 19 18 —55 0 3.92
R sup parietal lobule 123 7 30 —56 44 4.26
R precuneus a 7 27 —65 36 4.19
L mid temporal G 86 22 =50 —40 8 4.18
R parahippocampal G 28 30 15 —32 -6 3.95
R inf parietal lobule 34 40 45 —36 46 3.79
L thalamus 10 n/a -9 -22 20 3.51

Greater for more consistent
R posterior cingulate 683 31 6 —60 27 5.96
R precuneus a 7 3 —57 45 4.85
L posterior cingulate a 31 —15 —57 27 4.46
L mid temporal G 85 39 —48 —63 21 4.54
R postcentral G 56 7 9 —54 69 4.44
R sup temporal G 141 39 45 —54 24 4.15
R supramarginal G a 40 60 —54 21 4.11
R sup temporal G a 22 51 —54 12 3.57

Clusters presented are more than 10 contiguous voxels surviving an a of 0.001 (uncorrected). All areas survive FDR corrected P < 0.05.
Volume of clusters is indicated in voxels of 3 mm?® for the maximal peak. BA: Brodmann’s Areas, x, y, z: Montreal Neurological Institute
(MNI) Coordinates, Z: z-core, Infin: Infinite, R: Right, L: Left, Inf: Inferior, Mid: Middle, Sup: Superior, Med: Medial.

?Subpeaks of larger clusters immediately above.

nological consistency for either the spelling or rhyming
task.

Figure 2 (surrounding graphs) also shows that there
appears to be task differences in phonological and ortho-
graphic consistency effects for anterior cingulate cortex/
medial frontal gyrus and posterior cingulate cortex/precu-
neus. For both regions, the correlation between greater
activation and more phonologically inconsistent words
was much larger for the rhyming than for the spelling
task, but the correlation between greater activation and
more orthographically inconsistent words was similar
across the two tasks. A paired-sample t-test directly com-
paring the rhyming to the spelling task revealed that the
phonological inconsistency effect (greater activation for
more inconsistent words) was larger for the rhyming than
for the spelling task in anterior cingulate cortex/medial
frontal gyrus as well as left inferior/middle frontal gyrus
(see Fig. 3 top row, and Table V) and that the phonological
consistency effect (greater activation for more consistent
words) was larger for the rhyming than for the spelling
task in posterior cingulate cortex/precuneus (see Fig. 3
bottom row, Table VI). Task differences in the orthographic
consistency/inconsistency effect were much smaller. Fur-

thermore, the spelling task did not have a larger consis-
tency/inconsistency effect in any brain region when com-
pared with the rhyming task.

Lastly, in a set of multiple regressions, we analyzed the
relationship of age and task accuracy with orthographic
and phonological consistency separately for the rhyming
and spelling task. Figure 4 (top left image) shows higher
accuracy (partialed for age) was associated with a stronger
correlation between greater activation and more inconsis-
tent words in left fusiform gyrus for both orthographic
(voxel = 30, x = =33,y = =54,z = =9, Z = 3.94) and
phonological consistency (voxel = 15, x = =33, y = —54,
z = =3, Z = 3.51). Figure 4 (bottom left image) shows
higher accuracy (partialed for age) was also associated
with a stronger correlation between greater activation and
more consistent words in posterior cingulate cortex/precu-
neus for phonological consistency (voxel = 67, x = 0, y =
=54, z = 42, Z = 3.69). To understand the nature of this
correlation, we separated the children into top, middle,
and bottom thirds in their task accuracy and plotted the
average of the partialed B values for the group peak voxel
(Fig. 4 graphs). The intercept plotted was calculated by
using the average B value for all items for each subject
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TABLE IV. Greater activation for more consistent words separately for the rhyming and spelling
tasks and separately for orthographic and phonological consistency

Rhyming Spelling
Orthographic Phonological Orthographic Phonological

Region BA «x Y z  Voxel Z X y z Voxel Z x y z Voxel Z x y z Voxel Z
Medial

R posterior cingulate 31 6 —57 25 471 525 9 -—-54 33 573 4.6l

R postcentral G 7 9 —49 63 a 4.37

R precuneus 7 6 —50 49 a 416 3 —51 38 a 458

a 7 -3 =56 42 a 451

L medial frontal G 11 0 46 —15 46 457
Temporal

L mid temporal G 39 —45 —-63 20 32 3.80

R mid temporal G 21 45 -1 -28 23 3.61

R sup temporal G 22 53 =57 17 18 371

Clusters presented are more than 10 contiguous voxels surviving an a of 0.001 (uncorrected). All areas survive FDR corrected P < 0.05.
Volume of clusters is indicated in voxels of 3 mm?® for the maximal peak. BA: Brodmann’s Areas, x, y, z: Montreal Neurological Institute
(MNI) Coordinates, Z: z-core, Infin: Infinite, R: Right, L: Left, Inf: Inferior, Mid: Middle, Sup: Superior, Med: Medial.

#Subpeaks of larger clusters immediately above.

that was then averaged by group. For left fusiform gyrus,
these data reveal a decrease in the negative slope from
high to low accuracy for orthographic (mean B value
—6.64, —2.77, and 0.69, respectively) and phonological
(mean B values —7.21, —2.54, and 1.30, respectively)
consistency. The correlation between accuracy (partialed
for age) and these mean B values for the peak voxel was
significant for phonological (r 0.45, P < 0.001) and
orthographic (r = 0.46, P < 0.001) consistency. For poste-
rior cingulate cortex/precuneus, the data reveal a similar
positive slope for the high and middle accuracy groups for
phonological consistency (mean B values = 4.29 and 3.86,
respectively), with the low accuracy group having a near
zero slope (mean B value = 0.18). The correlation between
accuracy (partialed for age) and these mean P values for
the peak voxel was significant for phonological consistency
(r = 0.66, P < 0.001). The multiple regressions did not
show significant correlations between age (partialed for ac-
curacy) and consistency effects for either task. Similar
regression analyses were conducted with standard scores
on phonological awareness [Wagner et al., 1999], nonword
reading [Woodcock et al., 2001], and word reading [Wood-
cock et al., 2001] as well as on verbal and performance IQ
[Wechsler, 1999]. Several positive correlations were found
in bilateral inferior frontal gyrus/insula with phonological
awareness, nonword reading and word reading indicating
that, similar to performance accuracy on the task, effects of
inconsistency increase with skill; however, these correla-
tions failed to survive FDR correction.

DISCUSSION

Although previous studies have examined the neural
correlates of phonological inconsistency (i.e. the rime of a
written word can have multiple pronunciations like seat

versus sweat), this study is the first to examine the neural
correlates of orthographic inconsistency (i.e. the rhyme of
a spoken word can have multiple spellings like grade vs.
laid). In addition, this is the first study to examine the neu-
ral correlates of inconsistency effects in children and their
relationship to skill differences. This is also the first study
to examine whether inconsistency effects are modulated by
the nature of the linguistic task. To do this, we examined
inconsistency effects for a rhyming task that required map-
ping between orthographic and phonological representa-
tions for correct performance and a spelling task that could
be correctly performed without mapping between ortho-
graphic and phonological representations. In these tasks,
two words were presented sequentially in the visual
modality and the HRF to the first word in the pair was
modeled.

Our results are consistent with previous studies that
have shown greater activation for inconsistent compared
with consistent words in left inferior frontal gyrus, left
superior temporal cortex, left fusiform gyrus, left inferior
parietal lobule, and bilateral medial frontal gyrus/anterior
cingulate cortex [Binder et al., 2005; Fiez et al., 1999; Herb-
ster et al., 1997; Peng et al., 2004; Tan et al., 2001] (see
Fig. 2). The greater activation in all regions but the medial
frontal gyrus/anterior cingulate cortex for inconsistent
words presumably results from greater demands on ortho-
graphic and phonological processing [Booth et al., 2002,
2003; Cohen et al.,, 2004; Dehaene et al., 2004; Poldrack
et al, 1999; Vigneau et al., 2006]. Greater activation in
medial frontal gyrus/anterior cingulate is probably related
to conflict resolution procedures [Barber and Carter, 2005;
Kerns et al., 2004] because of the inconsistent spelling and
sound information.

The difference between inconsistent and consistent
words was greater in the rhyming task compared with the
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Figure 3.

(Top row) Regions in which greater activation for more inconsis-
tent words is significantly greater for the rhyming compared to
the spelling task. The regions include inferior frontal gyrus (IFG),
middle frontal gyrus (MiFG), postcentral gyrus (PostCG), ante-
rior cingulate cortex (ACC), medial frontal gyrus (MeFG), and
cingulate gyrus (CG). (Bottom row) Regions in which the
greater activation for more consistent words is greater for the
rhyming compared to the spelling task. The regions include pos-
terior cingulate cortex (PCC), precuneus (PreCun) and superior
parietal lobule (SPL). Color indicates whether task differences
were due to phonological consistency (red), orthographic consis-
tency (green) or both (blue).

spelling task in bilateral inferior frontal gyrus and medial
frontal gyrus/anterior cingulate cortex (see Fig. 3). The
rhyming and not the spelling, task required mapping
between orthographic and phonological representations for
correct performance. This mapping may have made the
participants more sensitive to the relationship between
orthographic and phonological representations and this
required greater phonological processing resources [Pol-
drack et al., 1999; Vigneau et al., 2006] and greater reliance
on conflict resolution procedures [Barber and Carter, 2005;
Kerns et al., 2004]. Task differences in the inconsistency
effect were primarily driven by phonological inconsistency,
showing that mapping from orthography to phonology is
most influenced by inconsistency from orthography to
phonology.

Although some studies using a variety of tasks have
implicated the fusiform gyrus in semantic processing [Bal-
samo et al., 2006; Mechelli et al., 2006; Simons et al., 2003;
Wheatley et al., 2005], others have suggested that the fusi-
form gyrus is centrally involved in orthographic process-

ing and this region has been referred by researchers as the
Visual word form area (VWFA) [Cohen et al., 2004;
Dehaene et al., 2004]. The fact that we observed inconsis-
tency effects in the fusiform gyrus shows that this region
is sensitive to the mapping between orthographic and pho-
nological representations. We cannot argue from this find-
ing that phonological information is represented in fusi-
form gyrus, just that it influences processing in this region.
We also demonstrated that the effect of inconsistency
shown in this region was modulated by differences in skill
as measured by task performance (see Fig. 4). Low skill
readers (bottom third in accuracy) showed a weaker corre-
lation of activation with both phonological and ortho-
graphic inconsistency compared with moderate skill read-
ers (middle third in accuracy) who in turn showed a
weaker correlation compared with high skill readers (top
third in accuracy). In general, our finding of larger incon-
sistency effects in better readers is in line with previous
behavioral research [Ehri and Wilce, 1980; Laxon et al.,
1991; Perin, 1983; Stuart and Masterson, 1992; Tunmer and
Nesdale, 1982; Zecker, 1991]. However, our neuroimaging
study showed that sensitivity to inconsistent words,

Skill-related Effects of Phonological and
Orthographic Consistency in Rhyming

Lew High

Bata-valees of consivlency effect
Bddlicamwam

Consistency

Skill-related effects of Phonological
Consistency in Rhyming

T, T — S—

>
5 oy

Beta-values of consistency effect
o
4

Low High

Consistency

Figure 4.

(Top left) Higher accuracy correlated with greater activation for
more inconsistent words in the rhyming task in left fusiform
gyrus (FG) for phonological (red) and orthographic (green) con-
sistency (overlap in blue). (Bottom left) Higher accuracy corre-
lated with greater activation for more consistent words in the
rhyming task in posterior cingulate cortex/precuneus (PCC/Pre-
Cun) for phonological consistency (red). (Right) Graphs display
accuracy groups for the top (yellow), middle (red), bottom
(blue) third of task performers. Solid lines indicate phonological
consistency and dotted lines indicate orthographic consistency.
The bottom third of task performers were not sensitive to con-
sistency, whereas better performers were.
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TABLE V. Greater activation for more inconsistent
words for the rhyming task that are larger than for the
spelling task collapsed across orthographic and phonological

consistency and separately for each consistency

Region Voxel BA x y z zZ
Collapsed
L anterior cingulate 908 32 —6 22 38 548
R medial frontal G N 8 6 37 40 49
R medial frontal G N 8 6 25 43 4.69
L inf frontal G 507 44 53 15 19 523
L inf frontal G N 9 -56 10 24 517
L inf frontal G N 47  —45 26 -1 3.88
R inf frontal G 153 9 53 10 27 433
R inf frontal G N 45 50 21 18 3.85
R inf frontal G ? 9 42 8§ 38 351
R anterior cingulate 15 24 6 —4 31 348
R precentral G 12 4 56 —-10 39 345
Orthographic
L inf frontal G 101 45  —53 18 13 416
L inf frontal G N 9 56 7 25 336
L mid frontal G N 46  —45 21 21 333
Phonological
L anterior cingulate 842 32 -6 22 38 5.6
R anterior cingulate N 32 9 17 43 493
R sup frontal G a 6 6 11 49 489
L inf frontal G 77 9 -56 10 24 426
L inf frontal G 2 4 —56 18 13 3.38
R precentral G 107 9 39 14 38 3.89
R inf frontal G a 9 53 10 27 3.69
R Mid Frontal G N 9 53 5 36 354
R anterior cingulate 19 24 6 -1 33 375
L postcentral G 42 2 —45 24 48 372
R lingual G 10 19 18 —4 3 355

Clusters presented are more than 10 contiguous voxels surviving
an « of 0.001 (uncorrected). All areas survive FDR corrected P <
0.05. Volume of clusters is indicated in voxels of 3 mm?> for the
maximal peak. BA: Brodmann’s Areas, x, y, z: Montreal Neurologi-
cal Institute (MNI) Coordinates, Z: z-core, Infin: Infinite, R: Right,
L: Left, Inf: Inferior, Mid: Middle, Sup: Superior, Med: Medial.
?Subpeaks of larger clusters immediately above.

marked by increased activation, emerged before sensitivity
to consistent words, marked by decreased activation, with
respect to developing skill. In other words, both moderate
and high skill readers showed greater activation compared
with low skill readers for inconsistent words, whereas
only high skill readers showed reduced activation com-
pared with low and moderate skill readers for consistent
words. The earlier emergence of sensitivity to inconsistent
words is in line with a neuroimaging study examining
learning of an artificial grammar that found item-based
learning dominates early in learning, whereas ‘rule-based”
learning dominates later in learning [Opitz and Friederici,
2004]. Item-based learning is necessary for the acquisition
of inconsistent words because they are exceptions to the
‘rule,” whereas ‘rule-based” learning can be applied to con-
sistent words because they have regular mappings
between orthography and phonology. The earlier emer-
gence of sensitivity to inconsistent words is also in line
with a behavioral study that showed preschool children

reveal prototype and item-based knowledge, whereas
adults show only prototype-based knowledge after learn-
ing visual categories [Boswell and Green, 1982]. Item-based
learning is necessary for learning the inconsistent words in
our study, whereas the consistent words can be thought of
as prototypes because they have a family of similar words
(e.g. ball, call, fall, hall, mall, tall, wall).

Although, one study reported greater activation for con-
sistent than inconsistent words in bilateral precentral gyrus
[Fiez et al., 1999], all other studies examining consistency
effects have not reported greater activation for consistent
words [Binder et al., 2005; Herbster et al., 1997; Peng et al,,
2004; Tan et al, 2001]. However, all previous studies
treated consistency as a dichotomous variable, so they may
have not been sensitive enough to detect activation associ-
ated with consistent words. In contrast to these studies, we
treated consistency as a continuous variable and found
greater activation for consistent compared wth inconsistent
words in posterior superior/middle temporal gyrus (BA
39) (see Fig. 2). A recent meta-analysis has implicated BA
39 in semantic processing [Vigneau et al., 2006], so consist-
ent words may allow for greater access to representations
because behavioral research shows consistent words are
recognized more quickly than inconsistent words [Fiez
et al., 1999; Jared et al., 1990; Lacruz and Folk, 2004; Stone
et al., 1997; Ziegler et al., 1997].

We also found greater activation for more consistent
words in precuneus/posterior cingulate cortex (see Fig. 2).
This region has recently been dubbed a central component

TABLE VI. Greater activation for more consistent
words for the rhyming task that are larger than for the
spelling task collapsed across orthographic and phonological

consistency and separately for each consistency

Region Voxel BA «x y zZ z
Collapsed
R sup parietal lobule 1,023 7 15 —o64 53  5.68
R precuneus a 31 9 —63 25 545
R posterior cingulate a 31 3 —36 40 494
R posterior cingulate 133 29 3 —40 13 439
R mid temporal G 15 39 48 —69 20 391
R sup temporal G 25 38 50 11  -21 3388
R sup temporal G a 38 42 13 —-28 3.38
Orthographic
R sup parietal lobule 12 7 15 —o64 53  3.52
Phonological
R precuneus 928 7 9 —63 28 5.02
R sup parietal lobule a 7 15 —67 56  4.98
L precuneus a 7 0 =50 41 468

Clusters presented are more than 10 contiguous voxels surviving
an « of 0.001 (uncorrected). All areas survive FDR corrected P <
0.05. Volume of clusters is indicated in voxels of 3 mm?® for the
maximal peak. BA: Brodmann'’s Areas, x, y, z: Montreal Neurologi-
cal Institute (MNI) Coordinates, Z: z-core, Infin: Infinite, R: Right,
L: Left, Inf: Inferior, Mid: Middle, Sup: Superior, Med: Medjial.
“Subpeaks of larger clusters immediately above.
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of the “default state” or resting state network [Raichle,
1998; Raichle et al., 2001] of the brain that shows anticorre-
lations with attention-demanding tasks [Fox et al., 2005],
particularly with respect to visual processing [Shulman
et al., 1997]. More specifically, Raichle and coworkers
[Raichle, 1998; Raichle et al., 2001] has proposed that the
posterior cingulate cortex and adjacent precuneus is
involved spatial attention particularly gathering informa-
tion of the visual world in the periphery. Moreover, task
demands that increased attention for processing foveal-
based visual information result in suppression of these
brain regions. Because the demands of attention decrease
with more automatic, skilled processing, activation in pre-
cuneus/posterior cingulate cortex has been shown to
increase when stimuli are more familiar and easier to pro-
cess. In support of this, studies have shown greater activa-
tion in these regions for high frequency compared with
low frequency Chinese characters [Kuo et al., 2003], for
early versus late learned words [Fiebach et al., 2003], for
words compared withto nonwords [Binder et al., 2005]
and for visually familiar words compared to pseudo-
words [Ischebeck et al., 2004] and from practice-related
increases in performance on verb-generation tasks [Raichle
et al., 1994]. In the context of our study, consistent words
demand less of the attentional system because they are
easier to process than inconsistent words, and therefore
resulted in greater activation for precuneus/posterior cin-
gulate cortex for consistent words. Furthermore, this effect
of consistency in precuneus/posterior cingulate cortex was
modulated by performance on the task with low skill par-
ticipants showing no consistency effect compared with
moderate and high skill participants.

The hypothesis that the precuneus/posterior cingulate
cortex should show greater activation in situations than
demand less attention also provides an explanation of the
task and skill differences in the consistency effect. In terms
of the task differences, we found that the rhyming task
showed a larger difference between consistent and incon-
sistent words (i.e. there was a stronger correlation) as com-
pared with the spelling task, and this was particularly true
for phonologically consistent words (see Fig. 3). The rhym-
ing task was more difficult than the spelling task (84 vs.
92%, respectively) and required mapping from ortho-
graphic to phonological representations. This mapping
process necessarily involves the consistency between these
representations, and therefore, the more demanding incon-
sistent words may have produced greater suppression of
activation in the precuneus/posterior cingulate cortex in
the rhyming task. The spelling task was easier than the
rhyming task and could be correctly performed without
mapping between orthographic and phonological represen-
tations. The fact that mapping was not required for the
spelling task could explain why there was a smaller con-
sistency effect as compared with the rhyming task. In
terms of skill differences, we found that low skill readers
(bottom third in accuracy) showed a weaker correlation of
activation with phonological consistency compared with

the moderate (middle third in accuracy) and high skill
readers (top third in accuracy) on the rhyming task (see
Fig. 4). This suggests that moderate and high skill readers
were able to more effectively suppress activation in precu-
neus/posterior cingulate cortex in order to focus their
attention on the demanding phonologically inconsistent
stimuli. Our finding of larger consistency effects for higher
skill readers is in line with previous behavioral research
[Ehri and Wilce, 1980; Laxon et al., 1991; Perin, 1983;
Stuart and Masterson, 1992; Tunmer and Nesdale, 1982;
Zecker, 1991]. The lack of skill differences in the correla-
tion between activation and consistency for the spelling
task may be again because this task did not require map-
ping from orthographic to phonological representations.

In conclusion, this is the first study to demonstrate both
orthographic and phonological inconsistency effects in the
brain and it is also the first to examine whether these
inconsistency effects are modulated by task and skill. We
showed that inconsistent words were associated with
greater activation in several brain regions including left in-
ferior frontal gyrus and medial frontal gyrus/anterior cin-
gulate cortex. We also showed that consistent words were
associated with greater activation in several brain regions
including precuneus/posterior cingulate cortex. However,
both of these effects were larger for phonologically incon-
sistent words in the task that required mapping from or-
thography to phonology (i.e. rhyming). Finally, we showed
that higher skill readers were more sensitive to the consis-
tency manipulation in fusiform gyrus and precuneus/pos-
terior cingulate cortex. These findings implicate a skill-
based developmental trajectory for sensitivity to spelling-
sound (and sound-spelling) relationships in cortex.
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