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Sentence comprehension (SC) studies in typical and impaired
readers suggest that reading for meaning involves more extensive
brain activation than reading isolated words. Thus far, no reading
disability/dyslexia (RD) studies have directly controlled for the word
recognition (WR) components of SC tasks, which is central for
understanding comprehension processes beyond WR. This exper-
iment compared SC to WR in 29, 9--14 year olds (15 typical and 14
impaired readers). The SC-WR contrast for each group showed
activation in left inferior frontal and extrastriate regions, but the RD
group showed significantly more activation than Controls in areas
associated with linguistic processing (left middle/superior temporal
gyri), and attention and response selection (bilateral insula, right
cingulate gyrus, right superior frontal gyrus, and right parietal lobe).
Further analyses revealed this overactivation was driven by the RD
group’s response to incongruous sentences. Correlations with out-
of-scanner measures showed that better word- and text-level
reading fluency was associated with greater left occipitotemporal
activation, whereas worse performance on WR, fluency, and
comprehension (reading and oral) were associated with greater
right hemisphere activation in a variety of areas, including
supramarginal and superior temporal gyri. Results provide initial
foundations for understanding the neurobiological correlates of
higher-level processes associated with reading comprehension.
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Introduction

Studies over the past few decades have shown that one of the

defining characteristics of adults and children with reading

disabilities (RD or dyslexia) is an inability to recognize and

decode words accurately and efficiently, which impedes

reading comprehension (Adams 1990; Lyon 1995; Torgesen

2000). As such, there has been significant interest in un-

derstanding the neural processes associated with reading single

words in individuals with RD. Functional neuroimaging studies

have shown that when reading real or nonwords, skilled

readers show brain activation in left hemisphere regions,

including the inferior frontal gyrus, temporoparietal, and

occipitotemporal areas. In contrast, individuals with RD tend

to show activation in the right hemisphere, versus left

hemisphere, posterior regions (Pugh et al. 2000; Simos et al.

2000; Shaywitz et al. 2002, 2004; Eden et al. 2004); furthermore,

overactivation of the left inferior frontal gyrus has been

associated with dyslexia (Shaywitz et al. 1998, 2002; Brunswick

et al. 1999).

As the understanding of the word recognition (WR)/

decoding aspects of RD has increased, there has been a growing

interest in other components critical to comprehending text,

especially for impaired readers (McCardle et al. 2001; Leach

et al. 2003; Nation and Snowling 2004; Cutting and Scarborough

2006). Reading is a multifaceted process, the ultimate goal of

which is to comprehend multiple sentences and paragraphs. In

addition to WR/decoding, other processes are increasingly

important for comprehension, such as syntax, vocabulary,

short-term/working memory, and reading strategies (Swanson

and Trahan 1996; Biancarosa and Snow 2004; Materek and

Cutting, unpublished data). In dyslexia, although WR is the

main impediment, many behavioral studies have shown that it

is not the only limiting factor for comprehension. In fact, many

individuals with RD also show difficulty with higher-level

language processes (and often have oral language disorders),

which are thought to contribute to comprehending connected

text, in addition to their word-level difficulties (Catts et al.

1999, 2003; Leach et al. 2003; Nation and Snowling 2004;

Materek and Cutting, unpublished data). Here we offer

functional magnetic resonance imaging (fMRI) data of varia-

tions in cortical activation during sentence comprehension

(SC) tasks between older children with dyslexia versus

typically developing readers of the same age.

Although comprehending connected text, particularly sen-

tences, is a critical component of reading, to date most

functional neuroimaging SC studies have been conducted with

skilled readers (Booth et al. 1999; Meyer et al. 2000; Ni et al.

2000; Caplan et al. 2001; Ferstl and von Cramon 2001; Keller

et al. 2001, 2003; Grossman et al. 2002; Hashimoto and Sakai

2002; Friederici et al. 2003; Ben-Shachar et al. 2004; Capek et al.

2004; Cooke et al 2006; Cutting et al. 2006; Maess et al. 2006;

Jobard et al. 2007; Mason and Just 2007). In general, findings

from these studies have revealed that SC is associated with

patterns of activation that are similar to those involved with

processing isolated words; however, the activation is more

widespread, with bilateral activation of the inferior frontal

gyrus (L > R) and the posterior superior and middle temporal

gyri (Meyer et al. 2000; Caplan et al. 2001; Ferstl and von

Cramon 2001; Keller et al. 2001; Grossman et al. 2002;

Friederici et al. 2003; Cooke et al. 2006; Cutting et al. 2006;

Jobard et al. 2007). More specifically, studies that have directly

contrasted SC to isolated words in the same experiment

(Bottini et al. 1994; Stowe et al. 1994, 1998, 1999; Jobard et al.

2007) have found that SC elicits more activation than isolated

words, especially in left middle and superior temporal gyri, as

well as right hemisphere; greater bilateral temporal poles as

well as left frontal and parietal lobe activation for sentences

versus words has also been reported (Bottini et al. 1994; Stowe

et al. 1999). It is important to mention that in addition to

contrasting SC and isolated words, many SC studies have
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focused on isolating regions associated with specific compo-

nents of SC, such as syntax, semantics, and/or pragmatics (e.g.,

Dapretto and Bookheimer 1999; Ni et al. 2000; Caplan et al.

2001; Keller et al. 2001; Grossman et al. 2002; Shankweiler et al.

forthcoming). These studies suggest that different left hemi-

sphere networks subserve different components of SC and that,

furthermore, interaction between syntax and semantic pro-

cesses may together modulate different brain regions (e.g.,

Keller et al. 2001). Nevertheless, it is important to note that it is

clear from a number of studies that there is a large measure of

overlap in cortical responses, even when sentence tasks have

stimuli designed to tap specific aspects of processing (e.g., see

Ni et al. 2000; Cooke et al. 2001; Keller et al. 2001).

Compared with the literature available for skilled readers,

the functional neuroimaging literature on SC in individuals with

RD is relatively limited. However, studies have shown that

individuals with WR/decoding difficulties show abnormal

patterns of activation during SC tasks (Rumsey et al. 1994;

Helenius et al. 1999; Breznitz and Leikin 2000, 2001; Seki et al.

2001; Leikin 2002; Kronbichler et al. 2006; Sabisch et al. 2006;

Meyler et al. 2007). Of particular relevance is that these

abnormalities in RD appear to be present in higher-level

language comprehension independent of WR, as differences

have been found between dyslexic and Control groups not only

when reading sentences, but also while listening to sentences

(Rumsey et al. 1994; Leikin 2002; Sabisch et al. 2006). For

example, in a positron emission tomography study, Rumsey

et al. (1994) compared regional cerebral blood flow in adult

skilled and poor readers listening to pairs of sentences that,

‘‘Differed in grammatic construction (e.g., ‘‘A free hamburger

comes with a coke. The hamburger comes with a free coke.’’);

participants pressed a button only if both sentences had the

same meaning. This study showed that although the syntactic

processing of auditorally presented sentences was generally

the same between groups, activating temporal and inferior

frontal gyrus sites (L > R), dyslexics showed some abnormal-

ities, including reversed asymmetry in the temporoparietal

region (R > L) and increased right anterior frontal activation as

compared with Controls. Additionally, more left lateralized

temporal/IFG activation was associated with better perfor-

mance. More recently Meyler et al. (2007) did an fMRI study

that varied sentences on semantic sensibility (nonsense vs.

sensible) and syntactic complexity (active vs. passive) in a block

design with each condition contrasted against a baseline of

fixation on a plus (+) sign in the center of the screen; they

found, in third and fifth graders, that lower reading ability was

associated with decreased activation in left middle temporal

gyrus, right inferior parietal lobule, and left postcentral gyrus.

Although neuroimaging studies comparing sentence process-

ing in RD and Control groups in the English language are quite

limited, there are more studies in other languages, which have

also revealed differences between dyslexics and Controls in

processing sentences (Helenius et al. 1999; Breznitz and Leikin

2000, 2001; Seki et al. 2001; Karni et al. 2005; Kronbichler et al.

2006; Sabisch et al. 2006). However, results have varied and no

clear patterns of difference have emerged; this may be, in part,

due to differences in task design. In summary, it is apparent that

individuals with dyslexia exhibit abnormalities in sentence

processing, and that these differences cannot be fully

attributed to WR; however, unlike neuroimaging studies

involving isolated words, clear patterns of abnormalities have

not emerged.

A consideration in understanding abnormalities in lower and

higher-level linguistic processing in dyslexia is being able to

understand patterns of abnormal activation that can be

attributed to comprehension-specific processes. Without con-

trolling for the activation associated with processing individual

words, it is difficult to know whether there are specific

comprehension abnormalities independent of/in addition to

word-level abnormalities in individuals with WR or decoding

difficulties. Understanding if (and how) these higher-level

processes might be affected in RD is potentially important for

pinpointing deficits in comprehension-specific processes.

In an effort to explore the contributions of different

component processes to the complex task of SC in children

with RD as compared with Controls, we designed an fMRI

experiment that compared the neural correlates of SC with

isolated WR; this is an especially important area of investigation

as to our knowledge, no other fMRI study has examined

sentence processing while controlling for WR in impaired

readers. We designed tasks that tapped processes inherent to

comprehending a written sentence, and that are particularly

central in individuals with RD, that is, WR. In particular, we

intended to examine regions of activation present during SC as

contrasted to the activation attributable to WR; importantly, we

aimed to understand patterns of activation associated with SC

relative to each individual person’s processing of words. In

applying this paradigm to children with word-level RD as

compared with skilled readers, we hoped to 1) understand

more about the neurological correlates of comprehending

connected text beyond word-level processing 2) examine

differences between children with RD versus Controls with

a specific focus on examining whether the RD group showed

abnormalities in brain activation, beyond those associated with

single words, and 3) examine the correlates of good and poor

SC by determining the associations between behavioral (out-of-

scanner) measures of basic reading, fluency and oral language,

to neurobiological response to SC.

Materials and Methods

Participants
Twenty-nine children, ages 9--14 years, were recruited for the study: 14

with a history of RD and 15 Controls. Participants met criteria for

reading difficulty if they had a standard score at or below the 25th

percentile on either the Word Identification (Word ID) or the Word

Attack (WA) subtest of the Woodcock Johnson Reading Mastery Test/

Normative Update (WRMT-R/NU) and on the average of both subtests.

Additionally, participants met criteria to be a Control by having

a standard score at or above the 40th percentile on both Word ID and

WA subtests. Twelve participants met research criteria for attention-

deficit/hyperactivity disorder (6 Controls, 6 RD) (participants needed

to meet 2 out of 3 of the following criteria: 1) Attention Deficit

Hyperactivity Disorder Rating Scale-IV (DuPaul et al. 1998)—6/9

(or >94th percentile) on either Inattentive or Hyperactivity Index; 2)

Behavior Assessment System for Children—>65 (T-score) on either

Hyperactivity or Attention Problems Index; and/or 3) Behavioral Rating

Inventory of Executive Function—>65 (T-score) on Global Executive

Composite). All participants had a full scale IQ above 80, no history of

major psychiatric illness, no traumatic brain injury/epilepsy, and no

contraindication to the MRI. Written assent/consent was obtained from

each participant at the start of the study in accordance with the Johns

Hopkins Medical Institutional Review Board.

As part of a larger study, each participant was given a series of

standardized tests, including the WA, Word ID, and Passage Comprehen-

sion subtests from theWRMT-R/NU, the Test ofWord Reading Efficiency

(TOWRE), theGrayOral Reading Test—4 (GORT-4), the subtests needed
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to derive receptive and expressive language composite scores from

the Clinical Evaluation of Language Fundamentals-3 (CELF-3), and the

Word Reading, Reading Comprehension, and Listening Comprehension

subtests of the Wechsler Individual Achievement Test-2 (WIAT-2). To

control for type I error, the 2 groups’ performance on the battery of

behavioral measures listed in Table 1 was compared using a Multivariate

Analysis of Variance.

Functional Paradigms
To examine the neurological correlates of SC, participants completed

a SC task that alternated with a WR task. The paradigm included 3 runs

that contained 6 blocks of each of the 2 tasks, yielding 18 total blocks

per task. Participants viewed the paradigms via an LCD projector on

a rear projection screen at the head of the scanner via a 45� angled

mirror affixed to the MRI head coil. E-Prime (Psychology Software

Tools, Pittsburgh, PA) was used to present the task and record the

timing of both stimulus presentations and participant responses.

Participants responded by pressing a button with either their right

index finger or their right middle finger via a button box held in their

right hand.

The SC task consisted of a sequence of 6 words that formed

a sentence. Participants decided whether the sentences were meaning-

ful or not meaningful. Each sentence that was nonmeaningful contained

both semantic and syntactic errors (e.g., a nonmeaningful sentence,

‘‘Clocks ticks with gigantic fuzzy chimes.’’ as compared with a meaning-

ful sentence, ‘‘ The people lived happily ever after’’). Stimuli were

presented word-by-word (2000 ms presentation with an interstimulus

interval of 1000 ms) and participants pushed a button with their right

index finger every time a word appeared. At the end of the 6 words,

participants viewed a ‘‘Decide’’ screen at which time they were to press

the button with their right index finger if the sentence was meaningful

and with their right middle finger if the sentence was nonmeaningful

(3000-ms decision screen). Fifty percent were meaningful. All

sentences were composed of words with an overall mean frequency

of 62 and higher (Carroll et al. 1971), mean length of 30 letters, and

mean number of 9 syllables.

The WR task consisted of having participants view a string of 6 words

(all nouns). For each WR block, participants pressed the button with

their right index finger every time they saw a word for the first time;

however, if they had seen a word previously, they pressed a button with

their right middle finger. We chose this design for our control task not

only to account for the WR aspect of SC, but also to account for the

maintenance/memory demands inherent in employing a word-by-word

presentation for the SC task. (As the maintenance component intrinsic

to any SC task was likely enhanced by a word-by-word presentation of

sentences; Potter 1999.) Additionally, because WR has been identified

as a fundamental area of deficiency in RD, our task was specifically

designed to examine WR that is distinct from word comprehension as

discussed by Sinatra and Royer (1993). Approximately, 56% of the

blocks consisted of a word repeated once (e.g., ‘‘ten same cut ten may

grew’’), 22% of the blocks consisted of a word repeated twice (e.g., ‘‘like

took been like can like’’), and 22% of the blocks consisted of no

repeated words (e.g., ‘‘find told buy big out best’’). The stimuli were

matched to the SC task on overall word frequency, length, and number

of syllables. Word presentation rates were also the same as the SC task,

although there was not a decision screen at the end of each block.

Scan Procedure
Scanning was carried out in a 1.5 Tesla ACS-NT Powertrack 6000 MRI

scanner (Philips Medical Systems, Andover, MA.) using body coil

transmission and quadrature end-capped head coil reception. Single

shot echo planar images were coronally acquired with a 40-ms echo

time, a 2.6-s repetition, 64 3 64 acquisition matrix, 230-mm field of

view with 41 volumes consisting of 4.0-mm slices and a 0.5-mm gap,

yielding a nominal acquisition voxel size of 3.579 3 3.579 3 4.5

(to provide whole brain coverage).

Image Processing and Data Analysis
Post acquisition image processing and analysis was carried out using

SPM2 (http://ww.fil.ion.ucl.ac.uk/spm/) on Matlab 6.1 (Mathworks,

Inc., Natick, MA). Images obtained from the scanner were converted to

Analyze format, time corrected to adjust for within volume time of

acquisition differences (Calhoun et al. 2000), and then realigned. Prior

to estimation, the data were spatially normalized to Montreal

Neurological Institute (MNI)--labeled space (Evans et al. 1993),

resampled into (2 mm3) voxels, and smoothed using an (8 mm3)

Gaussian kernel (Friston et al. 1995). Task associated brain activation

was assessed using a block design and statistical parametric maps were

created corresponding with the time courses for the following

contrast: SC greater than WR (SC-WR). The primary analysis was to

examine overall patterns of activation for each group and between

groups. To examine each group’s patterns of activation, the contrast

images were entered into a random effects analysis, and a 2-sample

t-test was conducted to look at differences in activation patterns

between the groups. A secondary analysis was then done to determine

potential differences between meaningful versus nonmeaningful

sentences; for these analyses, we contrasted each sentence type for

each group. Finally, to assess the impact of other dimensions of reading

besides the dichotomous division into RD and Controls based on

decoding (WA) and WR (Word ID) scores, we examined the patterns of

activation correlated (in a continuous fashion) with performance on

word-level measures (i.e., Word ID and TOWRE), text-level measures

(i.e., GORT-4 Rate and Accuracy and WRMT-R/NU Passage Compre-

hension) and oral language measures (i.e., CELF-3 Receptive and

Expressive scores and WIAT-2 Listening Comprehension). Using simple

regression analyses, participant scores on these tests and subtests were

correlated with the statistical parametric contrast maps generated from

the functional data.

All data are reported at an uncorrected P < 0.001 with an extent

threshold of 78 voxels, which is equivalent to a false positive rate of
<0.05 over the whole brain based on Monte Carlo simulations run using

AlphaSim (NIMH, Bethesda, MD; http://afni.nimh.nih.gov/pub/dist/

doc/manual/AlphaSim.pdf). The location of voxels significantly associ-

ated with the tasks was summarized by their local maxima, separated by

at least 4 mm. The maxima coordinates were converted from MNI to

Talaraich coordinate space using the formulas provided by Matthew

Brett (http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach) and

then assigned neuroanatomic and cytoarchitectonic labels using the

Talaraich Daemon (http://ric.uthscsa.edu/projects/tdc/).

Results

Behavioral Results

Demographic characteristics are shown in Table 1. There was

no significant difference in age between groups. The Control

and RD groups performed similarly on a proxy of Performance

IQ, Block Design. There were, however, significant differences

between the groups in Full Scale Intelligence Quotient and

Vocabulary; as is generally found in individuals with RD

(Foorman et al. 1996), their verbal scores were lower than

the Control group, and, consequently, their FSIQ was too. In

addition, all of the reading measures showed significant differ-

ences between groups. In addition to the reading measures, as

commonly observed in RD, the RD group performed lower on

oral language measures. Specifically, the RD group showed

significant differences from the Control group for the CELF-3

Receptive language composite and the WIAT-2 Listening

Comprehension subtest. Furthermore, in the RD group, 58%

had scores of <90 on either or both CELF-3 composite scores,

whereas the same was true for only 20% of the Control group,

which was significantly different (chi-square = 4.28, P = 0.04).

In-scanner behavioral performance as measured by mean

response time and task accuracy was recorded separately for

3 conditions: 1) the SC simple button-press response to each

single word stimulus; 2) the WR decision regarding ‘‘repeated

versus not repeated’’ for each single word stimulus; and 3) the
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Table 1
Test battery scores for each participant

(a) Participants by BRIEF scores and IQ scores

Participants BRIEF WISCa

Group Age Sex ADHD Behavioral Regulation
Index

Metacognition
Index

Global Executive
Composite

FSIQ Block design Vocabulary

Control 10.11 Female No 50 53 52 113 11 9
Control 10.6 Female No 36 37 36 115 10 16
Control 10.7 Female No 39 40 39 127 14 15
Control 11.5 Female No 120 15 12
Control 11.8 Female Yes 71 64 68 112 14 16
Control 12.1 Female Yes 46 66 59 108 13 17
Control 12.1 Female Yes 55 65 62 103 6 12
Control 13 Female Ambig 49 63 59 90 2 11
Control 14.8 Female No 44 42 42 104 10 13
Control 10.1 Male No 36 58 49 120 15 14
Control 10.4 Male No 54 46 48 135 19 16
Control 10.5 Male No 49 37 41
Control 13.1 Male No 54 59 58 109 13 13
Control 13.1 Male Ambig 54 64 62 101 10 12
Control 13.2 Male Ambig 40 59 53 123 8 16
Mean 11.81 48.36 53.79 52.00 113.15 11.31 13.77
SD 1.42 9.61 11.29 10.18 12.12 4.42 2.45
RD 10 Female No 49 54 52 87 4 10
RD 11.11 Female No 44 48 46 102 14 11
RD 11.5 Female No 42 55 50 95 5 8
RD 11.7 Female Yes 77 80 81 113 13 12
RD 12.5 Female No 54 58 64 108 11 11
RD 13.8 Female Yes 89 85 89 121 14 11
RD 14.7 Female No 49 65 59 106 15 10
RD 9.1 Male Yes 90 9 7
RD 10.2 Male Ambig 38 48 44 84 10 8
RD 10.2 Male Yes 58 79 72 88 6 11
RD 11.1 Male No 61 42 48 111 11 18
RD 11.1 Male No 54 50 52 88 5 10
RD 12.7 Male No 54 53 54 104 10 9
RD 13.9 Male Yes 79 73 77 103 10 12
Mean 11.69 57.54 60.77 60.62 100.00 9.79 10.57
SD 1.64 16.04 13.61 14.91 11.43 3.62 2.62

(b) Participants by word-level and text-level accuracy scores
Participants WIAT-2 WRMT-R/NU GORT-4

Group Age Sex ADHD Word reading Word ID WA Avg of WID and WA Accuracy

Control 10.11 Female No 103 92 92 92 10
Control 10.6 Female No 107 107 101 104 12
Control 10.7 Female No 120 113 114 113.5 12
Control 11.5 Female No 110 107 99 103 8
Control 11.8 Female Yes 118 114 104 109 9
Control 12.1 Female Yes 112 110 103 106.5 11
Control 12.1 Female Yes 114 103 112 107.5 9
Control 13 Female Ambig 98 100 95 97.5 8
Control 14.8 Female No 114 102 101 101.5 14
Control 10.1 Male No 126 123 126 124.5 17
Control 10.4 Male No 118 112 109 110.5 10
Control 10.5 Male No 133 125 125 125 20
Control 13.1 Male No 105 100 97 98.5 7
Control 13.1 Male Ambig 99 95 100 97.5 7
Control 13.2 Male Ambig 111 100 97 98.5 9
Mean 11.81 112.53 106.87 105.00 105.93 10.87
SD 1.42 9.64 9.47 10.29 9.55 3.70
RD 10 Female No 77 77 82 79.5 4
RD 11.11 Female No 73 82 82 82 2
RD 11.5 Female No 86 94 91 92.5 5
RD 11.7 Female Yes 82 92 99 95.5 7
RD 12.5 Female No 85 89 92 90.5 8
RD 13.8 Female Yes 88 93 86 89.5 7
RD 14.7 Female No 83 83 87 85 8
RD 9.1 Male Yes 89 87 87 9
RD 10.2 Male Ambig 92 93 88 90.5 3
RD 10.2 Male Yes 73 75 69 72 1
RD 11.1 Male No 93 86 84 85 5
RD 11.1 Male No 83 86 86 86 3
RD 12.7 Male No 83 84 89 86.5 4
RD 13.9 Male Yes 86 88 85 86.5 2
Mean 11.69 83.79 86.67 86.21 86.29 4.86
SD 1.64 6.15 6.18 6.62 5.83 2.57
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Table 1
Continued

(c) Participants by word-level and text-level fluency scores
Participants TOWRE GORT-4

Group Age Sex ADHD SiteWrdEff PhonDecode Overall Rate

Control 10.11 Female No 96 84 88 11
Control 10.6 Female No 95 90 91 11
Control 10.7 Female No 115 113 117 15
Control 11.5 Female No 102 102 102 11
Control 11.8 Female Yes 97 105 101 11
Control 12.1 Female Yes 97 108 103 11
Control 12.1 Female Yes 101 105 104 8
Control 13 Female Ambig 91 91 89 8
Control 14.8 Female No 88 107 97 12
Control 10.1 Male No 107 113 112 15
Control 10.4 Male No 110 107 110 13
Control 10.5 Male No 117 134 131 19
Control 13.1 Male No 98 100 99 9
Control 13.1 Male Ambig 101 93 96 9
Control 13.2 Male Ambig 99 94 96 11
Mean 11.81 100.93 103.07 102.40 11.60
SD 1.42 8.22 12.22 11.42 2.95
RD 10 Female No 84 83 80 5
RD 11.11 Female No 85 79 78 5
RD 11.5 Female No 94 80 84 9
RD 11.7 Female Yes 62 73 61 4
RD 12.5 Female No 85 72 74 6
RD 13.8 Female Yes 89 92 89 8
RD 14.7 Female No 95 75 82 8
RD 9.1 Male Yes 7
RD 10.2 Male Ambig 91 84 85 7
RD 10.2 Male Yes 81 59 64 3
RD 11.1 Male No 94 81 85 8
RD 11.1 Male No 91 82 84 5
RD 12.7 Male No 92 85 86 7
RD 13.9 Male Yes 91 83 84 7
Mean 11.69 87.42 79.08 79.83 6.36
SD 1.64 9.10 8.40 8.90 1.74

(d) Participants by oral language scores
Participants CELF-3 WIAT-2

Group Age Sex ADHD Receptive Expressive Listening comp.

Control 10.11 Female No 104 90 102
Control 10.6 Female No 108 114 94
Control 10.7 Female No 122 125 113
Control 11.5 Female No 100 106 126
Control 11.8 Female Yes 100 112 108
Control 12.1 Female Yes 78 94 104
Control 12.1 Female Yes 116 104 101
Control 13 Female Ambig 94 90 103
Control 14.8 Female No 120 110 104
Control 10.1 Male No 114 118 118
Control 10.4 Male No 112 98 122
Control 10.5 Male No 128 102 134
Control 13.1 Male No 118 94 121
Control 13.1 Male Ambig 100 98 107
Control 13.2 Male Ambig 100 106 124
Mean 11.81 107.60 104.07 112.07
SD 1.42 12.88 10.40 11.45
RD 10 Female No 96 112 99
RD 11.11 Female No
RD 11.5 Female No 100 116 114
RD 11.7 Female Yes 120 112 104
RD 12.5 Female No 114 104 96
RD 13.8 Female Yes 94 94 100
RD 14.7 Female No 104 86 85
RD 9.1 Male Yes 69 84 101
RD 10.2 Male Ambig 75 80 102
RD 10.2 Male Yes 78 88 106
RD 11.1 Male No
RD 11.1 Male No 69 84 87
RD 12.7 Male No 90 94 96
RD 13.9 Male Yes 78 102
Mean 11.69 87.70 94.00 101.00
SD 1.64 16.85 12.33 8.33
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SC decision regarding ‘‘meaningful versus nonmeaninfgul’’ after

each 6 word sentence block. For the SC simple button-press

response, both groups had the same mean accuracy (Controls =
96.0 ± 7.7, RDs = 96.6 ± 4.2, P < 0.83) and mean reaction time

(Controls = 784.8 ± 217.4, RDs = 777.9 ± 131.6, P < 0.92).

Additionally for the WR decision, both groups demonstrated

the same mean accuracy (Controls = 93.1 ± 8.8, RDs = 90.7 ±
6.9, P < 0.42) and mean reaction time (Controls = 865.42 ±
225.4, RDs = 835.34 ± 133.11, P < 0.42). However, during the

SC decision portion of the task (correctly identifying whether

the 18 sentences were meaningful or not), Controls (87.2 ±
9.2) were significantly more accurate (P < 0.001) than RDs

(65.9 ± 21.6) although there remained no difference in reaction

time (Controls = 980.4 ± 254.9, RDs = 1108.9 ± 294.3, P < 0.24).

Because of this significant difference in accuracy for the

sentence judgment, we modeled the fMRI results both with and

without those participants in the RD group that performed

poorly; because the same activation patterns were present with

and without these participants, we did not discard these

participants’ data. Similarly, fMRI contrasts covarying for

sentence accuracy were nearly identical to those without this

covariable (see Table 2).

fMRI Results

SC versus WR Contrasts

(Note: To insure our results were not overly confounded with

the presence of ADHD, we conducted analyses of covariance

[ANCOVAs] covarying for various BRIEF scores (Global Compos-

ite, Metacognition Index, as well as Behavioral Index). The results

of the ANCOVA analyses are not presented because they revealed

almost identical findings to those analyses without covariates.)

Control group results. For Controls, the SC greater than WR

contrast (SC-WR) showed activation in areas typically associ-

ated with both word-level and sentence-level reading tasks,

including Brodmann Area (BA) 47 of the left inferior frontal

gyrus, left superior frontal gyrus and extrastriate regions (Fig. 1).

The opposite contrast (WR-SC) showed activation in areas more

typically associated with isolated WR, including a left insula/

superior temporal gyrus region and left supramarginal gyrus.

RD group results. For the RD group, the SC-WR contrast closely

resembled that of Controls; however, the RD group lacked the

left superior frontal gyrus activation seen in the Control group

and instead showed additional activation in left language-

related regions including Inferior Frontal Gyrus (IFG), Middle

Temporal Gyrus (MTG) and Superior Temporal Gyrus (STG).

Between-group results. There was no significant difference

between the mean SC-WR images for RD’s and Controls;

however, the opposite contrast (WR-SC) did show RD greater

than Control activation in left MTG, STG, and insula, and right

temporal and inferior parietal lobe regions (see Fig. 2).

Meaningful versus Nonmeaningful Sentence Contrasts

Control group results. The contrast of meaningful SC greater

than nonmeaningful SC (MSC-NMSC) revealed very little

Table 1
Continued

(e) Participants by reading comprehension scores
Participants GORT-4 WIAT-2 WRMT-R/NU

Group Age Sex ADHD Comprehension Reading comp. Passage comp.

Control 10.11 Female No 11 101 108
Control 10.6 Female No 14 114 112
Control 10.7 Female No 8 107 114
Control 11.5 Female No 12 119 111
Control 11.8 Female Yes 14 104 123
Control 12.1 Female Yes 15 118 111
Control 12.1 Female Yes 5 108 116
Control 13 Female Ambig 8 104 98
Control 14.8 Female No 12 124 108
Control 10.1 Male No 13 107 127
Control 10.4 Male No 15 102 116
Control 10.5 Male No 20 127 126
Control 13.1 Male No 14 118 103
Control 13.1 Male Ambig 13 106 93
Control 13.2 Male Ambig 12 120 117
Mean 11.81 12.40 111.93 112.20
SD 1.42 3.54 8.49 9.54
RD 10 Female No 13 89 83
RD 11.11 Female No 9 84
RD 11.5 Female No 12 118 92
RD 11.7 Female Yes 9 96 90
RD 12.5 Female No 11 90 100
RD 13.8 Female Yes 8 97 93
RD 14.7 Female No 7 105 91
RD 9.1 Male Yes 8 91
RD 10.2 Male Ambig 8 91 93
RD 10.2 Male Yes 6 98 73
RD 11.1 Male No 19 123
RD 11.1 Male No 11 88 88
RD 12.7 Male No 10 110 93
RD 13.9 Male Yes 8 100
Mean 11.69 9.93 100.75 93.25
SD 1.64 3.27 9.53 11.82

aChildren received either the third or fourth editions of the Wechsler Intelligence Scale for Children (WISC).
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significant activation. For the opposite contrast (NMSC-MSC)

we found significant activation in the Control group in left IFG

(BA 44/45) and left STG.

RD group results. Neither contrast (MSC-NMSC and MSC-

NMSC) revealed significant activation among the RD group.

Between-group results. Results of 2-sample t-tests revealed

significant differences between groups only for the MSC-NMSC

contrast; these differences were confined to right pre/

postcentral gyrus (see Table 3). T-tests for between-group

differences on the opposite contrast (NMSC-MSC), showed

greater Control group activation in the left inferior frontal

gyrus (BA 45/47) and bilateral extrastriate regions.

Meaningful Sentences versus WR Contrasts

Control group results. For the Control group, the MSC-WR

contrast showed activation in bilateral extrastriate areas.

RD group results. For the RD group, the MSC-WR contrast

showed activation in left inferior frontal gyrus (BA 47), bilateral

middle temporal gyrus, and right extrastriate regions. The RD

group showed activation in right inferior frontal gyrus (45/46),

left middle and superior temporal gyri, and bilateral extras-

triate.

Between-group results. The results of the 2-sample t-tests on

both contrast (MSC-WR and WR-MSC) showed no significant

Control group activation greater than RDs. However, the RD

group did show greater activation on the MSC-WR contrast in

a small cluster of activation in the right postcentral gyrus.

Additionally, on the opposite contrast (WR-MSC) the RD group

showed extensive activation compared with Controls in many

areas, including right superior temporal gyrus, left subgyral

temporal (extending into middle and superior temporal gyri),

right superior frontal gyrus, left insula, and bilateral extrastriate

regions (see Table 3).

fMRI Correlations with Behavioral Measures

Results of the regression analyses showed a number of

significant correlations with behavioral measures, and distinct

Table 2
Regions of significant activation for the rd and control groups separately and group comparisons

Coordinates

Cluster size Region included BA Side x y z Z value

Controls: SC[WR
2242 Lingual gyrus R 14 �80 �4 5.50

Cuneus R 8 �74 6 4.77
Fusiform gyrus R 26 �59 �7 4.17
Cerebellum R 26 �67 �15 4.22

248 Middle occipital gyrus 19 R 34 �83 19 4.99
274 Inferior frontal gyrus 47 L �53 25 �6 4.68
115 Superior frontal gyrus L �4 15 62 4.02

RDs: SC[WR
730 Superior temporal gyrus 38 L �54 5 �10 4.63

Inferior frontal gyrus L �53 29 �8 4.21
85 Cerebellum L �22 �81 �33 4.51
330 Lingual gyrus R 24 �82 �3 4.25
89 Superior frontal gyrus R 6 11 58 4.16
119 Inferior frontal gyrus 47 R 53 31 0 4.05
171 Middle temporal gyrus 21 L �46 �29 �4 3.92
198 Cuneus R 6 �75 6 3.79

Lingual gyrus R 18 �68 2 3.34
94 Superior temporal gyrus 22 L �63 �49 21 3.62

Controls: WR[ SC
2548 Anterior cingluate L �6 19 25 4.68

Cingulate gyrus R 6 19 27 4.65
1373 Superior temporal gyrus L �48 �18 �2 4.52

Precentral gyrus 6 L �46 �9 6 4.49
Insula L �42 2 11 4.30

1045 Inferior parietal lobe R 46 �32 29 4.45
446 Cerebellum L �14 �61 �19 4.44
177 Pons R 14 �24 �22 4.43
587 Subgyral temporal R 40 �9 �15 4.08

Insula R 40 �8 �5 3.81
101 Superior temporal gyrus 22 R 61 �10 0 4.26

Precentral gyrus 43 R 57 �7 10 3.25
331 Medial frontal gyrus 10 R 8 47 9 4.12

Anterior cingulate R 8 41 �2 3.57
222 Middle frontal gyrus 8 R 30 20 47 4.08
182 Middle frontal gyrus L �32 31 28 3.96
235 Inferior parietal lobe 40 L �42 �56 40 3.92

Supramarginal gyrus L �50 �49 37 3.67
215 Superior frontal gyrus 10 R 24 44 22 3.71

Middle frontal gyrus R 34 36 29 3.54
80 Thalamus L �14 �29 11 3.66
151 Middle temporal gyrus 21 R 65 �12 �11 3.60

Fusiform gyrus 20 R 57 �17 �23 3.58
RDs[ Controls for SC[WRa (or Controls[ RDs for WR[ SC)

373 Cerebellum L �16 �57 �19 4.41
137 Inferior parietal lobe 40 R 61 �39 30 4.31
1351 Insula 13 L �42 1 11 4.27

Superior temporal gyrus 38 L �44 9 �7 3.82
247 Insula R 40 �6 �6 4.15

Subgyral temporal R 44 �12 �16 3.47
97 Cuneus L �20 �74 30 4.14
129 Middle temporal gyrus L �50 �16 �4 4.09

Superior temporal gyrus L �51 �8 �5 3.35
84 Temporal lobe/uncus L �28 0 �32 4.06
330 Cingulate gyrus R 12 12 41 3.67

Superior frontal gyrus R 18 18 43 3.54
78 Claustrum R 26 17 �3 3.62

aCovarying for CELF-3 receptive scores yielded significant activation in left cerebellum for RD’s

greater than Controls. Covarying for CELF-3 expressive scores yielded very similar left hemisphere

activations (STG, insula and cerebellum) to those found without co-varying but the previously

found right hemisphere activation did not persist. Covarying for accuracy on the SC decision

yielded almost identical results to those found without covarying, including left cerebellum, left

STG, left insula, left temporal lobe/uncus, right IPL right cingulate gyrus, and right SFG.

Figure 1. Areas of activation associated with SC processing after controlling for WR.
Areas in red represent activation for Controls; areas in green represent RDs
(overlapping areas are in yellow).
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differential patterns of activation associated with different

components of reading/language. Findings from all of the

correlations between the clusters of activation and behavioral

measures were too extensive to list exhaustively; however, we

describe the patterns of significant findings below. All areas of

activation discussed were correlated at P < 0.05, corrected for

multiple comparisons. Behavioral tests included in correlation

analyses were broken down into: word- and text-level accuracy

measures (i.e., WRMT-R/NU Word ID and WA, WIAT-2 Word

Reading, and the GORT-4 Accuracy), word- and text-level

fluency measures (the TOWRE composite and GORT-4 Rate);

oral language measures (Listening Comprehension and Expres-

sive/Receptive subtests from CELF-3); and reading compre-

hension measures (GORT-4 Comprehension, WIAT-2 Reading

Comprehension, and WRMT-R/NU Passage Comprehension).

Both positive and negative correlations were conducted for

each of the accuracy, fluency, oral language, and reading

comprehension tests; below we report results of significant

correlations only.

Accuracy Measures

The WA showed significant positive correlations with right

middle and superior frontal gyri, whereas Word ID was

positively correlated with left medial frontal gyrus activation.

Negative correlations with bilateral insula (BA 13), left

cerebellum, and right supramarginal gyrus (BA 40) were

present with all accuracy measures (Word Reading, WA, Word

ID, GORT-4 Accuracy). On further subdivision of the accuracy

measures, analyses revealed real word measures (Word

Reading, Word ID, GORT-4 Accuracy) were negatively corre-

lated to right superior temporal lobe activation, whereas the

nonsense word measure (WA) was negatively correlated to

right inferior temporal lobe.

Fluency Measures

On those word-level tests measuring fluent word- and text-level

abilities (i.e., TOWRE and GORT-4 Rate, respectively) there

Figure 2. All areas of activation represent Group 3 Task interactions. Areas in red
represent activation associated with RD greater than Control for SC greater than WR.
Areas of activation in green are associated with RD greater than Control for
nonmeaningful sentences greater than WR. Lastly, the area in blue is associated with
RD greater than Control for meaningful sentences greater than WR.

Table 3
Regions of significant activation for different sentence types (meaningful and nonmeaningful)

versus repeat random effects analysis and between-group contrasts

Coordinates

Region included BA Side x y z

Controls: meaningful sentences[WR
Lingual gyrus 18 L �8 �80 �4
Lingual gyrus 18 R 16 �76 �5
Cuneus R 26 �86 26
Middle occipital gyrus R 36 �85 17

RDs: Meaningful sentences[WR
Superior occipital gyrus 19 R 36 �84 32
Middle occipital gyrus R 16 �90 17
Lingual gyrus R 10 �80 �4
Cuneus R 6 �77 9
Middle temporal gyrus R 55 �67 20
Middle temporal gyrus 22 L �65 �39 4
Inferior frontal gyrus 47 L �53 27 �8
Middle frontal gyrus 6 L �40 �1 57

RDs[ Controls for meaningful sentences[WR
Postcentral gyrus 3 R 44 �20 56

Controls: nonmeaningful sentences[WR
Lingual gyrus R 12 �80 �4
Lingual gyrus L �22 �84 �9
Cuneus 19 R 10 �74 6
Cerebellum R 16 �79 �16
Cerebellum L �18 �82 �18
Middle occipital gyrus R 32 �88 17
Inferior frontal gyrus 45/47 L �53 25 �6
Superior frontal gyrus L �6 13 62

RDs: nonmeaningful sentences[WR
Cuneus 17/7 L �20 �93 �2
Inferior occipital gyrus L �38 �68 �3
Middle occipital gyrus 19 L �38 �87 15
Precuneus R 26 �78 26
Lingual gyrus 18 R 20 �72 �1
Inferior frontal gyrus 45/46 R 57 34 13
Middle temporal gyrus 21 L �51 �1 �15
Superior temporal gyrus L �53 7 �10

RDs[ Controls for nonmeaningful sentences[WR
Subgyral parietal L �26 �45 32
Subgyral temporal R 44 �34 �13
Subgyral temporal L �38 �68 �2
Thalamus L �14 �30 13
Cerebellum L �20 �57 �19
Insula 13 R 42 �2 �3
Insula L �32 �9 15
Superior frontal gyrus R 20 14 45
Precentral gyrus 6 L �55 �3 13
Precentral gyrus R 53 �9 10
Postcentral gyrus L �42 �20 25
Cingulate gyrus R 14 1 29
Middle temporal gyrus R 40 �69 20
Superior temporal gyrus 21 R 61 �6 �1
Parahippocampal gyrus 19 L �34 �45 �6
Middle occipital gyrus R 30 �73 17
Precuneus L �20 �68 33
Precuneus 7 R 14 �59 55
Cuneus L �18 �76 33

Controls: meaningful sentences[ nonmeaningful sentences
Cingulate gyrus 31 R 10 �41 35
Postcentral gyrus 3 L �55 �23 38

RDs: meaningful sentences[ nonmeaningful sentences
Superior frontal gyrus R 8 1 64

RDs[ Controls for meaningful sentences[ nonmeaningful sentences
Precentral gyrus R 36 �26 64
Postcentral gyrus 3 R 44 �21 54

Controls: nonmeaningful sentences[ meaningful sentences
Inferior frontal gyrus 44/45 L �57 18 5
Superior temporal gyrus L �48 17 �9
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were significant positive correlations to a region within a left

occipitotemporal area near the visual word form area (see Fig. 3).

For word-level fluency measures (GORT-4 Rate, TOWRE),

negative correlations were seen in right superior temporal

gyrus as well as left insula and left cerebellum.

Oral Language Measures

The Listening Comprehension subtest from the WIAT-2

showed significant negative correlation with right parietal lobe

(BA 7), inferior temporal gyrus, and several left hemisphere

frontal regions (inferior, middle, superior, and medial frontal

gyri). The CELF-3 Receptive subtest was negatively correlated

with right supramarginal gyrus (BA 40) and the CELF-3 Ex-

pressive subtest was negatively correlated with left cerebellum.

Reading Comprehension Measures

The only reading comprehension measure that showed

significant correlation was WRMT-R/NU Passage Comprehen-

sion; it was significantly negatively correlated with bilateral

insula, right temporal lobe and supramarginal gyrus (BA 40, and

left hemisphere regions including inferior frontal gyrus (BA 44/

45), superior temporal gyrus (BA 38), and cerebellum.

Discussion

Overall, our findings revealed activation patterns that are

commonly associated with SC, particularly when controlling for

single word reading. They are also consistent with previous

findings of more extensive activation during reading tasks

among impaired readers as compared with Controls. In this

task, which controlled for the dyslexic group’s weaknesses in

WR, both groups showed activation in a number of areas

previously found to be associated with linguistic processing,

including left inferior frontal gyrus and extrastriate regions

(Démonet et al. 2005). When the 2 groups were compared, the

RD group showed more activation than the Control group in

several areas most prominently areas associated with linguistic

processing (left middle and superior temporal gyri) as well as

attention and response selection (bilateral insula, right cingu-

late gyrus, right superior frontal gyrus, and right parietal lobe;

Braver et al. 2001; Downar et al. 2001; Hahn et al. 2006).

Brain--behavior correlations revealed that better fluency,

both at the word and text level, were related to greater

intensity of activation within a left occipitotemporal region,

near the area commonly referred to as the visual word form

area (although lower than is typically found). This region has

been found to be associated with fluency of WR (Pugh et al.

2000; Shaywitz et al. 2004) and these findings were incredibly

consistent across reading measures with the same location of

peak area of activation (–44, –76, –11). Many behavioral studies

have found that fluency has a direct relationship to compre-

hension, with greater fluency yielding better comprehension

(Rasinski 1990; Swanson and Trahan 1996; Rupley et al. 1998);

therefore, it is not surprising that we would find a positive

correlation between an area commonly found to be associated

with fluency (occipitotemporal region) and fluency measures

for a comprehension task. This pattern of correlations supports

the concept that fluency is an additional important component

to comprehension, beyond WR accuracy (especially because

we did not find significant correlations with out-of-scanner WR

accuracy measures in this region). Poorer performance on

word-level (accuracy and fluency) measures was associated

with increased activation in bilateral insula, right inferior

parietal lobe (supramarginal gyrus), and right temporal lobe

(superior temporal gyrus for real words; inferior temporal

gyrus for nonsense words). Lower out-of-scanner oral language

and reading comprehension abilities were associated with

greater right hemisphere activation, particularly in the parietal

lobe. More specifically, right supramarginal gyrus activation (BA

40) was negatively correlated with reading comprehension and

receptive language, and a listening comprehension task was

negatively correlated with right superior parietal lobe (BA 7).

These findings are not surprising as individuals with lower

comprehension abilities may tend to rely more upon the right

hemisphere more than skilled comprehenders, particularly for

visualization strategies. In general, the correlation patterns

revealed a network of increased activation in bilateral insula,

right superior temporal gyrus, right inferior parietal lobe, as

well as left cerebellum that was consistently associated with

poorer performance on reading and language measures; it may

be of interest for future investigations to explore the relation-

ships/connections between these regions in relation to reading

ability.

Although many of our findings corroborated our expect-

ations, other findings were unanticipated. Most specifically, the

RD group showing greater response than Controls in left

middle and superior temporal gyri, which are areas typically

associated with language comprehension. There are several

possible explanations for this finding including 1) greater

activations of Controls during WR than RDs, which would yield

Figure 3. On the left side of the figure is a graphical representation of the occipitotemporal activation associated with a significant positive correlation for both the TOWRE
(middle graph) and GORT-4 rate scores (right graph).

Cerebral Cortex Page 9 of 12



overall greater activation when subtracting WR from SC and/or

2) that children with RD do not comprehend sentences in the

same manner as Controls do; specifically, that the RD group

differentially responds to meaningful versus nonmeaningful

sentences as compared with Controls.

The explanation that perhaps the greater activation for the

RD group is simply a reflection of their decreased activation

during the WR task is plausible. Therefore, it is reasonable to

conclude that less activation for words in the RD group could

be the basis for our findings. However, our other more fine-

grained analyses that divided our sentences into MSC and

NMSC conditions suggested a more complex picture. Specif-

ically, when accounting for activation due to WR, the RD and

Control groups both appeared to process meaningful sentences

(on the MSC-WR contrast) similarly. In contrast, when

accounting for WR, nonmeaningful sentences (on the NMSC-

WR contrast) were processed differently by the RD than the

Control group; namely, the RD group showed additional areas

of activation that were similar to those revealed on the more

general SC-WR contrast. Thus, findings suggest that the RD

group’s response to nonmeaningful sentences was a substantial

contributor to their greater activation in the SC-WR contrast,

rather than exclusively a deactivation response to WR

(especially because both contrasts used the same WR stimuli).

Nevertheless, we cannot entirely rule out the possibility that

some of the differences, particularly those in left temporal lobe,

for which there was definite overlap between the SC-WR and

NMSC-WR contrasts but not complete correspondence, was

driven by in part deactivation in the RD group to word stimuli.

Given that findings indicate that the RD group showed

atypical patterns of activation on this higher-level linguistic

processing task (SC) and that this does not appear to be solely

accounted for by WR, it is important to consider the functional

meaning of our results. Our findings suggest that more effortful

processing was needed for the RD group to comprehend

sentences. Indeed, they recruited regions associated with

attention and response selection much more than Controls,

particularly to detect sentences with errors. Results also

indicated that the RD group tended to show greater re-

cruitment of linguistic regions that have been associated with

semantic and syntactic networks (left middle and superior

temporal gyri; Friederici et al. 2003); these differences

appeared to be more specifically related to the processing of

nonmeaningful sentences. Overall, the RD group tended to

show much more diffuse patterns of activation than Controls

for all of the sentence contrasts (SC-WR, MSC-WR, NMSC-WR).

In contrast to the RD group, it appeared that Controls were

more easily able to comprehend sentences as indicated by

much less diffusivity; they also showed neurobiological

responses that suggested more distinction between the 2

types of sentences. In particular, the examination of the

activation patterns for the Controls for the various conditions

indicated that they used a tightly coordinated, much less

diffuse network of areas associated with language processing

on all 3 contrasts (SC-WR, MSC-WR, NMSC-WR). They drew

upon occipital lobe and left inferior frontal gyrus for SC-WR

and NMSC-WR with no additional activation in left middle and

superior temporal gyri—areas that are almost universally

activated in linguistic tasks. This suggests that the linguistic

processing that drew upon these regions, ostensibly to

understand the sentences, was accounted for by the response

to WR. This is also supported by the fact that the opposite

contrast of WR-SC revealed left middle and superior temporal

gyri activation. Their MSC-WR processing yielded no left

inferior frontal gyrus activation, with activation only in

occipital lobes, suggesting that when the sentence made sense,

there was even a closer coupling between processing of words

and sentences. Indeed, behavioral studies show that younger

skilled readers often show a close linkage between their word

and comprehension skills as compared with older skilled

readers, in whom these skills tend to diverge more (Vellutino

et al. 1994; Catts et al. 2003). Additionally, the Control group’s

response to ‘‘oddball’’ sentences was more traditional, as seen

by their response to nonmeaningful sentences. Although our

significant differences between groups for the MSC-NMSC

were confined to right precentral and right postcentral gyri, it

is worth noting that the Controls showed the often reported

left inferior frontal gyrus response to nonmeaningful sentences

that included syntactic violations (Ni et al. 2000). In contrast,

the RDs showed no such neurobiological distinction in

activation between these 2 sentence types. Additionally,

although somewhat difficult to interpret, the findings of pre-

and postcentral gyri differences between groups may indicate

a differential role for primary sensory--motor maps in detecting

semantic and syntactic foils in the sentences. In sum, it appears

that our RD group’s deficits in higher-level language processing

found on behavioral testing (Table 1) were also reflected, at

least in part, by their neurobiological response to comprehend-

ing sentences; the exact nature of these differences, that is,

whether they are due to a confined deficit such as vocabulary

weakness or in some larger set of integrative skills is an

important area for further study.

Although our study has much to offer in terms of insights

about higher-level language processing in children who are

skilled and poor readers, future investigations will need to

incorporate multiple modalities (auditory and visual) in order

to more fully pinpoint word-level versus comprehension-

specific processes in a range of reading skill. To this end,

a recent study by Shankweiler et al. (forthcoming) found left

inferior frontal region as a common site between auditory and

visual presentation of sentences; however, this region also

showed a skill level of reader by modality interaction. Future

investigations incorporating these types of across modality

analyses will be helpful to uncovering more about compre-

hension processes, which would be particularly enhanced by

careful matching of cognitive skill between groups. In addition,

it would be helpful to further explore the relationship between

WR accuracy, fluency, and comprehension and occipitotem-

poral activation. Inclusion of individuals who are specifically

comprehension impaired (i.e., do not have word-level difficul-

ties), in addition to individuals with more ‘‘typical’’ RD (i.e.,

dyslexics) and to skilled readers would add further insights into

the comprehension process. Furthermore, utilizing different

kinds of sentences (and different modalities) with the different

reader profiles may allow for a better understanding of the

nature of other aspects impacting comprehension (i.e.,

inferencing, working memory, syntax/semantics, etc.).

Another important aspect of future investigations will be to

incorporate baseline fixation into their SC paradigms. Certainly

it could be argued that baseline fixation, which our design did

not include, could have helped disentangle the issue whether

deactivation of words for the RD group was driving the SC

activation differences. However, even though it will be

important for future investigations to incorporate baseline, it
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should be pointed out that the primary focus of this study was in

understanding SC after accounting for each individual’s process-

ing of words (regardless of whether that resulted in activation or

deactivation), such that comparing to a baseline fixation was not

necessarily a fundamental component of our question.

In sum, our study reports patterns of activation associated

with SC (contrasted against WR) in skilled readers. Additionally,

we found differences in activation patterns associated with

sentence processing in children with RD. This study is an

important contribution to beginning to understand how higher-

level language processing impacts reading comprehension,

especially for disabled readers. Our design of accounting for

activation due to WR specifically allowed for examination of this

issue in a manner not previously utilized in the fMRI literature,

both for children who are skilled readers as well as those with RD.
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