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This study sought to increase current understanding of the neuro-
psychological basis of poor reading ability by using fMRI to
examine brain activation during a visual sentence comprehension
task among good and poor readers in the third (n 5 32) and fifth
(n 5 35) grades. Reading ability, age, and the combination of both
factors made unique contributions to cortical activation. The main
finding was of parietotemporal underactivation (less activation than
controls) among poor readers at the 2 grade levels. A positive linear
relationship (spanning both the poor and good readers) was found
between reading ability and activation in the left posterior middle
temporal and postcentral gyri and in the right inferior parietal lobule
such that activation increased with reading ability. Different
developmental trajectories characterized good and poor readers
in the left angular gyrus: activation increased with age among good
readers, a change that failed to occur among poor readers. The
parietotemporal cortex is discussed in terms of its role in reading
acquisition, with the left angular gyrus playing a key role. It is
proposed that the functioning of the cortical network underlying
reading is dependent on a combination of interacting factors,
including physiological maturation, neural integrity, skill level, and
the nature of the task.
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Introduction

The central aim of this study was to examine brain activation

during visual sentence comprehension among poor readers.

This subject is of interest because it is not yet known how

poor readers’ brains respond when comprehending text. This

issue was explored among children with reading problems of

varying degrees of severity, enabling us to address the question

of continuity in the relationship between poor reading ability

and brain function. The study also investigated whether any

aberrant brain activation among poor readers changes with

age. In normal readers, reading and reading-related skills

continuously change in a dynamic manner throughout de-

velopment (Wagner et al. 1997; Ehri 1999). Thus, developmen-

tally driven physiological changes, such as increased left

lateralization for language, may contribute to a different neural

manifestation of reading problems at different ages. To

examine this issue, the study assessed the brain activity of

poor readers in the third and the fifth grades, in comparison to

good readers.

Most studies investigating the neurobiological basis of

reading difficulty have concentrated on lower-level tasks

involving letters and words (e.g., Paulesu et al. 1996; Rumsey

et al. 1997; Shaywitz et al. 1998, 2002, 2003, 2004; Brunswick

et al. 1999; Georgiewa et al. 1999; Pugh 2000; Simos et al. 2000,

2002; Corina et al. 2001; Temple et al. 2001, 2003; Aylward

et al. 2003; Eden et al. 2004). Because impaired phonological

processing ability is thought to be the main source of reading

difficulty (see Vellutino et al. 2004 for a review), much of the

prior neuroimaging research has focused on word-reading

tasks that vary in the degree of phonological processing that

they require. To our knowledge, this is the first major fMRI

study to investigate brain functioning among struggling readers

during a higher-level reading comprehension task (Seki et al.

2001 report a small-scale study of Japanese dyslexic children

reading kana sentences). How poor readers’ brains respond

when processing text, which requires more complex syntactic

and semantic processing, may provide new information about

the functioning of the impaired phonological processes when

they are part of a more complex comprehension process.

One of the most consistent results in previous neuroimaging

studies on dyslexic individuals using lower-level linguistic tasks

such as decoding letters and words is a finding of reduced or

absent activation in the left parietotemporal and occipitotem-

poral cortices (see Shaywitz SE and Shaywitz BA 2005 for

a review). Underactivation of these regions has been associated

with poor word recognition ability, which is the most common

cause of reading difficulty. Inadequate word recognition

appears to be the outcome of a basic problem in phonological

processing. This seems to be the case independently of factors

such as general intelligence and socioeconomic disadvantage

(Vellutino et al. 2004). Deficits in phonological processing are

expressed as problems in identifying, representing, and manip-

ulating basic speech sounds, which in turn lead to difficulty in

mapping sounds onto letters and acquiring letter--sound corre-

spondences. The parietotemporal region (including the poste-

rior aspects of the superior and middle temporal gyri, the

supramarginal gyrus, and the angular gyrus) is thought to

support various types of phonological processing involved in

reading. By contrast, a more inferior occipitotemporal region is

thought to be involved when word recognition skills become

more automatic and direct visual access to the mental lexicon is

the predominant reading strategy (Pugh et al. 2000; Shaywitz

et al. 2002).

Like any cognitive task, reading is neurally underpinned not

by a single area but a set of areas functioning as a large-scale

cortical network. The neural signature of reading impairment is

marked not only by reduced parietotemporal and occipitotem-

poral activation but also by increased left prefrontal activation

(often attributed to compensatory covert articulatory process-

ing, e.g., Pugh et al. 2000; Shaywitz et al. 2002). This study

additionally examined the activation in these prefrontal com-

ponents of the cortical network. In the discussion of the new

findings, the results on sentence comprehension are integrated

with previous work on impaired word reading.
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Methods

Participants
The sample included third and fifth grade good and poor readers from

public schools surrounding Pittsburgh in Allegheny County, Pennsylva-

nia. The poor readers were participants in the Power4Kids Reading

Initiative, a randomized trial, field study of remedial instruction for

children with a wide range of reading difficulties. (For a full description

see Torgesen et al. 2006, at http://www.ed.gov/rschstat/eval/disadv/

title1interimreport/index.html.) Criteria for inclusion in the project

were a score at or below the 30th percentile on the combination of the

Sight Word Efficiency and Phonological Decoding Efficiency subtests of

the TOWRE during its initial administration (Test of Word Reading

Efficiency; Torgesen et al. 1999) and a score at or above the fifth

percentile on the Peabody Picture Vocabulary Test (PPVT: Dunn LM and

Dunn LM 1997). Good readers (designated as average to above average

by their teachers) were recruited for the fMRI study from the same

schools. When the baseline measures were obtained, poor readers

obtained significantly lower scores than good readers on the TOWRE, as

shown in Table 1. There was some test--retest score variation on the 2

versions of the TOWRE administered at screening and baseline, with the

baseline version used in the analyses. This choice, although resulting in

some score overlap between good and poor readers, did not impact the

results.

The fifth grade sample consisted of 23 poor readers and 12 good

readers. The third grade sample consisted of 18 poor and 14 good

readers. This paper reports on the children’s brain activity only at the

time preceding remedial instruction. These children later participated

in the postinstruction evaluation, thereby enabling a direct comparison

of the same children in the 2 phases (in a treatment assessment study

whose analysis is still in progress). The participants were all right-

handed, native English speakers, with normal vision and hearing.

Children were excluded from the study if they had brain injury, sensory

disorders, psychiatric disorders, or attention deficit disorder, were on

medication, had any metal in their bodies, or were claustrophobic. Of an

initial sample of 121 scanned children, 54 were subsequently excluded

from the final analysis for one or more of the following reasons: accuracy

scores below 75% on the experimental task or inability to read well

enough to perform the task (5), excessive head motion (more than 3

mm) (14), did not remain in the sample at posttest (24), and/or did not

receive remedial instruction (10). One child was diagnosed with autism

postscan.

Recruitment

Parents received explanatory materials about the reading project in the

mail, including the fMRI study, and those expressing interest in the fMRI

study were recruited. The children gave verbal informed consent in the

presence of a parent or guardian, who gave signed informed consent.

The children were paid for their participation. A parent questionnaire

was used to verify that all participants met inclusion criteria. All

protocols were approved by the University of Pittsburgh and Carnegie

Mellon University Institutional Review Boards. Following recruitment

and screening, the good and poor readers were scanned and baseline

measures were administered.

Experimental Paradigm and Procedure
In the sentence comprehension task, the children decided whether

a sentence they read made sense or not, as shown in Figure 1. This task

was designed to be well within the reading ability of the poorest readers

on the basis of a pilot study, to minimize performance-related confounds

by assuring high accuracy rates. A sensibility (nonsense vs. sensible) 3

syntactic complexity (active vs. passive) blocked design was used. For

the purposes of the present analyses, the 4 experimental conditions

were combined to obtain a general effect of sentence processing. The

data acquisition was split into consecutive runs to reduce the length of

time children had to remain still while they concentrated on the task.

Each run consisted of 4 stimulus blocks, one of each type. Five fixation

blocks of 15 s each were interleaved with the 4 stimulus blocks to

provide a control baseline comparison. The fixation consisted of a plus

sign (+) centered on the screen. The probe ‘‘Makes Sense?’’ appeared at

the beginning of each block. The probe was presented for 1.6 s followed

by a 400-ms blank screen. Each block contained 5 stimulus sentences,

one of which was a randomly placed sense-judgment distracter. Each

sentence trial was 10 s in length: the sentence itself was presented in the

middle of the screen for 9.5 s, followed by a 500-ms blank screen. An

asterisk appeared at 8 s into the trial below the sentence to cue the

participant if they had not yet responded. Participants used a right-hand

button press to indicate ‘‘sensible,’’ and a left-hand press for ‘‘not

sensible.’’ The words ‘‘no’’ and ‘‘yes’’ appeared at the bottom left and right

corners of the screen as a reminder of the hand-to-response mapping.

Two practice sentences, not included in the data analysis, preceded

each acquisition. Head motion in the scanner was constrained using

foam padding and surgical tape across the forehead.

Prior to entering the scanner, the participants were trained on 2 sets

of practice stimuli in order to introduce them to the experimental task

and setting. The first set was practiced on a computer in order to

acquaint the children with the task. The second set was practiced inside

a full-scale scanner simulator in order to familiarize the children with

the scanner environment. Head stability training was also part of the

simulation.

fMRI Procedures
The data were collected using a Siemens Allegra 3.0T scanner with

a commercial birdcage, quadrature-drive radiofrequency head coil. Data

acquisition was conducted at the Brain Imaging Research Center of the

University of Pittsburgh Medical Center, jointly established by Carnegie

Mellon University and the University of Pittsburgh. The study was

performed with a gradient-echo planar pulse sequence with time

repetition = 1000 ms, time echo = 30 ms, and a 60� flip angle. Sixteen

oblique-axial slices were imaged, and each slice was 5 mm thick with

Table 1
Demographic and behavioral profile of good and poor readers: fifth and third grades

Group Fifth grade Third grade

Good readers Poor readers Good readers Poor readers

Sample size (n) 12 (9 girls) 23 (18 girls) 14 (9 girls) 18 (10 girls)

Measure Mean SD Mean SD t(33) Mean SD Mean SD t(30)

Age (years) 10.77 0.41 10.77 0.56 0.99 8.99 0.25 8.72 0.33 2.52*
Standard measures
TOWRE 100.92 10.22 77.69 10.08 6.44*** 118.07 11.17 89.67 6.30 9.11***
PPVT 117.08 9.73 95.32 11.89 5.40*** 106.00 12.37 98.78 14.91 1.46

Experimental task
Accuracy (% correct) 0.98 0.02 0.95 0.07 1.72 0.97 0.03 0.91 0.06 3.31**
Response time (msec) 3157 560 4208 885 3.73*** 3520 421 5414 329 7.14***

Note: Standard measures 5 standard scores for grade. SD, standard deviation.

*P\ 0.05.

**P\ 0.01.

***P\ 0.001.
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a gap of 1 mm between slices. The oblique-axial slices were positioned

so that the most inferior slice was above the orbits anteriorly and passed

through the fourth ventricle posteriorly. This resulted in nearly

complete coverage of the cortex for most participants, with only small

regions of orbitofrontal cortex and the inferior portions of the temporal

poles falling outside the acquisition volume. The acquisition matrix was

64 3 64 with 3.125 3 3.125 3 5 mm voxels.

fMRI Analyses
To assess cortical activation in the participating groups, the data were

analyzed using SPM99 (Wellcome Department of Cognitive Neurology).

Images were corrected for slice acquisition timing, motion corrected,

and normalized to the Montreal Neurological Institute (MNI) template,

resampled to 2 3 2 3 2 mm voxels, and smoothed with an 8-mm

Gaussian kernel to decrease spatial noise. High-pass filtering and global

scaling were performed on each participant’s data. Statistical analysis

was conducted on individual and group data by using the general linear

model as implemented in SPM99 (Friston et al. 1995). For each

participant, the paradigm was modeled as a boxcar convolved with

the standard SPM99 hemodynamic response function estimate, and

contrast images were generated reflecting the difference between the

mean of the parameter estimates for sentence reading with that for the

fixation baseline.

Whole-brain multiple regression was used to examine the relation-

ship between out-of-magnet reading ability and cortical activation

during sentence processing across the entire sample of children. In

these analyses, the dependent measure at each voxel was the partic-

ipant’s first-level contrast value for the difference between sentence

reading and fixation, and the independent variables included the

participant’s raw TOWRE score (sum of Sight Word Efficiency and

Phonemic Decoding Efficiency subtest scores), chronological age, raw

PPVT score, mean response time in the sentence reading task, and

gender. Vocabulary, response time, and gender were included as

covariates in order to partial out any variation among the children

arising from these factors that might impact the main effects of age and

reading ability and the age by reading ability interaction. An initial model

was run that included, in addition to the above covariates, the product of

each participant’s age and TOWRE score in the regression in order to

identify voxels where there was an interaction between these variables.

A reduced model including all covariates but excluding this interaction

term was then run on the remaining voxels in order to examine main

effects of age and TOWRE in voxels that did not show a reliable

interaction between these variables. The slope of the regression relating

the raw TOWRE scores to brain activation was calculated at each voxel,

and the t-map testing the difference of these parameter estimates from

zero was thresholded at P < 0.0005, uncorrected, extent threshold = 10

voxels. This probability map therefore shows areas where there was

a reliable partial correlation between reading ability and activation after

controlling for the other variables in the model. Similar probability maps

were generated for the partial correlation of age with activation and for

the interaction of the 2 variables. The probability maps were super-

imposed on the high-resolution normalized T1-weighted individual

template image for viewing. Labels for coordinates of activation were

confirmed in MNI space (Tzourio-Mazoyer et al. 2002) and the Talaraich

Daemon (Lancaster et al. 2000) as implemented in AFNI (Cox 1996).

To explore the effect of reading ability on brain activation in more

detail, secondary ROI-based regression analyses were performed using

anatomically defined regions of interest (Tzourio-Mazoyer et al. 2002).

The ROIs were selected on the basis of the clusters showing significant

effects in the whole-brain voxelwise analyses but included all voxels in

the anatomically defined regions. These analyses provided a way to

examine the gradient of the regression slope and to evaluate the

dispersion of individual scores around the regression line. In these

analyses, the contrasts of parameter estimates (reading minus fixation)

were first extracted from each participant’s first-level general linear

model across all voxels in each ROI. These contrast values were

averaged over the voxels in the ROI for each participant and then

entered as dependent variables in the regression models including all

participants, with age, PPVT, response time, and gender included as

covariates.

Figure 1. Diagram of a sentence block.
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Results

Behavioral Data

Comprehension accuracy was over 90% in all 4 groups of

children (good and poor readers at both ages), indicating that

they were semantically processing the sentences. The response

accuracies did not reliably differ between good and poor

readers in the fifth grade, but in the third grade, the good

readers were reliably more accurate, as shown in Table 1. In

both grades, poor readers were significantly slower at respond-

ing than good readers.

fMRI Data

Reading Ability and Brain Activation

The results of the whole-brain multiple regression analyses

(controlling for chronological age, PPVT, response time, and

gender) revealed an increasing linear relation between brain

activation and reading ability in several parietotemporal regions,

as indicated in Table 2 and Figure 2a. Participants with lower

reading scores had less activation in the left middle temporal

gyrus (Wernicke’s area: BA 22), the right inferior parietal lobule

(BA 40), and the left postcentral gyrus (BA 2). There were no

areas in which poor readers exhibited greater activation than

good readers, as indicated by the absence of significant negative

partial correlations between reading ability and brain activation.

Additional ROI-based analyses (described in the Methods)

examined the gradient of the regression slope and evaluated the

dispersion of individual scores around the regression line in the

left middle temporal gyrus, the right inferior parietal lobule, and

the left postcentral gyrus. The results of this analysis showed

that the activation in all 3 of these areas increased approxi-

mately linearly with reading score, as shown in Figure 3, which

plots the mean predicted contrast value as a function of reading

score for each participant from the full regression model for the

left middle temporal gyrus and the right inferior parietal lobule.

As shown in the scatter plots of Figure 3, the good readers

(green symbols) and poor readers (red symbols) fall along the

same straight line that relates reading ability to activation.

Scatter around the regression line was greater in the left middle

temporal gyrus among poor readers, with fifth grade children

tending to activate less than third grade children at a given

reading level.

The predicted contrast values for some of the key ROIs

included values less than zero. It is not clear why these values or

the intercept are negative, although it is evident from the slope

that activation is linearly modulated by reading ability (as shown

in Fig. 3). Although negative activation contrast values being

correlated with an independent variable is not uncommon, the

reasons for the negativity are not well understood (McKiernan

et al. 2003). One plausible interpretation of the negativity is that

some of the parietotemporal regions involved in reading are also

involved in a default network that functions during the fixation

condition. Regardless of the cause of the negative intercept, the

linear slope indicates the systematic relation between activation

during reading and the independent measure of reading ability.

Age and Brain Activation

To assess the influence of age on brain activation during reading,

the relationship between chronological age and brain activation

was examined with raw TOWRE scores, raw PPVT scores,

response time, and gender entered as covariates in the multiple

regression analysis. A negative partial correlation was found

between age and activation in the right inferior frontal gyrus

(pars triangularis: BA 45) and the right superior frontal gyrus

(BA 9), as shown in Table 2 and Figure 2b. This finding indicates

that the activation in these regions decreased with age,

irrespective of reading ability. No positive partial correlations

were found.

Table 2
Multiple regressions: voxel clusters showing significant partial correlations

Cortical region BA Cluster size Peak t-value MNI coordinates

x y z

Main effects
Reading ability (positive)
Left middle temporal 22 13 4.24 �64 �50 8
Left postcentral 2 17 4.10 �64 �12 24
Right inferior parietal,
supramarginal

40 41 4.25 62 �50 38

Age (negative)
Right inferior frontal
(pars triangularis)

45 35 4.00 44 18 20

Right middle frontal 9 12 3.88 20 44 38
Interaction
Age 3 reading ability
Left angular 39 64 4.43 �36 �66 32
Right inferior frontal
(pars triangularis)

45 112 4.29 46 24 26

Note: The threshold for significant activation was P\ 0.0005 for a spatial extent of 10 voxels,

uncorrected for multiple comparisons. Region labels apply to the entire extent of the cluster, with

peak maxima designated by first locale cited. The t-values and MNI coordinates are for the peak

activated voxels in each cluster.

Figure 2. Multiple regression analyses: Main effects of reading ability, age, and age
3 reading ability interaction. Top row (panel a) presents surface rendering and
canonical view of regions correlated with reading ability. Middle row (panel b) presents
surface rendering and canonical view of regions correlated with age. Bottom row
(panel c) shows surface rendering of regions and canonical view showing age 3
reading ability interaction. Yellow ovals encircle parietotemporal activation.
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Age 3 Reading Ability Interactions

The full multiple regression model that included the interaction

term for the participants’ age and their raw TOWRE scores as an

additional covariate revealed significant positive age by reading

ability interactions in the left angular gyrus (BA 39) and the right

inferior frontal gyrus (pars triangularis: BA 44), as indicated in

Table 2 and Figure 2c. To determine what form this interaction

takes, separate ROI-based regressions were performed for good

and poor readers, which examined age effects within each

group. This analysis focused on the left angular gyrus because

right pars triangularis showed an additional effect of age. Among

good readers, the results indicated that older children showed

more activation than younger children (F1,21 = 3.39, P = 0.08).

Although marginally significant, this result points to a positive

linear trend with age. Among poor readers, older children

showed a slight and nonsignificant trend toward less activation

than younger children (F1,36 = 1.29, P = 0.26). Accordingly, the

significant age 3 reading ability interaction may be attributed to

a widening gap between good and poor readers with age. This

widening gap appears to arise primarily from increased activa-

tion among good readers with age.

In sum, the results of the multiple regression analyses indicate

that poorer reading ability is associated with less parietotem-

poral activation in the left middle temporal gyrus, the right

inferior parietal lobule, and the left postcentral gyrus. An

additional parietotemporal region, the left angular gyrus,

showed an interaction between age and reading ability, as did

a region of the right inferior frontal gyrus. Age made an

independent contribution to variation in brain activation, with

younger children showing more right inferior frontal activation.

These findings indicate that there is a systematic relationship

between brain activation and reading ability. In some cortical

regions, this relationship changes with age.

Discussion

This first investigation of brain activity during sentence com-

prehension in children who are struggling readers offers new

insight into the neural bases of reading difficulty and determines

some facets of its developmental time course. The results

revealed an atypical brain response among poor readers when

they were comprehending sentences, as well as evidence of

a developmental trend between third and fifth grade.

A central finding was that poor reading ability was associated

with reduced activation relative to good readers bilaterally in

the parietotemporal cortex. The form of this relationship was

regionally dependent. A positive linear relationship between

reading ability and cortical activation was found in the superior

aspect of the left middle temporal gyrus (Wernicke’s area), the

right inferior parietal lobule, and the left postcentral gyrus.

These findings indicate a continuous, linear relation between

reading ability and activation in these regions. Accordingly, less

activation occurred when reading difficulties were more acute.

This result shows that good and poor readers lie along the same

continuum in the reading-related processes supported by these

regions.

In another parietotemporal region, namely, the left angular

gyrus, the degree of underactivation observed among poor

readers during sentence processing was greater in the older age

group. Thus, the relationship between reading ability and brain

activation was additionally influenced by age. The findings in the

older age group are consonant with previous studies at the

letter and word levels that show less activation among poor

readers in the left angular gyrus (Shaywitz et al. 1998; Pugh et al.

2000; Temple et al. 2001). Although a cohort effect cannot be

ruled out in the context of a cross-sectional study, the current

findings suggest that activation patterns among good and poor

readers in this region may become increasingly divergent over

time. The major contributing factor to this trend appears to be

the gradual increase in activation among good readers with age.

These results may signify that in certain components of the

language network, different developmental trajectories distin-

guish good and poor readers.

Age appears to exert an independent effect on cortical

activation during sentence comprehension. This effect emerged

in the right hemisphere (pars triangularis and superior frontal

gyrus) and followed a decreasing linear trend, such that

activation in these regions lessened with age. This finding

suggests that with biological maturation and/or other environ-

mental influences such as increasing linguistic or scholastic

experience, the recruitment of these right hemisphere regions

is reduced. In a spatially adjacent region of right pars triangu-

laris, an interaction between age and reading ability was found,

Figure 3. Regression scatter plots depicting the main effects of reading ability (A) in the right inferior parietal lobule and (B) in the left middle temporal gyrus. Raw TOWRE scores
reflect the sum of the Sight Word Efficiency and Phonemic Decoding Efficiency subtests.
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following a similar trend to that observed in the left angular

gyrus. Together, the changes in right pars triangularis could

reflect the advent of regional specialization among normally

progressing readers, which fails to occur among poor readers.

Although the specific role played by the right inferior frontal

gyrus during sentence reading is uncertain, it could involve

aspects of phonological and semantic processing (Booth et al.

2003, 2004).

Parietotemporal Cortex: A Central Player in Reading
Acquisition

Previous research examining the neurobiological underpin-

nings of reading difficulty has focused on language processing

at the level of letters and words, particularly phonological

processing. Poor phonological processing is viewed as a key

factor in the failure to develop adequate word recognition skills,

representing a primary impediment to the acquisition of

grapheme--phoneme knowledge. Although both the inferior

frontal and parietotemporal regions are engaged during phono-

logical processing, the parietotemporal cortex is thought to be

critical to analyzing the written word (e.g., transforming the

orthographic representation into the underlying linguistic

structures: Shaywitz et al. 2002; Booth et al. 2003). Our new

findings on sentence comprehension are largely compatible

with previous brain imaging studies of dyslexic children

performing single word--reading tasks, which consistently

show abnormal parietotemporal activation among dyslexic

readers (see Shaywitz SE and Shaywitz BA 2003, 2005 for

discussion). The occurrence of a similar pattern of under-

activation in a sentence comprehension task strongly suggests

that this area continues to be a discriminating factor in the

development of reading ability beyond the level of reading

single words.

In the case of sentence reading, parietotemporal under-

activation among poor readers could be related to problems

associated with phonological working memory functions at

different levels of analysis: from mapping print to sound at the

level of words, to the temporary storage and integration of

sound-based word information at the sentence level. Because

sentence reading also involves syntactic and semantic pro-

cesses, it is plausible that the parietotemporal region may be

involved in these facets of reading as well, possibly functioning

as a storage medium for integrating multiple elements of

linguistic information in verbal working memory. In addition,

the fact that the sentences were highly imageable (e.g., the man

drove the banana) suggests that the degree to which linguistic

stimuli elicit visual imagery may also contribute to activation in

this region (Just et al. 2004).

Both the left and the right parietotemporal regions have been

linked to verbal working memory processes during reading

comprehension, although the extent to which each hemisphere

is recruited is influenced by task demands (Keller et al. 2003; Xu

et al. 2005) and individual differences (Grossman et al. 2002).

Despite some functional overlap, it is likely that the 2 homo-

logues subserve slightly different cognitive processes in reading

comprehension. Functional overlap and functional specializa-

tion may likewise characterize the anatomical structures within

a particular brain region. Consequently, different cortical

structures may operate in concert to perform a particular

cognitive task such as reading but may vary in the manner in

which each contributes to task performance. For instance,

Wernicke’s area is strongly linked to language comprehension

and may play a central role in sustaining semantic access during

reading. An adjacent structure, namely, the left angular gyrus, is

thought to be pivotal in the mapping between phonological and

orthographic representations of words (Shaywitz et al. 2002;

Booth et al. 2003, 2004), as well as for the integration of these

word forms with their semantic representations (Booth et al.

2003).

Developmental Trends

In the present study, the diverging patterns of parietotemporal

activation among good and poor readers with increasing age

were centered in the left angular gyrus, supporting the idea that

this structure is critically involved in the normal process of

learning the mappings among different representations of

words. Other work has also pointed to the left angular gyrus

as playing a crucial role in the development of skilled reading

(Pugh et al. 2000; Booth et al. 2004). Booth et al. (2004), for

instance, found significantly greater activation in the left angular

gyrus among adults as compared with children when perform-

ing tasks requiring conversion between phonology and orthog-

raphy (visual rhyming and auditory spelling). The current

results suggest that the disparity between good and poor

readers in the consolidation of word mappings was greater in

the fifth grade than in the third grade, presumably due to the

age-related increases in this ability among normally progressing

readers. These age-related increases could reflect the gradual

emergence of regional specialization. That is, as learning occurs,

a process of neural fine-tuning may transpire in which specific

language functions become progressively localized to the

cortical areas that are most proficient at meeting the cognitive

demands of the task. As a result, processing may become more

efficient. Prior research using different cognitive tasks supports

this claim (e.g., Gaillard et al. 2000, 2003; Booth et al. 2001;

Holland et al. 2001; Johnson 2001; Johnson et al. 2002; Sachs and

Gaillard 2003; Turkeltaub et al. 2003; Brown et al. 2005).

Conclusions and Implications

These new findings have both practical and theoretical impli-

cations. An important result is that the regions found to be

underactivated among poor readers during sentence compre-

hension are largely consistent with those found to be under-

activated in studies of word-level processing. The

parietotemporal area, particularly in the left hemisphere,

appears to be a key locus of dysfunction in children who

experience difficulty in learning to read. This conclusion is

further supported by the finding that parietotemporal under-

functioning typified struggling readers across a wide range of

performance, manifesting in children with more severe reading

impairment as well as those with less acute reading problems.

Interestingly, this pattern of brain activation was found despite

poor readers’ relatively high accuracy scores on the experi-

mental task, providing some indication that although these

children may have deficits in phonological processing (a lower-

order function), higher-order comprehension processes may

still function adequately.

The results also point to the importance of assessing reading

problems within a neurodevelopmental context. A potentially

significant discovery is that neural function during sentence

reading was influenced by skill level as well as age, with the 2

factors contributing both independent and interacting effects. A
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critical implication of this result is that the age at which poor

readers are examined may influence the expression of impaired

cortical function. We posit that the functioning of the cortical

network involved in reading is dependent on a combination of

interacting factors, including skill level, the maturity and

integrity of the underlying neural systems, and the nature of

the task. Various components of this network may be differen-

tially called into play as children develop, gain increasing

experience with text, and establish more efficient reading

strategies. According to this position, a dynamic approach to

the assessment of reading problems, which takes into account

the normally developing functional organization of the neural

systems involved in reading, may prove productive. Data

acquired at different stages of reading development have the

potential to enhance our knowledge of the relationship

between changes in brain function and the effects of age and

training, providing a new source of information that can inform

models of reading development and impairment.
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