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Despite anecdotal evidence of relative visuospatial processing strengths in individuals with reading disability
(RD), only a few studies have assessed the presence or the extent of these putative strengths. The current
study examined the cognitive and neural bases of visuospatial processing abilities in adolescentswith RD relative
to typically developing (TD) peers. Using both cognitive tasks and functionalmagnetic resonance imaging (fMRI)
we contrasted printed word recognition with non-language visuospatial processing tasks. Behaviorally, lower
reading skill was related to a visuospatial processing advantage (shorter latencies and equivalent accuracy) on
a geometric figure processing task, similar to findings shown in two published studies. FMRI analyses revealed
key group by task interactions in patterns of cortical and subcortical activation, particularly in frontostriatal
networks, and in the distributions of right and left hemisphere activation on the two tasks. The results are
discussed in terms of a possible neural tradeoff in visuospatial processing in RD.

© 2014 Elsevier Inc. All rights reserved.

Introduction

Reading disability (RD) has been characterized as a brain-based
neurodevelopmental disorder associatedwith a failure to acquire fluent
reading skills (e.g., Landi et al., 2013; Vellutino et al., 2004). There is a
large body of research indicating that language deficits, particularly at
the phonological level, underlie many reading difficulties (Lyon et al.,
2003; Shankweiler et al., 1995). Moreover, evidence from studies of
the neurobiology of reading supports the foundational role of left
hemisphere language networks for the development of fluent reading
skills (Diehl et al., 2011; Pugh et al., 2005) with relative anomaly in

RD in comparison to typically-developing (TD) readers across these
networks (Pugh et al., 2010).

Although much of the previous research on RD has focused on the
neurocognitive basis of phonological deficits (Vellutino et al., 2004),
there remains interest in the potential contributions of visual processing
abilities to reading and its disorders (Demb et al., 1998; Eden et al.,
1996; Stein, 2001, 2003; Vidyasagar, 2013). With regard to visual pro-
cessing and RD, difficulties with some aspects of visuospatial processing
have been reported, including: 1) visuospatial attention (Facoetti et al.,
2010; Vidyasagar and Pammer, 2010; Vidyasagar, 2013); 2) motion
processing, thought to arise from an abnormal magnocellular system
(Demb et al., 1998; Eden et al., 1996; Stein, 2001); and 3) perceptual
signal-to-noise attentional mechanisms that impact the quality of
sensory processing not only for vision, but for auditory processing as
well (e.g., Sperling et al., 2004, 2006). While deficits have been the
general focus, paradoxically there have been several reports suggesting
relative strengths in RD for certain non-language visuospatial processing
tasks including configural processing and visuospatial cue learning
(Howard et al., 2006; Schneps et al., 2012; von Károlyi, 2001; von
Károlyi et al., 2003). If such advantages do indeed exist for some tasks,

NeuroImage xxx (2014) xxx–xxx

⁎ Corresponding author at: Department of Psychology, 118 Haggar Hall, University of
Notre Dame, Notre Dame, IN 46556, USA. Fax: +1 574 631 8883.

E-mail addresses: joshua.diehl@nd.edu (J.J. Diehl), frosts@haskins.yale.edu (S.J. Frost),
info@thenewgrange.org (G. Sherman), einar@haskins.yale.edu (W.E. Mencl),
anish.kurian@uconn.edu (A. Kurian), pmolfese@haskins.yale.edu (P. Molfese),
landi@haskins.yale.edu (N. Landi), preston@haskins.yale.edu (J. Preston),
asoldan1@jhmi.edu (A. Soldan), Robert.fulbright@yale.edu (R.K. Fulbright),
jay.rueckl@uconn.edu (J.G. Rueckl), Seidenberg@wisc.edu (M.S. Seidenberg),
fumiko.hoeft@ucsf.edu (F. Hoeft), pugh@haskins.yale.edu (K.R. Pugh).

YNIMG-11531; No. of pages: 14; 4C: 8

http://dx.doi.org/10.1016/j.neuroimage.2014.07.029
1053-8119/© 2014 Elsevier Inc. All rights reserved.

Contents lists available at ScienceDirect

NeuroImage

j ourna l homepage: www.e lsev ie r .com/ locate /yn img

Please cite this article as: Diehl, J.J., et al., Neural correlates of language and non-language visuospatial processing in adolescents with reading
disability, NeuroImage (2014), http://dx.doi.org/10.1016/j.neuroimage.2014.07.029

http://dx.doi.org/10.1016/j.neuroimage.2014.07.029
mailto:joshua.diehl@nd.edu
mailto:frosts@haskins.yale.edu
mailto:info@thenewgrange.org
mailto:einar@haskins.yale.edu
mailto:anish.kurian@uconn.edu
mailto:pmolfese@haskins.yale.edu
mailto:landi@haskins.yale.edu
mailto:preston@haskins.yale.edu
mailto:asoldan1@jhmi.edu
mailto:Robert.fulbright@yale.edu
mailto:jay.rueckl@uconn.edu
mailto:Seidenberg@wisc.edu
mailto:fumiko.hoeft@ucsf.edu
mailto:pugh@haskins.yale.edu
http://dx.doi.org/10.1016/j.neuroimage.2014.07.029
http://www.sciencedirect.com/science/journal/10538119
http://dx.doi.org/10.1016/j.neuroimage.2014.07.029


this might be taken to argue against a global visual processing deficit in
RD and could reflect a type of tradeoff between reading and other visual
processes. At present this issue has received very little attention in
neurocognitive studies (but see Gilger et al., 2013; Gilger and Hynd,
2008; Olulade et al., 2012).

Current neurocognitive theories are generally aimed at accounting for
patterns of deficits that present in RD children, whether phonological
(e.g., Fowler and Swainson, 2004; Goswami and Ziegler, 2006), visual
(e.g., Stein, 2001), auditory (Gaab et al., 2007; Goswami et al., 2002),
attentional (Facoetti et al., 2010; Ziegler et al., 2009), or involving domain
general procedural learning mechanisms (Nicolson and Fawcett, 2007).
No current theory, to our knowledge, directly predicts RD processing
advantages in any domain, visuospatial or otherwise; though, at a more
general level, we note that Geschwind andGalaburda (1987) did propose
the existence of a “pathology of superiority,” where a predisposition to
the neural deficits specific to reading could lead other areas of the brain
to compensate for these deficits. Recent neurobiological studies have
also suggested that individuals with RD use different neural networks
to process visual stimuli (Olulade et al., 2012) and that strengths could
be related to compensation for reading difficulties (Gilger et al., 2013).
In any event, if relative advantages are found, all current major theories
would be challenged to provide an account of these advantages.

Cognitive research on enhanced visuospatial processing in individuals with
RD

Anecdotal reports and historical characterizations of RD have long
been taken to suggest that some individuals with RD appear to have
pronounced strengths in some kinds of visuospatial processing tasks.
Prevalence estimates of children who are both gifted and learning
disabled vary widely, with some estimates as high as 2–5% of school-
age children, although prevalence estimates on these populations are
plagued by varying definitions of giftedness and learning disability
(Davis and Rimm, 1985; McCallum et al., 2013; Nielson, 2002; Ruben
and Reis, 2005). Several groups have asserted that there are higher
rates of individuals with RD in professions where certain visuospatial
skills are at a premium, such as art, architecture, engineering, and
mechanics (Winner et al., 1991; Winner and Casey, 1993; Winner,
2000; Wolff and Lundberg, 2002). More recently, it has been suggested
that genetic factors (although poorly understood currently) might
undergird tradeoffs in individuals with superior nonverbal IQ and
language/reading-based deficits, or “twice-exceptional” individuals
(Craggs et al., 2006; Gilger et al., 2013).

Findings across controlled experimental studies that attempted to
identify visuospatial processing strengths in the cognitive profiles of
individuals with RD have been decidedly mixed (Diehl et al., 2011;
Gilger et al., 2013). Thus, some studies looking at non-language visuospa-
tial tasks have reported that individuals with RD have some superior
abilities (Bannatyne, 1971; Howard et al., 2006; Rugel, 1974; Swanson,
1984; Schneps et al., 2012; von Károlyi et al., 2003; von Károlyi, 2001),
others find comparable abilities (Bacon et al., 2007; Koenig et al., 1991;
Rudel and Denckla, 1976; Rugel, 1974; Siegel and Ryan, 1989; Sinatra,
1988; Smith et al., 1977; Winner et al., 2001), while others have
suggested diminished skills (Bacon et al., 2007; Bannatyne, 1971;
Benton, 1984; Eden et al., 1995; Johnston and Weismer, 1983; Morris
et al., 1998; Naidoo, 1972; Rourke, 1985). Even when examined from
the point of view of a single common neurocognitive task that has been
used on several different samples (mental rotation; Vandenberg and
Kuse, 1978), findings for that single test have been inconsistent
(e.g., Olulade et al., 2012; Winner et al., 2001). Of course, all of these
studies differ in important regards, including the specific tasks/skills
studied and the criteria applied in defining RD; as such, direct compari-
sons are difficult. There are also methodological concerns related to
studies that have found processing advantages (Winner et al., 2001).
Clearly, more controlled cognitive research is needed to answer these
questions, and it has been argued that neuroimaging might yield unique

insights into this complex question by directly examining brain pathways
for reading and language relative to other visuospatial skills (Gilger and
Hynd, 2008).

Recent research on implicit visuospatial learning in individuals with
RD has suggested a possible visuospatial processing strength. Howard
et al. (2006) found that adults with RD actually showed advantages
relative to typically developing (TD) peers on a visuospatial cue learning
task but impaired learning on a non-visuospatial sequential serial
reaction time (SRT) task. Correlational analyses indicated that
performance on cue learning was negatively correlated with reading
skills,whereas SRT learningwas positively correlatedwith reading skills
(it should be noted that several other studies have also reported deficits
on sequence learning tasks (Szmalec et al., 2011; Stoodley et al., 2006)).
Thus, while implicit sequence learning, a type of procedural learning
thought to be dependent on frontostriatal networks (e.g., Jenkins
et al., 1994; Thomas et al., 2004; Willingham et al., 2002) has been
shown to be deficient in RD (Howard et al., 2006), implicit learning
for configural visuospatial patterns (thought to be medial temporal
lobe dependent; Preston and Gabrieli, 2008) is not only spared, but
also could be a relative strength in RD (Howard et al., 2006).

Two other studies recently reported that children with RD show
relative processing advantages in another non-language visuospatial
configural processing task (von Károlyi, 2001; von Károlyi et al., 2003)
and these directly motivated the current report. von Károlyi (2001)
used stimuli that could potentially be viewed as 3-D (called possible
and impossible figures; Carrasco and Seamon, 1996; Schacter et al.,
1990). During the task participants needed to quickly determinewhether
or not a stimulus (see Fig. 1) could exist in a 3-D space (possible, see
Fig. 1a) or not (impossible, see Fig. 1b). This task (hereafter referred to
as the impossible figures task) requires the ability to see the gestalt of a
figure quickly in order to get it to “pop out” of the page in 3-D. von
Károlyi (2001) found that RD readers were reliably faster at this task
but comparable on accuracy (suggesting that the latency advantage did
not simply reflect a speed/accuracy tradeoff). These findings were later
replicated by the same authors with a second, independent sample
(von Károlyi et al., 2003); given the replication study, we employed the
impossible figures tasks in the current neuroimaging report. It is impor-
tant to note that both studies had small effect sizes, and the TD compar-
ison groups had slightly (but not significantly) higher accuracy scores.
Still, given that individuals with RD are often slower at processing tasks
(e.g.,Wolf et al., 2000),findings that show enhanced speed in RDwithout
an accuracy tradeoff are intriguing.

Why should there be an RD advantage on this type of task? Von
Károlyi and colleagues hypothesized that this relative strength might be
related to a global configural processing bias, as the ability to recognize
possible figures is thought to be related to this process (e.g., Schacter,
1992). Other studies have also reported the presence of a global bias for
processing in individuals with RD, meaning that individuals with RD
seem to display a bias toward processing the gestalt over an image's
parts, although data from these studies indicate that this bias is similar
to the one shown by TD peers (Keen and Lovegrove, 2000; Matthews
and Martin, 2009); this bias could, in principle, account for latency
advantages in the impossible figures task.

Is there a neural signature for reading vs. visuospatial processing tradeoffs?

An extensive literature attests to the claim that language processing
is typically left hemisphere (LH) dominant, whereas the right hemi-
sphere (RH) systems plays a relatively heightened role formany aspects
of non-language visuospatial processing (e.g., Hellige, 1996; Hellige and
Michimata, 1989; Pallier et al., 2011).With respect to brain organization
for reading, neuroimaging studies have found that TD readers develop a
largely LH organized neurocircuity for print with inferior frontal,
temporoparietal and occipitotemporal components (Pugh et al.,
2000a, 2000b). Individuals with RD exhibit reduced activation (and
functional connectivity) across LH posterior networks (see Richlan
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et al., 2009, 2011, for a meta-analysis), and for many tasks show greater
RH activation; these heightened RH responses have been argued to
reflect compensatory processing in light of LH anomalies for phonological
processing (Horwitz et al., 1998; Pugh et al., 2000b; Rippon and
Brunswick, 2000; Shaywitz et al., 2003; Simos et al., 2002). At the level
of neuroanatomy, some studies have reported a reversal of asymmetry
(RH larger than LH) in the planum temporale in individuals with RD,
although the evidence for this is somewhat mixed (Geschwind and
Levitsky, 1968; Hynd et al., 1990; Larsen et al., 1990; Rumsey et al.,
1997; Schultz et al., 1994). Reduced gray and white matter development
in LH regions for RD readers has also been frequently reported
(e.g., Beaulieu et al., 2005; Deutsch et al., 2005; Eckert, 2004; Keller and
Just, 2009; Klingberg et al., 2000; Niogi and McCandliss, 2006; Richards
et al., 2008; Rollins et al., 2009).

Hemispheric differences in TD and RD for reading might suggest a
possible mechanism for the language/non-language visuospatial
tradeoff under consideration in this study. Thus, to the extent that RH
systems dominate in individuals with RD we might see relative deficits
in language and a potential advantage for visuospatial processing (cf.
Craggs et al., 2006). Alternatively, the lack of LH specialization for
reading in RD might allow greater contributions from LH networks to
configural processing and thus the reported advantage. However, to
date these kinds of tradeoffs have not been documented in RD, and

the current fMRI study will be important in providing a first test of
this hypothesis.

Purpose of this study

Although there is anecdotal and some experimental evidence for
possibly enhanced non-language visuospatial processing in individuals
with RD, research findings in this area have been limited, and current
neurocognitive RD theories tend to focus almost exclusively on
well-established processing deficits. This study aims to provide both a
cognitive and neurobiological investigation of whether strengths in
non-language visuospatial tasks do exist and, if they do, to explore the
brain-basis of the dissociation between reading and other tasks. We
can begin to address questions such as whether individuals with RD
show a tendency or a preference to process information globally rather
than relying on feature-based processing, whether individuals with RD
may advantageously use contextual features to aid in areas of process-
ing that are otherwise hard for them, andwhether there are differences
between RD and TD readers in hemispheric lateralization that might
underlie visuospatial processing tradeoffs.

More specifically, to precisely characterize relative strengths in
different aspects of visuospatial processing and reading, we administered
a standard behavioral battery of readingmeasures aswell as the impossi-
blefigures and twoother frequently employednon-language visuospatial
tasks (mental rotation, Navon global/local processing; Navon hierarchical
stimuli; Navon, 1977). Mental rotation was chosen because it has been
used in multiple RD studies in the past (e.g., Olulade et al., 2012;
Winner et al., 2001), whereas the Navon task is a common measure of
the global-local processing differences (e.g., Behrmann and Kimchi,
2003; Fink et al., 1997;Matthews andMartin, 2009, amongmany others)
that have been hypothesized by von Károlyi and colleagues as one possi-
ble explanation for putative visual processing strengths in the impossible
figures task. In a subset of these participants, we then adapted the
impossible figures paradigm that has shown RD advantages in two
previous published studies (von Károlyi, 2001; von Károlyi et al., 2003)
to be used during functional magnetic resonance imaging (fMRI) data,
along with a visual lexical decision paradigm for printed words and
pseudowords to examine the neurobiological signatures of each and
how these tasksmight interactwith reading skill as assessed behaviorally.
We also employed a simple one-back fMRI control task with figures vs.
words in order to assess TD/RD differences when task is held constant
but stimulus type varies.

Method

Participants

Fifty-three participants with reading abilities ranging from RD to
superior reading enrolled in the study (see Table 1 for descriptive
characteristics of the sample). A subsample of 27 participants was
recruited for the fMRI portion of the study. These participants were
recruited specifically because they did or did not report having an RD
in order to create two separate groups (RD and TD). These participants
completed a diagnostic battery and a series of cognitive tasks, and a
subset of this group (21 participants) was selected (as described
below) to return to participate in the fMRI portion of the study. An
additional 26 participants were recruited to provide a larger sample of
data on our behavioral tasks. These participants were not recruited
based on group (TD or RD) membership: they represented a spectrum
of reading abilities. The six participants who completed behavioral
testing but were not selected for the fMRI portion of the study were
still included in the data for the cognitive tasks. All participants were
recruited from the community using public advertisements, and from
existing laboratory databases of families who had indicated an interest
in participating in future studies. For the core cognitive tasks we
obtained behavioral data for all participants for the Navon task, for 49

Fig. 1. Examples of possible and impossible figures. Panel (a) is a representation of a “pos-
sible” figure. Lines connect in a manner that give the viewer the impression that it has
depth; therefore, it is possible that it could exist as a three dimensional object. Panel
(b) is a representation of an “impossible” figure. Lines do not connect in a way that
depth is perceivable; therefore, it is impossible for this object to have a three dimensional
equivalent.
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participants on the mental rotation task, and for 47 participants on the
impossible figures task.1

All participantswere given a cognitive and diagnostic battery of tests
that included the Wechsler Abbreviated Scale of Intelligence (WASI,
Wechsler, 1999) and Woodcock-Johnson Test of Achievement (WJ-III,
Woodcock et al., 2007). For the subset participants performing in the
fMRI portion of the study, these participants were additionally given
the Test of Word Reading Efficiency (TOWRE, Torgesen et al., 1999).
Participants in the fMRI subsample met criteria for RD if the average of
their standard scores on theWJ-III Basic Reading cluster, WJ-III Spelling
subtest, and the TOWRE TotalWord Reading scores were 90 or lower or
clinical judgment based on developmental history. All but one
participant in the RD group had a score lower than 90 (Reading
Composite=94), but this participant had a significant and documented
history of reading difficulties, so hewas included in the RD group based
on past history and clinical judgment. From the initial sample of 27, we
selected a subset of TD and RD participants that were groupmatched on
chronological age and gender, andWASI Verbal IQ, did not reliably differ
(although the scores for the TD group were numerically higher on all
three WASI scales; see Table 1).

Materials and procedure

After completing the diagnostic battery, participants completed two
cognitive experiments (Navon andmental rotation). Together, diagnos-
tic and behavioral testing took approximately 2–3 h. Participants were
then given mock scanner training to prepare them for the fMRI tasks.
Before participating in the fMRI portion of the study, participants were
given the instructions for the tasks to be completed in the scanner and
completed practice sessions for each task. Participants completed
three tasks during scanning (impossible figures, lexical decision, and a
one-back task using the print and figure stimuli from the key experi-
mental conditions). Participants used their right hand to respond to

tasks in the magnet. Total time in the fMRI scanner was approximately
1 h, including anatomical scans. Immediately after the participants
finished the fMRI session, they performed an additional session of the
impossible figures task outside of the scanner. The motivation for this
procedure was to acquire data under conditions more similar to the
previously published behavioral studies (i.e., von Károlyi, 2001, 2001).
This behavioral data was collected after the in-scanner session, however,
in order to avoid any priming effects that could affect the fMRI patterns
(Korsnes and Magnussen, 2006; Soldan et al., 2006, 2008).

Cognitive measures of visuospatial processing
The same general procedure was used for each of three tasks

measuring different aspects of visuospatial processing in TD and RD.
For each task participants were seated in a comfortable non-rotating
chair approximately 50 cm from a computer screen. Stimulus presenta-
tion and responses were controlled using E-Prime 2.0 software
(Psychology Software Tools, Pittsburgh, PA). Responses for all tasks
were collected using the outside two buttons on a five-button box. For
all tasks each stimulus was present for 4 s, and if the participant did
not respond in those 4 s, the item was scored as incorrect and the
program advanced to the next item with a 750 ms inter-trial interval.
Participants were given no feedback on whether their response was
correct or incorrect on experimental trials.

Impossible figure behavioral task. This task, identical to the in-scanner
version (but collected immediately after the fMRI session), involved a
figure judgment (Schacter et al., 1990) similar to the conditions that
have shown an advantage in reaction time without cost to accuracy
for participants with RD (von Károlyi, 2001; von Károlyi et al., 2003).
Participants viewed the 2D drawings figures, and indicated by means
of a button press whether the figures were “possible” or “impossible”
(see Fig. 1 for examples). Participants were instructed that “possible”
figures looked as if they were a real 3D object that you could reach
out, grab and hold, whereas it was “impossible” for an impossible figure
to exist in real life because one ormore of the lines or corners was out of
place. The majority of the stimuli were taken from the original set of

1 Therewere a small number of instances of technological failure that compromised da-
ta on the cognitive tasks, and a small number of participantswhowere unable to complete
all of the tasks.

Table 1
Descriptive characteristics of samples used for the in-scanner and out-of-scanner tasks.

Behavioral data sample fMRI data sample

Group M (SD)
[range]

RD
M (SD)
[range]

TD
M (SD)
[range]

F p

N 53 11 10
Gender (M:F) 28:25 9:2 7:3
Chronological age (in years) 17.9 (2.2)

[13–22]
16.3 (1.8)
[14–19]

16.9 (2.2)
[13–20]

.52 .48

WASI FSIQ 110.9 (11.8)
[85–132]

105.5 (10.8)
[86–117]

112.7 (15.7)
[85–132]

1.62 .22

WASI VIQ 112.1 (14.0)
[80–138]

107.2 (14.6)
[80–127]

112.1 (16.5)
[82–138]

.53 .48

WASI PIQ 107.5 (11.5)
[82–128]

102.6 (10.5)
[87–123]

110.0 (13.6)
[90–125]

2.00 .17

WJ basic reading cluster 101.8 (11.0)
[72–123]

90.6 (7.5)
[72–99]

106.9 (9.1)
[93–123]

20.13 b .001

WJ letter-word ID 104.2 (11.6)
[70–123]

92.0 (9.2)
[70–106]

107.8 (7.25)
[96–122]

18.77 b .001

WJ word attack 98.6 (11.5)
[73–120]

88.6 (8.1)
[73–99]

103.9 (9.7)
[90–117]

15.36 b .001

WJ spelling 104.5 (18.1)
[66–137]

81.7 (10.8)
[66–99]

115.8 (10.4)
[103–132]

52.07 b .001

TOWRE N/A 81.4 (10.6)
[65–105]

103.6 (19.7)
[81–139]

10.63 b .01

Reading composite N/A 83.94 (6.8)
[71–94]

108.3 (9.8)
[94–123]

44.17 b .001

Note:WASI=Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999).WJ=Woodcock Johnson Tests of Achievement, Third Edition (Woodcock et al., 2007). TOWRE=Test ofWord
Reading Efficiency (Torgesen et al., 1999). Reading Composite is composed of average scores of WJ Basic Reading Cluster, WJ Spelling, and TOWRE Total Reading. Only participants in the
original fMRI subsample received the TOWRE.
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possible/impossible stimuli (Schacter et al., 1990); however, following a
pilot study, some stimuli were made easier (by adding or subtracting
lines or corners) in order make the stimulus difficulty more suitable
for younger adolescents. Participants had already completed the fMRI
version of this task, so they were not given any practice items. The
task consisted of 168 stimuli, presented randomly in two 96 stimuli
blocks, separated by a short break and counterbalanced across groups
for order of blocks and side of responses on the button box
(e.g., possible on either left or right).

Mental rotation task. For this taskwe adapted a commonmental rotation
task (Peters and Battista, 2007; Vandenberg and Kuse, 1978) in order to
test a domain of visual processing that does not involve global-local pro-
cessing but still involves visual processing in 3 dimensions. Participants
viewed pairs of shapes made of blocks, and needed to determine if the
figures were the same or different if one was rotated. During practice
participants were initially shown 3D examples of the stimuli, and then
examples in a laminated book to demonstrate the task. Participants
were allowed to practice the task once on the computer with eight
practice stimuli to ensure that they understood the task. None of the
participants showed any difficulty understanding the task. The experi-
mental task consisted of 94 stimuli, presented randomly in two 47
stimuli blocks, separated by a short break and counterbalanced across
groups for order of blocks and side of responses on the button box
(e.g., same on either left or right).

Navon task. This task was adapted from the hierarchical stimuli
paradigm (Navon, 1977) that is commonly used to detect global-local
processing biases (e.g., Behrmann and Kimchi, 2003; Fink et al., 1997;
Matthews and Martin, 2009, among many others). On each trial
participants were presented with a figure with an ‘H’ or an ‘S’ in it and
they had to identify which of the letters the figure contained. The target
letters could be represented either by a number of small letters that
made up the figure or by the gestalt of a figure. In order to control for
any implicit learning that might be occurring, ‘H’ was always paired
with ‘A,’ and ‘S’ was always paired with E to facilitate implicit learning;
however, there was a third type of stimuli where both ‘H’ and ‘S’ were
paired with ‘T’ and therefore would have no implicit associations
between the two letters. Participants were shown examples of the
stimuli in a laminated book, and then were allowed to practice on the
computer with 12 practice stimuli in order to ensure that they
understood the task. None of the participants showed any difficulty
understanding the task. The experimental task consisted of 160 stimuli,
presented randomly in two 80 stimuli blocks, one block using the
stimuli with the stronger global bias, and another block using the
stimuli with a stronger local bias, separated by a short break and
counterbalanced across groups for order of blocks.

FMRI tasks
Participants completed three tasks in the fMRI scanner: (1) a version

of the impossible figures task, (2) a lexical decision (word/pseudoword
discrimination) task, and (3) a one-back task using stimuli similar to
those used in the two key experimental tasks. Participants alternated
between functional imaging runs of the impossible figure and lexical
decision tasks, with order counterbalanced across participants, and
then finished with the one-back task. The one-back was completed at
the end of the session to ensure there were not any priming effects
during the critical trials of the impossible figures task.

Before scanning sessions participants were given instructions on the
tasks with print outs of sample stimuli followed by practice on a
computer in the Yale Reading Center. Participants were given feedback
on their performance in order to ensure that they understood what
“possible” and “impossible” meant. All participants demonstrated that
they understood the tasks in the practice run. In the scanner stimuli
were presented using E-Prime 2.0, and accuracy and latencies were
recorded using a fiber optic button box. Participants were given an

additional short practice run in the scanner to familiarize them with
how the task would run in the scanner.

Impossible figure fMRI task. For the fMRI impossible figures runs, the task
demandswere similar to the out of scanner version of the task conducted
immediately afterwards, although the timing of stimulus presentation
was adapted for ideal fMRI data acquisition. In each of six functional
imaging runs in an event-related design, participants viewed 28 figures
(half possible, half impossible). Unlike the behavioral version, partici-
pants did not advance to the next figure once they registered a decision.
Stimuli were presented for 2.5 s. Trials entailed multiple randomized or
“jittered” durations (4–7 s) to facilitate analysis (Miezin et al., 2000),
and occasional longer durations (i.e., “null” trials) to improve our
estimate of baseline activation.

Lexical decision task. For this event-related scanner task, participants
were asked to determine whether a printed token was a real English
word or not. Word stimuli were medium frequency (mean frequency,
HAL Study: 23399.19; range: 731–324,161; Balota et al., 2007; Lund
and Burgess, 1996) and matched to pseudowords in length (range:
4–6 letters, mean: 4.5 letters). In addition, half of the real words and
half of the pseudowords were presented in mixed case to provide a
difficulty manipulation that would be analogous to the impossible-
possible figures contrast. Stimulus presentation times and trial
durations were identical to those used for the impossible figures
functional imaging runs. In each run, participants saw 28 items (7 of
each of the 4 stimulus types described above). In order to lessen task
demands for participants, “real” and “possible” responses were always
on the same button, and “pseudoword” and “impossible” were always
on the same button for each individual participant.

One-back task. For the last 2 runs at the scanner, participants completed
a task designed to identify the underlying perceptual circuits involved in
processing figures and printed stimuli with a common (one-back) task
that involved minimal cognitive processing demands. This allows us to
determine whether differences in activation patterns between groups
on figures vs. print tokens seen in the primary lexical decision vs.
impossible figures task comparisons are still observed when the task
is held constant. If general patterns are similar in the common task
condition this would imply basic perceptual processing as opposed to
task-specific cognitive processing differences for language and
non-language visual tokens. In the one-back condition participants
identifiedwhether the stimulus on the screenwas the same or different
from the preceding stimulus. A block design was used with 3 blocks of
possible figures and 3 blocks of real (not case-mixed) words (8 items
per block) in each run alternating with a baseline condition in which
participants saw a ‘+’ sign on the screen and alternated between left
and right button presses with each subsequent ‘+,’ rather than making
one-back decisions.

FMRI image acquisition and analysis

FMRI data were acquired using a Siemens 3 Tesla “Tim Trio” scanner
at the Yale School of Medicine. Foam wedges around the head and a
restraining band across the forehead were used in an 8 channel head
coil to minimize movements. Prior to functional imaging, 32 axial-
oblique anatomic images (FA [flip angle], 60°, TE [echo time], 2.47 ms;
TR [repetition time], 300 ms; 4 mm slice thickness, no gap;
256 × 256mm× 2 NEX [number excitations])were prescribed parallel
to the intercommissural line. Activation images were collected at these
same slice locations using single shot, gradient echo, echo planar acqui-
sitions (FA, 80°; TE, 30 ms; TR, 2000 ms; 4 mm slice thickness, no gap;
64 × 64 × 1 NEX), resulting in 95 images obtained per 3:10 functional
run with an additional 5 images at the beginning of each run discarded
due to image stabilization. High-resolution anatomical images were
gathered for 3D reconstruction (sagittal MPRAGE acquisition, FA, 8°;
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TE, 3.65 ms; TR, 2000ms; 256× 256mm; 1mm slice thickness, no gap;
1 NEX; 160 slices total).

Data analysis was completed using algorithms developed in
MATLAB (Mathworks, Inc.) in conjunction with Bio-Image Suite (REF).
Functional images were corrected for slice-acquisition time, motion-
corrected with SPM2 (Friston et al., 1995), and spatially smoothed
with a 3.125 mm FWHM Gaussian filter. Images in which rotation
exceeded 2° or displacement exceeded 2 mm and functional runs in
which 65% or more of the images exceeded tolerance were excluded
from analysis. Using Bio-Image Suite, each subject's T1 anatomic was
mapped onto the 2-mm MNI standard space “Colin” brain defined by
the Montreal Neurological Institute. This was applied to all single-
subject activation maps prior to across subject analysis with trilinear
interpolation.

Preprocessed images acquired during the block design of the
one-back task were then submitted to a linear regression analysis at
each voxel for every subject in order to compare the mean signal for
each experimental condition to the baseline condition. By dividing by
the square root of the error mean square for the model, the differences
of the signal were converted to standardized activation values.
Preprocessed images acquired during the event-related design of the
impossible figures and lexical decision tasks were processed using a
linear regression based method that allows for direct estimation of the
hemodynamic response function for each condition on a voxelwise
basis without a priori specification of a reference function (Miezin
et al., 2000). Single subject activation maps were created for each
condition using the regression estimates to calculate the mean
activation difference between a baseline (0–3 s prior to trial onset)
and an activation period (3–8 s post onset). Because of a planned
scanner upgrade midway through data acquisition, we employed two
methods to account for differences in signal across subjects. First, we
acquired data on individuals from both groups pre (7 RD, 8 TD) and
post (4RD, 2 TD) upgrade such that any uncorrected scanner differences
would minimally impact our primary group comparisons. Second,
within each single subject analysis, regression parameters (B-weights)
were converted to standardized activation values by dividing them by
the square root of the error mean square for the model, as in Pugh
et al. (2008).

For across-subjects analyses of both block and event-related data,
values from the single-subject analyses were entered into repeated
measures analyses of variance conducted on a voxel-wise basis with
planned comparisons for main effects and interactions of interest. All
comparisons are report at a p b .01, with a correction for false discovery
rate (FDR; Genovese et al., 2002).

Results

Results below are presented both for the entire sample (53 partici-
pants) and for the subsample of 21 (11 RD, 10 TD) who participated
in the fMRI portion of the study. Results are presented in the following
order: (1) behavioral results for the full sample out of the scanner,
(2) behavioral results for the fMRI subgroup on tasks conducted out of
the scanner, (3) behavioral results for the fMRI subgroup in the scanner,
and (4) fMRI results. It should be noted that reaction times for all
sections represent reaction times for correct trials only.

Behavioral data

Full sample, out of scanner tasks
We conducted a series of analyses examining the relation between

word reading skills and both accuracy and reaction times to correct
responses on the visuospatial tasks (Navon, mental rotation, and
impossible figures). Because current evidence suggests that RD is best
understood as a dimensional disorder (Fletcher et al., 2007) in which
relevant cognitive and neurobiological differences between skilled and
less skilled readers are thought to be gradient, we utilize continuous

analyses of the behavioral data in which our sample size and skill
distribution is adequate for this analytic approach.

Given extensive variability on full-scale IQ scores in the full
behavioral sample we also included this factor along with chronological
age as nuisance variables in separate regression analyses performed
with dependent variable WJ Letter-Word ID for each of six predictors
of interest: (1) reaction times to possible/impossible figure judgments;
(2) accuracy of possible/impossible figure judgments; (3) mental
rotation reaction time; (4)mental rotation accuracy, (5) Navon reaction
times, and (6) Navon accuracy. For each model WASI full-scale IQ and
chronological age were entered into the model before the predictor of
interest. Table 2 contains mean accuracies and reaction times, and
Table 3 contains regression models along with zero order and partial
correlations. All six models were significant; however, of our six
variables of interest only reaction times for mental rotation and impossi-
ble figures significantly predicted Letter-Word ID (p=0.03 and p=0.01
respectively).2 In essence, lower reaction times on these tasks were
correlated with lower scores on Letter-Word ID, suggesting that
participants who were worse at reading also displayed a relative speed
advantage in the mental rotation and impossible figures tasks. Impor-
tantly, there was no relationship between speed and accuracy in either
the impossible figures task (r= .04, p= .81) or themental rotation task
(r = − .01, p = .95), suggesting that participants did not sacrifice

Table 2
Mean accuracy and reaction times for behavioral tasks conducted both outside of the
scanner and inside the scanner. For the fMRI Subsample, data are presented for overall
subsample and then for the groups with and without RD.

Task (sample size) Accuracy — Mean %.
Correct (SD)

Reaction Time — Mean-ms.
(SD-ms.)

Entire sample — out of
scanner
Impossible figures
(N = 47)

.81 (.09) 1254.57 (409.89)

Mental rotation
(N = 49)

.75 (.11) 1679.63 (431.48)

Navon (N = 53) .98 (.04) 753.05 (153.06)
fMRI subsample — out of
scanner
Impossible figs overall
(N = 21)

.81 (.10) 971.48 (210.09)

RD group (N = 11) .78 (.09) 939.20 (222.52)
TD group (N = 10) .84 (.11) 1007.00 (200.98)

Mental rotation overall
(N = 21)

.75 (.11) 1764.02 (419.08)

RD group (N = 11) .73 (.07) 1710.97 (448.43)
TD group (N = 10) .76 (.14) 1822.39 (399.53)

Navon overall (N = 21) .98 (.02) 775.78 (169.70)
RD group (N = 11) .97 (.02) 785.24 (123.08)
TD group (N = 10) .98 (.02) 765.38 (216.64)

fMRI subsample — in
scanner
Impossible figures
(N = 21)

.73 (.13) 1266.28 (132.75)

RD group (N = 11) .70 (.11) 1316.49 (75.52)
TD group (N = 10) .77 (.13) 1211.05 (162.34)

Lexical decision
(N = 21)

.88 (.09) 1149.76 (239.48)

RD group (N = 11) .84 (.08) 1290.92 (196.15)
TD group (N = 10) .92 (.08) 994.49 (183.18)

One-back (N = 21) .80 (.19) 575.27 (139.48)
RD (N = 11) .79 (.17) 596.13 (134.27)
TD (N = 10) .82 (.20) 552.32 (148.60)

RD — reading disability, TD — typically developing. Bolded text represents scores for the
entire fMRI sample.

2 Because of previous research suggesting a global processing bias,we ran additional re-
gression models, identical to the ones described above, with reaction times to stimuli in
which participants had to make global and local judgments. We found no effects in either
model (ps N .3).
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accuracy for speed. The Letter-Word ID task is a commonly used sight
word reading test used to examine word decoding skill (e.g., Pugh
et al., 2013) and given that RD is defined by word level processing
deficits, we employed this as our primary dependent measure for
these analyses.

FMRI subsample, out-of-scanner tasks
Next, we separately examined the out-of-scanner performance of

the subsample of 11 individuals with RD and 10 TD controls who also
participated in the fMRI portion of the study, using the same data
analysis approach that we used for the entire sample (see Table 2 for
accuracy/RT means, and Table 4 for regression models). In this section
we examined just out-of-scanner data to see if the samples were
comparable. These analyses were performed to ensure that our
subsample was similar to our overall sample in terms of their pattern
of performance. All models showed at least a marginal trend toward
significance, with the impossible figures and mental rotation reaction
times reaching significance. The lack of significance for all models is
likely due to the smaller sample sizes for the scanner tasks. Still, even
with this subsample there was a trend toward a relationship between
mental rotation reaction times (p = .07) even when FSIQ and age
were included in the model. The RD subsample was faster that the TD
group in reaction times for both the impossible figures task and the
mental rotation task, although none of these differences reached
significance (all Fs b 1). Additionally, in the RD group there was no
significant relationship between reaction times and accuracy for impos-
sible figures (r = .14, p= .68) or mental rotation (r= − .15, p = .67),
suggesting that there was no trade-off between speed and accuracy.
Performance on the impossible figures task inside and outside the
magnet was highly correlated in terms of accuracy, r = .77, p b .001,
but the reaction time correlation was smaller, r = .37, p = .10.

In-scanner tasks
Wethen examined thebehavioral performanceof the fMRI subsample

(RD = 11, TD = 10) on tasks that were conducted during the fMRI scan
(impossible figures, lexical decision task, one-back). We conducted
separate regression analyses for accuracy/RT on each task with
chronological age and FSIQ as nuisance variables with WJ Letter-Word
ID as the dependent variable (see Table 2 for accuracy/RT means, and
Table 5 for regression models). All six overall3 models were at least
marginally significant, with models for reaction times in impossible
figures (p b .05) and lexical decision (p b .05) reaching significance.
Reaction time on the lexical decision task,4 however, was the only factor
to significantly predict Letter-Word ID in these models (p b .05).

FMRI results

Impossible figures vs. lexical decision tasks
Using whole-brain analysis, thresholded at p = 0.01, with FDR

correction: several regions were observed with higher activation in TD
relative to RD including RH fusiform gyrus, bilateral lateral occipital
gyrus, LH fusiform gyrus, LH putamen/insula, LH IPL, and bilateral

Table 4
Regression Table for fMRI subsample on out-of-scanner tasks for variables predicting WJ
Letter-Word ID.

Model Omnibus/
predictor

b-
weight

t-
value

p-
value

Correlation Partial
correlation

1 F(3,20) = 3.42, p b .05
Intercept 27.81 0.80 0.43
WASI FSIQ 0.50 2.89 b .01 0.57 0.57
Age 0.26 0.22 0.83 −0.17 0.05
IF RTa 0.01 1.24 0.23 0.24 0.29

2 F(3,20) = 2.68, p = .08
Intercept 48.67 1.54 0.14
WASI FSIQ 0.46 2.11 b .05 0.57 0.46
Age −0.19 −0.16 0.88 −0.17 −0.04
IF ACCa 4.26 0.16 0.88 0.34 0.04

3 F(3,20) = 4.55, p b .05
Intercept −4.81 −0.12 0.91
WASI FSIQ 0.57 3.39 b .001 0.57 0.64
Age 1.30 1.00 0.33 −0.17 0.24
MRa RT 0.01 1.96 0.07 0.27 0.43

4 F(3,20) = 2.68, p = .08
Intercept 48.46 1.51 0.15
WASI FSIQ 0.47 2.41 b .05 0.57 0.50
Age −0.17 −0.14 0.89 −0.17 −0.03
MR ACC 3.17 0.14 0.90 0.25 0.03

5 F(3,20) = 2.78, p = .07
Intercept 31.82 0.66 0.52
WASI FSIQ 0.52 2.68 b .05 0.57 0.55
Age 0.29 0.19 0.85 −0.17 0.05
Navon RT 0.01 0.47 0.64 −0.00 0.11

6 F(3,20) = 2.76, p = .07
Intercept 0.44 0.00 1.00
WASI FSIQ 0.47 2.62 b .05 0.57 0.54
Age −0.25 −0.21 0.84 −0.17 −0.05
Navon RT 52.85 0.44 0.67 0.14 0.11

MR = mental rotation; IF = impossible figure; RT = reaction time; ACC = accuracy.

3 In the Navon tasks, even when reaction times for local and global stimuli were sepa-
rately analyzed in regression models, there was still no significant relationship between
RTs and WJ Letter-Word ID (all ps b .5).

4 We conducted ANOVAs on latencies of correct responses and accuracy for the lexical
decision task in order to test whether we replicated findings on this population from pre-
vious studies. There was a standard effect of lexicality on reaction times with faster re-
sponses to words than pseudowords, F(1,19) = 6.51, p b .05, but no difference on
proportion correct (words = .91; pseudowords = .90), F b 1. An effect of case mixing
was also obtained on reaction times such that responses to items in lowercase were faster
than to items in mixed case, F(1,19) = 7.07, p b .05. There was also an interaction of
lexicality by case mixing by reader group on reaction times driven by TD readers
showing a larger case mixing effect than RD readers but only on pseudowords,
F(1,19) = 8.96, p b .01. All other effects were not significant, Fs b 3, p N .10.

Table 3
Regression Table for entire sample on out-of-scanner tasks for variables predicting WJ
Letter-Word ID.

Model Omnibus/
predictor

b-
weight

t-
value

p-
value

Correlation Partial
correlation

1 F(3,46) = 11.14, p b .001
Intercept 27.1 1.61 0.12
WASI FSIQ 0.53 4.53 b .001 0.57 0.57
Age 0.50 0.77 0.44 0.23 0.12
IF RTa 0.008 2.19 0.03 0.41 0.32

2 F(3,46) = 8.65, p b .001
Intercept 19.05 1.02 0.31
WASI FSIQ 0.55 4.22 b .001 0.57 0.54
Age 1.10 1.78 0.08 0.23 0.26
IF ACCa 4.94 0.31 0.76 0.27 0.05

3 F(3,48) = 14.45, p b .001
Intercept 8.99 0.58 0.56
WASI FSIQ 0.56 5.43 b .001 0.62 0.63
Age 1.12 2.00 0.05 0.23 0.29
MRa RT 0.007 2.62 0.01 0.28 0.36

4 F(3,48) = 10.55, p b .001
Intercept 23.23 1.47 0.15
WASI FSIQ 0.58 4.73 b .001 0.62 0.58
Age 0.89 1.47 0.15 0.23 0.21
MR ACC 0.88 0.06 0.95 0.30 0.01

5 F(3,52) = 11.71, p b .001
Intercept 9.06 0.49 0.63
WASI FSIQ 0.58 5.39 b .001 0.60 0.61
Age 1.35 2.18 0.03 0.25 0.30
Navon RT 0.01 1.06 0.30 −0.03 0.15

6 F(3,52) = 11.38, p b .001
Intercept −1.11 −0.03 0.97
WASI FSIQ 0.56 5.04 b .001 0.60 0.58
Age 1.06 1.78 0.08 0.25 0.25
Navon RT 25.10 0.74 0.46 0.25 0.11

MR= mental rotation; IF = impossible figure; RT = reaction time; ACC = accuracy.
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ventral prefrontal cortex (BA 6); no regions with RD greater than TD
across taskswere observed. Main effects of task revealed a clear pattern.
In frontal cortex, extending ventrally from IFG to more dorsal MFG and
BA6/9, figureswere associatedwith greater RH activationwhereas print
was associated with greater LH activation. Because our primary interest
involves the neurobiological signature of the dissociations between
reading and visuospatial processing that we observed behaviorally,
the main effects are not reported further and we focus primarily on
those regions showing a reliable Group × Task interaction.

A number of regions showed Group × Task interactions (see Fig. 2
and Table 6) with a few distinct patterns observed across different
regions. In order to illustrate these patterns, we extracted activation
values for each subject at voxels that showed a significant
Group × Task interaction in the compositemap and generated barplots
of the activation levels for figures and print for RD and TD separately
(Fig. 4). First a disordinal interaction pattern was observed in which
greater activation was observed for RD than TD when processing print
and greater activation was observed for TD than RD when processing
figures. This disordinal pattern was seen at several loci including: LH
putamen/insula, bilateral precentral gyrus and supplementary motor
areas bilateral SFG, LH IFG/MFG (BA 47), LH MFG (BA 46, prefrontal
dorsolateral), anterior cingulate (BA 24), and LH intraparietal sulcus. A
second pattern was observed in which the Group × Task interaction
was driven by greater activation by TD for print relative to RD in regions
including: bilateral IFG/lateral orbital gyrus (BA 47), LH IFG (BA 45), RH
STG, and RH temporal pole as well as sub-regions in RH basal ganglia. A
third pattern was characterized by increased activation for figures in TD
relative to print with but similar activation for both print and figures in
RD participants. Regions which displayed this third pattern of activation
included: RH SFG, RH Insula, RH fusiform gyrus, RH IPL, RH precuneus,

and anterior aspects of LH MTG. A final pattern was observed for
bilateral lateral occipital gyrus regions in which RD participants showed
relatively decreased activation for print but strong activation for figures
with similar levels of activation in TD participants for both figures and
print. In sum, a disordinal (crossover) pattern was seen in frontostriatal
networks with RD showing greater activation for print than figures and
TD showing the opposite pattern. In addition, for TD figures were
associated with strong RH activation but print with localized LH
activation. For RD less laterally differences were seen; for these
participants we observed major task differences in frontostriatal regions
and strong responses to figures in visual cortex.

Table 5
Regression Table for fMRI subsample on in-scanner tasks for variables predicting WJ
Letter-Word ID.

Model Omnibus/
predictor

b-
weight

t-
value

p-
value

Correlation Partial
correlation

1 F(3,20) = 3.11, p b .05
Intercept 97.00 1.65 0.12
WASI FSIQ 0.42 2.23 b .05 0.57 0.48
Age −1.03 −0.69 0.50 −0.17 −0.17
IF RT −0.02 −0.95 0.36 −0.21 −0.22

2 F(3,20) = 2.88, p = .07
Intercept 50.00 1.62 0.12
WASI FSIQ 0.42 2.11 b .05 0.57 0.46
Age −0.38 −0.31 0.76 −0.17 −0.08
IF ACC 13.36 0.65 0.52 0.34 0.16

3 F(3,20) = 4.55, p b .05
Intercept 106.62 3.11 b .01
WASI FSIQ 0.34 2.11 b .05 0.57 0.46
Age −1.06 −1.00 0.33 −0.17 −0.24
Lexical Decision
RT

−0.02 −2.61 b .05 −0.54 −0.53

4 F(3,20) = 2.67, p = .08
Intercept 51.11 1.21 0.25
WASI FSIQ 0.48 2.17 b .05 0.57 0.47
Age −0.17 −0.14 0.89 −0.17 −0.03
Lexical Decision
ACC

−0.01 −0.06 0.96 −0.32 0.01

5 F(3,20) = 2.67, p = .08
Intercept 51.11 1.21 0.25
WASI FSIQ 0.48 2.17 b .05 0.57 0.47
Age −0.17 −0.14 0.89 −0.17 −0.03
One-back RT −0.01 −0.06 0.96 −0.32 −0.01

6 F(3,20) = 2.69, p = .08
Intercept 49.15 1.57 0.13
WASI FSIQ 0.48 2.64 b .05 0.57 0.54
Age −0.24 −0.19 0.85 −0.17 −0.05
One-back ACC 2.82 0.22 0.83 0.07 0.05

IF = impossible figure; RT = reaction time; ACC = accuracy.

Fig. 2. Regions showing a reader group by task (impossible figures, lexical decision) effect
(p b .01, corrected for FDR). Images from top to bottom correspond to the following
position along the z-axis in MNI space: +40 + 22, +4, −4, −10, −20, and −24,
respectively, with the LH on the right side of the images.
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One-back task
This task was included to identify regions where group by stimulus

type differences were seen when task is held constant (thus allowing
us to distinguish patterns that were task vs. stimulus type related across
the two experiments). The general pattern on this simple one-back task
regarding group differences is very similar to the task contrasts.
Strikingly, as shown in Fig. 3, the data show a clear group by stimulus

type difference even when looking at a simple count of numbers of
activated voxels across the entire cortex. For figures, TD readers showed
much higher numbers than RD,whereas the opposite pattern is seen for
voxels activated by print stimuli. In summary, when simply processing
these different types of stimuli, TD and RD show a reversed pattern in
terms of activated networks across a broadly distributed bilateral set
of regions, and as in the task comparison data, suggest a straightforward
link between performance and activation patterns across distributed
brain networks. We consider the implications of these findings, both
local and distributed, in the Discussion.

To summarize, broad group by stimulus hemispheric differences
were observed in this study. Indeed, as illustrated in Fig. 4, TD readers
showed heightened RH responses to figures at precentral gyrus (BA
6), insula, fusiform gyrus, and IPL. By contrast, print showed heightened
activation for TD in a number of LH regions including IFG/lateral
occipital gyrus, IFG, and BA 38. Thus, along with heightened
frontostriatal activation for figures many RH regions contributed more
to these readers processing of figures and LH regions for print in TD
but this differentiation by hemisphere was not seen in RD. Findings
from the one-back task reinforce these patterns even when a common
task is employed.

Discussion

Behaviorally, the current findings (with the full sample) replicate
two previous studies reporting a latency advantage (faster latencies
without corresponding error increases) for the impossible figures as
reading skill decreases (von Károlyi et al., 2003; von Károlyi, 2001).
We also obtained a similar latency advantage on the mental rotation
task with decreasing reading skill (it should be noted that this task
has produced inconsistent findings with regard to RD in previous
studies; e.g., Olulade et al., 2012; Winner et al., 2001). These behavioral
findings do suggest a possible visuospatial processing strength with
children reading difficulties.

At the neurobiological level of analysis, when comparing the impos-
sible figures with the lexical decision tasks, we focused primarily on
Group × Task interactions (see Figs. 2 & 4) in a matched subset of TD
and RD readers. One disordinal (crossover) pattern was seen across
frontostriatal networks (including the putamen/insula, motor and
premotor sites) with decreased activation for RD relative to TD partici-
pants for figures but the opposite pattern for print. Another type of
pattern was seen at a number of LH and RH sites and revealed what
appeared to be hemispheric differentiation for print vs. figures for TD
but not for RD; thus, for TD several LH networks uniquely responded
more vigorously to print than figures (fusiform and IFG), while a
number of RH networks (IPL, fusiform, andMFG) showed very elevated
responses to figures relative to print in TD but less differentiation in
general for RD individuals. Findings from the one-back task analyses
(used to compare groups on processing these two types of stimuli
with a common overt task that does not involve explicit geometric or lin-
guistic judgments) indicate a clear Group by Stimulus type dissociation;
across a wide array of regions, the TD group showed greater activation
for figures than print while the opposite pattern was found for RD
(similar to Olulade et al., 2012, with a mental rotation task). All of these
findings suggest a more circumscribed and efficient neural organization
for those stimuli for which a given group showed a reaction time advan-
tage; thus, in general, brain and behavioral data converge. We next
discuss the implications of these findings for neurological accounts of RD.

We first consider the implications of the crossover interaction
pattern seen in frontostriatal networks (see Fig. 4). This system is
known to support procedural learning (Barnes et al., 2005; Ullman,
2004) across multiple domains including reading (McNorgan et al.,
2011), math (Rivera et al., 2005), and sensorimotor learning (Barnes
et al., 2005). Previous studies indicate that this system tends to be less
activated for “overlearned” relative to more effortful, less well-learned
processes (Rivera et al., 2005). Extrapolating from this, the current

Table 6
Interaction Table for GROUP (TD vs. RD) by task (figures vs. print) in magnet tasks.

Region BA Vol. (mm3) MNI Coord. (X, Y, Z) p-value

L cerebellum 18 17200 −26 −86 −38 0.0021
R IPL 39 14470 54 −69 30 0.0018
L precentral gyrus 6 13264 −51 0 44 0.0001
R cerebellum 19 13000 54 −72 −34 0.0033
R SFG 6 8416 −6 −6 58 0.0001
L IPL 40 7528 −60 −44 40 0.0025
L subcallosal gyrus 34 6832 10 8 −16 0.0001
R fusiform gyrus 19 6432 34 −66 −9 0.0001
L lateral occipital gyrus 18 6352 −42 −84 −12 0.0015
R precentral 6 5704 34 −6 44 0.0001
R lateral occipital gyrus 19 5624 30 −84 18 0.0001
L lateral occipital gyrus 19 4568 −38 −68 9 0.0001
L MTG 22 4288 −40 −22 −12 0.0053
L putamen/insula 13 4200 −30 20 7 0.0001
R MTG 21 3952 62 −26 −13 0.0020
R lateral occipital gyrus 18 3664 26 −98 4 0.0021
L SFG 9 3408 2 41 38 0.0033
R SFG 9 3312 4 58 30 0.0026
L MFG 46 2144 −32 32 16 0.0001
R STG 22 2056 66 −36 10 0.0001
L intraparietal sulcus 7 2032 −22 −52 46 0.0001
Bilateral sup. SFG 6 2032 12 20 62 0.0020
R MTG 21 1872 48 −2 −24 0.0035
R IFG/precentral gyrus 13 1848 36 2 22 0.0001
L IFG/lateral orbital gyrus 47 1600 −48 36 −6 0.0029
R MFG 9 1232 46 34 34 0.0045
R sup. frontal sulcus 8 1200 30 22 54 0.0025
L fusiform gyrus 20 1152 −36 −12 −20 0.0032
R insula – 1128 34 16 4 0.0007
R IFG 47 896 62 24 0 0.0054
R SFG (sup. aspect) 6 800 12 8 70 0.0018
R basal ganglia – 752 30 −8 −4 0.0037
R IFG 44 632 64 18 14 0.0032
R postcentral gyrus 1 624 62 −26 47 0.0001
L IFG 45 616 −58 26 2 0.0021
R IFG/lateral orbital gyrus 47 608 46 38 −16 0.0042
L putamen – 528 −30 −4 10 0.0004
R temporal pole 38 480 34 16 −36 0.0027
L MFG 8 464 −34 18 60 0.0034
R precentral gyrus 6 432 24 −24 74 0.0033
L MTG 37 392 −64 −57 −6 0.0031
R STG 21 288 62 4 −16 0.0008

Fig. 3. Reader group differences during the one-back task in voxels significantly activated
(p b .001, FDR corrected) for figures and print across the entire cortex.
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data might be taken to suggest that processing of figures is in some
sense more “expert-like” in RD readers and processing of print is more
“expert-like” in TD readers in terms of efficiency of processing. Similarly,
many studies also suggest that RH networks, particularly RH IPL (BA
39), tend to show greater activation for less well-learned cognitive
skills, perhaps reflecting greater attentionally controlled processing. To
illustrate, in two developmental studies of children acquiring reading
expertise over several years RH activation is reduced relative to LH
activation as reading becomes more expert (Shaywitz et al., 1998,
2003; Turkeltaub et al., 2003). Given that TD readers showed higher
RH activation for figures (relative both to print and to RD participants
on figures) across multiple RH networks, including RH IPL, these data
might be seen as reinforcing our interpretation of the frontostriatal
asymmetry in suggesting that TD participants processed figures in a
more effortful manner.

Alternative interpretations of this crossover effect are of course
possible. Thus, given that the impossible figure tokens are relatively
novel for both groups, it is also possible that TD readers were simply

more intensively (and attentively) processing these stimuli than RD
because they are, in some sense, more focused on learning about
them. On such an account, we would expect that an initial advantage
in latency for RD on figural stimuli would disappear after multiple
exposures because TD are more actively engaged in learning about
these tokens than RD. However, we think that this account is unlikely
for two reasons. First, the RD latency advantage for figureswas obtained
in a follow-up behavioral testing session (after fMRI) and thus both
groups had receivedmultiple exposures to these stimuli prior to testing,
so these stimuli were no longer entirely novel for either group during
scanning. Secondly, the group-by-stimulus type differences on the
one-back task when participants were not explicitly attending to
feature judgments reinforce our preferred interpretation that brain
differences reflect processing efficiency. Nonetheless, further studies
that actually examine longer term learning will be needed to fully
address this question.

Next, we consider the group differences in hemispheric distributions.
A hemispheric tradeoff hypothesis (Horwitz et al., 1998; Pugh et al.,

Fig. 4. Functionally defined regions of interest from the reader group by task (impossible figures, lexical decision) pattern interaction.
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2000b; Rippon and Brunswick, 2000; Shaywitz et al., 2003; Simos et al.,
2002) did receive some support in this study. The notion that specializa-
tion in one network for a given type of stimulus can result in less facility
for other types of stimuli in that network has been termed the “crowding
hypothesis” (e.g., Behrmann and Plaut, 2013; Dehaene et al., 2010). By
way of illustration, a recent study (Cai et al., 2013) leveraged the well-
established finding that most but not all individuals are LH dominant
for language and RH dominant for visuospatial processing and the
dissociation is thought to avoid crowding. To test this idea, the authors
examined a subset of participants with reversed language dominance
(RH instead of LH) and found that for these individuals visuospatial
processing was associated with greater LH dominance; these results
were seen as supporting the crowding hypothesis. In the context of the
current study this might have manifested in the following ways. Either
for TD, given greater LH specialization for print, visuospatial processing
in the impossible figures task would show relatively greater reliance on
RH networks, or with regard to RD, greater RH involvement for print
might lead to greater LH involvement for figures. The results seem to
confirm the first hypothesis regarding TD participants. Thus, for these
participants we see greater hemispheric differentiation across tasks
with heightened RH activation for figures (relative both to print and
relative to RD participants for figures). Given these effects, we can
entertain the hypothesis that TD readers (who have been found in
previous studies to transition developmentally from bilateral activation
for print to LH ventral organization for print as they develop expertise
(Pugh et al., 2000a; Vellutino et al., 2004)) may be forced to rely more
on RH pattern recognition processing systems for non-language stimuli.
By contrast, lack of LH specialization for reading could engender less
differentiation in RD and hence a small but robust advantage for impossi-
ble figure processing. Of course all of this is speculative, and even if this
view is correct, we cannot determine in this study whether these group
differences are consequence of reading experience, or whether
differences in LH/RH activation patterns reflect TD/RD tuning characteris-
tics that are present even before learning to read. In order to address that
developmental question, future studies will need to examine brain and
behavior tradeoffs in emergent readers (as children transition from pre
to post literate brain organization). Nevertheless, the current findings
could be viewed as consistent with the notion that greater LH expertise
in print could incur some cost for other materials in TD.

Importantly, these findings suggest that for those processing skills
that are a relative strength for RD learners, systems-level brain organi-
zation appears relatively “normal” (at least to the granularity available
to fMRI). Although the patterns of reduced activation at LH reading
relevant networks for print in RD are consistent with many previous
fMRI studies (Pugh et al., 2013), the novel findings from the impossible
figures task suggest that this type of processing task (which is a relative
strength in RD) is associated with highly efficient functional brain
organization, both in cortical/subcortical pathways associated with
learning and in visual pattern processing regions. This may have
implications for how we view the etiology of reading difficulties.
Because RD is characterized as a brain-based learning disability, much
research has simply searched for structural or functional anomalies in
this population (see Diehl et al., 2011, for a review) and many have
been reported. This focus on anomaly follows from the idea that RD, a
gene-based condition, is associated atypical neuronal development
that acts as an effective functional lesioning of those networks key to
language and literacy learning. Structural anomalies have been reported
at several levels of analysis ranging from the cellular (Galaburda, 2006)
to large-scale gray and white matter distributions (e.g., Hoeft et al.,
2007; Richlan et al., 2012). However, many previous studies, both of
long-term remediation (Sandak et al., 2004; Shaywitz et al., 2003;
Simos et al., 2002; Temple et al., 2003) or short-term learning in RD
learners (Pugh et al., 2008), suggest that neurobiological systems are
“noisy,” but not fundamentally lesioned. Indeed, as behavioral
performance improves neurobiological anomalies are diminished in
RD, suggesting a relative deficit (Pugh et al., 2000b). We should note

that we found little evidence of task invariant neurobiological anomaly
in this study. Thus, while a few regions did show lower activation in RD
than TD irrespective of task (including RH fusiform gyrus, bilateral
occipital gyrus, LH fusiform gyrus, LH insula, LH IPL, and bilateral ventral
prefrontal cortex), the differences seen were relative (these networks
do not appear to be profoundly disrupted in an absolute sense), and
none contributed directly to the group by task patterns which appear
relevant to performance differences. We suspect that only a systems
level account of RD will makes sense of both the relative strengths and
relative weaknesses in behavior and the fact that when performance
is good, the neural systems appear intact (see Goswami, 2011;
Vidyasagar, 2013 for examples of systems-level accounts). Further
studies of relative strengths and weaknesses in RD will be needed to
move toward a systems-level model that can account for why the
same circuits can appear abnormal or normal depending on task in
what ultimately is clearly a gene/brain based condition.

It should be noted that recent neurobiological studies have
examined the relationship between reading skill and mental rotation
in individuals with RD compared to typically developing peers
(Olulade et al., 2012) and “twice-exceptional” individuals with RD
(Gilger et al., 2013). Interestingly, these studies demonstrated
diminished neurological activity for individuals with RD. Unfortunately,
we did not use themental rotation task in the fMRI portion of the study,
so our studies are not directly comparable. In general, we found a disso-
ciation of skill rather than diminished activity, and we found behavioral
differences outside of the scanner. It will be important in future research
to determine whether or not these differences are related to the
differences between the impossible figures and mental rotation tasks
or differences between the samples.

Implications for cognitive theories of RD

None of the major RD neurocognitive theories are necessarily
refuted by these findings. However, on the surface at least, a general
visual processing deficit account would seem to be challenged by both
the behavioral data (on mental rotation and impossible figures) and
on the neural patterning in visual regions for figures, which suggested
a high degree of skill in RD. We must note however, that at least one
researcher (Stein, 2001) positing a magnocellular visual processing
deficit theory of RD has speculated that advantages for certain kinds of
stimuli relative to print might arise as a consequence of differences in
the distributions of magnocellular and parvocellular neurons in RD,
and so it remains to be seen whether this model can account for the
current findings. It might also be argued that those accounts which
posit domain general procedural learning deficits, wherein such
learning deficits are thought to arise from non-intact frontostriatal-
cerebellar loops (see Nicolson and Fawcett, 2007; Ullman, 2004),
would also be challenged to account for the crossover interaction seen
in the frontostriatal systems, which seems to suggest increased efficien-
cy (routinization) for configural processing in RD and print in TD. A
general disruption in these cortical/subcortical pathways would not,
on first pass analysis, seem to predict efficient neural patterning in
frontostriatal networks for figures, though further studies that actually
focus on learning and consolidation of these materials will be needed
to properly test these ideas. In any case, the current findings pose a
challenge to all current RD accounts since all are focused on deficits
only.

As to the specific underlying mechanisms responsible for producing
a processing advantage for visual (configural) stimuli in RD, the current
study is also not definitive. One idea that has been put forward (von
Károlyi et al., 2003) is that RD learners are more attuned to global vs.
local coding and this produces an advantage for configural processing.
However, on the Navon task in the behavioral battery, no obvious
global-local group differences were found and that would seem, in
general, inconsistent with a simple global/local difference (though the
use of letters in this task may induce advantages in TD readers that
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might offset other processes so the Navon task may not be optimally
suited to address this issue). Further studies targeting those networks
identified here in the context of prospective longitudinal designs and/
or online learning will be needed to inform the question of mechanism
for the advantage. Thus, if we see that advantages pre-sage reading
experience it would suggest a congenital advantage in RD associated
most likely with differences in visual tuning characteristics, but if
these relative advantages are in fact the result of group differences in
reading experience it may be argued that the impossible figures finding
is in fact not an advantage in RD.

This study has a number of important limitations that highlight the
need for replication. First, the fMRI portion of the study has a relatively
small sample size. Additionally, our RD sample has a broad range of
cognitive abilities, and it is important to consider that the neurological
profiles/pathways are not necessarily going to be the same across this
spectrum of abilities (see Gilger and Kaplan, 2001). In our study IQ
was covaried to control for this variance. However, research on
“twice-exceptional” individuals might represent a unique behavioral
profile from individuals with RD (Foley Nicpon et al., 2011), although
there is some recent evidence for a similar neurological profile (Gilger
et al., 2013). It should also be noted that our RD group had lower IQs
than our TD group in the fMRI portion of the study. Still, we were able
to find relative strengths andweaknesses despite this limitation. Finally,
we found latency advantages for impossible figures when the test was
conducted outside of the fMRI, but we did not replicate this behavioral
finding during scanning. We cannot be certain that individuals with
RD were using the same strategy inside and outside of the fMRI. Still,
the disordinal brain differences in the frontostriatal networks would
not seem to be influenced by strategy since the same pattern held in
the simpler cognitive task (one-back).

In summary, we found a small (but reliable) processing advantage
for geometric patterns in RD. It may be that a proclivity for these kinds
of materials and tasks reflect basic differences in the tuning characteris-
tics of pattern recognition systems in RD that would be evident prior to
formal literacy instruction, or it may be that these latency advantages
are really in some sense “disadvantages” in TD that reflect a cost for
increased focus on print processing in specialized LH networks. If the
former is the case, then this might be seen as consistent with anecdotal
evidence of RD strengths and talents in visuospatial domains. However,
given the inability to establish directionality here we must be very
cautious at this point in over-interpreting these findings until sys-
tematic developmental and learning studies are conducted. The cur-
rent findings, at minimum, do indicate that at the granularity of fMRI,
functional neurocircuits for some types of visuospatial processes are
generally well-structured in RD learners, which stands in stark
contrast to often reported anomalies for phonology and reading. A
systems-level account is needed to provide insight into how the same
circuits can appear anomalous or normal depending on task and expe-
rience in RD.
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