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a b s t r a c t

This study used fMRI to longitudinally assess the impact of intensive remedial instruction on cortical acti-

vation among 5th grade poor readers during a sentence comprehension task. The children were tested at

three time points: prior to remediation, after 100 h of intensive instruction, and 1 year after the instruction

had ended. Changes in brain activation were also measured among 5th grade good readers at the same

time points for comparison. The central finding was that prior to instruction, the poor readers had signif-

icantly less activation than good readers bilaterally in the parietal cortex. Immediately after instruction,

poor readers made substantial gains in reading ability, and demonstrated significantly increased activa-

tion in the left angular gyrus and the left superior parietal lobule. Activation in these regions continued

to increase among poor readers 1 year post-remediation, resulting in a normalization of the activation.

These results are interpreted as reflecting changes in the processes involved in word-level and sentence-

level assembly. Areas of overactivation were also found among poor readers in the medial frontal cortex,

possibly indicating a more effortful and attentionally guided reading strategy.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Reading is among the most important of academic skills, affect-

ing almost every aspect of a student’s learning. Despite its centrality

as the bootstrap to other learning, reading remains a problematic

skill for many children, which if left unremediated, continues to

hinder academic progress (Shaywitz, 2003). In modern literate soci-

ety, the academic, social, emotional, and economic consequences of

reading problems can be profound and far-reaching. Therefore, it is

critical to understanding the nature of reading problems, and how

to remediate them in a timely and effective manner. In recent years

functional neuroimaging research has contributed to this objective,

advancing our knowledge of the brain mechanisms underlying poor

reading, and shedding light on the cognitive changes associated

with remedial intervention.

The central goal of our study was to examine how reading reme-

diation affects brain activation among poor readers when they are

reading sentences for comprehension, a question that has not yet

been explored. This issue is important because reading for meaning

is ultimately the purpose of learning to read. A secondary goal in
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this study was to examine the long-term effects of reading reme-

diation on the brain. Specifically, the study evaluated the extent to

which any neural change observed immediately following remedial

treatment was maintained 1-year post-treatment. This longitudi-

nal approach allowed us to determine whether alterations in brain

function are transient, or whether they reflect more permanent

consequences of intervention.

The large majority of neuroimaging studies investigating the

neurobiological correlates of poor reading have concentrated on

lower-level reading tasks involving letters and words. One of the

most consistent results in these studies is a finding of reduced

or absent activation among poor readers in the left parieto-

temporal and/or occipito-temporal cortices (e.g. Aylward et al.,

2003; Brunswick, McCroy, Price, Frith, & Frith, 1999; Corina et

al., 2001; Eden et al., 2004; Georgiewa et al., 1999; Hoeft et

al., 2006, 2007; Paulesu et al., 1996; Rumsey et al., 1992, 1997;

Shaywitz et al., 1998, 2002, 2003, 2004; Simos, Breier, Fletcher,

Bergman, & Papanicolaou, 2000; Simos et al., 2002; Temple et

al., 2003). While only a few studies have examined cortical func-

tion among poor readers in higher-level reading tasks, evidence is

beginning to emerge indicating that underactivation in the parieto-

temporal and occipito-temporal regions may likewise characterize

poor readers when they are reading sentences for comprehension

(e.g. Kronbichler et al., 2006; Meyler et al., 2007; Seki et al., 2001).

Together, the findings from word-level and sentence-level studies

support the view that underfunctioning of these regions represents
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Specifically, the study evaluated the extent to

which any neural change observed immediately following remedial

treatment was maintained 1-year post-treatment.
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a neural signature of poor reading ability (e.g. Shaywitz & Shaywitz,

2005).

The normal development of reading skills occurs across an

extended period of time during childhood, and the role that

different cortical areas play may differ over the course of read-

ing acquisition. The left parieto-temporal region (including the

posterior aspects of the superior and middle temporal gyri, the

supramarginal gyrus and the angular gyrus), is thought to play

a key role in phonological decoding (mapping print to sound) at

the level of words. It has also been suggested that this region

may function as a sound-based medium for storing and integrating

phonological, semantic and syntactic information in verbal work-

ing memory at the level of sentence processing (Keller, Carpenter,

& Just, 2001). After sound-based word recognition skills become

more automatic and fluent, the occipito-temporal cortex becomes

increasingly involved in reading, and direct visual access to the

mental lexicon eventually becomes the predominant reading strat-

egy (Pugh, Mencl, Jenner, et al., 2000; Shaywitz et al., 2002). Thus,

the parieto-temporal region is held to serve a more critical function

in the earlier stages of reading acquisition.

A weakness in phonological processing is the hallmark reading-

related deficit for the large majority of struggling readers. This

seems to be the case independently of factors such as general intel-

ligence and socioeconomic disadvantage (Samuelsson & Lundberg,

2003; Stanovich & Siegal, 1994) although these variables can influ-

ence the expression of phonological ability (Noble, Wolmetz, Ochs,

Farah, & McCandliss, 2006; Samuelsson et al., 2006). Deficits in

phonological processing are manifested as difficulty in analyz-

ing and manipulating the constituent sounds in words, leading

to difficulty in the acquisition of grapheme-phoneme knowledge,

and subsequently, to poor word-decoding ability (Shaywitz, 2003;

Wagner & Torgesen, 1987). Behavioral research has shown that

most poor readers benefit from a similar approach to instruction,

namely, one in which explicit training of phonological skills is

a central component (Blachman et al., 2004; Vellutino, Fletcher,

Snowling, & Scanlon, 2004).

Recent neuroimaging studies carried out at the word level

have provided some insight into how phonologically based read-

ing instruction influences cortical functioning among struggling

readers. A consistent result emerging from these studies is that

remedial treatment increases not only reading ability in impaired

readers (measured behaviorally), but also the activation in the left

parieto-temporal cortex, as measured by functional neuroimaging

techniques (Aylward et al., 2003; Eden et al., 2004; Shaywitz et al.,

2004; Simos et al., 2002; Temple et al., 2003). Thus, this formerly

underactivating region becomes more active following effective

instruction, essentially resulting in a normalization of function.

To date, it is not yet known how reading remediation influences

cortical activation in higher-level tasks such as reading text. The

present study addressed this question by examining brain acti-

vation among school-aged poor readers while they performed a

sentence comprehension task at three time points: before remedi-

ation, immediately after remediation, and 1 year post-instruction.

For comparison, good readers of the same age and from the same

schools were also tested at the same time points.

2. Methods

2.1. Participants

The sample included good and poor readers in the 5th grade from public schools

surrounding Pittsburgh in Allegheny County, Pennsylvania. The poor readers were a

subset of 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.) Criteria for inclusion in the project

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

Efficiency (SWE) and phonological decoding subtests of the Test of Word Reading

Efficiency (TOWRE; Torgesen, Wagner, & Rashotte, 1999), and a score at or above

the 5th percentile on the Peabody Picture Vocabulary Test (PPVT; Dunn & Dunn,

1997). Good readers (designated as average to above average by their teachers) were

recruited for the fMRI study from the same schools. Twenty-three poor readers and

12 good readers were eligible at both pre-intervention and post-intervention phases.

At the time of the 1-year follow-up, 10 good readers and 18 poor readers remained

in the sample.1 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, attention deficit disorder, were

on medication, had any metal in their bodies, or were claustrophobic. All included

children exhibited head motion below 3 mm and achieved an accuracy rate of at

least 75% on the experimental task.

Parents received explanatory materials about the reading project in the mail,

including the Power4Kids voluntary 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.

2.2. Remedial instruction

The Power4Kids project used four reading programs: Corrective Reading, Wilson

Reading, Spell Read Phonological Auditory Training (PAT), and Failure Free Reading,

each of which has been shown to be highly effective in teaching struggling readers

(Torgesen et al., 2006). The original design of the large-scale Power4Kids project was

intended to compare the efficacy of these four programs, including a comparison

between those programs that focused on word-level instruction with those that

included both word-level instruction and additional instruction on comprehension.

However, as described in Appendix A, the differences among the programs had little

differential impact on the behavioral (because of the small effect sizes) or on the

brain activity findings (because of the small sample sizes), and the data from the

four instruction groups are combined for all analyses presented here.

2.3. Behavioral measures

To assess the behavioral effects of reading remediation, out-of-magnet

performance among good and poor readers was assessed on the basis of grade-

standardized TOWRE scores (consisting of Sight Word Efficiency and Phonological

Decoding Efficiency (PDE) subtests) at each stage of the study. An additional measure

of calculation ability from the Woodcock–Johnson III Tests of Achievement (WJ-III;

Woodcock, McGrew, & Mather, 2001) was also collected. These data were obtained

for both groups of readers in the pre-intervention and 1-year follow-up phases, and

an additional assessment of only poor readers was conducted at the immediate

post-intervention phase.

2.4. Experimental paradigm

At each stage of the study, participants performed an identical sentence com-

prehension task. In this task, the children decided whether a sentence they read

made sense or not, as shown in Fig. 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 (Non-

sense vs. Sensible)× Syntactic Complexity (Active vs. Passive) blocked design was

used. 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 con-

sisted of four stimulus blocks, one of each type. Five fixation blocks of 15 s each were

interleaved with the four 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 five stimulus sentences,

one of which was a randomly placed sense-judgment distracter (i.e., for the Sensible

blocks one of the five sentences was a non-sensible sentence, and for the Nonsense

blocks, one of the five sentences was a sensible sentence). 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

1 Third grade children were also assessed at the same time points. Although the

observed effects in the third graders were similar to those in the fifth graders, the

data were noisier, resulting in lower levels of statistical reliability and some dif-

ferences in the precise localization of effects at different ages. For this reason, only

data for the older age group are presented here. A full report of pre-treatment differ-

ences in activation between good and poor readers in the third grade can be found

in Meyler et al. (2007).
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Fig. 1. Timing of a block of stimulus sentences.

of the screen as a reminder of the hand-to-response mapping. Two practice sen-

tences, 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 two sets of prac-

tice 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.

2.5. fMRI acquisition

The data were collected using a Siemens Allegra 3.0T scanner with a com-

mercial birdcage, quadrature-drive radio-frequency head coil. Data acquisition was

conducted at the Brain Imaging Research Center of Carnegie Mellon University

and the University of Pittsburgh. The study was performed with a gradient-echo,

echo-planar pulse sequence with TR = 1000 ms, TE = 30 ms and a 60◦ flip angle.

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

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 orbito-frontal cortex

and the inferior portions of the temporal poles falling outside the acquisi-

tion volume. The acquisition matrix was 64×64 with 3.125-mm×3.125×5-mm

voxels.

2.6. fMRI analyses

The functional imaging data were analyzed using SPM99 (Wellcome Depart-

ment of Cognitive Neurology, London, UK; http://www.fil.ion.ucl.ac.uk/spm). Images

were corrected for slice acquisition timing, motion-corrected, normalized to the

Montreal Neurological Institute (MNI) template, resampled to 2-mm3 voxels, and

smoothed with an 8-mm full-width at half-maximum Gaussian kernel to decrease

spatial noise. High-pass filtering (cutoff = 156 s) and global scaling were performed

on each participant’s data. Statistical analysis was conducted on individual data in

each phase using the general linear model (GLM) as implemented in SPM99 (Friston

et al., 1995). For each participant, the paradigm was modeled as a box-car 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, as well as for dif-

ferences between parameter estimates for the main effects of Syntactic Complexity,

Sensibility, and their interaction. At the individual-participant level, a threshold of

p < .01, corrected for multiple comparisons on the basis of random Gaussian field

theory, was used to detect significant activation. Ta
b
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Second-level modeling of group effects, complexity and sensibility effects, and

interactions among these variables was carried out within each phase of the study

in SPM99 with the appropriate within-participant contrasts of parameter estimates

as input to the group-level general linear model (GLM). To ensure that only vox-

els showing a positive difference in Sentence Reading− Fixation Baseline contrast

were considered, a mask was applied that consisted of the union of voxels meeting

this condition across the relevant groups and phases for the contrast of interest. An

uncorrected height threshold of p < 0.002 (two-tailed tests) and an extent threshold

of 10 voxels was used for all second-level analyses. Anatomical labels for activation

were determined with reference to the Automated Anatomical Labeling Toolbox

(Tzourio-Mazoyer et al., 2002) and the Talairach Daemon (Lancaster et al., 2000) as

implemented in AFNI software (Cox & Hyde, 1997).

To examine group differences in cortical activation and changes in cortical

activation among poor readers following remediation, two sets of analyses were

performed. In the first set of analyses, 2 (Group)×2 (Syntactic Complexity)×2

(Sensibility) voxel-wise mixed ANOVAs were conducted within each phase of the

study. Because there were no interesting reliable interactions between reading abil-

ity Group and either of the linguistic manipulations (i.e., Syntactic Complexity or

Semantic Sensibility, see Section 3.2.1), the reporting of results focuses on simple

main effects of group on brain activation during sentence reading without regard to

sentence type. To explore the form of the relationship between cortical activation

and reading ability across the three phases of the study in each group of readers,

a set of region of interest (ROI)-based analyses was performed. In these analyses,

ROIs were defined on the basis of clusters showing group differences in activation at

the pre-remediation phase. The contrasts of parameter estimates (Reading minus

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

across all voxels in each ROI showing group differences in the first phase of the

study. These contrast values were averaged for each participant, and submitted to

2 (Group)×3 (Phase) mixed effects ANOVAs, conducted separately for each of the

ROIs.

3. Results

3.1. Behavioral data

3.1.1. Standardized test scores

Although poor readers obtained significantly lower reading

scores than good readers in the pre-remediation stage (measured

by the composite TOWRE scores and the Sight Word Efficiency

and Phonological Decoding Efficiency subtests), following 100 h of

remediation, the performance gap between good and poor readers

was diminished by almost half on all three measures of reading abil-

ity, indicating substantial improvement in the poor readers’ ability

to recognize and sound out words, as shown in Table 1. This gain

was maintained at follow-up 1 year later. Scores on the Calculation

subtest of the Woodcock–Johnson III also improved among poor

readers between the pre- and post-remediation phases, and this

improvement was maintained at follow-up (as shown in Table 1).

While suggestive of a generalized effect of remediation, the size

of the improvement in math skill was modest compared to the

improvement in reading ability, the skill directly targeted by the

intervention.

3.1.2. Experimental task behavioral performance

Comprehension accuracy was above 90% in both good and poor

readers in each phase and for all conditions, indicating that they

were semantically processing the sentences, as shown in Table 2.

A 2 (Group)×3 (Phase)×2 (Syntactic Complexity)×2 (Sensibility)

mixed ANOVA on the accuracy data revealed a reliable main effect

of Sensibility (F(1, 33) = 9.90, p < .005), with sensibility judgments

for sensible sentences being more accurate overall than those for

nonsense sentences, as well as a reliable main effect of Syntactic

Complexity (F(1, 33) = 8.12, p < .01), with sensibility judgments more

accurate for active than passive constructions. There was a reliable

main effect of Phase (F(1, 59) = 3.95, p < .05), with mean accuracy

on the task significantly greater at the follow-up scan than at the

pre-remediation scan or at the post-remediation scan. There was no

reliable effect of reading ability Group, which is not surprising given

that the task was designed to be easy enough for the poor readers

to perform at a high level of accuracy. In addition, there were no

reliable interactions involving any of the factors, although it should

be noted that the overall high level of performance for both groups

may have resulted in a ceiling effect on accuracy, thereby masking

any interactions.

A similar analysis of response times to the sensibility judgment

task indicated a reliable overall effect of Group (F(1, 33) = 12.45,

p < .005). Poor readers responded nearly 1 s slower to sentences

than good readers. There was a substantial main effect of Phase

on response times (F(2, 59) = 46.22) resulting from a monotonic

decrease in reaction times from the pre-remediation scan to the

post-remediation scan, and subsequently to the follow-up scan.

A reliable Group×Phase interaction (F(2, 59) = 5.03, p < .01) indi-

cated that this decrease in reaction time was dependent on group

membership, with poor readers showing a larger decrease from

pre-remediation to the follow-up scan (F(2, 39) = 40.92, p < .0001),

than did good readers (F(2, 20) = 9.10, p < .005). A main effect of Syn-

tactic Complexity was also found (F(1, 33) = 71.27, p < .0001), with

decisions about passive constructions taking longer than decisions

about active constructions. No other interactions among the four

factors were significant for the response time data.

3.2. fMRI data

3.2.1. Group differences in activation at the pre-remediation stage

(Phase 1)

The pre-remediation data revealed robust findings of underac-

tivation among the poor readers (i.e., reduced activation relative

to good readers) in a number of cortical areas, as indicated by a

voxel-wise 2 (Group)×2 (Syntactic Complexity)×2 (Sensibility)

mixed ANOVA. Poor readers displayed significant underactivation

Table 2
Good and poor readers’ performance on the experimental task: mean accuracy and response times

Group Phase 1 (pre-remediation) Phase 2 (post-remediation) Phase 3 (follow-up)

Active Passive Active Passive Active Passive

Sensible Nonsense Sensible Nonsense Sensible Nonsense Sensible Nonsense Sensible Nonsense Sensible Nonsense

Accuracy (percentage correct)

Good readers M 98% 100% 97% 98% 99% 98% 92% 98% 99% 100% 97% 99%

S.D. 4% 0% 7% 4% 3% 4% 9% 5% 3% 0% 5% 3%

Poor readers M 94% 97% 92% 91% 92% 96% 92% 96% 97% 99% 92% 99%

S.D. 9% 11% 9% 20% 10% 9% 8% 8% 6% 3% 9% 2%

Reaction time (ms)

Good readers M 2876 3014 3514 3233 2870 2722 3294 2997 2499 2482 2865 2766

S.D. 552 585 845 611 547 464 643 602 378 568 518 488

Poor readers M 3840 3931 4578 4486 3785 3921 4422 4396 3129 3220 3787 3569

S.D. 950 820 1043 1064 1121 1345 1222 1256 732 857 960 803
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Table 3
Direct comparisons between good and poor readers at each phase of the study

Cortical region BA Cluster size Peak t-value MNI coordinates

x y z

Phase 1(pre-remediation)

Good > Poor

L middle occipital, angular 39 30 3.88 −36 −68 34

L inferior parietal, postcentral 40 27 3.74 −40 −40 46

L superior parietal, superior occipital 7/19 41 4.52 −20 −68 42

L middle frontal 8 10 4.24 −30 24 56

R inferior parietal, supramarginal 40 15 3.74 40 −44 44

R supramarginal, inferior parietal 40 13 3.72 48 −36 44

Poor > Good

Anterior SMA 6 101 4.65 0 10 52

Posterior SMA 6 18 3.94 2 −4 72

Phase 2 (post-remediation)

Good > Poor

L superior parietal, superior occipital 7 19 3.71 −18 −70 42

L middle frontal 8 18 4.46 −26 24 56

Poor > Good

L putamen 116 4.15 −22 14 0

L putamen 12 3.58 −16 −2 10

R insula, inferior frontal 45 92 4.32 36 24 4

Phase 3(follow-up)

Good > Poor

L cuneus, superior occipital 19 10 3.83 −6 −90 26

Poor > Good

L postcentral gyrus 2 271 4.66 −28 −22 34

L insula, putamen 50 4.05 −24 20 6

L insula 15 3.87 −38 8 −10

L superior frontal, cingulate 6 89 4.41 −20 −2 46

L anterior superior frontal 9 36 4.58 −14 46 26

L anterior cingulate 32 150 5.21 −16 30 20

L anterior cingulate 32 31 4.41 −18 46 0

L middle cingulate 24 17 3.98 −14 −10 36

L thalamus 59 4.50 −12 −8 0

L thalamus 14 3.99 −22 −24 2

L cerebellum, vermis 10 4.32 −4 −56 −6

R postcentral gyrus 3 67 4.63 24 −36 52

R putamen, insula 50 4.48 30 12 −6

R superior frontal, SMA 6 17 4.30 18 −16 60

R anterior cingulate 24 29 4.52 10 30 6

R posterior cingulate 23 15 4.51 12 −34 28

R precuneus 30 4.09 22 −54 28

R cerebellum, vermis 24 4.13 4 −70 −34

Notes: The threshold for significant activation was p < .002 (two-tailed) for a spatial extent of 10 voxels, uncorrected for multiple comparisons. Region labels apply to the entire

extent of the cluster. t-Values, p-values, and MNI coordinates are for the peak activated voxel in each cluster only. BA: Brodmann area; L: left; R: right; SMA: supplementary

motor area.

in parietal and frontal areas. As shown in Table 3 and Fig. 2 (upper

panel), in the left hemisphere these differences appeared in the

middle occipital gyrus extending into the angular gyrus (BA 39),

in the inferior parietal lobule bordering the postcentral gyrus (BA

40), in the superior parietal lobule extending into the superior and

middle occipital gyri (BA 7), and in the middle frontal gyrus (BA

8). In the right hemisphere, poor readers showed less activation

than good readers in the right inferior parietal lobule projecting

into the supramarginal gyrus (BA 40). In one region, the supple-

mentary motor area (BA 6), poor readers showed greater activation

than good readers bilaterally.

No group differences in activation were found in occipito-

temporal areas at the pre-remediation phase. Inspection of the

activation maps within each of the groups for the contrast of sen-

tence reading with the fixation indicated that although each group

showed strong occipital activation, neither group showed activa-

tion extending anteriorly into occipito-temporal cortex.

There were no areas that showed a reliable interaction between

reading ability Group and either the Syntactic Complexity or Sen-

sibility of the sentences, nor were there any areas that showed a

three-way interaction in the pre-remediation phase. There were,

however, areas that showed main effects of each of the linguistic

manipulations across the entire sample of children. For example

passive sentences produced greater activation than active sen-

tences in a number of occipital regions. Because the focus of the

study was on identifying group differences in activation and on

assessing the effect of intensive remediation on reducing these dif-

ferences, the remaining analyses collapse across levels of Syntactic

Complexity and Sensibility.

In summary, the pre-remediation measurements indicate

underactivation in the poor readers, relative to the good readers,

in bilateral parietal areas. There were no clear differential impacts

of the linguistic manipulations on the two reading groups.

3.2.2. Group differences in activation at the immediate

post-remediation stage (Phase 2)

Following reading remediation, there was a reduction in the

number of parietal regions showing reliable underactivation among
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Fig. 2. Brain areas showing greater activation among good readers vs. poor readers at each phase of the study. The same data are presented overlaid on a surface rendering

(right column) and overlaid on individual coronal slices (left column) of the normalized Montreal Neurological Institute canonical brain. Yellow ovals encircle parietal

activation.

poor readers and a reduction in the size of the regions that contin-

ued to show underactivation, as indicated by an analysis of the main

effect of reading ability Group, shown in Table 3 and Fig. 2 (middle

panel). By Phase 2, the areas that continued to show less activation

among poor readers than good readers included the left superior

parietal lobule (BA 7) and the left middle frontal gyrus (BA 8). In the

reverse contrast (Poor > Good), poor readers showed greater activa-

tion than good readers bilaterally in the inferior frontal cortex (right

insula and right inferior frontal gyrus (BA 45), and two clusters in

the left putamen).

3.2.3. Group differences in activation at the 1-year follow-up

stage (Phase 3)

The number of brain regions showing less activation among poor

readers than good readers decreased further at the time of the

follow-up at 1 year post-remediation to only one region, the left

cuneus, bordering the superior occipital gyrus (BA 19), as shown in

Table 3 and Fig. 2 (lower panel). In contrast poor readers showed

more activation than good readers across the medial frontal cortex,

including the left and right superior frontal and anterior cingulate

gyri (BA 9 and BA 32), the left middle cingulate gyrus (BA 24), and

the right posterior cingulate gyrus (BA 23). Other regions showing

more activation among poor readers in Phase 3 included inferior

frontal clusters in the left and right putamen extending into the

insula, as well as clusters in the left thalamus, the right precuneus

and postcentral gyrus, and the left and right vermis of the cerebel-

lum.

3.2.4. Main analyses of changes in parietal activation

ROI analyses (as described in Section 2) were used to assess the

relationships among parietal activation, reading ability, and time.

In these analyses, measures of cortical activation in each phase

were extracted for good and poor readers in areas showing group

differences in Phase 1: the left angular gyrus, the left inferior pari-

etal lobule, the left superior parietal lobule, and the right inferior

parietal lobule. These mean parameter estimates for left and right

parietal clusters were submitted to separate 2 (Group)×3 (Phase)

mixed ANOVAs. Additional within-group ANOVAs examined the

effects of phase within each reader group for each ROI. By virtue

of the procedure for defining the ROIs, each of them showed more

activation for the good than the poor readers (left angular gyrus, the

left inferior parietal lobule, the left superior parietal lobule, and

the right inferior parietal lobule, with F-ratios of F(1, 33) = 11.81,

p = .002, F(1, 33) = 5.38, p = .03, F(1, 33) = 13.47, p = .001, and F(1,

33) = 4.34, p = .05, respectively). The ROI analyses revealed signif-

icant Group×Phase interactions in each ROI, [left angular gyrus:

F(2, 59) = 5.51, p = .007, left inferior parietal lobule: F(2, 59) = 5.68,

p = .006, left superior parietal lobule: F(2, 59) = 4.72, p = .01, and right

inferior parietal lobule: F(2, 59) = 6.06, p = .004]. These findings indi-

cate that the phase-related change in each of these cortical areas
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Fig. 3. Pattern of change in activation across the three phases for each reading ability group in parietal regions of interest.

was different for the two groups of readers. Within-group ANOVAs

revealed significant increases of activation across phases among

poor readers in the left angular gyrus, F(2, 39) = 5.29, p = .009, and

the left superior parietal lobule, F(2, 39) = 3.29, p = .05. Among good

readers, there were no significant phase-related activation changes

in these regions. These findings indicate that the major impact of

reading remediation among poor readers occurs in the left parietal

lobe, with the most significant effect appearing in the left angular

gyrus, as shown in Fig. 3.

There were other regions in which only the good readers’ acti-

vation changed (in terms of decreasing activation across phases)

possibly reflecting an efficiency gain. In the left and right inferior

parietal lobules, activation did not change significantly over time

among poor readers. However, main effects of Phase were found for

good readers in these regions, [left inferior parietal: F(2, 20) = 6.39,

p < .007, right inferior parietal: F(2, 20) = 6.39, p < .02]. Activation in

these regions decreased significantly among good readers in Phase

2, and remained stable in Phase 3 (see Fig. 3).

Almost all of the poor readers showed increased activation in

parietal areas and also almost all showed an increase in their

TOWRE scores, both for the Phonological Decoding Efficiency

subtest and the Sight Word Efficiency subtest, with a modest, non-

significant correlation of r = .17 between the change in SWE and

change in activation in the left angular gyrus region of interest, and

an r = .04 between change in PDE and change in activation in the

same region. Fig. 4 depicts the relationship between change in the

total TOWRE measure between the pre-remediation and follow-up

phases, and the change in activation for individual poor readers

in the left angular gyrus. Note that the change in activation level

could involve changes in other reading-related processes besides

those tapped by the TOWRE.

Here and elsewhere our analyses have focused on the combined

TOWRE PDE and SWE scores, because the subtests have not pro-

vided distinguishing insights. For example, were the data in Fig. 4

to be separated into separate graphs for PDE and SWE scores, the

two graphs would look remarkably similar to each other. The com-

bined score appears to provide some advantage due to averaging

Fig. 4. The relationship between changes in activation in the left angular gyrus and

changes in reading ability between Phases 1 and 3 among individual poor readers.

Arrow in bold depicts the mean coordinates for TOWRE score and activation change.
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over noise. More generally, the TOWRE subtests do not reveal a dif-

ferential effect of the remedial instruction, perhaps reflecting the

fact that the instructional programs would be expected to enhance

performance in both subtests.

To summarize, the findings indicate that reading remediation

resulted in changes in reading ability and cortical function among

poor readers. Additional voxel-wise analyses of Group×Phase

interactions yielded converging results, and they are reported in

Appendix B due to their length. A consistent finding emerging

across analyses was that with remedial reading instruction, there

was a normalization of activation among poor readers in left pari-

etal areas including the angular gyrus and the superior parietal

lobe.

4. Discussion

This study determined, for the first time, how remedial instruc-

tion modulates cortical function when struggling readers read

sentences for comprehension. The central finding was that left

parietal areas that showed underactivation prior to treatment,

exhibited a substantial (and statistically significant) increase in

activation among poor readers following 100 h of intensive reme-

dial intervention. Moreover, there were corresponding gains on

behavioral measures of reading. Furthermore, the activation in the

left parietal region continued to increase 1 year after the interven-

tion had ended, resulting in a normalization of activation in two

regions associated with reading, the left angular gyrus and the left

superior parietal lobule. This result indicates that effective read-

ing remediation has both immediate and more enduring effects

on the development of the cortical network underlying reading.

The results yield new insight into the neural effects of successful

remedial treatment in the context of sentence comprehension.

The finding that the left parietal region was both the central

locus of dysfunction among poor readers during sentence compre-

hension, as well as the main area of change following remediation,

aligns with earlier work that focused on word-level processing

among dyslexic children (Aylward et al., 2003; Shaywitz et al., 2004;

Simos et al., 2002; Temple et al., 2003) and dyslexic adults (Eden

et al., 2004). The new converging evidence implicates this area as

a main site of intervention-related change across different ages

and reading tasks. We speculate that changes in the phonologi-

cal processes associated with this area are centrally involved in the

improved reading performance in poor readers.

4.1. The effects of remediation on parietal activation

In the present study, the most dramatic change in cortical activa-

tion among poor readers occurred in the left angular gyrus (BA 39).

This structure is considered to be pivotal in the mapping between

phonological and orthographic representations of words (Booth et

al., 2003, 2004; Pugh, Mencl, Shaywitz, et al., 2000; Shaywitz et

al., 2002), as well as for the integration of these word forms with

their semantic representations (Booth et al., 2003). Studies of nor-

mal and atypical readers are compatible with that interpretation. A

recurrent finding in neuroimaging studies of reading impairment is

of underactivation of the left angular gyrus among dyslexic readers,

particularly on tasks that make explicit demands on phonological

assembly (Pugh, Mencl, Jenner, et al., 2000; Pugh, Mencl, Shaywitz,

et al., 2000). Other work has found significantly greater activation in

the left angular gyrus among adults as compared to children during

tasks requiring conversion between phonology and orthography

(Booth et al., 2004).

Because word decoding is the primary bottleneck in the acqui-

sition of skilled reading, it is not surprising to find underactivation

among this population in brain areas associated with converting

print to sound, even when reading sentences for comprehension.

Children who have a school history of reading problems tend to

have particular difficulty reading words, both in isolation and in

context (Gayan & Olson, 2001). Instructional treatments that target

word-decoding skills, such as those used in the present study, may

induce characteristic changes in these areas of the brain.

While it is very likely that the left angular gyrus is involved

in word-level processing, it could also subserve additional

phonologically related operations that are relevant for sentence

comprehension. One possibility is that the left angular gyrus

operates in conjunction with other parieto-temporal structures

to store and integrate multiple elements of linguistic informa-

tion in a sound-based verbal working memory. According to this

conceptualization, the left angular gyrus and surrounding parieto-

temporal cortex serve a broader function in reading, playing a role

in sentence-level assembly as well as word-level assembly (Meyler

et al., 2007). In this view, problems associated with verbal working

memory may appear 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.

The extent to which individual parieto-temporal areas are activated

may depend, in part, on the demands of the reading task and the

skill of the reader.

Higher-level processes reliant on verbal working memory could

also involve operations such as syntactic parsing and semantic inte-

gration (Keller et al., 2001). While the design of the present study

may not have had sufficient power to detect these processes, other

work has shown that that the left angular gyrus/BA 39 is sensi-

tive to syntactic complexity manipulations (Constable et al., 2004;

Humphries, Binder, Medler, & Liebenthal, 2006), particularly in the

case of printed sentences (Constable et al., 2004). The response

of this region also increases with higher semantic processing

demands, as indicated in a study of auditory sentence comprehen-

sion comparing semantically congruent, semantically incongruent,

and pseudoword sentences (Humphries et al., 2006). Thus, the left

angular gyrus and adjacent structures may be important not only

to processing and maintaining phonological information in words

and sentences, but also to other higher-level reading operations

such as processing the grammatical identity and order of words,

and the relationships between the meanings of individual words.

Remedial instruction may have enhanced these functions among

poor readers.

In the present study, the left superior parietal lobule (BA 7)

was a second region that showed increased activation among poor

readers following remedial treatment. The superior parietal lob-

ule has been linked to a number of cognitive processes, including

verbal short-term memory (Clark & Wagner, 2003; Cutting et al.,

2006; Davachi, Marril, & Wagner, 2001; Honey, Bullmore, & Sharma,

2000), attentional control, cross-modal integration (Collette et al.,

2005; Saito et al., 2005; Shomstein & Yantis, 2004, 2006), and

mental imagery during reading (Just, Newman, Keller, McEleney,

& Carpenter, 2004). While we cannot ascertain the precise function

of this region in sentence reading on the basis of the present study,

higher activation among poor readers following remediation could

reflect improvement in one or more of the above processes.

No change in activation was found in the left and right inferior

parietal lobules (BA 40) among poor readers, two areas that showed

a progressive reduction in activation among good readers during

the period of the study. Among poor readers, activation in these

areas remained persistently low. Similar findings were reported by

Hoeft et al. (2006), who found that dyslexic children showed less

activation than chronological age-matched controls and reading-

matched controls in the left and right inferior parietal lobules when

performing a word rhyming task. In that study however, activa-

tion in these regions increased among normal readers with age,
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suggesting that the extent to which these areas are involved in

reading may be task related. Like BA 39 and BA 7, BA 40 is asso-

ciated with verbal short-term memory (Chen & Desmond, 2005;

Davachi et al., 2001; Woodward et al., 2006), such that decreasing

activation among good readers could reflect a reduction in verbal

memory load as the result of familiarity and experience with the

stimuli. The reason for the consistently low level of involvement of

the inferior parietal lobules among poor readers is not clear, but

could be indicative of an atypical pattern of skill development. Pos-

sibly, poor readers may fail to fully utilize the processing capacities

of the parieto-temporal regions.

4.2. Absence of reading ability or remediation effects in

occipito-temporal areas

Conspicuously absent in the present data is any hint of an effect

of either reading ability or intensive remediation on activation in

left occipito-temporal areas. As noted in the introduction, some pre-

vious studies have found lower activation among poorer readers

than better readers in this age range in an area of the left mid-

fusiform gyrus (Aylward et al., 2003; Hoeft et al., 2007; Shaywitz

et al., 2002, 2004), a location consistent with the putative visual

word form area (VWFA) thought to provide for relatively special-

ized and automatic processing of the visual features of words in the

native language of adult skilled readers (Cohen et al., 2000, 2002).

In addition, there are previous reports of increases in activation in

this left occipito-temporal region following word-level remedia-

tion treatments in poor readers (Aylward et al., 2003; Shaywitz et

al., 2004). In contrast to the present study, these earlier neuroimag-

ing studies of children with poor reading ability used tasks that

focused on phonology (of individual words) rather than sentence

comprehension, likely increasing the involvement of the processes

underpinned by occipito-temporal cortex. The present study did

not find group differences in activation or effects of remediation

in this occipito-temporal region. Moreover, the present study did

not find activation within either group in this area for the contrast

between sentence reading and the fixation baseline in any phase

of the study, suggesting that this area plays a smaller role in sen-

tence comprehension than in various phonological judgment tasks.

Kronbichler et al. (2006) failed to find occipito-temporal activation

in adolescent dyslexic readers when a sentence comprehension

task was contrasted with a low-level visual baseline, but did find

such activation in controls, although this group difference was not

reliable in a voxel-based analysis. It is possible that the choice of

baseline is critical for detecting activation in the VWFA, as most

studies reporting activation in this area have used a low-level visual

control task. Interestingly, we also failed to detect within-group

activation or group differences in activation in occipito-temporal

cortex in a study contrasting a word-level, visually presented rhyme

judgment task with a fixation baseline in a sample of participants

that largely overlapped with the present sample (Hoeft et al., 2006).

Additional research will be necessary to determine the precise read-

ing conditions that give rise to (1) occipito-temporal activation in

general, (2) reading ability group differences and (3) effects of read-

ing remediation. We speculate that those conditions will involve a

complex interaction of methodological factors including the exper-

imental task, the baseline task, and the age of the participants.

4.3. Areas of overactivation among poor readers following

remediation

Evidence of overactivation was found in the inferior frontal and

medial frontal cortices among poor readers following remedia-

tion, indicating possible areas of compensatory activation. In the

present study, heightened activity (relative to the good readers)

was found in the right inferior frontal cortex immediately following

intensive remedial instruction. Enhanced (left and right) inferior

frontal activation following remediation had been noted in sev-

eral previous reports of word-level processing (see Shaywitz, Lyon,

& Shaywitz, 2006, for a review). Activation changes in the right

hemisphere homologues of language areas might be due to a com-

pensatory response in non-dominant cortical regions (Temple et al.,

2003). Overactivation among the poor readers was also observed

in the medial frontal cortex, in the right and left superior frontal

and anterior cingulate gyri, 1 year post-instruction. Both medial

frontal areas have been associated with attentional control, per-

formance monitoring, and error detection (Miller & Cohen, 2001;

Nebel et al., 2005). Thus the poor readers’ medial and superior

frontal overactivation may reflect the recruitment of additional

executive resources, possibly indicating the use of a more effort-

ful and attentionally guided reading strategy than the one used by

good readers.

In general, findings on the location and extent of compensatory

activation have not been consistent across investigations. The rea-

son for the differences among studies is not yet known, although it

has been suggested that some of the variation may be due to the age

of the population examined, or to the stage of the recovery process

(Eden et al., 2004), to differential task demands, or to differences in

the types of remediation. Further exploration of these issues may

elucidate the contribution of different variables to brain responses

to remedial treatment.

4.4. Mechanisms of neural change in the development of reading

The different developmental trends observed among good and

poor readers in the left angular gyrus and in the left superior

parietal lobule could reflect different stages in the acquisition of

reading. An initial increase in activation in these areas may charac-

terize an earlier stage of learning to read. This rise may be followed

by a stabilization of activation as reading skills become more con-

solidated. It is also possible that as reading skills become more

automatic, activation in these regions will subsequently decrease,

as shown in other research on the cortical effects of practice (e.g.

Chein & Schneider, 2005). Thus, there may be a systematic non-

monotonic change in the activation level of a cortical area as reading

ability develops, which can be thought of as an inverted-U-shaped

function relating activation level to time, over a span of a few years.

This suggestion is compatible with other studies of brain changes

during learning, which report an inverted U-shaped learning curve

associated with skill development over shorter time spans, such as

days (see Little & Thulborn, 2006, for a review). Little and Thulborn

have interpreted the initial activation increase in a task-related area

as reflecting increasing recruitment of neural tissue during the ear-

lier learning stage, and the later decrease in activation as reflecting

increased automaticity and elimination of irrelevant processes.

We interpret the progressive increase in left parietal activation

among poor readers over time as the neural basis of the improved

reading ability. While we cannot definitively conclude from our

study that the neural change was caused by the remedial treatment,

this interpretation is consistent with the observed improvement

in reading ability in our longitudinal within-group comparison,

as well as the pre- and post-test comparison between groups.

The interpretation is also consistent with earlier research showing

remediation-related activation increases among impaired readers

in the same regions in word-level studies.

An alternative interpretation of the new findings that we disfa-

vor is that the observed increase in parietal activation among poor

readers was simply due to the effects of maturation. However, it

seems unlikely that the poor readers happened to become better

readers and with more parietal activation just when the reading
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intervention occurred. While it is possible that the poor readers

were experiencing a developmental delay that was resolved over

time, there is some evidence suggesting that this was not the case.

Our sample initially included a subset of poor readers who did

not receive remedial treatment, but continued to participate in the

reading programs already in place at their schools. Although the

attrition rate was very high in this group (hindering a full-fledged

group comparison), there remained a small group of six children

in the study through follow-up. A comparison of the cortical acti-

vation at pre-test and follow-up indicated no significant change

in cortical activation over time among these children in the criti-

cal parietal areas. While the small sample size limits the statistical

power of this analysis, the results are nevertheless suggestive. Addi-

tional research including a larger sample of untreated children, or

children receiving different types of remedial treatments, would

permit stronger conclusions about the neural effects of reading

remediation.

5. Conclusions

Several findings in this study have important implications for

current understanding of the nature of reading difficulty, and of

the neurobiological basis of successful remedial intervention. First,

this study demonstrated that intensive reading intervention leads

to significant and enduring changes in brain function among poor

readers, which correspond to demonstrable gains in reading abil-

ity. Second, the area of cortical change occurring during sentence

comprehension was the same area that has been associated with

reading remediation in earlier word-level studies, namely the left

parietal cortex. These converging findings support the view that

reading intervention promotes change in the neural systems that

support skilled reading, and points to a similarity of impact across

higher- and lower-level reading tasks.

Another implication of the study is that remedial treatment may

similarly alter neural circuitry among poor readers regardless of

their level of impairment. The poor readers in this study spanned

a range of reading ability. An IQ-reading ability discrepancy was

not used as a criterion for inclusion, and the sample included both

less severely and more severely impaired readers, including chil-

dren who would be considered dyslexic. Despite this variation

among the poor readers, our findings were entirely consistent with

investigations using more stringent diagnostic criteria for reading

disability. Our results indicate that reading ability and disability fall

along a continuum, with severe reading problems, or dyslexia, rep-

resenting the lower tail (Shaywitz, Escobar, Shaywitz, Fletcher, &

Makuch, 1992; Vellutino et al., 2004). This position is also compat-

ible with findings from behavioral research indicating that criteria

often used to define dyslexic readers (such as IQ-reading ability dis-

crepancy) are not related to poor readers’ phonological processing

deficits or to their response to remediation efforts (Gayan & Olson,

2001; Stanovich & Siegal, 1994; Vellutino, Scanlon, & Lyon, 2000).

The question of continuity of function in the brain–behavior rela-

tionship remains to be further explored, although initial evidence

supports this view (e.g. Hampson et al., 2006; Meyler et al., 2007;

Shaywitz et al., 2002). The answer could have relevance for our

understanding of the nature of reading problems, and for public

policy regarding their identification and treatment.
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Appendix A. Description of remediation programs

In order for the programs to fit the broad classifications of

word-level vs. word-level plus comprehension level, the Corrective

Reading and Wilson Reading programs were modified to include

only the components involving word-level instruction. Corrective

Reading includes systematic, explicit, scripted instructional pro-

cedures designed to focus attention on critical components of

word identification and to increase the rate and fluency of word

identification through the oral reading of stories. Additional pro-

cedures of the program that focus on higher-level comprehension

were not included in present study. The Wilson Reading program

also provides a systematic, structured instructional sequence, but

incorporates auditory, tactile, and kinesthetic methods for training

students in letter sound identification skills. Additional elements

of the program that focus on vocabulary and comprehension skills

were not included in remedial instruction received by the poor

readers. The Spell Read Phonological Auditory Training program

consists of systematic lessons that first provide explicit instruc-

tion in phonics and phoneme awareness and then allow students

to apply these skills to more naturalistic reading and writing

tasks. Because of this, the program was originally included in the

Power4Kids project as an example of an intervention providing

both word-level and higher-level comprehension instruction. How-

ever, an analysis of the time actually spent on each of the activities

of the program during the actual intensive remediation indicated

that the program was more properly classified as a word-level

instructional approach. In contrast to the other three programs,

Failure Free Reading does not focus on phonemic decoding skills,

but rather provides explicit computer-based, workbook-based, and

teacher-led instruction on sight word reading vocabulary acquisi-

tion, fluency, and comprehension skills. Time by activity analyses

of actual in-classroom instruction indicated that the program was

indeed properly classified as one that provided both word-level and

comprehension level instruction.

These four different reading instructions were provided to ran-

domly selected poor readers over the course of 6 months. By

the conclusion of the intervention, all children in the poor read-

ing group had received approximately 100 h of intensive reading

instruction. In the present study, the number of participants in each

program was small (Corrective, n = 5; Wilson, n = 5; Spell Read, n = 7;

and Failure Free, n = 6), and no significant differences were observed

in terms of the behavioral or the neurophysiological outcomes

of the four instructional approaches. Furthermore, the large-scale

behavioral study that included a total of 407 fifth-grade children

(Corrective, n = 86; Wilson, n = 91, Spell Read, n = 104; Failure Free,

n = 126), found no reliable differences in impact among the four pro-

grams on reading ability measured by TOWRE scores (Torgesen et

al., 2006). Given the small sample size in the fMRI study and these

failures to find behavioral differences among the four programs, the

data from the four instruction groups are combined for all analyses

presented here.

Several findings in this study have important implications for

current understanding of the nature of reading difficulty, and of

the neurobiological basis of successful remedial intervention. First,

this study demonstrated that intensive reading intervention leads

to significant and enduring changes in brain function among poor

readers, which correspond to demonstrable gains in reading abil-

ity. Second, the area of cortical change occurring during sentence

comprehension was the same area that has been associated with

reading remediation in earlier word-level studies, namely the left

parietal cortex. These converging findings support the view that

reading intervention promotes change in the neural systems that

support skilled reading, and points to a similarity of impact across

higher- and lower-level reading tasks.

Another implication of the study is that remedial treatment may

similarly alter neural circuitry among poor readers regardless of

their level of impairment.
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Table B.1
Voxel-wise analyses of 2 (Group)×2 (Phase) simple interactions

Cortical region Cluster size Peak F-value MNI coordinates

x y z

Pre-remediation vs. post-remediation

L inferior parietal 21 13.90 −40 −40 44

L putamen 11 14.78 −22 14 2

R middle frontal gyrus 21 15.30 30 56 −2

R thalamus 37 18.03 14 −6 10

L cerebellum 13 16.53 −32 −48 −26

Pre-remediation vs. follow-up

L angular gyrus 12 14.20 −32 −56 26

L supramarginal gyrus 20 18.66 −58 −22 24

R supramarginal gyrus 65 21.82 46 −38 42

L precuneus 15 15.10 −12 −46 14

L putamen 32 16.68 −22 18 4

L middle frontal gyrus 10 17.20 −30 26 40

R superior frontal gyrus 11 17.92 16 20 62

R middle cingulate gyrus 11 13.36 16 −10 44

R lingual gyrus 24 19.11 20 −94 −14

Notes: The threshold for significant activation was p < .002 (two-tailed) for a spatial

extent of 10 voxels, uncorrected for multiple comparisons. Region labels, F-values,

and MNI coordinates are for the peak activated voxel in each cluster. The acti-

vated clusters may extend beyond the boundaries of the region labels. AAL labeling

(Tzourio-Mazoyer et al., 2002). MNI: Montreal Neurological Institute.

Appendix B. Voxel-wise analyses of group by phase
interactions

Separate 2 (Phase)×2 (Group) voxel-wise mixed ANOVAs

comparing the pre- and post-remediation phases, and the pre-

remediation and follow-up phases of the study, confirmed that

the same regions of the left and right parietal where poor readers

showed underactivation in the pre-remediation phase, also showed

changes in the group difference between phases of the study. A

complete list of areas showing such interactions is provided in

Table B.1, and here we explore the form of these interactions by

considering the simple effects of Group within each of the phases

and the simple effects of Phase within each of the groups.

When the first two phases were considered, five regions showed

a simple Group×Phase interaction, as shown in Table B.1. Notably,

a cluster in the left inferior parietal lobule showing such an inter-

action was nearly identical to the cluster where a group difference

had been found at the pre-remediation scan (see Fig. B.1), and tests

of the simple main effect of Group within each Phase indicated

a reliable Group effect prior to remediation at the peak voxel in

this cluster (F(1, 33) = 13.11, p < .001) but not at the scan immedi-

ately following remediation (F(1, 33) = 0.16, ns). Tests of the simple

main effect of phase within each group at this location indicated a

marginal decrease in activation among good readers (F(1, 11) = 14.17,

p = .003) and a non-significant increase in activation among poor

readers (F(1, 22) = 1.62, ns). In contrast, a cluster in the left putamen

showed the opposite pattern. At the pre-remediation scan there

was no difference in activation in the peak voxel in this cluster (F(1,

33) = 0.07, ns), but at the immediate post-remediation scan there

was a reliable effect of Group (F(1, 33) = 15.63, p < .0005), with poor

readers activating this region for the sentence reading task more

than good readers. Tests of the simple effect of phase within each

reading group indicated a reliable increase in activation between

the pre- and post-remediation phases among poor readers (F(1,

22) = 15.02, p < .001), and a trend toward a decrease among good

readers (F(1, 11) = 3.72, p = .08). The remaining clusters reported in

the upper portion of Table B.1 failed to show significant simple main

effects of group at either scan, indicating that the reliable inter-

actions resulted from differential changes in activation with time.

In the right thalamus, good readers showed a reliable decrease in

activation with time (F(1, 11) = 24.27), but poor readers did not (F(1,

22) = 1.19, ns). In the left cerebellum poor readers showed a reliable

decrease in activation between phases (F(1, 22) = 16.45, p < .0005),

but good readers did not (F(1, 11) = 4.10, ns). In the right middle

frontal gyrus good readers showed a trend toward decreased acti-

vation over time (F(1, 11) = 12.34, p < .005) but poor readers showed

no change (F(1, 22) = 1.75).

The simple Group×Phase interaction involving the pairwise

comparison of the pre-remediation phase with the follow-up phase

may reveal areas where the difference in activation between the

Fig. B.1. Brain areas showing interactions between Group and Phase. Yellow ovals encircle parietal activation.
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groups continued to decrease or increase following the interven-

tion. Clusters showing such an interaction are listed in the lower

portion of Table B.1. Probing of the simple main effect of Group at

each phase for the peak voxels in the clusters listed in the lower

portion of Table B.1 indicated a decrease in the group difference

across these two phases in the right supramarginal gyrus (Phase 1

F(1, 26) = 13.36, p < .002; Phase 3 F(1, 26) = 1.86, ns), and suggested

a similar change in the left angular gyrus (Phase 1 F(1, 26) = 10.54,

p = .003; Phase 3 F(1, 26) = 0.00, ns). In contrast, the peak voxel in the

left putamen showed an increase in the group difference between

phases (Phase 1 F(1, 26) = 2.72, ns.; Phase 3 F(1, 26) = 14.09, p < .001).

Note that the peak voxel in the left putamen is near the location

found in the above analyses involving the contrast between Phases

1 and 2, and the significant group difference in Phase 3 indicates

that poor readers maintained higher activation in this area 1 year

after the conclusion of the intervention. No other simple main effect

of Group within either phase approached significance. Probing of

the simple main effect of Phase within each group for the peak

voxels listed in Table B.1 revealed that in most regions, poor read-

ers showed a reliable or marginal increase in activation between

the pre-remediation and follow-up scans (for the left precuneus

F(1, 17) = 16.77, p < .001; for the middle cingulate, F(1, 17) = 10.40,

p < .005; for the left middle frontal gyrus, F(1, 17) = 9.83, p < .006;

for the left angular gyrus, F(1, 17) = 10.8, p < .005; and for the right

supramarginal gyrus F(1, 17) = 12.72, p < .003), whereas good read-

ers showed non-significant trends toward a decrease in activation

between these two scans in these same areas (for the left precuneus

F(1, 9) = 3.35, ns; for the right middle cingulate, F(1, 9) = 4.14, ns; for

the left middle frontal gyrus, F(1, 9) = 8.92, ns; for the left angu-

lar gyrus, F(1, 9) = 6.04, ns; and for the right supramarginal gyrus

F(1, 9) = 8.30, p < .003). In contrast, poor readers showed a signif-

icant decrease in activation between the two phases in the right

precuneus (F(1, 17) = 16.14, p < .001) and a marginal decrease in the

left supramarginal gyrus (F(1, 17) = 12.82, p < .003), but good read-

ers showed slight increases in these same areas (F(1, 9) = 5.08, ns;

and F(1, 9) = 7.68, ns, respectively).
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