Cerebral Cortex March 2012;22:537-549
doi:10.1093/cercor/bhr100
Advance Access publication June 20, 2011

The Putative Visual Word Form Area Is Functionally Connected to the Dorsal Attention

Network

Alecia C. Vogell, Fran M. Miezinl‘z, Steven E. Petersen!?%4

and Bradley L. Schlaggar

1235

'Department of Neurology, “Department of Radiology and *Department of Anatomy and Neurobiology, Washington University
School of Medicine, St Louis, MO 63110, USA, 4Department of Psychology, Washington University in St Louis, St. Louis, MO 63130,
USA and 5Dcpartment of Pediatrics, Washington University School of Medicine, St Louis, MO 63110, USA

Address correspondence to Alecia C. Vogel, Department of Neurology, Washington University School of Medicine, Campus Box 8111, 4525 Scott

Avenue, Room 2220, St Louis, MO 63110, USA. Email: vogela@wustl.edu.

The putative visual word form area (pVWFA) is the most consistently
activated region in single word reading studies (i.e., Vigneau et al.
2006), yet its function remains a matter of debate. The pVWFA may
be predominantly used in reading or it could be a more general visual
processor used in reading but also in other visual tasks. Here,
resting-state functional connectivity magnetic resonance imaging
(rs-fcMRI) is used to characterize the functional relationships of the
pVWFA to help adjudicate between these possibilities. rs-fclVIRI
defines relationships based on correlations in slow fluctuations of
blood oxygen level-dependent activity occurring at rest. In this study,
rs-fcMRI correlations show little relationship between the pVWFA
and reading-related regions but a strong relationship between the
pVWFA and dorsal attention regions thought to be related to spatial
and feature attention. The rs-fcVIRI correlations between the pVWFA
and regions of the dorsal attention network increase with age and
reading skill, while the correlations between the pVWFA and
reading-related regions do not. These results argue the pVWFA is not
used predominantly in reading but is a more general visual processor
used in other visual tasks, as well as reading.
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Introduction
Functional neuroimaging has helped make great strides in
understanding the neural underpinnings of reading. Single studies
and meta-analyses have led to a general consensus regarding the
brain regions used in reading processes and some understanding of
the developmental changes in the use of these regions (Schlaggar
and McCandliss 2007). For example, regions in the left supra-
marginal gyrus (SMG; Church et al. 2008, 2010; Graves et al. 2010)
and inferior frontal gyrus (IFG; Fiez and Petersen 1998; Mechelli
et al. 2003) have been reported in a number of studies involving
phonological processing on visual words, and several studies have
reported decreased use of these regions with increasing reading
skill (Sandak et al. 2004; Church et al. 2008). Regions in the left
angular gyrus (AG; Binder et al. 2005, 2009) are thought by some to
relate to semantic processing. A region in the left fusiform cortex at
the occipitotemporal junction purported to be involved in
orthographic processing (see details below) is the most consis-
tently reported region in the reading literature (Jobard et al. 2003;
Mechelli et al. 2003; Turkeltaub et al. 2003; Vigneau et al. 2000).
Reliance on this region seems to increase with development
(Sandak et al. 2004), possibly through some interaction with
decreased reliance on phonological processing mentioned above
(Sandak et al. 2004; Schlaggar and McCandliss 2007).

While the proposed orthographic processing region in left
occipitotemporal cortex is consistently activated in reading
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studies of skilled adult readers, the role of this region is
a matter of considerable debate. Some investigators have shown
word-related activity in this region that is case, size, and font
invariant (Cohen et al. 2002) and some studies report more
activity in the region for words than for consonant strings
(Cohen et al. 2002; McCandliss et al. 2003), digits (Polk et al.
2002), or false fonts (Vinckier et al. 2007), leading these
researchers to designate this left occipitotemporal region the
visual word form area (VWFA). However, multiple studies have
shown the VWFA is also active when processing visual stimuli
other than words, including pictures (Price and Devlin 2003;
Ben-Shachar et al. 2007; Ploran et al. 2007; Starrfelt and Gerlach
2007; Kherif et al. 2011; Van Doren et al. 2010), faces (Mei et al.
2010), and false fonts (Xue et al. 2006; Xue and Poldrack 2007).
Moreover, while damage to this region can sometimes result in
acquired alexia or letter by letter reading (Dejerine 1892;
Cohen et al. 2003; Gaillard et al. 20006), there is evidence that
such lesions do not produce alexia exclusively (Behrmann et al.
1990, 1998; Price and Devlin 2003) and may instead cause
a more general deficit in simultaneous visual processing
(Starrfelt et al. 2009). In order to acknowledge the conflic-
ting data regarding the specificity of processing performed
in this region but still restrict our discussion to the piece
of occipitotemporal cortex located near the classic VWFA
coordinates (45, -57, -12 in Montreal Neurological Institute
(MNI) coordinates), we hereinafter refer to the region under
study as the putative VWFA (pVWFA).

Despite this controversy, it seems likely that the pVWFA is
involved in reading in some way, allowing several possibilities.
The pVWFA could be dedicated for use in reading, either as its
inherent function or due to extensive training (as described in
Dehaene and Cohen 2007). Alternatively, the pVWFA could
be a more general visual processor used in reading but also
maintaining its involvement in other visual tasks. Here, we use
resting-state functional connectivity magnetic resonance imag-
ing (rs-fcMRI) to characterize the functional network relation-
ships between the pVWFA and other regions to help adjudicate
between these possibilities.

rs-fcMRI uses correlations in low-frequency (approximately
0.01-0.1 Hz) fluctuations of the blood oxygen level-dependent
(BOLD) signal present at rest to define functional relationships
between regions. rs-fcMRI has been used extensively to study
functional networks including the default mode network
(Greicius et al. 2003; Fox et al. 2005), attentional control
networks (Fox et al. 2005; Dosenbach et al. 2007; Seeley et al.
2007), and reading networks (Koyama et al. 2010), among
others. One plausible account of the resting correlations are
that they reflect a long history of coactivation (Dosenbach et al.



2006; Fair, Dosenbach, et al. 2007; Fair et al. 2009) that is
somewhat malleable with short-term experience (Lewis et al.
2009; Stevens et al. 2010; Tambini et al. 2010). If the correlations
relate to consistent coactivations, then the descriptions of
a region’s correlation-based “neighbors” should provide insight
into whether this region is predominantly used in reading or
is a more general visual processor. Investigating how these
correlations change with development may give insight into
whether these relationships are already in place in early readers
or change with age and/or reading skill.

If the pVWFA is used predominately for orthographic
processing in reading, its rs-fcMRI defined neighbors might be
expected to include potential phonological processors such as
the left SMG, left IFG, and auditory association cortex, semantic
processors possibly including the left AG or left middle temporal
gyrus (Booth et al. 2007; Binder et al. 2009; Simmons et al. 2010)
and possibly regions related to articulation such as mouth pre-
and motor cortex and supplementary motor area (Alario et al
20006). While there has been some debate about whether this
region is “specific” for word processing (i.e., wholly devoted to
processing words or letter strings and not involved in other
processing) or “preferential” for word-related processing (ie.,
responsive to multiple types of stimuli but most responsive to
words or letter strings), these results would not differentiate
between the two. In either case, if reading is the predominant use
of the pVWFA one should expect rs-fcMRI correlations with
reading-related regions.

If, on the other hand, the pVWFA is a more general visual
processor that is not used predominantly for words or word-
like stimuli but is used more generally for many other visual
processing demands, we would instead expect to see func-
tional connections to other visual and visual attention regions
in the absence of preferential functional connections to
putative reading-related regions.

Even if the data support the latter hypothesis (that the
PVWFA is a more general visual processor), the location of
regions with the strongest rs-fcMRI relationships to the pVWFA
should still inform our understanding of the type of processing
done in this region. As the pVWFA is consistently activated
during reading, even if it is not used predominantly in this task,
it must have some properties that make it particularly useful for
reading. In reading, the ability to “group” stimuli into various
sized “chunks” ranging from single letters to graphemes to
whole words is important. Computing grapheme to phoneme
correspondences used in the phonologic decoding of pseudo-
words or unfamiliar words requires grouping letters into small
grapheme based chunks such as bigrams or trigrams. However,
when adults read familiar words fluently, they appear to
process words in much larger groups and have relatively little
variability in their response latencies to name words that range
in length from 3 to 7 letters (e.g., Weekes 1997; Cohen et al.
2003). Recently, Schurz et al. (2010) have shown that BOLD
activity in the pVWFA shows a length by lexicality effect,
whereby activity increases with length when reading pseudo-
words but not real words in this single region (Schurz et al
2010). Separate studies have also shown activity in this region
is modulated by bigram frequency (Kronbichler et al. 2004;
Graves et al. 2010) and seems responsive to whole words
(Vinckier et al. 2007; Schurz et al. 2010). Together these results
argue that the pVWFA may represent letter-based stimuli in
chunks of various sizes.
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A region processing chunks of the various sizes used in
reading might develop preferentially strong functional con-
nections with regions that direct attention to the appropriate
group of features or spatial locations. After all, it would do little
good to represent highly familiar real words as a whole if
attention could not be directed to the whole group of letters
and likewise it would serve little use to represent pseudowords
in grapheme sized chunks if attention was only directed to
larger letter groups. Since regions in the dorsal attention
network contribute to the direction of attention to the
appropriate spatial or feature chunk (Corbetta and Shulman
2002), we hypothesize there may be functional relationships
between the pVWFA and dorsal attention regions.

Again, investigating whether the functional relationships
between the pVWFA and regions of the dorsal attention network
increase with age and/or reading level can also help inform our
understanding of these relationships. Children are more likely to
read by converting graphemes into phonemes, and the ability to
process words in larger groups is related to age and/or reading
ability (Backman et al. 1984; Defior et al. 1996; Bijeljac-babic et al.
2004; Sandak et al. 2004; Martens and de Jong 2008). Thus, we
hypothesize that there may be a relationship between any rs-fcMRI
correlations between the pVWFA and dorsal attention regions
with age or reading skill.

Materials and Methods

Subjects

Main Analysis

Subjects included 25 children (8 males) ages 6-9 years and 23 adults
(11 males) ages 21-26 years. All subjects were right-handed mono-lingual
native English speakers. All were screened for neurologic and psychiatric
diagnoses and chronic use of medications by telephone interview and
questionnaire. All gave written informed consent and were compensated
for their time per the Washington University Human Studies Committee
guidelines. Subjects were tested for IQ using the 2-subtest version of the
Wechsler Abbreviated Scale of Intelligence (Wechsler 1999) and for
reading age using 3 subtests of the Woodcock-Johnson III (Letter-Word ID,
Passage Comprehension, and Word Attack) (Woodcock and Johnson
2002). Further information about the standard reading age and IQ for all
subjects can be found in Table 1.

After further evaluation, 3 children were excluded from the final analysis.
As correlations with standard reading age were an analysis of interest, the
2 children with reading ages above 2 standard deviations from the mean
(reading ages of 17.6 and 18.5 years old) were excluded. One other child
was excluded for showing a majority of outlier rs-fcMRI correlation values
in region-wise analyses (falling more than 2 standard deviations from
the mean). Thus, the final child data set included 22 children (7 males)
(ages 6-9 years) with an average age of 8.2 years. Behavioral data for this
final analysis group are presented in Table 1.

Movement-Matched Analysis

As seen in Table 1, the children used in the main analysis moved
significantly more than the adults. Increased movement increases the
noise in the rs-fcMRI signal, affecting the strength of rs-fcMRI
correlations and thus potentially leading to spurious group differences.
As an attempt to at least partially correct for this difference in movement,
we repeated the developmental analyses with groups of children and
adults matched for average root mean square movement across runs,
making use of some subject data obtained from additional data sets from
our laboratory. The movement-matched group of 23 children (age 7-10
years, mean 8.5) and 23 adults (age 21-26 years, mean 24.0 years) were
also right-handed, native monolingual English speakers screened for
neurologic and psychiatric diagnoses similar to the main group. This
movement-matched group included 13 children and 6 adults from the
main analysis. Unfortunately, not all of the remaining subjects in this



Table 1
Subject characteristics

Subject group Chronological age Movement (mm r.m.s.) Full scale 1Q Reading age
Mean SD Mean SD Mean SD Mean SD

Original data set

Children (n = 22) 8.15 0.84 0.70 0.31 117 15.7 95 33

Adults (n = 23) 24.2 1.65 0.26 0.10 127 7.8 244 0.58
Movement matched data set

Children (n = 23) 8.5 1.0 0.41 0.18 19 (n = 23) 15 10 (h = 13) 28

Adults (n = 23) 24.0 1.4 0.39 0.12 132 (n = 12) 48 24.6 (n = 6) 0

Note: 1Q was computed from the 2 subtest version of the Wechsler Abbreviated Scale of Intelligence. Estimated reading ages were computed from 3 Woodcock-Johnson Il subtests (Letter-Word ID,
Passage Comprehension, and Word Attack). 1Q and reading level were only collected on a portion of the movement-matched group; the number of subjects contributing to each measurement is noted.

r.m.s., root mean square; SD, standard deviation.

group were tested for reading level and IQ; the numbers of subjects
contributing to each measurement are listed in Table 1. Age and
movement measures are also reported for this group in Table 1.

Region Definition

The coordinates of the pVWFA (45, -62, -8, MNI coordinates), left IFG
(-53, 27, 16, MNI coordinates), left SMG (49, -57, 28, MNI coordinates),
and left AG (-56, -43, 31, MNI coordinates) regions were defined from
an in-house meta-analysis of 5 adult single word reading studies and
a single developmental study described in further detail below. The 5
adult studies required subjects to read a word aloud; 3 of the studies
also manipulated written frequency and 2 each manipulated spelling-
to-sound consistency and lexicality. Regions were defined either by
showing a main effect of reading in 4 of the 5 studies, an effect of
frequency in 2 of the 3 studies manipulating that variable or an effect of
consistency or lexicality in both of the studies manipulating each
variable. The developmental study compared 24 children and 24 adults
matched for performance (also reported in Church et al. 2008). Of
note, these meta-analyses did not show a region in the middle temporal
gyrus, where semantic effects are often found (Binder et al. 2009).
However, a meta-analytic region was identified in the inferior temporal
gyrus (ITG) region (-61, -33, -15), which does overlap with the large
swath of activity in a meta-analysis of semantics (Binder et al. 2009).
Please note that while these analyses were performed using an in-house
atlas based on Talairach and Tournoux (1988), all coordinates have
been converted to MNI space for reporting purposes.

In addition to testing the rs-fcMRI correlations between the pVWFA
and reading-related regions, the correlations between the pVWFA and
regions of the dorsal attention network were specifically investigated.
Coordinates for regions in the dorsal attention network were obtained
from a meta-analysis of 4 published studies, detailed in the supplemen-
tary material of Carter et al. (2010) (Table 2).

In order to determine the specificity of pVWFA rs-fcMRI correlations,
we compared the resting-state correlations of the left pVWFA with
those of 2 other regions purportedly specialized for processing specific
types of visual stimuli—the fusiform face area (FFA) and extrastriate
body area (EBA) (for further discussion, see Grill-Spector and Malach
2004 and Kanwisher 2010). The coordinates of the FFA (35, -49, -14)
were obtained from a published meta-analysis (Berman et al. 2010) and
the coordinates of the EBA (-53, 27, 16), from a literature search (see
below). For the purpose of this meta-analysis, the peak coordinates for
the face localizer from the 50 studies identified in Berman et al. (2010)
were transformed into our in-house atlas space and averaged. This
average coordinate was converted back into MNI space for reporting
purposes. Putative EBA coordinates were obtained from a literature
search of papers that reported exact coordinates of a body localizer
task. In order to most stringently compare the functional relationships
of the pVWFA and EBA, we used the left hemisphere EBA region, as this
is located quite close to the pVWFA. All coordinates were transformed
into our in house atlas space and then averaged. This average region
was used for the analyses reported here and the coordinates converted
back to MNI space for reporting purposes only. The 12 papers used to
define this region, the localizer task that was used and the reported
coordinates (in MNI space) can all be found in Table 3.

Table 2
Dorsal attention network regions
MNI coordinates Region
X Y V4
—26 -5 50 Left frontal eye fields
32 —6 39 Right frontal eye fields
-25 —62 51 Left alPS
25 —64 51 Right alPS
—25 —69 34 Left posterior IPS
32 —80 18 Right ventral IPS
—45 -7 -1 Left MT+
44 —68 —6 Right MT+

Note: Regions were obtained from a meta-analysis published in Carter et al. (2010). All
coordinates have been converted to MNI space for reporting purposes.

Table 3
Literature-based meta-analysis of EBA coordinates

Citation Coordinates Localizer contrast
X Y V4
Downing et al. (2001) —51 -72 8 Body parts > objects
Astafiev et al. (2004) —50 —69 9 Body parts > objects
Chan et al. (2004) —45 —76 8 Bodies > tools
Spiridon et al. (2006) —58 —72 5 Bodies > objects
Morris et al. (2006) —42 -82 9 Bodies
Saxe et al. (2006) —45 —72 3 Bodies and body parts > objects
Peelen et al. (2007) —49 —74 7 Body parts > tools
Myers and Sowden (2008)  —52 —64 14 Bodies > objects
—50 —63 17 Bodies > objects
Pinsk et al. (2009) —52 -72 14 Body parts > objects
Bracci et al. (2010) —48 -70 4 Bodies and body parts > chairs
Calvo-Merino et al. (2010) —55 -75 8 Bodies > scrambles
Aleong and Paus (2010) —43 —70 4 Bodies > scrambles
Average coordinates —49 —72 8
Standard deviation 48 5.1 45

Note: All coordinates have been converted to MNI space using icbm2tal found on brainmap.org

MR Data Acquisition and Preprocessing

Each subject was scanned for 1-4 runs, composed of 132 or 133
continuous frames with a 2.5 s time repetition (TR). During the runs,
subjects looked at a black screen with a white central fixation cross.
The subjects were instructed to look at the crosshair and relax but
remain still with their eyes open. All subjects were fitted with
a thermoplastic mask to facilitate their efforts to remain still.

A Siemens 3-T Trio scanner (Erlanger, Germany) with a 12-channel
Siemens Matrix head coil was used to collect all functional and
anatomical scans. A single high-resolution structural scan was acquired
using a sagittal magnetization-prepared rapid acquisition gradient echo
(MP-RAGE) sequence (slice time echo = 3.08 ms, TR = 24 s, inversion
time = 1 s, flip angle = 8°, 176 slices, 1 x 1 x 1 mm voxels). All functional
runs were acquired parallel to the anterior-posterior commissure plane
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using an asymmetric spin-echo echo-planar pulse sequence (TR = 2.5 s,
T,* evolution time 27 ms, flip angle 90°). Complete, or near complete,
brain coverage was achieved by collecting 32 contiguous interleaved 4
mm axial slices (4 x 4 mm in-plane resolution).

Preliminary image processing included removal of a single pixel spike
caused by signal offset, whole-brain normalization of signal intensity
across frames, movement correction within and across runs, and slice
by slice normalization to correct for differences in signal intensity due
to collecting interleaved slices. For detailed description see Miezin et al.
(2000).

After preprocessing, data were transformed into a common stereo-
tactic space based on Talairach and Tournoux (1988) but using an in-
house atlas composed of the average anatomy of 12 healthy young
adults ages 21-29 years old and 12 healthy children ages 7-8 years old
(for methods, see Lancaster et al. 1995; Snyder 1996; Brown et al. 2005).
As part of the atlas transformation, the data were resampled isotropi-
cally at 3 x 3 x 3 mm. Registration was accomplished via a 12
parameter affine warping of each individual's MP-RAGE to the atlas
target using difference image variance minimization as the objective
function. The atlas-transformed images were checked against a refer-
ence average to ensure appropriate registration.

Several additional steps (also described in Fox et al. 2005, 2009; Fair,
Dosenbach, et al. 2007) were taken in processing the rs-fcMRI data in
an attempt to reduce the likelihood that the relationships between
regions were due to sources such as heart rate or respiration. To
mitigate such effects, the data were band-pass filtered for frequencies
between 0.009 Hz and 0.08 Hz and spatially smoothed (6 mm full-width
half max). Additionally, motion correction was performed via re-
gression of the 6 parameters obtained from the rigid body head motion
correction, regression of the signal derived from averaging across the
whole brain, regression of signal from ventricular regions of interest
(ROIs), and regression of signal from white matter ROIs.

Extraction of rs-fcMRI Time Courses and Generation of Seed
Maps

A resting-state time course was extracted for 10 mm spheres centered
on the pVWFA, FFA, and EBA coordinates on an individual subject basis.
The regional time course was composed of the average time course of
all voxels within the 10 mm sphere. These time courses were then
correlated with the rs-fcMRI time course of all other voxels in the brain
to create individual subject seed maps. These maps were then averaged
together for the children and adults separately. The average maps were
projected on the brain surface using CARET (Van Essen et al. 2001;
http://brainmap.wustl.edu/CARET), thresholded at Z = +3.5. A peak-
finding algorithm (courtesy of Avi Snyder) was used to identify specific
regions functionally related to the pVWFA by identifying peaks of
activity with Z < -3.5 or Z = 3.5 at least 10 mm apart.

Comparison of pVWFA rs-fcMRI Correlations to Reading Related
and Dorsal Attention Network Regions

The resting-state time course was also extracted for 10 mm spheres
centered on the coordinates of each reading-related region (left IFG,
SMG, AG, and ITG) and dorsal attention network region (bilateral MT+,
anterior inferior parietal sulcus (aIPS), frontal eye fields (FEF), left
posterior IPS, and right ventral IPS) described above. The correlation
between each of these regions and the pVWFA are plotted in Figure 2.
To compare directly whether the pVWFA is more closely related to
reading-related or dorsal attention regions, we calculated the average
rs-fcMRI correlation between the pVWFA and all reading-related
regions and the average rs-fcMRI correlation between the VWFA and
all dorsal attention regions. A one-tailed paired #test was then
performed on these average values for the 23 adults.

Comparison of pVWFA Seed Maps with FFA and EBA Seed Maps

The adult average seed map for the pVWFA was compared with the
average seed maps of the FFA and EBA. This comparison was done by
performing a #test contrasting the average correlation value for each
voxel with the pVWFA versus the average correlation value for voxel
with the FFA and EBA separately, each #test corrected for multiple
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comparisons using false discovery rate (FDR). Those voxels showing
a difference with Z = 3.5 were projected onto the surface of the brain
using CARET.

Developmental Analysis of VWFA rs.fcMRI Relationships

Child and adult seed maps for the pVWFA region were compared
directly, by performing a voxel-wise ftest similar to that described
above. A t-test was performed for each voxel to determine whether
there was a significant difference in the average adult correlation value
versus the average child correlation value, correcting for multiple
comparisons using FDR. Voxels showing a difference with Z = 2.5 (P <
0.01) were projected on the brain surface using CARET.

Specific developmental comparisons of the rs-fcMRI correlations
between the VWFA and dorsal attention network and reading-related
region correlations were also performed. The average rs-fcMRI time
course for a 10 mm spherical ROI centered on the pVWFA coordinate
was correlated with the average rs-fcMRI time course for a 10 mm
spherical ROI centered on each of the dorsal attention and reading-
related region coordinates. These correlation values were obtained
for each region pair in each subject individually. A #test was then
performed on each of these pairwise correlations, comparing children
and adults. The pairwise comparisons were performed for both the
original data set and the movement-matched data set.

The correlations between reading age and pVWFA/dorsal attention
and pVWFA/reading-related region were also investigated. A correla-
tion between the standard reading age and pVWFA/dorsal attention
or pVWEFA/reading-related region rs-fcMRI correlations, as well as
a partial correlation determining the relationship between standard
reading age and pVWFA/dorsal attention region rs-fcMRI correlation,
controlling for chronological age and movement, was performed for
each region of the dorsal attention network individually. These
correlations and partial correlations were performed for all subjects
together and for the children separately, as there was little variability
in adult reading age.

Results

Whole-Brain Analysis of pVWFA rs-fcMRI Correlations
Shows Overlap with Dorsal Attention but Not Reading -
Related Regions

A seed map analysis of rs-fcMRI connections with the pVWFA
reveals a distributed pattern of activity in adults (Fig. 1). The
seed map represents those voxels whose rs-fcMRI time courses
were significantly correlated (Z < -3.5 or Z = 3.5) with the
average time course of the pVWFA seed region; the regions
identified from a peak finding algorithm run on this seed-map
image can be found in Table 4. The pVWFA seed map does not
overlap with most regions thought to be important in reading,
including the left SMG, thought to be involved in phonological
processing (Church et al. 2011) and the left AG and ITG
regions, purported to be involved in semantic processing
(Binder et al. 2009) (reading-related regions shown in blue in
Fig. 2A4). As seen in Figure 24, there is a left middle frontal gyrus
(MFG) region showing significant correlations with the
PVWEA, though this region is about 10 mm Euclidean distance
from our meta-analysis defined IFG region, generally thought to
be related to phonological processing (Mechelli et al. 2003).
Moreover, the region identified from the pVWFA seed map is
even further from the opercular IFG region found in some
reading meta-analyses (Fiez and Petersen 1998; Jobard et al.
2003). There is also no relationship with mouth sensorimotor
cortex (note the lack of correlations with pre- and post-central
gyrus in Fig. 1) or auditory cortex (note the lack of cor-
relations with superior temporal gyrus regions in Fig. 1).


http://brainmap.wustl.edu/CARET

Figure 1. pVWFA seed map. Map displays voxels showing significant correlations (Z = —3.5 or Z = 3.5) with the rs-fcMRI time course of the pVWFA in 23 adults. The location

of the pVWFA seed is marked with a red sphere.

In contrast, the pVWFA seed map does overlap with regions
from the dorsal attention network, as defined by a published
meta-analysis (Carter et al. 2010) (green regions in Fig. 24). A
plot of the actual rs-fcMRI correlation values between the
pVWEFA and reading-related relations (shown in blue in Fig. 2B)
and dorsal attention network regions (shown in green in Fig. 2B)
shows the VWFA to dorsal attention region correlations are
clearly stronger than the VWFA to reading-region correlations,
which in some cases are even negative (Fig. 2B). A one-tailed
paired #test comparing the average correlation values between
the pVWFA and all reading regions with the average correlation
value between the pVWFA and all dorsal attention regions shows
the latter to be significantly stronger (P <0.0001). The difference
in correlations between reading-related and dorsal attention
regions remains significant (P < 0.0001) even when the
bilateral MT+ regions, which are both very close to the
pVWFA region and should be considered visual processing
regions, are removed.

Correlations Between the pYWFa and Dorsal Attention
Network Regions Do Not Generalize to all Stimulus-
Specific Visual Processing Regions
To test whether the relationship between the pVWFA and the
dorsal attention network is a specific relationship or a general
a property of regions thought to be stimulus-specific, we made
seed maps showing all voxels significantly correlated with the
rs-fcMRI time course of 2 other visual processing regions
purportedly specialized for specific categories of stimuli—the
right FFA and the left EBA. These seed maps were then directly
compared with the pVWFA seed maps (Fig. 3).

A seed placed on the right FFA shows some correlations with
the right parietal dorsal attention network in adults (top panel,

Fig. 34). However, directly comparing the seed maps or the
pVWFA and FFA with a paired #test of each voxel shows
significantly stronger correlations between the pVWFA and
dorsal attention regions than between the FFA and dorsal
attention regions (warm colors in bottom panel of Fig. 3A4).

A seed placed on the left EBA also shows some correlation
with the dorsal attention network in adults (top panel, Fig. 3B).
However, a rtest of the pVWFA and EBA seed maps showed
PVWFA to be significantly more correlated to the dorsal attention
regions than is the EBA (warm colors in bottom panel of Fig. 3B).

rs-fcMRI Based Functional Connectivity of the pVWFA
Changes with Age

A seed map was also constructed for the pVWFA in 22 children
(ages 7-9 years). The child pVWFA seed map shows some
overlap with the dorsal attention network (top panel, Fig. 4).
However, a direct comparison of the children and adults via
a paired #test of the 2 seed maps shows that adults have
significantly stronger correlations between the pVWFA and
dorsal attention regions than children (bottom panel, Fig. 4).
Directly comparing the correlation values between the pVWFA
and each of the dorsal attention regions individually shows
significant differences (P < 0.05) between correlations with the
left and right FEF, left aIPS, and right aIPS regions. While there
was also a significant age-related difference between the
relationship between the pVWFA and reading-related regions
including the left IFG, AG, and ITG regions (P = 0.0002, P =
0.012, and P = 0.0017, respectively), in the case of the left AG
and ITG, this difference was due a shift from nonsignificant
correlations in children to negative correlations in adults (left
AG children average r= 0.015, adults average »=-0.14; left ITG
children average r = -0.019, adults average r = -0.19).
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Table 4
Regions defined from the pVWFA seed map

MNI coordinate
X Y z

Z-score  Number of voxels ~ Approximate location

Positive correlations

Left

-31 88 23 499 150
-26 =79 35 484 149
-24 =73 -7 442 158
—-34 —-43 -16 462 155 Anterior fusiform/inferior temporal cortex
-20 -52 -7 3.62 151 Medial fusiform gyrus

-25 —60 54 535 136 alPS

-32 51 53 544 139 Anterior SPL

Occipital cortex
Occipital cortex
Posterior fusiform gyrus

—44  —40 43 513 144 Lateral IPS

—-57 =35 44 463 140 alPS

—14  -78 54 398 152 Precuneus

—26 —6 49 499 157 Frontal eye fields
—44 3 31 494 154 Premotor cortex
—42 30 20 462 148 MFG

—49 20 29 391 140 MFG

-25 36 —13 354 151
—53 43 8 369 151
Right
40 83 7 352 149
38 78 22 461 148
30 -70 37 414 149
51 —61 -8 584 158 Occipitotemporal fusiform gyrus
3% -3 -19 432 143 Anterior fusiform gyrus
25 —65 52 530 148 alPS
34 50 50 433 150 Anterior SPL
45 =37 47 452 151 Lateral IPS
64 26 47 444 152 alPS
27 —43 -1 401 143 Medial temporal lobe
28 -7 57 412 156 Frontal eye fields

Medial inferior frontal cortex
Anterior insula

Occipital cortex
Occipital cortex
Occipital cortex

47 7 25 480 131 Premotor cortex
41 —1 34 437 144 Premotor cortex
59 16 32 412 146 MFG
46 32 16 444 153 MFG

26 36 —15 365 157
Negative correlations
Left
—-53  —63 49 409 122 AG
57 =10 36 —436 141 Posterior AG
—48 74 49 398 126 Posterior AG
-7 58 34 —467 132 Precuneus
—-63 -33 —-10 -375 156 Middle temporal gyrus
—35 18 —10 —-413 152 Anterior inferior insula
-9 51 8 —488 140 Anterior cingulate cortex
=21 30 40 395 151 Middle frontal cortex
-23 50 32 406 149 Medial frontal cortex
-7 31 58 361 137 Superior anterior frontal cortex
—-19 —104 -1 -386 127 Posterior cerebellum

Middle inferior frontal cortex

-50 —-72 -30 -—-4.09 156 Cerebellum
—38 -84 -35 -—-352 146 Cerebellum
-23  —-90 -30 -—438 150 Cerebellum
Right

53  —56 46 —4.69 143 AG

56  —50 27 -373 150 AG

51 —67 38 —457 143

7 —65 36 —451 113

20 -43 20 —-374 150

8 36 11 —436 151

57  -20 —-11 —427 157

36 21 -11 -398 154

20 59 15 —442 157

20 4 40 —461 157

17 25 60 —4.43 148

24 -85 —33 —4.13 158

8 —101 —-14 -385 150
Interhemisphere

-1 =75 38 —470 138

5 55 32 —498 122

2 —-26 40 -552 158

3 37 -1 500 143

4 47 10 —-556 129

5

5

Posterior AG

Precuneus

Posterior cingulate cortex
Inferior posterior cingulate cortex
Middle temporal gyrus
Anterior inferior insula
Anterior frontal cortex
Medial frontal cortex
Superior frontal cortex
Cerebellum

Posterior cerebellum

Precuneus

Precuneus

Posterior cingulate gyrus
Inferior anterior cingulate cortex
Anterior cingulate cortex
Medial prefrontal cortex
Superior anterior frontal cortex

42 31 =541 151
37 57 =374 139

Note: Correlations between the pVWFA and dorsal attention network regions do not generalize to
all stimulus-specific visual processing regions.
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When a movement-matched group of children and adults was
used, only the age-related differences in pVWFA to left FEF
correlations remained significant (P = 0.023), though the mean
correlation value was still qualitatively increased in adults
relative to children in the remaining regions and the pVWFA/
left aIPS correlation difference approached trend level (P=0.15).
When the age-related differences in rs-fcMRI correlations
between the pVWFA and reading-related regions were tested
in the movement-matched groups, the change in correlations
between the pVWFA/left AG and pVWFA/left ITG relationship
maintained trend level significance (P = 0.054 and P = 0.048,
respectively), but, again, these correlations change from a non-
significant 7 value in children to a negative r value in adults.

The rs-fcMRI Relationships between the pVWFA and alPS
Regions of the Dorsal Attention Network Are Correlated
with Reading Level, though the Relationship between the
DPVWFA and Reading-Related Regions Are Not

Correlations between standard reading age and the correlations
between the pVWFA and dorsal attention regions were
calculated across the combined group of children and adults.
Only the pVWFA to left and right aIPS correlations were
significantly correlated with reading age in this combined
group (Fig. 5). The correlations between standardized reading
age and left pVWFA and left and right IPS across the age groups
were 0462 (P = 0.001) and 0.542 (P < 0.0001), respectively.
When chronological age and movement were controlled for
using partial correlations, these correlations were r = 0.185
(P = 0.234) for the VWFA/left aIPS correlation and 7 = 0.340
(P =0.0206) for the VWFA/right alPS correlation.

Given the narrow range of adult reading ages, we repeated the
above-described correlation analysis in the child only group. For
children, only the pVWFA/left and right aIPS correlations were
significantly correlated with reading age. When the correlation
between pVWFA and left aIPS was correlated directly with the
reading age, a trend-level significance was obtained (7 = 0.383,
P = 0.079). When age and movement were controlled for in
a partial correlation, the correlation between the pVWFA/left
aIPS correlation and reading age was 0.431 (P=0.057). Similarly,
when the pVWFA/right aIPS correlation was directly correlated
with reading age, the pearson’s » was 0.460 (P = 0.031) and
when age and movement were controlled for in a partial
correlation the rwas 0.526 (P=0.017).

The correlation between standardized reading age and rs-
fcMRI correlation strength between the pVWFA and all
reading-related regions were also calculated. There was no
significant correlation between standardized reading age and
any pVWFA to reading region fc-MRI connectivity (pVWFA/left
IFG: r=-0.115, P = 0.601; VWFA/left SMG: 7= 0.009, 7= 0.969;
VWFA/left AG: r = 0.248, P =0.253; VWFA/left ITG: r = 0.341,
P = 0.112). When chronological age and movement were
controlled for in a partial correlation analysis, these relation-
ships remained nonsignificant (pVWFA/left IFG: r = -0.028,
P =0.905; VWFA/left SMG: r=-0.046, P= 0.841; VWFA/left AG:
r=0.211, P=0.360; VWFA/left ITG: r=0.353, P=0.116). While
the correlation between standardized reading age and the
pVWFA/left ITG connection approaches trend level, this
correlation is in the positive direction, while the age-related
change in the pVWFA/left ITG relationship is in the opposite
direction, developing from a nonsignificant relationship in
children to a negative relationship in adults.
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Figure 2. Comparison of pVWFA rs-fcMRI correlations with reading and dorsal attention regions. (4) The seed map shown in Figure 1 is overlaid with reading-related regions in
blue (left IFG, ITG, SMG, and AG regions from anterior to posterior), dorsal attention network regions in green, and the location of the pVWFA seed in red. (B) The correlations
between the pVWFA and reading-related regions in blue and dorsal attention regions in green. rs-fcMRI correlations to the dorsal attention regions are significantly stronger than
correlations to the reading regions (P < 0.00001) when calculated as group averages. The statistical difference remains even when the bilateral MT+- regions are removed (P <
0.00001).

Right FFA seed map

Figure 3. Specificity of rs-fcMRI correlations between the pVWFA and dorsal attention network regions. (A) Top panel shows the seed map of voxels significantly correlated
[ = —3.5 or Z = 3.5) with the right FFA rs-fcMRI time course in 23 adults. Bottom panel shows all voxels significantly different between the pVWFA and FFA seed maps.
Positive Z-scores (in warm colors) indicate those voxels with significantly stronger correlations with the pVWFA; negative Z-scores (in cool colors) indicate those voxels with
significantly stronger correlations with the FFA. Both are overlaid with locations of dorsal attention network regions in black. (B) Top panel shows the seed map of voxels
significantly correlated (7 = —3.5 or Z = 3.5) with the left EBA rs-fcMRI time course in 23 adults. Bottom panel shows all voxels significantly different between the pVWFA and
EBA seed maps. Positive Z-scores (in warm colors) indicate those voxels with significantly stronger correlations with the pV\WFA; negative Z-scores (in cool colors) indicate those voxels
with significantly stronger correlations with the left EBA. Both are overlaid with locations of dorsal attention network regions in black and the location of the EBA seed in red.
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Child VWFA Seed Map

Figure 4. Developmental differences in pVWFA rs-fcMRI correlations. Top panel shows the seed map of all voxels correlated with the pVWFA in 22 children (7-9 years old) with
7 = —3.5and Z = 3.5. Bottom panel shows the difference map of all voxels with a significant difference (/ = —2.5 or Z = 2.5, P < 0.01) in VWFA correlations between
children (n = 22) and adults (n = 23). Correlations stronger in adults are shown in warm colors and those stronger in children in cool colors. The locations of the dorsal attention
network regions are shown in black and the location of the pVWFA seed in red.
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Figure 5. Relationship between reading age and pVWFA functional correlations. (A) Relationships between reading age and pVWFA to left alPS rs-fcMRI correlations. The
location of the left alPS region is shown on the left, the plot of all subjects (n = 23 adults and 22 children) and the line of best fit are shown in the middle panel, and the plot of
child subjects only with the line of best fit is shown on the right. Note that when a partial correlation controlling for chronological age and movement is performed the correlation
for the combined child/adult group drops to r = 0.19 (P = 0.23), but the correlation for the child only group increases to r = 0.43 (P = 0.06). (B) Relationships between reading
age and pVWFA to right alPS rs-fcMRI correlations. The location of the right alPS region is shown on the left, the plot of all subjects (n = 23 adults and 22 children) and the line of
best fit are shown in the middle panel, and the plot of child subjects only with the line of best fit is shown on the right. Note that when a partial correlation controlling for
chronological age and movement is performed the correlation for the combined child/adult group drops to r = 0.14 (P = 0.03), but the correlation for the child only group
increases to r = 0.53 (P = 0.02).
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Discussion

We have demonstrated that the pVWFA has resting-state
functional correlations with regions in the dorsal attention
network (left and right aIPS, MT+, and FEF regions) with minimal
or absent correlations with reading-related regions (left SMG, AG,
and ITG regions). These pVWFA to dorsal attention correlations
are not a general property of all regions in the fusiform cortex or
even of all specialized visual processing regions; the pVWFA
shows more significant connectivity with dorsal attention regions
than the right FFA and the left EBA (despite the latter’s close
proximity to left MT+). The rs-fcMRI correlations between
PVWFA and some regions of the dorsal attention network appear
to increase with age and correlations between the pVWFA and
bilateral aIPS regions of the dorsal attention network also increase
with reading skill. There are no such skill-related changes
between the pVWFA and reading-related regions. Together, these
results point to a role for the pVWFA in processing visual stimuli
in general, presumably a role shaped by its relationship with
regions of the dorsal attention network. Thus, while the VWFA
may be considered an important region for reading, the data do
not support the notion that “reading-related processing” should
be its predominant functional ascription.

Resting-State Functional Connections of the pVWFA

The seed map of regions showing voxels with rs-fcMRI time
courses significantly correlated to the pVWFA does not overlap
significantly with regions thought to be preferentially important
for reading but does overlap with regions of the dorsal attention
network. There is a region in left MFG correlated to the pVWFA.
As mentioned previously, this region is 10 mm Euclidean distance
anterior and superior to our reading meta-analysis defined IFG
region and even further from left IFG regions reported in
previous meta-analyses of single-word reading studies (23.4 mm
Euclidean distance from Fiez and Petersen 2008; 25.1 mm
Euclidean distance from Jobard et al. 2003). While the relation-
ship between the pVWFA and dorsal attention regions was not
the focus of previously reported studies that included resting-
state functional connectivity of the pVWFA, it is apparent from
viewing figures presented in Koyama et al. 2010 and Zhao et al.
2011 that these groups also see resting-state correlations
between the pVWFA and dorsal attention regions. The correla-
tions between the pVWFA and dorsal attention regions were not
commented upon in these papers, perhaps because the authors
were investigating locations of consistent activity across reading-
related regions. Recently, Wang et al. (2011) demonstrated
a similar correlation between the pVWFA and regions of the
dorsal attention network in task-related time courses. Taken
together, the pattern of pVWFA rs-fcMRI functional connectivity
suggests that the processing done in this region is more closely
related to spatial attention than reading, per se.

There is the possibility that the lack of correlations between
the pVWFA and reading-related regions could be due to the
application of a 10 mm sphere centered on the meta-analysis
derived coordinates. By using a sphere as the seed region,
nonselective voxels may be intermixed with voxels that are
selective for reading and/or words. However, this accounting of
the results is unlikely, as there are not only statistically stronger
correlations between the VWFA and dorsal attention regions than
reading regions but a very different pattern of correlations
between the 2 region groups. The pVWFA is consistently
positively correlated with regions of the dorsal attention system,

while there are negative correlations between pVWFA and 2 of
the 4 reading-regions—making it unlikely that there are “weak”
correlations being overpowered by spatial averaging. Moreover, if
the pVWFA seed was confounded by the effects of spatial
averaging, the expected result would be to have reduced
correlation strength with regions across the brain. The pVWFA,
though, does have strong correlations with regions of the dorsal
attention network, correlations that are even stronger than
nearby EBA and FFA regions. Therefore, the likelihood is low that
the lack of correlations between the pVWFA and reading-related
regions is due to the size of the seed region sphere.

The pVWFA as a General-Use Region

The pattern of pVWFA rs-fcMRI connectivity is not consistent
with a special role for this region in reading and instead
supports the notion that the pVWFA acts more generally across
stimulus types. However, the results are consistent with the
contention that the VWFA contributes to reading as a more
general-use region with properties useful for reading. rs-fcMRI
correlations are thought to reflect a history of coactivation
(Dosenbach et al. 20006; Fair, Dosenbach, et al. 2007; Lewis et al.
2009; Stevens et al. 2010; Tambini et al. 2010). In our seed map
analyses, we are potentially seeing the outcome of the
strongest and most consistent of those coactivations.

The argument that the pVWFA is not used exclusively or
predominantly for reading is consistent with much of the
literature. Numerous studies report activity in this region for
nonword and nonletter stimuli (Price and Devlin 2003; Xue
et al. 2006; Ben-Shachar et al. 2007; Ploran et al. 2007; Starrfelt
and Gerlach 2007; Xue and Poldrack 2007; Kherif et al. 2011,
Mei et al. 2010; Van Doren et al. 2010). We argue that rather
than processing word or letter stimuli in particular, the pVWFA
is more likely to be a general-use region with properties
particularly useful for reading, such as processing visual stimuli
in groups or chunks of various sizes, as described in the
Introduction.

If this description were true, the pVWFA would be often
activated with dorsal attention regions (due to its ability to process
stimuli in variably sized groups) occasionally with reading-related
regions and sometimes with other nonreading task- or stimulus-
specific region sets. In this case, the history of coactivation would
emphasize the correlations between the pVWFA and other more
task-general regions with which it is often coactivated (like the
dorsal attention system regions), with the statistical remainder
spread among many differing combinations of regions.

While we do not argue that the VWFA is exclusively or even
predominantly involved in reading, for the remainder of this
discussion we will frame the significance of the functional
connections between the pVWFA and the dorsal attention
network in the context of letter and word processing. While
the same relationships could apply to other kinds of visual stimuli,
we contend that using letters and words as examples of the utility
of this relationship will be most illuminating given the long
history of studying the VWFA in reading, its likely involvement in
reading at some level, and the ease of describing these effects on
words, which are a well-defined type of visual stimulus.

Properties of the Dorsal Attention System

Previous studies have shown the dorsal attention network is
involved in overt (Petit et al. 1997; Connolly et al. 2000) and
covert (Gitelman et al. 1999; Sylvester et al. 2007; Fairhall et al.
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2009) spatial attention and orienting. These regions show
increased activity in the preparatory period of cued spatial and
feature-based attention tasks (for a review, see Corbetta and
Shulman 2002) and visual search tasks (Leonards et al. 2000;
Egner et al. 2008; Fairhall et al. 2009). Concomitant with these
dorsal attention responses, there are changes in BOLD activity
in visual regions representing the attended spatial location
(Sylvester et al. 2007) and suppression of BOLD activity in
regions outside the attended spatial location (Sylvester et al.
2008). It is thought that the posterior parietal regions of the
dorsal attention system are related to posterior parietal cortex
regions in macaque, which contain cells responsive to spatial
and feature attention cues that also modulate activity in visual
processing regions like MT+ (Saalmann et al. 2007). Therefore,
it has been hypothesized that the dorsal attention network
plays a role in visual attention by amplifying the “lower level”
visual responses to specific spatial locations and features and
dampening the responses to locations and features outside of
the attentional window (Corbetta and Shulman 2002).

Role of the Dorsal Attention System in Reading
As described in the Introduction, we argue the pVWEFA process
groups of letters (and other visual items) in variously sized
chunks. These variably sized chunks result in preferentially strong
functional connections with regions that direct attention to the
appropriate “chunk” of features or spatial locations. If this is the
case, and regions in the dorsal attention network direct attention
to the appropriate spatial group, activity in dorsal attention
system regions should also be modulated by properties that affect
letter “chunking.” As mentioned in the Introduction, reading
pseudowords requires processing letters in smaller chunks as
compared with reading words and so reading pseudowords
should require more changes in spatial attention. In fact, the
bilateral alPS regions of the dorsal attention network do show
more activity for reading pseudowords than for reading words
(Church et al. 2011). Furthermore, aIPS regions show a length
effect, whereby longer words and nonwords, which should
require more attention shifts, show more activity than shorter
words and nonwords (Church et al. 2011; Schurz et al. 2010).
Additionally, any manipulation that presents words in
a format that decreases the ability of the visual system to
chunk the letters or requires more shifts of spatial attention
should increase dorsal attention-related parietal activity. Words
presented in unusual formats of many kinds—including mixed-
case stimuli (Mayall et al. 2001), rotated words, words with
many spaces between the letters, words presented to the left of
fixation (Cohen et al. 2008), and vertically presented words
(Rosazza et al. 2009)—have all been shown to increase lateral
parietal activity. Pammer et al. (2004) uses magnetoencepha-
lography to determine the time course of activity for reading
shifted-case stimuli (where every other letter is presented
superior to the normal line of text) and report that there is
mutual feedback between the parietal and fusiform regions
when words are presented in this unique form. Moreover,
while all of the manipulations described here increase the
response time to read words, increased parietal activity was not
seen when subjects performed the same tasks on words with
low visual contrast, even though the response time to process
these stimuli was just as long as the mixed case stimuli (Mayall
et al. 2001). Recently, an analysis of task-based functional
connectivity in older children demonstrated a relationship
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between the pVWFA and bilateral IPS and SPL regions
overlapping the dorsal attention regions (Van der Mark et al.
2011).

Directed attention is not only important for reading single
words; it is perhaps even more important for reading connected
text. Data from eye-movement studies indicate that fluent reading
is associated with a particular pattern of eye movements, whereby
subjects land consistently to the left of center in a word and have
generally one or fewer eye movements per word (for a review,
see Rayner 1998). The dorsal attention network has been
implicated in directing eye movements (Petit et al. 1997,
Connolly et al. 2000), and Lee and Newman (2010) recently
found increased activity in inferior and superior parietal lobule
regions during whole sentence presentation, which requires
directed eye movements, relative to rapid serial visual pre-
sentation, in which words are presented one at a time. Further
investigations into the relationships between the pVWFA and
dorsal attention regions during fluent reading of connected text
should more directly inform this question.

Developmental Changes in pVWFA to Dorsal Attention
System Connectivity

Developmental changes have been reported for both within-word
letter processing and in reading connected text. Children appear
to rely more on making orthographic to phonological conversions
of individual word chunks than adults (Schlaggar and McCandliss
2007). Unlike adults, children show response times to read words
that are dependent on word length (Defior et al. 1996; Bijeljac-
babic et al. 2004; Martens and de Jong 2008). Additionally,
children are significantly slower to read words with irregular
orthographic to phonologic conversions than words with regular
mapping, a reflection of their increased use of assembled
phonology (Backman et al. 1984; Sandak et al. 2004). Children
also have shorter saccades and longer fixations, indicative of less
fluent eye movements, when reading connected text (Rayner
1998). These effects could indicate a less efficient relationship
between the pVWFA and the dorsal attention system in early as
compared with skilled readers. The development of this relation-
ship may be reflected, at least partially, in both the age-related
increases in correlations between the pVWFA and some dorsal
attention regions and the reading-related increases in correlations
between the pVWFA and bilateral aIPS regions.

While our data do not directly bear on the question of how
the relationship between pVWFA and dorsal attention regions
might develop, we speculate that interactions between these
regions as children gain familiarity with the statistical regularities
of real words are important. Computational models of reading
(e.g., Harm and Seidenberg 2004) indicate that words become
processed as a group or in large chunks due to the experience of
seeing certain groups of letters presented together many times.
We speculate that as the pVWFA becomes tuned to such
statistical regularities, these larger chunks come to capture
attention even more efficiently than single letters. This
attentional “capture” may then feedforward into regions direct-
ing spatial attention. An interplay between these feedforward
effects and feedback effects of attentional processing and task
control could shape not only the processing of words and letter
groups in the pVWFA but also the relationship between the
pVWFA and dorsal attention regions.

However, there were limitations in our ability to see
developmental differences related to age or reading level in
this study. First, the children in this study are already relatively



good readers (average reading age 9.5 years), which restricts
our ability to see the earliest developmental effects. Addition-
ally, we have no direct measure of either process we purport
may be related to the VWFA to dorsal attention connectivity.
We do not know to what extent the children are still reading
with a phonological strategy, converting graphemes into
phonemes rather than processing words as a whole. We also
have no measure of connected text reading fluency. Standard-
ized reading age can act as a surrogate of both, as both improve
with increased reading ability, but further studies should be
done to determine whether either of these measures relates to
pVWFA/dorsal attention network correlations specifically.

Dorsal Attention System Processing and Dyslexia
Dyslexia—or reading deficits that result in a reading level that
is significantly reduced relative to IQ despite access to the
opportunity to learn to read—has generally been thought of as
a phonological processing deficit (for a review, see Shaywitz
1998). However, there is increasing evidence that deficits in
visual attention may also play a role in dyslexia (for reviews, see
Valdois et al. 2004 and Vidyasagar and Pammer 2010). Dyslexic
children show impairments in matching symbol strings, a visual
processing task that requires no lexical processing but does
require processing spatial relationships (Pammer et al. 2004).
Dyslexic children with and without obvious phonological
impairments also show deficits in simultaneous processing of
consonant strings (Lassus-Sangosse et al. 2008). More specific
attentional deficits are seen in impairments in exogenous
orienting tasks exhibited by a subset of dyslexic children
(Facoetti et al. 2010). Though the relationship between
dyslexia and visual processing or attention is a matter of
debate at present (i.e., Shovman and Ahissar 20006; Ziegler et al.
2010), the results presented here indicate a role for the dorsal
attention system in visual specialization of the type used in
fluent reading. Moreover, a recent study of task based
functional connectivity in typical and dyslexic child readers
shows reduced task-based connectivity between the pVWFA
and bilateral parietal regions close to those found in the dorsal
attention network (Van der Mark et al. 2011). Further study of
resting-state correlations in dyslexic subjects may increasingly
shed light on whether visual attention impairments are con-
tributing to some subjects’ disordered reading.

Summary and Conclusions

This study demonstrates relatively weak rs-fcMRI relationships
between the pVWFA (thought to be involved in visual
processing of words and letters) and regions thought to be
integral to reading, including the left SMG and AG and
potentially the left IFG. In contrast, we observed strong rs-
fcMRI correlations between the pVWFA and regions in the
dorsal attention network. This pattern of functional connec-
tivity indicates the pVWFA may well not be predominantly used
for reading, but instead, is likely to be a more general-use visual
region that is able to process stimuli in groups. The relationship
between the pVWFA and the dorsal attention network may be
related to the ability of the pVWFA to group stimuli, which, in
turn, may be used to parse visual stimuli, like words, into
appropriate visual components and interact with dorsal
attention networks to direct eye movements to the appropriate
spatial locations. Just as these skills develop with age and

reading level, we see increased correlations between the
pVWFA and parts of the dorsal attention system with increases
in age and reading level.
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