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ARTICLE INFO ABSTRACT

Keywords:
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Behavioral research supports the efficacy of intervention for reading disability, but the brain mechanisms un-
derlying improvement in reading are not well understood. Here, we review 39 neuroimaging studies of reading
intervention to characterize links between reading improvement and changes in the brain. We report evidence of

EZZI:(E; i changes in activation, connectivity, and structure within the reading network, and right hemisphere, frontal and
MRI ging sub-cortical regions. Our meta-analysis of changes in brain activation from pre- to post- reading intervention in

eight studies did not yield any significant effects. Methodological heterogeneity among studies may contribute to
the lack of significant meta-analytic findings. Based on our qualitative synthesis, we propose that brain changes
in response to intervention should be considered in terms of interactions among distributed cognitive, linguistic
and sensory systems, rather than via a “normalized” vs. “compensatory” dichotomy. Further empirical research is
needed to identify effects of moderating factors such as features of intervention programs, neuroimaging tasks,

Meta-analysis
Systematic review

and individual differences among participants.

1. Introduction

Learning to read is instrumental for academic success and day-to-day
activities, yet a striking nine percent or more of school-age children
experience severe and persistent difficulties in accurate and/or fluent
word recognition, here referred to as reading disability (RD, also known
as developmental dyslexia; Pennington and Bishop, 2009; Peterson and
Pennington, 2012; Lyon et al., 1995). Research over the past several
decades reveals a pattern of atypical brain activation in groups with RD,
most consistently characterized by atypical activation during
reading-related tasks in the posterior hubs of the typical reading
network: left superior temporal gyrus/sulcus (STG/STS), inferior pari-
etal lobe (IPL), occipito-temporal cortex (OT), and inferior frontal gyrus
(IFG) (Maisog et al., 2008; Paulesu et al., 2014; Richlan et al., 2009).

Importantly, research has demonstrated that reading intervention is
helpful for individuals with RD; indeed, recent meta-analyses of the
effects of reading intervention show moderate effect sizes related to
growth in reading ability (Wanzek et al., 2018, 2016, 2013). Reading

intervention programs vary in the skills targeted, total hours or weeks of
intervention, intensity (number of hours per week), group size (one-o-
n-one vs. small group), and modality (in person vs. computerized). Many
reading intervention programs focus on a single pre-reading skill or a
small set of pre-reading skills, such as phonological awareness and/or
grapheme-phoneme correspondence (e.g., Heim et al., 2015; Brem et al.,
2010; Partanen et al.,, 2019). Some programs also incorporate
domain-general skills that support reading, such as executive function or
attention training (Horowitz-Kraus et al., 2019, 2014; Heim et al.,
2015). While heterogeneity in approaches and individual differences
among participants make it difficult to draw specific conclusions with
regard to which aspects of intervention programs are most effective, one
consistent finding is that explicit phonics instruction is useful for many
people with RD, and is therefore considered a gold-standard in inter-
vention programming (Galuschka et al., 2014).

Despite clear evidence that individuals with RD can benefit from
intervention, the neurobiological mechanisms that support improve-
ment in reading ability are not well understood. Extant literature on this
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topic tends to focus on two putative mechanisms by which individuals
improve at the neurobiological level: compensation and normalization
(Barquero et al., 2014; D’Mello and Gabrieli, 2018; Koyama et al., 2013;
Simos et al., 2002). Researchers have suggested that increased activa-
tion during reading-related tasks in regions associated with
domain-general cognitive processing, including right hemisphere and
frontal and subcortical structures, reflects compensation for dysfunction
of the left-hemisphere reading system (D’ Mello and Gabrieli, 2018; Pugh
et al., 2001; Shaywitz et al., 2002). Putative compensatory processing
may take several forms, such as increased reliance on working memory,
attention, articulatory mechanisms, and/or declarative memory to
overcome reading difficulties (D’Mello and Gabrieli, 2018; Hancock
etal.,, 2017; Pugh et al., 2001; Shaywitz et al., 2002; Ullman et al., 2020;
Yu et al., 2018)(Ullman and Pullman, 2015). Normalization on the other
hand, is usually inferred following increased activation in the “typical”
reading network, which is thought to indicate engagement of typical
reading strategies via phonological decoding and/or rapid word recog-
nition (Barquero et al., 2014; D’Mello and Gabrieli, 2018; Simos et al.,
2002). A growing body of research has begun to reveal
intervention-related changes in gray matter volume, cortical thickness
and white matter properties, providing evidence that functional changes
are accompanied by changes in brain structure (Davis et al., 2010; Huber
et al., 2018; Keller and Just, 2009; Krafnick et al., 2011; Richards et al.,
2017, Richards et al., 2018; Romeo et al., 2017).

Interestingly, these patterns do not seem to be all or none, as some
studies provide evidence of activation increases in both the typical
reading network and regions outside this network within the same
samples (e.g., Horowitz-Kraus et al., 2014; Temple et al., 2003). A
previous meta-analysis of functional brain differences following reading
intervention included 8 studies and showed effects in the left thalamus,
right insula/IFG, left IFG, right posterior cingulate, and left middle oc-
cipital gyrus (Barquero et al., 2014). This set of regions supports reading
sub-skills such as phonological processing as well as broader cognitive
functions such as attention and memory. Thus, the meta-analytic find-
ings show that intervention-related changes occur both within and
outside the typical reading network. Importantly, the cognitive and
sensory mechanisms underlying improvement in reading ability cannot
be inferred based on the locations of functional changes alone; rather,
regional changes provide hints about the possible mechanisms, and
carefully designed empirical studies are needed to investigate these
pathways. Moreover, methodological factors such as features of the
intervention program and/or fMRI task may influence the patterns of
changes in the brain, and these factors must be considered when inter-
preting brain changes in response to intervention.

We suggest that framing the neural mechanisms associated with
reading intervention as “normalized” versus “compensatory” is an over-
simplified dichotomy, and a dynamic, network-based interpretation
should be considered. As the understanding of human brain function
moves towards a network approach, emerging research on the neural
mechanisms of reading and reading intervention similarly reveal that
the changes in the connections among brain regions are as important, if
not more important, than the changes in local activation. Indeed,
distinct patterns of resting state functional connectivity have been
observed among typically developing children and children with a his-
tory of RD who were grouped based on profiles of remediation of reading
and spelling abilities (Koyama et al., 2013). Findings from reading
intervention studies show that retuning of the connections among brain
regions involves enhancement of some connections and reductions of
others (e.g., Richards et al., 2016). These types of changes could un-
derlie the mixed effects observed in task-based functional activation
studies and may be more fully explored by examining changes in func-
tional connectivity associated with intervention. While these ap-
proaches have been applied less frequently, we include available studies
that have used such methods in our systematic review.

We present a systematic review and meta-analysis of neuroimaging
studies of reading intervention to identify convergent intervention-
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related effects in the current literature. In our systematic review, we
consider changes in brain function and structure associated with reading
intervention, with particular attention to links between patterns of brain
activation and responsiveness to intervention. We aim to provide a
comprehensive review of this topic, so we additionally include studies of
neural predictors of response to intervention and studies of brain
changes with intervention in pre-readers at risk of RD.

Our meta-analysis focuses more narrowly on intervention-related
changes in brain activation during reading-related tasks and includes
8 studies. A prior meta-analysis on this topic provided a broad overview
of differences in brain activation following reading intervention,
including studies of pre-post intervention change and post-intervention
group comparisons (Barquero et al., 2014). Here, we sought to provide a
more targeted analysis by only including results of pre-post intervention
change. This allowed us to evaluate effects across a more homogeneous
set of findings, focusing on intervention-related changes in brain func-
tion. In addition, we used an alternate meta-analytic method that ac-
counts for effect sizes and signs of peaks reported in primary studies and
accounts for sample sizes of the primary studies to weigh contributions
to the meta-analytic results. Based on previous findings, we hypothe-
sized that reading intervention would be related to changes in brain
activation both within the left-hemisphere hubs of the reading network
(e.g., Shaywitz et al., 2004) and in homotopic “compensatory” regions of
the right hemisphere (e.g., Aylward et al., 2003). We conclude by of-
fering suggestions for future empirical research to advance the under-
standing of neural mechanisms underlying reading remediation.

2. Method
2.1. Literature search & screening

2.1.1. Eligibility criteria

The following criteria were set for inclusion in our systematic review:
(1) Primary research studies including peer-reviewed, published journal
articles, in press articles, in prep articles, conference proceedings, con-
ference presentations, dissertations; (2) Article full-text must have been
available in English; (3) Studies must have included participants with or
at-risk! for developmental reading disability (i.e. dyslexia); acquired
forms of reading disability excluded (e.g. resulting from trauma); (4)
Studies must have included reading related instruction/intervention; (5)
Studies must have included pre- and/or post-intervention neuroimaging
in structural magnetic resonance imaging (MRI), functional MRI, or
magnetoencephalography (MEG) modality using a reading or reading-
related task (e.g. phonological processing, orthographic processing);
(6) case studies were excluded. Additional criteria were applied for in-
clusion in the quantitative meta-analysis: (7) Neuroimaging acquired
using fMRI modality; (8) Neuroimaging acquired at both pre- and post-
intervention time points; (9) Whole-brain voxel-wise analysis must have
been used.

2.1.2. Retrieval of records

We conducted a literature search in a set of databases that include
research related to psychology, education, and neuroimaging (Psy-
chinfo, ERIC, Academic Search Ultimate, MedLine, EBSCOhost eBook
Collection, PubMed). Search terms are reported in the supplementary
materials. In addition, we sent calls for grey literature to the mailing lists
of relevant scientific societies: the Society for the Scientific Study of
Reading, the Cognitive Development Society, and the Society for the

! We acknowledge that risk status is not a perfect indicator of later reading
outcomes, but we chose to include studies of children at-risk of RD based on low
performance on assessments of pre-literacy skills and/or familial risk in order to
obtain the full scope of reading intervention literature. Evaluation of behavioral
and neural outcomes of early interventions is needed to inform educational
practice, and research in young children relies on risk status to classify groups.
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Neurobiology of Language. The initial literature search and calls for grey
literature were conducted in March 2020. We also screened the refer-
ences of previously published reviews of neuroimaging studies of
reading intervention to identify additional relevant articles (Barquero
et al., 2014; Richards et al., 2006a 2006b). In addition, we conducted a
search for articles that have cited the articles that met criteria for our
systematic review using the “search within citing articles” function in
Google Scholar (search terms available in supplementary materials).

2.1.3. Screening of records

Records were screened according to the eligibility criteria listed in
Section 2.1.1. The screening was tracked using the PRISMA Flow Dia-
gram (Fig. 1; Page et al., 2021). Our initial database search yielded 787
records before removal of duplicates. After removal of duplicates, 571
records remained for initial screening. Five additional records were
identified through screening the reference lists of prior reviews.
Screening of titles and abstracts was divided among 4 authors (MP, KM,
KV, & EW) and tracked using the Rayyan QCRI web application (Ouz-
zani et al., 2016). Following initial record screening, 42 full-text articles
were screened for inclusion in the systematic review and meta-analysis.
Information about participants, intervention procedures and imaging
measures was coded from the full text articles. Two authors indepen-
dently screened and coded data from the full-text articles (KM & KV;
agreement among raters was 96.54 %); discrepancies were resolved by a
third author blind to the initial coder (MP). Coding procedures and the
full list of items coded is available in the Supplementary Materials
(Supplementary Table 1 and online at https://osf.io/eyt5h/?
view_only=2c0933bfd57b45%aaaf05a8db785427¢c). 31 studies met
criteria for inclusion in the systematic review, and the reference lists of
these articles were screened to identify additional articles for inclusion.
12 additional full-text articles were screened, and 4 of these met criteria
for inclusion in the systematic review. Based on citation searching in
Google Scholar, 19 additional full-text articles were screened, and 4 of
these met criteria for inclusion in our qualitative review. In total, 39
articles met criteria for inclusion in the qualitative review. Of these, 8
met criteria for inclusion in the quantitative meta-analysis. Reasons for
exclusion of 31 articles included in the systematic review, but not in the
meta-analysis, are noted in the flowchart (Fig. 1).
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2.2. Meta-analysis procedure

2.2.1. Data extraction and preparation

Quantitative meta-analysis was conducted using seed-based d map-
ping SDM; (Albajes-Eizagirre et al., 2019). Our main analysis tested for
effects related to changes in brain activation in children with/at-risk for
reading disability following reading intervention. Contrasts of interest
included (1 per study, in preferred order): RD post-intervention vs.
pre-intervention (Gebauer et al., 2012; Heim et al., 2015; Richards et al.,
2006a, 2006b; Temple et al., 2003; Yamada et al., 2011), RD follow-up
vs. pre-intervention (Shaywitz et al., 2004), or group-by-time interac-
tion between RD and TD participants from pre-to-post-intervention
(Eden et al., 2004; Partanen et al., 2019). For each study, we extrac-
ted the peak coordinates and T, Z, or F statistics reported for the contrast
of interest. Z statistics were converted to T statistics, and T-values were
estimated from F-statistics for two studies that reported only interaction
effects, and not within-group main effects of time (Eden et al., 2004;
Partanen et al., 2019). Peak coordinates, T-statistics and significance
thresholds for all the remaining studies were entered into SDM for
meta-analysis. Peak coordinate files and the SDM table can be accessed
at: https://osf.io/eyt5h/?view_only=2c0933bfd57b459aaaf05a8db78
5427c).

2.2.2. Meta-analysis using SDM-PSI

Voxel-based meta-analysis was conducted via permutation of subject
images for seed-based d mapping following the procedures recom-
mended by the authors of the software (SDM-PSI; Albajes-Eizagirre
et al., 2019). This algorithm has been successfully implemented in
recent meta-analyses, including studies of treatment-related change in
brain activation (Chan et al., 2021; Lv et al., 2021).

Preprocessing consisted of estimating the lower and upper bounds of
possible effect sizes for each voxel and creating image maps of these
values for each study. This step was conducted with default values for
fMRI: correlation template = gray matter, anisotropy = 1.00, Isotropic
FWHM = 20 mm, mask = gray matter, voxel size = 2 mm. Next, the most
likely effect size and its standard error was estimated using maximum
likelihood estimation with 50 iterations. A set of imputed effect-size
image maps were created for each study within the range of possible

[ of studies via and ] [ Identification of studies via other methods ]
—
a Records removed before screening:
S Duplicate records removed (n =
§ Records identified from*: 216) Records identified from:
= Databases (n = 787) > Records marked as ineligible by Citation searching (n = 44,599)
] automation tools (n = 0)
) Records removed for other
reasons (n = 0)
!
Records screened Records excluded**
(n=571) (n=529)
2 Reports sought for retrieval Reports not retrieved Reports sought for retrieval »| Reports not retrieved
E (n=42) (n=0) (n=31) (n=0)
- l |
7]
Reports excluded (n = 11)
Reports assessed for eligibility O ing sample (n = 2) Reports assessed for eligibility Reports excluded (n = 23
= > - —» ports excluded (n )
(n=42) Case study (n=1) (n=31) Overlapping sample (n = 3)
No imaging (n = 2) No imaging (n = 6)
Imaging modality (n = 3) Imaging modality (n = 3)
lmagmg |aslf (n=2) Imaging task (n = 1)
— No intervention (n = 1) No intervention (n = 3)
— Publication type (n = 2)
Total reports included in Population (n = 4)
review (n =39) No English version (n = 1)
Reports from database
searching (n = 31)
° Reports from citation
° .
3 searching (n = 8)
5 Reports excluded (n = 31)
£ l Imaging modality (n = 11)
Functional connectivity (n = 5)
. . ROl analysis (n =7)
Total 'ep‘lmsl =8 n Participant grouping (n = 1)
meta-analysis (n = 8) Imaging time point (n = 6)

- Peak coordinates not fully
reported (n=1)

Fig. 1. PRISMA Flow Diagram for Systematic Review Literature Screening.
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effect sizes estimated during preprocessing. To facilitate permutation
testing, subject images that realistically represent local spatial covari-
ance were imputed for each study and adapted to the different imputed
study images. Subject-based permutation testing with 1000 permuta-
tions was applied to the imputed data for each study to control the
family wise error rate. Maximum statistic tests were conducted using
threshold free cluster enhancement (TFCE) statistics (Smith and Nichols,
2009) . Thresholding of results is computed with a pair of one-tailed
tests, so the probability threshold was set to p < .025 to control the
false positive rate.

2.3. Method for assessing risk to internal validity

To assess risk to internal validity of primary studies, all publications
included in the systematic review were rated on 13 domains that may
introduce bias into controlled intervention studies. We rated studies
based on the criteria proposed by the National Institutes of Health to
assess quality of controlled intervention studies (e.g., randomization,
attrition;  https://www.nhlbi.nih.gov/health-topics/study-quality-ass
essment-tools). A list of domains and the specific criteria on which
raters made their judgements is available in the supplementary mate-
rials (Supplementary Table 2). The publications were divided among
two raters (KV & KM) for this assessment. In order to evaluate inter-rater
reliability, an overlapping sample of 8 of the papers (20.5 %) were coded
by both raters, and their inter-rater reliability was 92.71 % agreement.
Once all publications had been coded, the web-based version of robvis, a
risk-of-bias visualization tool, was used to create graphic summaries of
each article’s respective ratings (McGuinness and Higgins, 2020). We
highlight concerns related to the overall risk of bias in the reviewed
literature in the discussion.

3. Results
3.1. Systematic review

We systematically identified 39 studies that met criteria for our
qualitative review. Study characteristics, including information about
samples, intervention methods, and neuroimaging methods, along with
key results, are presented in Tables 1-4. A qualitative review and syn-
thesis of findings across these studies is presented in the following sec-
tions. We begin with a review of neural changes in response to
intervention in MEG, functional MRI, functional connectivity, and
structural MRI modalities (i.e., white and gray matter structure). These
sections are followed by a review of neural predictors of response to
intervention.

3.1.1. Functional neural changes in response to intervention: MEG studies

Some of the earliest studies on this topic applied MEG methods to
measure brain activation changes associated with reading intervention .
In their first report, Simos et al. observed normalization of neural acti-
vation during a visual pseudoword rhyme matching task following
intervention (Simos et al., 2002). Prior to intervention, children with RD
had lower activation than TD children in the left posterior STG, and
rightward lateralization of activation in the posterior STG. Following
intervention, phonological decoding scores were improved to the
average range and lateralization of activation in the STG was shifted to a
left-dominant pattern, driven by increased activation in the left and
modestly decreased activation in the right. In a later study, the authors
compared changes in brain activation during pseudoword reading over a
16-week intervention period and found that children who improved
showed increased activation in left STG and IPL (Simos et al., 2007b). In
contrast, those who did not improve showed increased activation in
right STG and bilateral IFG, indicating that recruitment of these regions
was not beneficial to reading performance at the group level.

In addition, these authors examined brain activation during word
reading in a small sample of children with severe RD who had persistent
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difficulties despite quality reading instruction in first grade (Simos et al.,
2007a). MEG scans were acquired before and after intervention. Overall,
children improved their reading skills across the intervention period.
Increased activation in bilateral posterior middle temporal gyri was
observed following intervention, and activation in the left region was
positively associated with in-scanner word reading performance,
showing that increased activation in this left posterior temporal region
may facilitate better word reading outcomes. Decreased onset latency of
activity, which is thought to reflect increased efficiency, was observed in
left middle temporal and right OT regions, and was associated with
in-scanner reading performance, suggesting that greater neural effi-
ciency in these regions supports word reading accuracy. The degree of
change in onset latency of activation in the left premotor cortex was
inversely related to word reading performance in scanner, such that
earlier onset of activity in this region was associated with poorer word
reading performance, and the authors interpret this effect as a shift away
from a compensatory engagement of the premotor cortex in children
who had better reading outcomes.

Altogether, this body of MEG research supports the hypothesis that
increased engagement of left hemisphere reading network hubs facili-
tates remediation of reading difficulties. The ability to probe latency
effects using MEG also provides insight to the mechanisms that may be
associated with more efficient processing as children improve their
reading skills.

3.1.2. Functional neural changes in response to intervention: fMRI studies

The majority of studies of the neural correlates of reading interven-
tion have used fMRI. This section is organized based on the type of fMRI
task applied: single word/pseudoword reading, orthographic-
phonological mapping (e.g., letter-sound matching), phonological pro-
cessing (auditory stimuli only), and sentence comprehension.

3.1.2.1. Single word/pseudoword reading. Many of the studies of
intervention-related changes in brain activation have used word and
pseudoword reading tasks. In this section, we review studies using tasks
with visually presented single word and/or pseudoword stimuli with or
without a lexical or phonological judgement.

Several early studies employed tasks with single word/pseudoword
stimuli including phonological judgement, spelling judgement, and/or
morphological semantic judgement (Aylward et al., 2003; Richards
et al., 2006a, 2006b). Aylward et al., 2003 acquired fMRI scans from
children performing phonological and morphological tasks before and
after an intensive 2-week intervention. Children improved in pseudo-
word decoding, morphological awareness, and oral reading accuracy
over the course of the intervention. Prior to intervention, children with
RD showed lower activation than the control group in the left inferi-
or/middle frontal gyrus and bilateral superior parietal cortex during
phonological judgement. These group differences were no longer pre-
sent after intervention due to both increased activation in children with
RD and decreased activation in the control group. Interestingly, the
control group showed decreased activation in the right, but not the left,
superior parietal cortex, which may reflect developmentally appropriate
leftward lateralization for reading driven by disengagement of the right
parietal cortex in this group. In contrast, the RD group showed increased
activation bilaterally in the parietal cortex to a level that no longer
differed from controls. During the morphological judgement task at
baseline, children with RD showed reduced activation relative to con-
trols in the right OT, right superior parietal cortex, bilateral
occipital-parietal junction and left middle frontal gyrus. Following
intervention, the only significant difference between groups during the
morphological task was in the right visual cortex. Increased activation in
the RD group accounted for elimination of the group difference in right
OT; elimination of group differences in parietal and frontal regions were
driven by effects in the TD group, and/or small changes in opposite
directions in both groups. Notably, although brain differences between
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the RD and TD groups diminished and the RD group improved sub-
stantially in reading and related skills, the RD group did not show
complete behavioral remediation and still performed below average on
behavioral assessments.

Richards et al. conducted several studies examining brain activation
changes following intervention targeting skills in various reading and
language domains (i.e. phonology, morphology, orthography). In one
study, children with RD had reduced activation during orthographic
judgement in right parietal and IFG regions relative to TD children at
pre-intervention scanning (Richards et al., 2006a); following an inter-
vention targeting orthographic skills, children in the RD group increased
activation to levels that no longer differed from the TD group, though
their spelling skills remained below average. In another study, children
received either phonological or morphological treatment and both
groups showed improvement in word level reading and reading
comprehension (Richards et al., 2006b). At the brain level, increases in
activation following treatment were observed in left OT and left poste-
rior insula during a phonological judgement task; increases in activation
during morphological judgement were observed in bilateral STG, su-
perior frontal gyri and left anterior insula. In a third study by Richards
et al. (2007), activation during pseudoword reading was examined
before and after groups with RD received either phonological or
non-phonological (nonverbal problem solving) intervention. Both
groups improved in reading skills, and the non-phonological treatment
group showed increased activation in superior-lateral occipital cortex,
but the phonological treatment group did not show any significant
change during this task.

In a study of children’s response to intervention programs targeting
either phonological, attention, or word recognition skills, Heim et al.
(2015) reported reading improvement in all groups as well as
domain-specific gains in the phonological and attention treatment
groups. With respect to brain activation during overt word and pseu-
doword reading, the RD group showed a greater increase in activation
across the intervention period in the left inferior OT relative to the TD
group, regardless of treatment group. Effects specific to the treatment
groups showed that both phonological and word recognition groups had
greater increases from pre- to post-intervention in bilateral parietal
activation relative to the attention group; the attention group had
greater increases in left STG/STS. Children with lower reading scores at
pre-intervention and those with a larger discrepancy between phono-
logical awareness and attention scores at pre-intervention showed
greater increases in left OT activation over the intervention period.

Gebauer et al. (2012) tested the neural effects of a 5-week
morpheme-based intervention in children with poor spelling and
reading skills using a lexical decision fMRI paradigm. Children with
spelling difficulties were assigned to an intervention group or a waiting
control group, and a group of TD children who did not receive inter-
vention was included for comparison. Notably, children with poor
spelling had significantly poorer reading skills compared to the TD
control group, but many performed within the average range on stan-
dardized reading assessments. The intervention group improved sub-
stantially in spelling and modestly in reading comprehension, and all
groups improved in reading speed. Prior to intervention, children with
reading/spelling difficulties had lower activation in left OT regions,
hippocampus, and cerebellum than the TD group, along with higher
activation in precuneus, right posterior paracingulate, medial frontal,
right frontal, and right temporal regions. The intervention group showed
increased activation specific to pseudoword processing in right posterior
cingulate, left inferior/middle temporal gyrus, and left hippo-
campus/parahippocampus regions. Direct comparison of intervention
group and waiting group on change over time showed training-specific
effects in bilateral parahippocampal gyri and cerebellum during pro-
cessing of misspelled words. Meanwhile, the waiting group had activa-
tion increases in precuneus, cerebellum, left frontal pole, right lateral
occipital, and right parieto-temporal regions during correctly spelled
and misspelled word processing. Importantly, increased activation in
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right occipital and temporal regions, left precentral gyrus, and bilateral
cerebellum was associated with less behavioral improvement in the
intervention group, indicating that engagement of these regions may be
detrimental for spelling ability.

Horowitz-Kraus et al. (2014) have conducted research to evaluate
the behavioral and neural effects of a computer-based intervention
program that targets reading fluency and executive functioning skills.
Along with behavioral improvement in reading accuracy, speed, and
comprehension, they reported increased activation after intervention for
word relative to pseudoword reading in left inferior occipital gyrus and
left STG across groups and in right anterior cingulate cortex in the RD
group. Group differences following intervention showed that the RD
group had greater activation in right IFG than the TD group. Within the
RD group, gain in contextual reading rate positively correlated with
post-intervention activation of left anterior middle frontal gyrus, and
gain in word/pseudoword reading fluency positively correlated with
activation in left middle frontal gyrus, left OT, and left inferior occipital
gyrus. In the TD group, positive correlations were observed between
reading gains and activation in right IFG, middle frontal and IPL regions.

Koen et al. (2018) reported a set of trending effects related to a
computer-based intervention program targeting reading fluency. The
intervention group showed more clusters of activation at
post-intervention than pre-intervention, and more right hemisphere
than left hemisphere clusters of activation at the post intervention time
point during a pseudoword phonological judgement task. Together with
the findings from Horowitz-Kraus et al. (2014), this study provides ev-
idence in support of computer-based fluency intervention to effect
changes in brain activation, though further research in larger samples is
needed to further support the findings related to the Koen et al. program.

In a recent study, Partanen et al. (2019) examined
intervention-related changes in brain activation during a printed word
rhyming task and a spelling judgement task. Children with RD showed
greater activation following school-based intervention than at
pre-intervention scanning during the printed word rhyming task in
bilateral insula and IFG (Partanen et al., 2019). Following intervention,
poor readers had greater activation than good readers in right parietal
cortex for easy (more frequent) words, and activation in that region was
positively associated with improvement in non-word decoding, sup-
porting a compensatory role of the right parietal cortex in phonological
aspects of reading. These findings appear to be specific to the phono-
logical aspects of reading because no such effect was observed during
the spelling judgement task, and the functional changes were associated
with non-word decoding, but not word recognition. No
intervention-specific effects were observed for the spelling task, but a
main effect of time showed increased activation following intervention
in bilateral cerebellum and right IPL in both good and poor reader
groups. A group-specific effect showed increased activity in the right
STG/STS in good readers, but not poor readers. Thus, the skills gained in
this intervention appeared to primarily affect phonological skills and
associated neural circuitry and may not generalize to orthographic
knowledge and recognition of irregularly spelled words.

Together, these studies reveal intervention-related changes in word/
pseudoword reading in a widespread set of regions in the left and right
hemispheres including reading network hubs, as well as cingulate cor-
tex, hippocampus, and cerebellum, but do not converge on a specific set
of functional brain changes associated with reading intervention.
Though these studies used similar types of stimuli (words and pseudo-
words) in their fMRI tasks, they differ in the contrasts reported (e.g.
pseudoword-specific processing (Gebauer et al., 2012) vs. word-specific
processing (Horowitz-Kraus et al., 2014)) and in whether they required a
lexical (Gebauer et al., 2012; Horowitz-Kraus et al., 2014), phonological
(Koen et al., 2018; Partanen et al., 2019; Richards et al., 2006b),
orthographic (Aylward et al., 2003; Richards et al., 2006a), or semantic
(Aylward et al., 2003; Richards et al., 2006b) judgement, or no judge-
ment (Heim et al., 2015). Moreover, differences between activation
patterns elicited by different tasks (single-word reading versus lexical
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decision; words versus pseudowords) have been reported (Murphy et al.,
2019; Taylor et al., 2013), so these methodological differences along
with intervention-related factors may account (at least in part) for the
lack of convergence among studies.

3.1.2.2. Orthographic-phonological mapping tasks. The ability to inte-
grate orthographic and phonological information is a fundamental
component of reading, and several studies of reading intervention have
examined changes in activation during orthographic and phonological
integration. In this section, we review studies that used tasks involving
letter-sound matching and/or letter rhyming.

One such study showed that children who received an acoustic-based
intervention targeting phonological processing showed group-level im-
provements in word reading, comprehension, oral language, and rapid
naming, accompanied by increased activation during letter rhyming in a
broad bilateral network spanning frontal, cingulate, middle temporal,
and parieto-occipital regions as well as anterior thalamus (Temple et al.,
2003). The increase in right IFG activation from pre-to-post intervention
was positively associated with improvement in phonological processing
performance (blending words), indicating that this region could be
engaged to support phonological aspects of reading. In addition, the
authors reported a positive correlation between increase in left TP
activation and improvement in oral language and phonics skills, sup-
porting the role of this region in reading-related skill development.

There is also evidence linking right hemisphere activation during
orthographic-phonological mapping in RD to greater gains in reading
over the intervention period. Odegard et al. (2008) reported that acti-
vation of the right IFG during phoneme-grapheme mapping following a
comprehensive remediation program distinguished children who
responded to treatment from those who did not, with higher activation
in those who improved their phonological awareness and decoding
abilities to the average range.

Shaywitz et al. (2004) examined brain activation during an
audio-visual letter identification task in children with RD who received
an experimental phonics-based intervention relative to a TD group and
to an RD group that received varied community-based inter-
vention/tutoring. Immediately following intervention, children in the
experimental intervention group and children in the TD group showed
greater increases in activity in left IFG and posterior middle temporal
regions relative to the community intervention group; the experimental
intervention group showed reduced activation in the right caudate nu-
cleus relative to both control groups. In addition, comparisons of acti-
vation at pre-intervention and one-year follow-up in the experimental
group showed increases in activation in bilateral IFG, left STS, and left
OT. Decreases of activation were reported in the right middle temporal
gyrus and caudate nucleus.

Though only a few studies have used orthographic-phonological
integration tasks to investigate functional changes related to reading
intervention, they provide preliminary evidence to support a role of the
right IFG as increased activation in this region was associated with
improvement in reading and/or phonological processing abilities in two
of the studies (Temple et al., 2003; Odegard et al., 2008). Shaywitz et al.
(2004) also reported increased activation in the bilateral IFG at
follow-up, pointing to long-term effects of intervention in these regions.
These findings support a potential role of the right IFG as a compensa-
tory mechanism to overcome impairments in left hemisphere phono-
logical processing pathways.

3.1.2.3. Auditory phonological processing tasks. Eden et al. (2004)
examined changes in activation during phonological processing
following a phonologically based intervention in adults with RD. Par-
ticipants showed behavioral improvement in phonological processing,
pseudoword decoding, and text reading accuracy, along with increased
activation in bilateral reading network regions including left OT, right
STG/STS, and bilateral parietal cortex during a phonological
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manipulation task. In another study, Richards et al. (2007) investigated
effects of phonological and nonphonological (nonverbal problem solv-
ing) interventions on brain activation during an aural pseudoword
repetition task. The group that received phonological treatment showed
decreased activation from pre-post intervention in the left IPL and left
postcentral gyrus, while the non-phonological treatment group showed
increased activation in these regions. These findings provide evidence
that patterns of change in brain activation differ by the focus of the
intervention.

3.1.2.4. Sentence comprehension tasks. Meyler et al., 2008 assessed ef-
fects of a six-month intervention on brain activation during sentence
comprehension and reported changes in a distributed set of brain re-
gions. Prior to intervention, children with RD showed lower activation
in left occipital/angular gyrus, left parietal, and left middle frontal
cortex, and right IPL, as well as higher activation in supplementary
motor area. Regions of reduced activation in children with RD relative to
TD children diminished with remediation, though reduced activation
remained in left superior parietal, superior occipital, and middle frontal
regions. Diminished group differences were explained by significantly
increased activation in left IPL and superior parietal cortex in the RD
group and decreased activation in bilateral IPL in the TD group. The RD
group additionally showed higher activation than the TD group in left
putamen and right insula/IFG after intervention, possibly indicating
recruitment of compensatory mechanisms. At 1-year follow-up, the RD
group showed hyper-activation in a distributed bilateral set of cortical
and subcortical regions, and hypo-activation in the left occipital cortex
relative to the TD group.

Another recent study showed that post-intervention activation in the
right OT during sentence comprehension positively correlated with in-
dividual differences in gains on a composite reading score after reme-
diation over 1—2 school years (Nugiel et al., 2019). In addition, the
authors reported that greater increases in activation in the left OT over
the intervention period were associated with greater improvement in
reading, but these effects did not survive correction for multiple com-
parisons, and replication of findings is needed.

3.1.3. fMRI studies of intervention in pre-readers

Early intervention has been associated with greater reading gains
over the course of treatment and in the years following treatment (Lovett
et al., 2017), but only a few studies have investigated the brain mech-
anisms associated with intervention in pre-readers at risk of RD. In one
study, pre-reading children at varying family risk of RD completed eight
weeks of computerized training focused on letter-sound correspon-
dences and eight weeks of a nonlinguistic control training on number
knowledge (Brem et al., 2010). Training-specific effects showed that
increases in activation in bilateral fusiform gyrus and cuneus during
implicit print processing were greater over the reading training phase
than the control number knowledge training phase. Notably, children
with and without family risk of RD were pooled for the analysis, so ef-
fects related to typical reading acquisition cannot be distinguished from
effects specific to training in children at risk of RD. A follow-up study
was conducted to investigate whether activation during an explicit word
reading task that was administered after the reading training was
associated with reading outcomes measured in second grade (Bach et al.,
2013). Post-intervention activation in left OT correlated positively with
changes in lower-case letter knowledge and negatively with reading risk
score over the kindergarten intervention period.

Yamada et al. (2011) examined brain activation during letter pro-
cessing in kindergarteners who had on-track or at-risk performance on a
literacy screening assessment. The at-risk group showed increases in
activation from pre-to-post-intervention in left hemisphere reading
network regions and right hemisphere homologues, including left pos-
terior STG and orbitofrontal cortex, and bilateral IPL, IFG and anterior
cingulate cortex. In comparisons of post-intervention activation between
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the at-risk and on-track groups, the at-risk group showed greater acti-
vation than the on-track group in right IPL, anterior cingulate cortex,
middle frontal gyrus, left IFG and precentral gyrus, and bilateral para-
cingulate gyrus; the on-track group showed greater activation in left
superior lateral occipital cortex.

The findings in pre-readers at risk of RD support the notion that
engaging the hubs of the left hemisphere reading network is beneficial
for subsequent reading acquisition. The bilateral activation observed in
at-risk children is consistent with the observation of more bilaterally
distributed processing for reading in groups with RD. However, given
the young age of these participants, it is difficult to determine whether
right hemisphere activation at this stage reflects compensatory pro-
cessing, or a delay in shifting toward a left-lateralized reading network.

3.1.4. MEG & fMRI studies of reading intervention: Summary

In sum, evidence from functional neuroimaging studies reveals
changes in both the typical reading network and regions outside this
network over the course of intervention. Increased activation in hubs of
the left hemisphere reading network were reported in several studies,
indicating that function of this typical network can be recovered to some
extent with training (Heim et al., 2015; Horowitz-Kraus et al., 2014;
Richards et al., 2006b; Shaywitz et al., 2004). In some studies, activation
changes occurred such that group differences that were evident prior to
intervention were no longer present after intervention (Aylward et al.,
2003; Meyler et al., 2008; Richards et al., 2006a). These changes
sometimes involved increased activation in the right hemisphere to
match levels of controls, which could reflect normal engagement of
these regions rather than atypical recruitment of compensatory neural
pathways to support reading. Evidence of increased activation in right
hemisphere and sub-cortical regions has also been reported (Gebauer
et al., 2012; Meyler et al., 2008; Partanen et al., 2019; Nugiel et al.,
2019), with the most consistent effects in right IFG (Horowitz-Kraus
et al., 2014; Meyler et al., 2008; Odegard et al., 2008; Partanen et al.,
2019; Temple et al., 2003). Importantly, several of these studies linked
activation increases in the right IFG to improvement in reading ability
(Temple et al., 2003; Odegard et al., 2008). Responsiveness to inter-
vention has also been associated with greater brain activation in reading
network hubs and their right-hemisphere counterparts (Nugiel et al.,
2019; Odegard et al., 2008; Simos et al., 2007a, 2007b; Temple et al.,
2003). Further research is needed to identify consistent effects related to
improvement in reading ability.

3.1.5. Neural changes in response to intervention: Functional connectivity

Reading intervention has also been associated with changes in
functional connectivity. Richards et al. have conducted several studies
to examine such effects. In the first of these, children with RD showed
greater connectivity of the left IFG with bilateral middle frontal gyrus,
supplementary motor area, left precentral gyrus, and right superior
frontal gyrus and IFG during a phoneme-grapheme mapping task than
TD readers prior to intervention (Richards and Berninger, 2008). Group
differences in functional connectivity were no longer present after a
3-week intervention.

In a later study, Richards et al. (2016) examined changes in func-
tional connectivity in children with RD following a computerized
training program that targeted reading and writing skills. Functional
connectivity between the right IPL and left anterior cingulate gyrus
during a multiple-sentence comprehension task decreased from
pre-intervention to post-intervention. In contrast, functional connec-
tivity between the right IPL and right IFG during single sentence reading
comprehension increased from pre-intervention to post-intervention.

Following this study, Richards et al., 2017 examined changes in both
functional and structural connectivity in children with various types of
language-based learning disabilities who completed a similar reading
and writing intervention program. Four groups of children were tested:
children with dysgraphia, children with RD, children with oral language
difficulties, and a control group with typical reading and writing skills.
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Behaviorally, improvement in handwriting and oral sentence syntax
construction was observed across groups, and some improvement was
observed in spelling tasks, but spelling improvements were minimal in
the group with RD. Graph theory analysis of functional connectivity
during a spelling task revealed modest increases in connectivity with the
right IFG and decreases in connectivity with the left cingulate gyrus. A
group by time interaction in the left inferior cingulate gyrus showed an
increase in connectivity specific to the group with oral language
difficulties.

The authors published a second report on this study in which they
examined functional connectivity during a set of reading tasks (Richards
et al.,, 2018). They found that local functional connectivity in right
cingulate gyrus during word-level reading increased in the two reading
disabilities groups, but decreased in the TD and dysgraphia groups.
Local functional connectivity during sentence reading comprehension
increased in the left superior frontal gyrus and left IFG in the reading
disabilities groups, but decreased in the other groups. Local functional
connectivity during multi-sentence reading comprehension in the left
insula decreased from pre-post intervention, driven by effects in the
dyslexia and dysgraphia groups. Local functional connectivity in right
middle frontal gyrus during multi-sentence reading comprehension
decreased in the reading disability groups, and increased in the dys-
graphia and TD groups.

Horowitz-Kraus et al., 2019 focused on changes in functional con-
nectivity during a lexical decision task in groups with RD and/or
attention-deficit and hyperactivity disorder (ADHD) as well as a TD
control group following participation in a computer-based intervention
program that targeted reading and executive functioning skills. They
conducted an independent component analysis of the functional data to
identify networks for connectivity analysis, and our summary of the
results refers to these components. Functional connectivity between the
low-level visual component (bilateral fusiform gyrus) and the dorsal
attention component (bilateral precuneus/posterior cingulate), between
the attention component (bilateral anterior cingulate) and semanti-
c/articulation component (bilateral insula), and between the attention
component and higher-level visual component (bilateral lingual gyri)
increased over the intervention period in the RD group. In the group
with ADHD + RD, functional connectivity increased between the
low-level visual component and the executive function component
(bilateral superior frontal gyri) and between the attention component
and dorsal attention component. In contrast, connectivity increased
between the low-level visual component and the phonological compo-
nent (bilateral IPL) and between the attention component and the
memory component (bilateral parahippocampal gyri) in the TD group.
Gain in reading speed positively correlated with increased functional
connectivity between the low-level visual component and the executive
function component and with increased functional connectivity between
the low-level visual component and the dorsal attention component
across groups.

Together, findings related to functional connectivity changes provide
evidence that the integration of distributed functional networks can
support improvement in reading ability. Several studies reported effects
involving connectivity in fronto-parietal networks (Richards et al.,
2016) and anterior cingulate cortex (Horowitz-Kraus et al., 2019;
Richards et al., 2016, Richards et al., 2017), which could reflect mod-
ulation of attention-related networks during reading. Optimal levels of
connectivity among various networks are likely needed to support
reading as intervention-related changes involved both increases and
decreases in connectivity.

3.1.6. Neural changes in response to intervention: White matter structure
Research on structural brain changes associated with intervention is
quite limited. One study of white matter microstructure showed
increased fractional anisotropy (FA; a measure of white matter integrity)
in a left frontal tract in children with RD following a six-month inter-
vention focused on word-level decoding (Keller and Just, 2009). These
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Table 2

Reports on intervention-related change in functional connectivity.
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Publication

N

Age

Intervention
Program/Skills
Targeted

Session
Length

Duration  Frequency

Scanner task

Behavioral Response

Imaging Results

Horowitz-Kraus
et al., 2019

Richards et al.,
2008

Richards et al.,
2016

54

39

7

Mean
9.6

Mean
~11

9-13

Reading Acceleration
Program (RAP)
computer-based
intervention
targeting reading and
executive functioning
skills

linguistic awareness,
phonics, fluency,
comprehension

HAWK computerized
reading and writing
training program
including passage
reading,
comprehension and
writing (touch-typing
and hand note-
taking)

15-20
mins.

4 weeks 5 days/

week

3 weeks not not
reported

12 1 session/ 1h
weeks week

477

reported

lexical decision

phoneme-grapheme
mapping

word level spelling
judgement; single-
sentence reading
comprehension;
multi-sentence
reading
comprehension

RD group improved
more than other groups
in word and contextual
reading fluency and
rate, rapid naming,
visual attention,
inhibition and
switching; RD + ADHD
group improved more
in word and contextual
reading accuracy,
contextual reading rate
and comprehension,
phonemic awareness,
visual attention, and
inhibition.

not reported

Proportions of numbers
of idea units identified
from source material
remained stable across
12 lessons

Pre-post intervention
change: RD group - FC
increased between the
low-level visual
component and the
dorsal attention
component, between
the attention
component and
semantic component,
and between the
attention component
and higher-level visual
component; ADHD +
RD group - FC
increased between the
low-level visual
component and the
executive function
component and
between the attention
component and dorsal
attention component;
TD group - FC
increased between the
low-level visual
component and the
phonological
component and
between the attention
component and the
memory component;
Correlation between
behavioral changes
and FC changes: Gain
in reading speed
positively correlated
with increased FC
between low-level
visual component and
executive function
component and with
increased FC between
low-level visual
component and dorsal
attention component
across groups
Pre-intervention: RD
group had greater
connectivity of L. IFG
with bilateral middle
frontal gyrus,
supplementary motor
area, L. precentral, R.
superior frontal gyrus,
and right IFG. Post-
intervention: there
were no group
differences in
functional
connectivity

Pre-post intervention
change: FC between R.
IPL and L. anterior
cingulate gyrus during
multiple-sentence
comprehension
decreased; FC between
R. IPL and R. IFG
during single-sentence
reading

(continued on next page)
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Table 2 (continued)

Neuroscience and Biobehavioral Reviews 132 (2022) 465-494

Publication N Age Intervention Duration  Frequency  Session Scanner task Behavioral Response Imaging Results
Program/Skills Length
Targeted
comprehension
increased.
Richards et al., 42  mean computerized 18 not not resting state; alphabet  Improved handwriting Pre-post intervention
2017 11;10 program targeting lessons reported reported  writing; spelling and oral sentence change: spelling task -
reading writing at the syntax construction FC increased in R. IFG
sub-word, word, and and decreased FC in L.
syntax levels lateral cingulate gyrus
including across groups. FC in L.
handwriting, inferior cingulate
spelling/phonics, and gyrus increased in
composing syntax group with oral
language difficulties
Richards et al., 42  mean computerized 18 not not 1. lexical decision All groups improved Pre-post intervention
2018 11;10 program targeting lessons reported reported  (words vs. pseudo- word-level reading and  change: Local FC in R.

reading writing at the
sub-word, word, and
syntax levels
including
handwriting,
spelling/phonics, and
composing syntax

homophones) 2.
sentence reading
comprehension 3.
multi-sentence
reading
comprehension 4.
resting state

spelling medial cingulate gyrus
during word-level
reading increased in
the RD & OWL groups,
but decreased in the
other groups. Local FC
during sentence
reading
comprehension
increased in L. superior
frontal gyrus and L.
IFG in the RD & OWL
groups, but decreased
in the other groups.
Local FC in L. insula
during multi-sentence
reading
comprehension
decreased overall,
driven by effects in the
RD and dysgraphia
groups. Local FC in R.
middle frontal gyrus
during multi-sentence
reading
comprehension
decreased in the RD &
OWL groups, and
increased in the other
groups.

children showed significant gains in word and pseudoword reading
scores, contrary to a group of children with RD who continued usual
classroom instruction over the same period and showed no white matter
changes. Regression analysis revealed a positive relationship between
change in FA in the left frontal tract and pseudoword reading fluency,
but a negative relationship was found between change in FA and sight
word reading fluency.

Davis et al. (2010) examined relationships between improvement in
reading and white matter structural connectivity among regions of the
bilateral reading network measured after intervention. Increased
reading scores on timed and untimed word and pseudoword reading
measures were positively correlated with connection strength (symme-
trized connection ratio based on number of streamlines connecting pairs
of seed regions) between the left IPL and left insula. Additionally,
improvement in timed word reading was positively associated with
connection strength between left IFG and left inferior frontal sulcus.
Negative correlations were found between change in untimed pseudo-
word reading and connection strength between left thalamus and left
STG/STS, between right insula and right STG/STS, and between right
IFG and right thalamus.

Richards et al., 2017, Richards et al., 2018) examined changes in
white matter structure in children with dysgraphia, children with RD,
children with oral language difficulties, and a control group with typical
reading and writing skills associated with a reading and writing

intervention. Decreases in diffusivity (including radial, axial, and mean
diffusivity) from pre- to post-intervention were reported across groups
in corona radiata, superior longitudinal fasciculus, and additional su-
perior and middle frontal regions (Richards et al., 2017). In addition,
associations between functional connectivity and measures of white
matter structure were shown at post-intervention, but not
pre-intervention scanning (Richards et al., 2018). These included a
significant positive correlation between axial diffusivity in left superior
frontal white matter and local functional connectivity in right IFG dur-
ing word reading, a significant positive correlation between mean
diffusivity in left superior corona radiata and local functional connec-
tivity in left middle frontal gyrus during sentence reading, and a sig-
nificant positive correlation between mean diffusivity in left anterior
corona radiata and right middle frontal gyrus.

In a recent study, Huber et al. (Huber et al., 2018) examined changes
in white matter microstructure over the course of an eight-week reading
intervention. Participants were scanned prior to intervention, at two
times during intervention (approx. 2-3 weeks apart), and after inter-
vention. Findings in tracts of interest defined a priori showed that mean
diffusivity in the left arcuate fasciculus and inferior longitudinal
fasciculus decreased with increasing hours of intervention. Changes in
FA showed the opposite effect, with increases in the same regions with
increasing hours of intervention. Further analysis showed a significant
quadratic effect of FA in the left arcuate fasciculus. Changes in mean
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Table 3
Reports on brain structure and reading intervention.
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Session
Length

Publication N Age Imaging Duration

Modality

Intervention Program/
Skills Targeted

Frequency

Behavioral Response

Imaging Results

Huber 43 8 weeks
et al.,

2018

7-12 DWI Lindamood-Bell "Seeing
Stars: symbol imagery for
fluency, orthography,
sight words and spelling",
a multisensory program
focused on orthographic
and phonological
processing

5 days/ 4h
week

Keller and 72
Just,
2009

8-12 DWI word level decoding skills 6 50 min.
months/
100 h

total

5 days/
week

8 weeks not not
reported reported

Krafnick 11
et al.,
2011

7;5—-11;11 MRI multisensory training
with imaging/
visualization of single
letters, syllables, words;
tracing, and language

production

Richards 42
et al.,
2017

mean DWI
11;10

computerized program 18 not not
targeting reading writing  lessons reported reported
at the sub-word, word,

and syntax levels

including handwriting,

spelling/phonics, and

composing syntax

Richards 42
et al.,
2018

mean rs-fMRI,
11;10 DWI

computerized program 18 not not
targeting reading writing  lessons reported reported
at the sub-word, word,

and syntax levels

including handwriting,

spelling/phonics, and

composing syntax

479

Improved reading accuracy
and fluency

Intervention group
improved significantly in
word and pseudoword
reading, and composite
reading scores; Children
with RD in normal
classroom instruction did
not significantly improve

Improved word level
reading, reading
comprehension, PA, RAN,
and symbol imagery;
significant improvement
from pre-post, but not post-
follow-up

Improved handwriting and
oral sentence syntax
construction

All groups improved word-
level reading and spelling

Post-intervention: MD
decreased and FA
increased in the left
arcuate fasciculus and
inferior longitudinal
fasciculus over the
intervention period.
Decreasing MD in the left
inferior longitudinal
fasciculus was associated
with increasing reading
scores. MD of the posterior
corpus callosum showed a
stable positive association
with reading ability.
Pre-intervention: RD
groups had reduced FA in
left anterior centrum
semiovale; Post-
intervention:
Intervention group had
increased FA from pre-
intervention in L. anterior
centrum semiovale - FA
change positively
associated with gains in
pseudoword reading, but
negatively associated with
change in sight-word
reading; RD group with
classroom instruction and
TD group showed no
significant changes in FA
over time
Pre-post-intervention
change: RD in the
anterior corona radiata
and superior frontal
region, AD in superior
corona radiata, superior
frontal region, middle
frontal region, and
superior longitudinal
fasciculus, and MD in
anterior corona radiata,
superior corona radiata,
superior frontal region,
middle frontal region, and
superior longitudinal
fasciculus decreased
Pre-post-intervention
change: RD in the
anterior corona radiata
and superior frontal
region, AD in superior
corona radiata, superior
frontal region, middle
frontal region, and
superior longitudinal
fasciculus, and MD in
anterior corona radiata,
superior corona radiata,
superior frontal region,
middle frontal region, and
superior longitudinal
fasciculus decreased
Post-intervention
associations between
diffusivity measures and
local FC: Positive
correlations between AD
in L. superior frontal WM
and local FC in R. IFG

(continued on next page)
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Table 3 (continued)
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Publication N Age Imaging

Modality

Intervention Program/
Skills Targeted

Duration

Frequency

Session
Length

Behavioral Response

Imaging Results

Romeo 65
et al.,
2017

MRI Lindamood-Bell "Seeing
Stars™: symbol imagery
for fluency, orthography,
sight words and spelling",
a multisensory program
focused on orthographic
and phonological

processing

Davis et al., 11
2010

MRI &
DWI

Mean 7.5 small group intervention

(RTI Tier 2)

6 weeks

17 weeks

5 days/
week

3 days/
week

4h

not
reported

Intervention group: 20
children improved in
reading (responders), 19
had decreased reading
scores (non-responders).
Waiting-control group
scores declined.
Intervention responders had
lower SES backgrounds than
non-responders.

2 of 6 children assigned to
Tier 2 intervention showed
adequate improvement on
word identification fluency
following intervention
(responders), 4 children did
not improve adequately
(non-responders)

during word reading; MD
in L. superior corona
radiata and local FC in L.
middle frontal gyrus
during sentence reading;
and MD in L. anterior
corona radiata and R.
middle frontal gyrus.
These correlations were
not significant at pre-
intervention.
Pre-post-intervention
change: Greater
thickening in responders
vs. non-responders in
bilateral middle-inferior
temporal cortex, IPL,
precentral cortex, and
paracentral/posterior
cingulate cortex, R.
superior temporal gyrus-
insula, and L. middle
temporal regions. Lower
SES and greater RD
severity were correlated
with cortical thickening.
Correlations between
structural connectivity
among ROI pairs and
behavioral measures:
Increased reading scores
on all reading measures
correlated positively with
connectivity between the

L. IPL and L. insula;
Connectivity between L.
IFG and L. inferior frontal
sulcus correlated with
sight word efficiency;
Connectivity between L.
thalamus and L. superior
temporal cortex, between
R. insula and R. superior
temporal cortex, and
between R. IFG and R.
thalamus, correlated
negatively with word
attack. Phonological
decoding efficiency was
correlated with volumes of
the L. planum temporale
and the L. superior
temporal cortex.

*Indicates post-intervention imaging only.

DWI = Diffusion Weighted Imaging, FA = fractional anisotropy, MD = mean diffusivity, AD = axial diffusivity, RD = radial diffusivity, FC = functional connectivity.

diffusivity were specific to the intervention group. Over the course of
intervention, decreasing mean diffusivity in the left inferior longitudinal
fasciculus was associated with increasing reading scores. Notably, the
trajectories of tract development in the intervention group did not
match the trajectories that would be expected if the tract structure
became more similar to TD controls. Contrary to the effects in the
arcuate fasciculus and inferior longitudinal fasciculus, mean diffusivity
in the posterior corpus callosum showed a stable positive association
with reading ability over time. Exploratory analyses of additional tracts
revealed significant correlations between change in mean diffusivity in
the left thalamic radiation, right thalamic radiation, left corticospinal,
right corticospinal, left cingulum, left inferior fronto-occipital, and right
arcuate tracts and change in reading scores. No significant correlations
were found between FA development and improvement in reading.
The above studies provide evidence to link white matter plasticity to

480

reading intervention. Increases in FA and decreases in mean diffusivity
and radial diffusivity could index development of more efficient white
matter pathways to support communication among distant cortical and
sub-cortical structures involved in reading. Associations between
structural connectivity changes and reading performance were consis-
tent with networks that showed functional connectivity changes with
reading intervention (Davis et al., 2010). Furthermore, direct associa-
tions between white matter structure and functional connectivity
(Richards et al., 2018), and incremental change in white matter
microstructure over the course of reading intervention (Huber et al.,
2018) give insight to plausible mechanisms of change in the brain net-
works that support reading.

3.1.7. Neural changes in response to intervention: gray matter structure
Only a few studies have reported intervention-related changes in
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gray matter (GM) structure to date. In one study, increases in GM vol-
ume were observed after an eight-week multisensory remediation pro-
gram in a small sample of children with RD (Krafnick et al., 2011).
Specifically, GM volume increases relative to initial testing in left
anterior OT extending into hippocampus, bilateral precuneus, right
hippocampus, and right cerebellum were present immediately following
intervention, and remained after an 8-week null period, at which time an
additional cluster of increased GM volume was observed in the right
caudate. Nominal positive correlations between change in GM volume
and change in behavioral scores were identified for phonological
awareness in the left precuneus and for pseudoword reading in the right
cerebellum, providing preliminary evidence to link morphometric
changes in the brain to intervention response.

More recently, Romeo et al. examined changes in cortical thickness
in children who participated in a summer reading intervention program
(Romeo et al., 2017). On average, the intervention group did not show
improvement in reading scores across the intervention period, but rather
maintained reading performance, while the waiting control group
showed decreases in reading scores. When considering individual par-
ticipants, 20 children in the intervention group showed improvement in
reading scores across the intervention (responders) and 19 declined in
reading scores (non-responders). Interestingly, intervention responders
had lower socioeconomic backgrounds than non-responders. Change in
cortical thickness from pre- to post-intervention differed between re-
sponders and non-responders, with greater thickening in responders in
bilateral middle-inferior temporal cortex, IPL, precentral cortex, and
paracentral/posterior cingulate cortex, right STG-insula, and left middle
temporal regions. In addition, lower socioeconomic status and greater
RD severity were correlated with cortical thickening.

Together, these studies link changes in GM structure to reading
intervention, with effects in hubs of the reading network as well as sub-
cortical and right hemisphere regions (Krafnick et al., 2011; Romeo
et al., 2017). Importantly, both of these studies reported effects related
to response to intervention, though in different regions.

3.2. Neural predictors of response to intervention

Initial patterns of brain activation and functional connectivity during
reading-related tasks have been examined in relation to reading out-
comes in an effort to identify neural predictors of children’s respon-
siveness to intervention. With regard to regional activation, several
studies show associations between baseline measures of brain activation
and improvement in reading skills over the course of intervention in
children and adolescents with RD. Simos et al. (2005) used MEG to
examine brain activation in a bilateral set of reading-related regions of
interest (ROIs) during letter-sound naming and pseudoword reading in
beginning readers. Children received intervention if they were classified
as high-risk for RD based on a screener of pre-literacy skills in kinder-
garten. Those who subsequently improved in reading skills showed
greater activation prior to intervention in bilateral IFG relative to the
low-risk group that was not assigned to intervention, and more sym-
metric bilateral activation across time points relative to the
left-lateralized pattern in the low-risk group.

In another set of MEG studies, Rezaie et al. (2011b) found that
greater baseline activation in left STG and IPL regions during pseudo-
word reading was associated with greater improvement in word and
pseudoword reading fluency after a nine-month intervention in ado-
lescents with RD. In a second article, the authors reported on
pre-intervention activation during printed word recognition in an
overlapping sample (Rezaie et al., 2011a). Activity in left middle tem-
poral, left ventral OT, and right parahippocampal regions during the
printed word task was associated with improvement in word reading
efficiency. This pair of studies shows that greater initial activation in
hubs of the reading network is associated with greater subsequent
improvement in reading and underscores the specialization of pathways
supporting pseudoword reading (dorsal route via STG/IPL) versus word
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reading (ventral route via OT) (Coltheart et al., 2001).

Turning to fMRI findings, Farris et al. found that improvement in
word and pseudoword reading over a 2-year intervention period posi-
tively correlated with pre-intervention activation during phonological
processing in bilateral IFG, left middle frontal gyrus, right medial frontal
lobe, and left insula (Farris et al., 2016). In another study, participants
who responded to an intensive 15 hour intervention showed greater
pre-intervention activation during a lexical decision task relative to
non-responders in a broad set of regions including right temporal
pole/STG, hippocampus, middle temporal gyrus, left precentral gyrus,
postcentral gyrus, superior frontal gyrus, IPL, inferior occipital gyrus,
and bilateral OT, cerebellum and parahippocampal gyrus. Regression
analysis revealed that activation in left IPL, right cerebellum, and right
OT was positively associated with improvement in reading (Barquero,
2015). In a recent publication from an overlapping sample, Aboud et al.
(2018) reported that pre-intervention activation in the left IPL during a
lexical decision task also positively correlated with improvement in
reading over the intervention period.

Another recent study showed differences in activation during a
sentence comprehension task prior to intervention, such that subsequent
responders had higher activation in right OT regions relative to non-
responders and reduced activation in precuneus relative to non-
struggling readers (Nugiel et al, 2019). On the other hand,
non-responders had reduced activation in right posterior middle tem-
poral gyrus and left postcentral white matter relative to non-struggling
readers.

Relationships between activation prior to training and later reading
outcomes have also been reported in pre-readers. Karipidis et al. (2018)
found that pre-reading children at familial risk for RD who initially had
greater activation in left OT cortex during an implicit
grapheme-phoneme audiovisual target detection task showed greater
improvement in pseudoword reading fluency after a single session of
artificial letter training (GraphoGame; Lyytinen et al., 2009) and a
5—7-month reading instruction period. In addition, children who had
reading fluency scores in the average range after intervention showed
increased activation in the left planum temporale, a structure involved
in phonological processing, during the congruent condition (artificial
grapheme matched to trained phoneme) relative to the incongruent
condition (artificial grapheme mis-matched with trained phoneme). In
contrast, children with poor reading fluency outcomes showed a
trending effect in the opposite direction in the left planum temporale.
These findings may reflect early specialization in the left OT cortex for
visual processing of orthographic information, and engagement of the
left planum temporale for audio-visual integration in subsequent typical
readers, alongside impaired audio-visual integration in subsequent poor
readers.

Along with standard functional activation approaches, functional
connectivity prior to intervention has been examined as a predictor of
reading outcomes. In one study, pseudoword reading improvement
positively correlated with initial connectivity between the left IFG and
right medial frontal lobe (Farris et al., 2016). In addition, Aboud et al.
(2018) investigated associations between improvement in reading and
functional connectivity among reading and executive functioning net-
works prior to intervention. Examination of connectivity patterns
revealed that children who responded to intervention had greater con-
nectivity between left middle temporal and right inferior frontal regions
relative to non-responders and typical readers, and connectivity posi-
tively correlated with improvement in reading. Additionally, activation
in the left dorsolateral prefrontal cortex, a region known to be involved
in executive functioning and higher order cognition, positively corre-
lated with connectivity among left temporal, left parietal, and bilateral
inferior frontal regions, and these activation-connectivity associations
were stronger in children whose reading performance improved.

Together, these studies provide evidence that greater activation in
regions of the posterior left hemisphere reading network (temporal, IPL,
and OT regions) prior to intervention is related to greater improvement
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in reading after intervention. In addition, there is some support for links
between reading gains and pre-intervention activation in the right par-
ahippocampal gyrus (Rezaie et al., 2011a; Barquero, 2015) along with
cerebellum, hippocampus, and right hemisphere regions homotopic to
those of the left-hemisphere reading network (Barquero, 2015; Nugiel
et al., 2019; Simos et al., 2005). Further, emerging research using
functional connectivity approaches provides evidence that greater
initial connectivity among frontal regions that support executive func-
tion and left hemisphere regions associated with language and reading
may also promote response to intervention (Aboud et al., 2018; Farris
et al., 2016).

3.3. Meta-analysis results

Our quantitative meta-analysis aimed to characterize the relation-
ship between reading intervention and brain activation changes in 8
studies that met inclusion criteria (Table 5). The analysis included data
from a total of 151 participants. The median age at start of intervention
across studies was 9.95 years (range: 5.6-44 years). The median dura-
tion of intervention across studies was 8 weeks. The meta-analysis did
not yield any significant effects (threshold: ppwg = .05)

3.4. Assessment of risk to internal validity

We assessed risk to internal validity of primary studies included in
our systematic review, and the results of our assessment are summarized
in Fig. 2 using a “traffic light” plot that indicates the rating for each
individual study in each quality appraisal domain. A summary of quality
ratings across studies on each domain is presented in Fig. 3.

4. Discussion

Our literature review illustrates that there is no single route to
reading remediation; there is evidence for changes in both left hemi-
sphere hubs of the reading network and homotopic right hemisphere
regions, as well as in frontal and subcortical structures. In fact, some
studies show a mix of effects within the same participants (Eden et al.,
2004; Gebauer et al., 2012; Horowitz-Kraus et al., 2014; Meyler et al.,
2008; Temple et al., 2003), suggesting that intervention may enhance
activation of the typical reading network and engage alternate cognitive
systems to support reading. This is consistent with our hypothesis that
reading remediation would involve both changes in activation in the left
hemisphere reading network and homotopic right hemisphere regions.

Our quantitative meta-analysis failed to show any significant
converging effects across 8 studies. Our null effects contradict a previous
meta-analysis of reading intervention studies that showed significant
effects in the left thalamus, right insula/IFG, left IFG, right posterior
cingulate, and left middle occipital gyrus (Barquero et al., 2014).
Though both the Barquero et al. meta-analysis and our meta-analysis
included 8 studies, they did not entirely overlap in the studies
included. We used slightly stricter inclusion criteria to achieve a more
homogeneous set of studies (though there were still differences, as
described below). The Odegard et al., 2008 and Meyler et al., 2008
studies included in the Barquero et al., 2014 meta-analysis were omitted
from our analysis as they only reported post-intervention group con-
trasts, but not pre-post-intervention change. In studies using only a
post-intervention design, intervention effects cannot be validly dis-
cerned and may be obscured due to unknown confounds. We also
included two studies that were published after the Barquero et al.
meta-analysis: Heim et al. (2015) and Partanen et al. (2019). Factors
that contribute to the heterogeneity observed within the studies
considered in our meta-analysis are discussed below.
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4.1. Brain changes associated with intervention

4.1.1. Changes in the left hemisphere reading network hubs

Many studies show “normalization” of brain activation in response to
intervention, evidenced by increased engagement of left hemisphere
reading network regions (especially STG, IPL and OT), and/or post-
intervention activation that no longer differs from TD peers (Aylward
et al., 2003; Davis et al., 2011; Karipidis et al., 2018; Rezaie et al.,
2011a, 2011b; Richards et al., 2006a, 2006b; Richards and Berninger,
2008; Shaywitz et al., 2004; Simos et al., 2002, 2007a, 2007b). These
findings indicate that aberrant function in the typical reading network
can be recovered through intervention to a certain extent, and normal-
ization of brain activation has been observed over as little as 2-3 weeks
of intervention (Aylward et al., 2003; Richards et al., 2006a; Richards
and Berninger, 2008). However, it is important to note that the elimi-
nation of brain differences between RD and TD groups does not neces-
sarily indicate complete behavioral remediation, and in most cases, RD
groups continued to perform more poorly than TD groups on behavioral
measures of reading after intervention.

With respect to specific regions, hypoactivation in left TP regions
including STG and IPL has been consistently linked to RD (Maisog et al.,
2008; Richlan et al., 2009), and there is evidence of increased activation
in these regions following intervention (Meyler et al., 2008; Simos et al.,
2002, 2007a, 2007b; Temple et al., 2003). Explicit training may facili-
tate the development of STG and IPL systems involved in phonological
processing and integrating phonological and orthographic information.
Evidence from functionally illiterate adults further supports this possi-
bility, as increases in gray matter volume in left parietal regions and STG
were positively correlated with improvement in reading following
intensive intervention (Boltzmann et al., 2017).

The left ventral OT cortex (including the fusiform gyrus, the location
of the putative visual word form area [VWFAY]) is another key hub of the
typical reading network that shows reduced activation in RD (Maisog
et al., 2008; Richlan et al., 2009). Several studies showed increased
activation in left OT following intervention (Eden, Jones et al., 2004;
Heim et al., 2015; Shaywitz et al., 2004). This could reflect specializa-
tion of that region to respond selectively to print. Alternatively, the
functional role of activation increase in the left OT could be interpreted
in the context of the recently proposed “multiplex model of VWFA
function” (Chen et al., 2019). According to this model, the VWFA has
discrete structural and functional connections to language and attention
networks, and connectivity with each of these networks is uniquely
associated with behavioral performance on related tasks. We cannot
draw conclusions about whether increased left OT activation is associ-
ated with increased connectivity with language and/or reading net-
works based only on localized functional activation. Recent evidence of
changes in functional connectivity with reading intervention revealed
that increased reading speed was associated with increased connectivity
between bilateral OT regions and the dorsal attention network (Hor-
owitz-Kraus et al., 2019). These findings indicate that integration of the
left OT with attentional networks may facilitate reading, and could
provide an alternate route to reading efficiency that does not rely on
strong connectivity with the temporal language network. Importantly,
the intervention program used in this study focused on reading fluency,
so examinations of left OT connectivity with language and attention
networks in the context of more common phonics-based reading inter-
vention are needed.

Intervention-related increases in activation and connectivity have
also been observed in the left IFG (Aylward et al., 2003; Davis et al.,
2010; Richards et al., 2018; Shaywitz et al., 2004; Temple et al., 2003;
Yamada et al., 2011). The left IFG is consistently involved in reading and
phonological analysis in typically developing readers (Martin et al.,
2015; Taylor et al., 2013). Several meta-analyses show that RD groups
exhibit reduced activation in the left IFG along with hyperactivation in
proximal regions such as the left anterior insula, pre/post-central gyrus,
and subcortical regions including thalamus and basal ganglia relative to
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TD groups (Hancock et al., 2017; Maisog et al., 2008; Richlan et al.,
2009). This illustrates a complex pattern of activation in anterior left
hemisphere regions in RD which must be considered carefully with re-
gard to response to reading intervention. The role of left IFG in both
phonological analysis and articulatory recoding complicates the inter-
pretation of left IFG activation changes with reading intervention
(Hancock et al., 2017). Increased activation in the left IFG could be
associated with increased engagement of this region for phonological
analysis and indicate normalization of function. Alternatively, hyper-
activation of the bilateral IFG/insula in response to intervention could
reflect increased reliance on compensatory strategies involving atten-
tion and working memory (Shaywitz et al., 2002) or articulatory coding
(Hancock et al., 2017). Carefully designed fMRI tasks are needed to
dissociate frontal activation associated with phonological analysis from
that associated with articulatory coding and general cognitive processes
in future intervention studies.

Numerous studies show intervention-related effects in the main hubs
of the reading network, and increased activation in these regions has
been linked to individual differences in reading improvement (Bach
et al., 2013; Davis et al., 2011; Horowitz-Kraus et al., 2014; Simos et al.,
2007b). Nonetheless, it remains unclear whether the post-intervention
patterns of activation in individuals with RD are truly “normalized” as
these regions may be engaged differently in individuals with RD.
Moreover, our quantitative meta-analysis and many empirical studies
show effects both within and outside of the reading network, indicating
that effects in left hemisphere regions are likely integrated with
compensatory mechanisms encompassing hubs across the brain.

4.1.2. Intervention-related changes in the right hemisphere: IFG

Increased activation in the right IFG following intervention was
among the most commonly reported functional effects (Meyler et al.,
2008; Odegard, Ring et al., 2008; Richards et al., 2006a, Richards et al.,
2017; Shaywitz et al., 2004; Temple et al., 2003; Yamada et al., 2011),
and elevated activation in the right IFG was positively associated with
improvement in reading and phonological processing (Odegard et al.,
2008; Temple et al., 2003). Although our meta-analysis did not yield
significant effects, an earlier meta-analysis that used slightly different
inclusion criteria identified a significant intervention-related effect in
the right insula/IFG. Furthermore, several studies indicate that activa-
tion and connectivity of the right IFG prior to intervention predicts later
gains in reading ability (Aboud et al., 2018; Farris, Ring et al., 2016;
Hoeft et al., 2011). Together, these pre- and post-intervention findings
support the hypothesis that intervention enhances activation in regions
that are responsive to reading tasks prior to intervention, and children
with greater initial activation of these regions are predisposed to greater
engagement of such regions with intervention. Regarding cognitive
mechanisms, activation of the right IFG is thought to support reading
through its involvement in articulatory recoding (Hancock et al., 2017;
Pugh et al., 2001), working memory and attention (Shaywitz et al.,
2002). As noted in the previous section, different sub-divisions of the
IFG and anterior insula may be involved in distinct cognitive mecha-
nisms, and individuals may show distinct patterns of response within
these regions.

Importantly, the right IFG is engaged to some extent in typical
readers, and it is unclear whether compensatory engagement of this
region in RD involves hyperactivation relative to typical readers (Hor-
owitz-Kraus et al., 2014), or increased engagement to match the level of
typical readers (e.g., Richards et al., 2006a). For example, one set of
intervention studies showed changes in activation of right hemisphere
regions to levels that no longer differed from TD groups, which may
indicate optimization of reading-related activation in both hemispheres
(Aylward et al., 2003; Richards et al., 2006a; Richards and Berninger,
2008). One possibility is that there is an optimal level of right IFG
activation for efficient reading, and over- or under-activation of this
region may be detrimental. Furthermore, RD is known to be heteroge-
neous in nature (Pennington, 2006), and the ability to engage the right
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IFG as a compensatory mechanism may be available to children who
exhibit specific sub-types of RD. Some children with RD may be able to
incorporate working memory and attentional functions supported by the
right IFG into a compensatory reading network (e.g., involving con-
nectivity between right IFG and IPL, Richards et al., 2016); others may
have difficulties integrating these cognitive processes with the
auditory-visual mapping processes that are important to reading,
resulting in a persistently inefficient reading network. Further research
is needed to characterize the role of right IFG function in children who
do and do not respond to intervention, and who represent various
behavioral profiles within RD.

4.1.3. Intervention-related changes in the right hemisphere: STG & IPL

In addition to effects in the right IFG, reading intervention has been
associated with changes in posterior right hemisphere homologues of
the reading network. Activation in the right STG and IPL has been
observed following phonological intervention in adults with RD (Eden
et al., 2004), and activation of the right TP cortex has been positively
associated with reading ability in adults with RD (Rumsey et al., 1999).
A recent study in children showed that increasing activation in the right
IPL during printed word rhyming was associated with improvement in
decoding skills in children with RD (Partanen et al., 2019). With regard
to changes in brain structure, Romeo et al. (2017) found that interven-
tion responders showed greater cortical thickening in bilateral IPL and
right STG, among other regions.

On the other hand, some studies showed changes that shifted away
from these posterior right hemisphere regions, or showed that activation
in these regions was associated with persistent reading difficulties.
Simos et al. (2002) observed a reversal from right-lateralized posterior
STG activation prior to intervention to left-lateralized posterior STG
activation after intervention. Gebauer et al. (2012) found that activation
increased in right temporal and lateral occipital regions in the RD
waiting control group, but not the training group, during a lexical de-
cision task, and suggested that this may reflect compensation via serial
grapheme-phoneme decoding. They also reported a negative correlation
between improvement in spelling and activation increase in right pos-
terior regions and the cerebellum, indicating that engaging these regions
may be inefficient. These findings are in line with several studies that
have shown increases in right temporal and IPL regions in children who
do not respond well to treatment relative to those who do (Odegard
et al., 2008; Simos et al., 2007a).

To further complicate this picture, an earlier study showed that
children with RD had reduced activation in the right IPL during sentence
comprehension before intervention and showed no activation difference
in this region from their TD peers at post-intervention imaging; this ef-
fect was driven by reduced activation in bilateral IPL regions in the TD
group, rather than increased activation in the RD group (Meyler et al.,
2008). This finding suggests that TD children exhibit a developmental
reduction in IPL activation during sentence reading while children with
RD continue to show a similar level of activation in this region across the
intervention period that could reflect less efficient processing and/or
developmental delay. In contrast, Horowitz-Kraus et al. (2014) reported
that the degree of activation increase from pre- to post-intervention
during lexical decision (words > pseudowords) in right hemisphere re-
gions including IPL was positively correlated with reading gains in the
TD group, but not the RD group.

The contradictory findings from these studies could arise in part from
fMRI task differences (word-level decoding vs. sentence comprehen-
sion). This is an important consideration given that the contrast of
sentence reading versus fixation baseline (Meyler et al., 2008) is likely to
show significant activation in a much broader set of regions than a
specified contrast of words versus pseudowords (Horowitz-Kraus et al.,
2014), which is likely to isolate activation related to word recognition
and semantic retrieval, and largely remove effects of phonological
decoding. The focus of intervention (phonics vs. fluency) and study
design could also explain the discrepant findings. Notably, the TD group
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Table 5
Studies included in the quantitative meta-analysis.
Study N Task contrast Analysis Contrast Voxel-wise # of Mean age at Weeks of
Threshold foci start of study Intervention
(years)

Eden et al., 19 sound deletion > word Post vs. Pre for intervention p < .001, unc. 15 44 8

2004 repetition group > non-intervention RD
group

Gebauer et al., 10 pseudoword lexical decision ~ Post vs. Pre in training group z>2.0 7 11.5 5
2012 > fixation

Heim et al., 33 word/pseudoword reading Post vs. Pre in RD intervention  p < .05, FWE- 2 10 4
2015 > baseline group corrected

Partanen, 2019 29 words > symbols Poor readers > Good readers at  z > 2.3 1 8.555 12

Post vs. Pre

Richards et al., 8 word pair spelling decision Post vs. Pre in orthographic z>24 5 10.808 3
2006a, J.NL > letter string matching treatment group

25 audio-visual letter Follow-up > Pre in RD p<.05 7 7.9 32

identification > baseline  experimental intervention
group

Temple et al., 20 letter rhyming > letter Post vs. Pre in RD group p < .005, unc. 14 9.9 8
2003 matching

Yamada et al., 7 one-back letters > false fonts ~ Post vs. Pre in at-risk group z > 2.33 41 5.6 NR
2011

N indicates number of participants included in the contrast of interest.
Mean age reported for participants included in the contrast of interest.
NR = Not Reported.

in the Meyler study received only standard classroom instruction, while
the TD group in the Horowitz-Kraus study completed the same 4-week
Reading Acceleration Program as the RD group. Thus, the pattern of
change in Meyler et al.’s TD group shows a general effect of reading
development, while the pattern of change in the Horowitz-Kraus study
likely reflects training-induced changes. Moreover, Horowitz-Kraus
et al. suggested that activation increases in the right IPL could under-
lie phonological processing and/or working memory, and the RD group
could differ from the TD group in the recruitment of these processes with
the reading acceleration training. Together these studies highlight the
complex set of factors that contribute to patterns of typical reading
development and response to intervention. Carefully designed studies
including control groups of children with and without RD who do and do
not receive intervention are needed to distinguish training-specific ef-
fects from trajectories of typical and atypical reading development.

4.1.4. Intervention-related changes in the right hemisphere: OT

Our review reveals mixed evidence with regard to the relationship
between right OT activation and improvement in reading ability.
Several early studies that compared RD and TD groups linked persistent
reliance on the right OT cortex with poorer reading ability (Shaywitz
et al., 2002; Turkeltaub et al., 2003), and decreases in right OT activa-
tion have been shown following intervention (Shaywitz et al., 2004). In
another study, intervention-related increases in activation in right OT
regions were associated with less improvement in spelling (Gebauer
et al., 2012). Hyperactivation of the right OT cortex in individuals with
RD could reflect a developmental failure of the left OT cortex (putative
visual word form area) to specialize function for print processing,
leading to use of a diffuse bilateral visual processing regions to read.

However, contradicting evidence from longitudinal research points
to a beneficial role of right OT activation. Aylward et al., 2003 found
that activation in the right OT during morpheme mapping increased
with intervention in the RD group to a level that no longer differed from
controls. Greater initial activation in the right OT has been related to
better reading outcomes following general reading instruction (Hoeft
et al.,, 2007) and intensive intervention (Nugiel et al., 2019), and
post-intervention activation in the right OT was positively correlated
with improvement in reading (Nugiel et al., 2019). The involvement of
right OT activation may therefore be more nuanced than previously
thought.

Temporal aspects of right OT activation that are not detectable
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through fMRI could better distinguish beneficial vs. detrimental activity
in this region. Using MEG, which affords greater temporal precision,
Simos et al. (2005) observed distinct effects related to the timing and the
degree of neural activity in kindergarten children at differing behavioral
risk of RD. The timing of activation in low-risk children and high-risk
responders differed at initial testing in kindergarten, such that the
high-risk group showed temporal overlap in OT and TP activity, while
the low-risk group showed sequential activation onset in OT followed by
TP regions. Both groups showed similar sequential patterns of activation
after one year of systematic reading instruction. This change at the brain
level tracks with the behavioral response to intervention in the high-risk
group. With regard to degree of activation, children with low risk of RD
had greater right OT activation following instruction than high-risk re-
sponders. This finding is contrary to what would be expected if right OT
serves as a protective mechanism in high-risk children. Instead, it pro-
vides evidence for bilateral distribution of OT activation early in typical
reading development. Note, however, that risk in this study was deter-
mined based on behavioral assessment at kindergarten, not family his-
tory, and protective factors may differ based on the source of risk. In a
later study of children in grades two and three, Simos et al. (2007a)
observed that better reading performance was associated with decreased
onset latency of activity in a right OT region following intervention,
which the authors interpreted as increased processing efficiency in this
region.

Altogether, the role of the right OT cortex in response to reading
intervention remains uncertain, and developmental changes in lateral-
ization of function may underlie effects in different age groups. Indi-
vidual differences in risk and protective factors may also influence the
capacity to incorporate right OT activation into an efficient processing
stream for reading, or to disengage noisy, inefficient activity patterns in
this area. Importantly, no brain structure works in isolation, and in the
following section we turn to functional integration of reading and other
cognitive processing networks as a potential mechanism for improving
reading skills.

4.1.5. Therole of general cognitive processes and inter-network connectivity

Individuals with RD may rely on general cognitive processes (e.g.,
executive function, attention, working memory, general learning
mechanisms) to overcome deficits that impair more direct routes to
reading (e.g., rapid phonological decoding, automatized word recogni-
tion) (Haft et al.,, 2016; Yu et al.,, 2018). Neuroimaging evidence
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D2: Was the study described as randomized?
D3: Was the method of randomization adequate?

D4: Were the people assessing the outcomes blinded to the participants’ group assignments?
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across all study participants?

D11: Were imaging outcomes assessed using valid and reliable

across all study participants?

D12: Did the authors report that the sample size was sufficiently large to be able to detect a difference in the main outcome between groups with at least 80% power?
D13: Were all participants analyzed in the group to which they were originally assigned?

Fig. 2. Summary of the assessment of risk to internal validity by study and quality domain. Rows indicate each primary study by first author and year. Columns
indicate each quality appraisal domain upon which studies were evaluated. Colors indicate raters’ judgements: Red = No/Poor, Yellow = Partial/Fair, Green = Yes/
Good, Blue = No information reported, Gray = Not applicable. Quality domains are listed below table.

supports this hypothesis by linking intervention to changes in activation,
structural and functional connectivity, and gray matter volume in
frontal regions associated with higher order cognition and subcortical
regions associated with general learning processes (Aboud et al., 2018;
Barquero et al., 2014; Farris et al., 2016; Horowitz-Kraus et al., 2019,
2014; Horowitz-Kraus, Toro-Serey et al., 2015; Keller and Just, 2009;
Krafnick et al., 2011; Meyler et al., 2008; Richards et al., 2018; Temple
et al., 2003).

Importantly, greater connectivity among hubs of the reading
network and regions associated with higher order cognition before
intervention and increasing connectivity in these circuits over the course
of intervention have been linked to better reading outcomes following
intervention (Aboud et al.,, 2018; Horowitz-Kraus et al., 2019;
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Horowitz-Kraus, Toro-Serey et al., 2015). These connectivity effects
were observed both during reading tasks (Aboud et al., 2018; Hor-
owitz-Kraus et al., 2019) and during rest (Horowitz-Kraus et al., 2015a,
2015b). Thus, a coupling between reading network hubs in the posterior
left hemisphere and higher order cognitive mechanisms in the prefrontal
cortex could facilitate improvement in reading ability. Connectivity
among these networks may reflect engagement of cognitive strategies to
analyze visual (print) input to overcome difficulties with automatic
word recognition and/or rapid orthographic-phonological mapping. For
example, Horowitz-Kraus et al., 2019 have linked increased connectivity
among lower-level visual networks and higher-level attention and ex-
ecutive functioning networks following reading intervention to
improvement in reading. The anterior cingulate cortex is a key structure
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D10: Were behavioral outcomes assessed using valid and reliable measures, implemented consistently

across all study participants?

D11: Were imaging outcomes assessed using valid and reliable measures, implemented consistently

across all study participants?

D12: Did the authors report that the sample size was sufficiently large to be able to detect a
difference in the main outcome between groups with at least 80% power?

Fig. 3. Summary of quality ratings by domain. Color bars indicate percent of studies with each rating for each domain. Domains are listed below Fig. 3.

in the executive functioning network that may facilitate attention and
error monitoring (Horowitz-Kraus et al., 2014). Several other studies
have shown intervention-related increases in activation in the anterior
cingulate cortex (Horowitz-Kraus et al., 2014; Meyler et al., 2008;
Richards et al., 2017; Temple et al., 2003; but see Richards et al., 2016).
These findings are consistent with observations that classroom behavior
ratings, including attention and cognitive control, predict response to
intervention (Torgesen et al., 1999).

Connectivity among the reading network and executive functioning
networks is commonly observed across good and poor readers, however
these networks likely play different roles in TD and RD readers (Nicolson
and Fawcett, 2019). Early in typical reading acquisition, children rely on
working memory, inhibitory control and other executive functioning
mechanisms to support phonological decoding and word-reading skills
(Welsh et al., 2010; Blair and Razza, 2007). Once a child “cracks the
code”, more efficient reading circuitry is established to support rapid
decoding and automatic word recognition (Chyl et al., 2018, 2019). This
allows skilled readers to utilize higher order cognitive mechanisms, like
executive functions, to attend to the text, monitor comprehension, and
integrate new information into their existing knowledge (Arrington
et al.,, 2014; Sesma et al., 2009). In RD, impairments in the typical
reading network impede rapid decoding and word recognition and force
readers to persistently rely on alternative cognitive processes to support
the decoding level of reading (Langer et al., 2019; Koyama et al., 2013).
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The result is diffuse, inefficient, and effortful processing of text that
often blocks access to meaning and understanding. In order for these
compensatory cognitive mechanisms to benefit individuals with RD,
they must be integrated into efficient networks that can be engaged with
minimal effort (Bailey et al., 2018). Systematic instruction and/or
intervention may help people with RD to develop compensatory stra-
tegies and promote plasticity to build more efficient neural pathways for
reading.

It is important to note that greater functional connectivity does not
always indicate better functioning. Several studies have reported hyper-
connectivity in RD relative to TD groups prior to intervention that is
reduced following intervention, and in some cases decrease in functional
connectivity was associated with improvement in reading (Richards
et al., 2016; Richards and Berninger, 2008). Similarly, Mohammadi
et al. (2020) found hyper-connectivity in functionally illiterate adults
prior to an intensive reading intervention, along with
intervention-related increases and decreases in connectivity thought to
reflect rewiring for a more efficient reading network. These findings
highlight the complexity of retuning functional networks to optimize
efficiency of processing. With regard to some functional connectivity
reductions, de-coupling between reading regions and regions of the
default mode network may be associated with improved task-oriented
functioning (Koyama et al., 2013; Richards et al., 2016).

Complementary findings from diffusion-weighted imaging studies
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show that changes in structural connectivity and white matter integrity
are also associated with improvement in reading performance (Davis
et al., 2010; Huber et al., 2018; Keller and Just, 2009; Richards et al.,
2017). Changes occurred in both positive and negative directions,
indicating that rewiring of connections may be associated with building
stronger connections in some pathways while reducing the connectivity
in other, potentially inefficient, pathways. Notably, Huber et al. (2018)
scanned children several times over the course of an 8-week intervention
and reported significant changes in white matter microstructure after
only 2-3 weeks of intensive intervention. This finding suggests that the
brain can readily respond to intensive training to improve the efficiency
of connections in the brain for successful reading. Associations between
white matter microstructure and reading skill in three reading-related
tracts showed deviation from the typical trajectory over the course of
intervention, rather than normalization. This study design provides
important insight to the trajectories of brain changes that occur over the
course of intervention, but this challenging, costly design is seldom
applied to study reading intervention. Future studies using frequent
neuroimaging in various modalities over the course of instruction could
be immensely beneficial for understanding the neural mechanisms of
reading intervention.

4.1.6. Compensation via subcortical learning and memory mechanisms

Neuroimaging studies of reading intervention provide some support
for compensatory mechanisms involving declarative memory that align
with the procedural deficit hypothesis. Increased activation and gray
matter volume have been observed in the hippocampus and adjacent
medial temporal structures following intervention (Eden et al., 2004;
Gebauer et al., 2012; Krafnick et al., 2011; Temple et al., 2003), which
supports a compensatory role of these structures in supporting declar-
ative memory strategies in place of procedural memory. For example,
Gebauer et al. (2012) identified intervention-specific activation in-
creases in bilateral parahippocampal gyri during processing of mis-
spelled words. The parahippocampal cortex is a medial-temporal
structure associated with spatial learning, episodic memory and pro-
cessing contextual associations (Aminoff et al., 2013), and engagement
of this region likely reflects declarative memory strategies.

Several studies reported changes in the basal ganglia that may be
related to procedural learning deficits in RD. One intervention study
showed decreased activation in the caudate nucleus, a structure of the
basal ganglia associated with procedural learning, immediately
following intervention and at follow-up (Shaywitz et al., 2004). In this
case, intervention did not recover typical activation for procedural
learning, but further disengaged this region. Conversely, Meyler et al.,
2008 found that activation in another basal ganglia region, the left pu-
tamen, was greater in the RD group relative to the TD group following
intervention. This finding indicates that procedural learning mecha-
nisms may be recovered with reading intervention.

The cerebellum is another key structure associated with procedural
learning due to its involvement in the development of automatization
(Nicolson et al., 2010). Gebauer et al. (2012) noted intervention-specific
increases in cerebellum activation in addition to the increased activation
observed in the parahippocampus. Thus, reading intervention may
engage multiple learning systems within the context of a single inter-
vention and task. Recently, Partanen et al. (2019) reported increased
activation in the cerebellum during a spelling task following interven-
tion in an RD group and general reading instruction in a TD group. The
authors noted that the region of the cerebellum that showed this effect is
associated with motor function and was likely activated due to button
presses. Interestingly, both studies that reported intervention-related
effects in the cerebellum found the effects during spelling-related
tasks, which may indicate that the cerebellum is particularly involved
in orthographic processing. It is important to note most studies of
reading are designed to capture cortical activation and are not optimized
to characterize cerebellar activation with great specificity. The cere-
bellar clusters reported in the Partanen et al. (2019) and Gebauer et al.
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(2012) studies are fairly large and include white matter and gray matter
spanning several sub-regions of the cerebellum, making it difficult to
interpret specific functional effects. Research targeting cerebellar
structure and function is needed to clarify the role of this complex,
multifaceted structure in reading and reading remediation.

4.2. Neural predictors of response to intervention

Patterns of activation and features of brain structure that are
uniquely associated with response to intervention may be useful for
identifying how individuals are likely to respond to treatment. Accord-
ing to several studies, activation in posterior regions of the typical left-
lateralized reading network prior to intervention was positively associ-
ated with improvement in reading (Aboud et al., 2018; Karipidis et al.,
2018; Rezaie et al., 2011b, 2011a). Based on these findings, children
who started out with more “typical” patterns of activation improved the
most with intervention; though Karipidis et al. (2018) noted a dissoci-
ation such that greater left OT activation was present in subsequent good
readers, but greater left superior temporal (planum temporale) activa-
tion was present in subsequent poor readers. This could reflect a
developmental delay or failure to specialize left OT activation for
automatic letter/word recognition, along with enduring reliance upon
the temporal phonological processing system to decode simple
grapheme-phoneme correspondences in those with poorer reading out-
comes. In one study, lower activation in the left IFG prior to intervention
was associated with greater improvement in reading skills, pointing to
distinct effects in posterior and anterior left hemisphere regions (Par-
tanen et al., 2019). Children who show initial engagement of the typical
left hemisphere reading network prior to intervention may be able to
strengthen this network with training, and thus improve in reading via a
pathway that is similar to that of typical readers.

On the other hand, there is also evidence that greater initial
engagement of right hemisphere and/or bilateral regions and inter-
hemispheric connectivity are associated with greater improvement
following reading intervention (Aboud et al., 2018; Barquero, 2015;
Farris et al., 2016; Nugiel et al., 2019). These findings are consistent
with earlier evidence that activation in right hemisphere homologues of
the reading network was associated with better reading outcomes in
struggling readers following subsequent classroom instruction and
community intervention (Hoeft et al., 2011, 2007). Early bilateral
activation and widespread bilateral connectivity prior to intervention
may facilitate plasticity in the network to recruit a more bilateral
compensatory network for reading in children who have impairments in
the left posterior reading network.

Indeed, some neural characteristics present in children at risk of RD
who go on to have typical reading skills have been proposed as pro-
tective factors that facilitate recruitment of alternative brain networks to
support reading development (Yu et al., 2018). Children with a family
risk of RD who went on to have typical reading skills have been shown to
have greater activation in right IFG at the pre-reading stage relative to
typical readers with no family risk (Yu et al., 2020), and more rapid
development of white matter in the right superior longitudinal fascic-
ulus (SLF) relative to at-risk children who had poor reading outcomes
(Wang et al., 2017). Children who had typical reading outcomes despite
elevated risk for RD based on weak pre-literacy skills had greater white
matter organization in the right SLF at kindergarten relative to at-risk
children with poor reading outcomes (Zuk et al., 2020). Together,
these findings provide evidence that early recruitment of right hemi-
sphere mechanisms may facilitate the development of alternative
pathways to support reading, and with adequate instruction, protect
against severe reading difficulties.

4.3. Assessment of internal validity of primary studies

Though our review illustrates the promise of neuroimaging studies to
provide insight to the neurobiological changes associated with reading
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intervention, our assessment of the quality of the primary studies raised
some concerns that limit our ability to draw conclusions about causal
effects. There were several domains in which most studies we reviewed
were rated strongly: similarity of groups at baseline (D4), adherence to
intervention procedures (D7), valid and reliable assessment of behav-
ioral outcomes (D9), and analysis of participants according to the groups
to which they were initially assigned (D13). However, there were also
several domains for which most studies did not report any information:
blinding of the researchers who assessed outcomes (D3), differential
drop-out rates between groups (D6), and whether sample sizes were
sufficient to detect effects with at least 80 % power (D11). Future studies
should take care to report on these factors which may influence the
validity of the research and impact of the findings.

The chief concern raised by our quality assessment was the lack of
adequate control groups and failure to provide information on
randomization (i.e., domains D1, D2 and D3 of quality appraisal). Only
30 % of studies in our review reported findings comparing an RD
intervention group to an RD control group that did not receive reading
intervention. This represents a major problem in this literature as a
whole because without adequate control groups it is impossible to
determine whether the reported brain changes were caused by the
intervention or by maturation or the experience of persistent reading
difficulties. The use of waiting control groups provides one approach to
designing studies with adequate comparison groups, but still provides
the opportunity for all participants to receive the potentially beneficial
intervention at the conclusion of the study (e.g. Gebauer et al., 2012;
Romeo et al., 2017). The possibility that the additional attention
received during intervention is driving post-intervention results presents
another challenge for the interpretation of results in brain and behavior.
To help disambiguate such effects, studies can be designed to compare
experimental reading intervention to a control (non-reading) interven-
tion so that attention children receive is matched, and only the
instructional component is manipulated.

Many studies compared RD intervention groups to TD controls,
which is problematic because this results in groups that are not matched
prior to treatment (D5), making group comparisons difficult to interpret.
In addition, lack of randomization may result in biased treatment as-
signments. As such, we cannot be sure to what extent any confounding
variables may have affected the treatment outcomes and related brain
changes. We also noted inconsistency in how comparison groups were
defined across studies. In some studies, reading intervention groups
were compared that groups that received “business as usual” reading
instruction or groups that received a non-reading intervention, while in
other studies, RD intervention groups were compared to TD groups that
did not receive intervention. Results can be driven by effects within the
comparison groups, so this heterogeneity may partly explain the lack of
convergence across studies. Interpretation and synthesis of effects across
studies is complicated by these methodological choices, especially since
there are cases in which reading intervention groups were collapsed
with business-as-usual reading instruction groups for neuroimaging
analysis (e.g., Nugiel et al., 2019), and others in which intervention
groups were compared to business-as-usual instruction control groups
(e.g. Shaywitz et al., 2004). Thus, it is crucial for researchers to clearly
lay out the aims and rationale of their studies and to distinguish studies
that aim to evaluate the neural changes resulting from a specific inter-
vention from those that aim to identify neural correlates of reading
improvement in general.

Attrition and data loss constituted another area of concern overall.
Only 64 % of primary studies reported drop-out rates (i.e., domains D6
and D7) between the treatment and control groups. Hence, results
should be interpreted with caution because differential drop-out rates
across treatment and control groups might have introduced attrition
bias, such that there were systematic differences between participants
who completed a study and those who dropped out. In the case of the
studies in our review, data loss could occur due to failure to complete
intervention and/or exclusion of data due to poor imaging quality. This
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raises concern as poor imaging quality may co-occur with underlying
comorbidities such as attention deficits or more severe cases of RD,
which may lead to final analysis groups that differ from the originally
recruited groups. While some attrition is expected, researchers must take
care to carefully report information on groups used for imaging to
ensure that they are representative of the full sample.

Though randomized studies are needed to provide important data
about brain changes caused by reading intervention, there are some
cases in which comparison of groups determined post-hoc are valid and
informative. Specifically, examination of effects related to responsive-
ness to intervention require classification of groups or characterization
of individuals based on improvement in reading skills, or lack thereof.
These comparisons provide insight to whether effects at the neurobio-
logical level are associated with improvement in reading or persistent
reading difficulties. Naturally, these comparisons are most informative
in the context of randomized intervention studies.

In addition to the study quality appraisal, we examined factors
related to imaging methods in the studies included in our meta-analysis
that may influence the convergence of results across studies. Two factors
of interest were the thresholds used to report fMRI results as significant
and the brain coverage (field of view; FOV) of fMRI acquisition. With the
exception of one study (Heim et al., 2015), the studies included in our
meta-analysis reported effects at uncorrected thresholds which raises
concern for a high rate of false positives reported in the primary studies
(Eklund et al., 2016). Regarding FOV, a minimum inferior-superior FOV
of 142 mm has been reported to achieve complete brain coverage in
adults (Mennes et al., 2014). One study (Shaywitz et al., 2004) reported
an inferior-superior FOV value less than 142 mm, and the authors noted
that brain coverage ranged from the inferior aspect of the temporal lobes
to the parietal convexity, indicating that superior and inferior brain
regions (including cerebellum) were excluded from the imaging space.
As a result, significant effects outside the bounds of the FOV may have
been missed. In addition, three studies did not report sufficient infor-
mation to determine the inferior-superior FOV (Gebauer et al., 2012;
Temple et al., 2003; Yamada et al., 2011), leading to concern that fMRI
brain coverage in these studies may have been incomplete. Brain regions
most likely affected by this limited coverage include cerebellum, inferior
temporal lobes, and/or superior parietal cortex. These limitations could
contribute to the nature of results in our meta-analysis.

4.4. Limitations

Our quantitative meta-analysis was limited in scope due to the
exclusion of studies for methodological reasons (i.e., ROI analysis, non-
fMRI imaging modality), and small sample sizes within many of the
included studies. Because only 8 studies met our inclusion criteria, we
were unable to examine meta-analytic effects related to various factors
that could contribute to the patterns of brain plasticity associated with
intervention response, such as imaging tasks, intervention approaches,
and individual differences among participants. A major limiting factor of
our meta-analysis was the inability to include studies that used ROI
analysis rather than whole brain analysis. Although ROI approaches are
often well-justified, selecting ROIs based on the “typical reading
network” biases investigation of intervention-related effects by limiting
the analysis to regions expected to be activated by typical readers.
Recruitment of alternative compensatory mechanisms can easily be
missed in intervention studies that focus on changes in the left hemi-
sphere reading network hubs. Exploratory studies with sufficient sample
sizes to detect reliable effects across the whole brain are needed to fully
capture brain changes associated with reading intervention.

A variety of reading-related fMRI tasks were used in the studies
included in our meta-analysis and review, which may partly explain the
heterogeneity in the patterns of brain activation observed (Murphy
et al.,, 2019). As more fMRI studies of reading intervention become
available, new, more selective, meta-analyses will be needed to identify
task-specific effects. Similarly, our review and meta-analysis covered a
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variety of reading intervention approaches, including those focusing on
phonics, fluency, attention, and mixed reading skills. The interventions
also varied in duration and intensity. We were unable to quantitatively
examine brain-level effects associated with different intervention styles.
Several studies have examined brain changes related to different inter-
vention approaches (Heim et al., 2015;, 2006a,2006b), but further
research is needed to identify reliable effects.

Regarding individual differences among participants, factors such as
age, initial skills, home literacy environment, and socioeconomic status
may play a role. Behavioral interventions have shown greater efficacy in
younger groups (e.g., Lovett et al., 2017), but it is difficult to dissociate
intervention-specific effects from developmental effects in the brains of
very young children, as bilateral activation of the language network is
typical early in development (Olulade et al., 2020). Moreover, the focus
of reading intervention may differ by age, with basic phonics training
more prevalent in interventions targeting younger children, and more
broad training spanning phonics, fluency, and comprehension more
prevalent in interventions targeting older children and adolescents: a
meta-analysis of behavioral intervention studies identified an interac-
tion between grade at intervention and focus of intervention, with
greater effects of phonics training in the younger grades and greater
effects of comprehension training in the older grades (Suggate, 2010).
Thus, age may be confounded with other intervention-related factors. In
addition, other environmental factors may play a role in brain responses
to reading intervention. For example, one study showed that lower so-
cioeconomic status and greater severity of RD were associated with a
higher degree of cortical thickening over the course of intervention
(Romeo et al., 2017). Empirical investigations of such factors on brain
changes related to intervention remain scarce, and further research is
needed.

The extant literature is also limited in that the majority of reported
findings reflect group averages, but do not link changes in the brain to
improvement in reading ability per se. That is, many studies report in-
creases in group means in reading ability along with group-level changes
in brain activation patterns, but these group averages do not explain
individual differences among children in their responsiveness to inter-
vention and associated changes in the brain. Thus, the effects presented
in our review should be interpreted as intervention-related changes in
brain activation, but not necessarily improvement-related changes.
Indeed, numerous studies reviewed here have accounted for individual
differences in intervention response and show distinct effects as a
function of improvement in reading (Aboud et al., 2018; Davis et al.,
2011; Farris et al., 2016; Heim et al., 2015; Horowitz-Kraus et al., 2019,
2014; Horowitz-Kraus et al., 2015a, 2015b; Nugiel et al., 2019; Odegard
et al., 2008; Simos et al., 2007a, 2007b; Rezaie et al., 2011a, 2011b;
Romeo et al., 2017). These distinctions are crucial for identifying neural
mechanisms of successful intervention, and future research must account
for behavioral response to intervention. Additional empirical research is
needed to identify relationships among specific intervention programs
and individual differences in participant characteristics, and interven-
tion response in brain and behavior. Further research is also needed to
characterize the structural neural correlates of reading intervention,
especially with regard to gray matter, which has only been addressed in
a few studies to date.

Notably, several studies did not meet criteria for our review due to
the focus on non-reading fMRI tasks or resting state functional connec-
tivity (Gaab et al., 2007; Horowitz-Kraus et al., 2015a, 2015b; Olulade
et al., 2013). Though outside the scope of this review, the studies by
Gaab et al. and Olulade et al. provide unique insight to changes in
processing complex auditory and visual stimuli following reading
intervention. Horowitz-Kraus et al. (2015) reported intervention-related
changes in resting state functional connectivity within the
cingulo-opercular network, along with links to reading improvement.
This study supports the utility of resting state fMRI approaches to study
reading intervention-related changes in functional connectivity.

It remains unclear whether any specific region or pattern of
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activation is necessary and/or sufficient to evoke gains in reading ability
in those with RD, and many studies revealed effects both within and
outside of the primary reading network hubs. Moreover, several brain
regions associated with the typical reading network are uniquely asso-
ciated with other cognitive networks (i.e., attention, executive func-
tioning), so distinguishing “normalized” vs. “compensatory” effects is
not as simple as observing activation in specific regions. Differentiating
pathways to successful reading as such may be less informative than
characterizing brain networks associated with reading remediation,
regardless of the “typical” reading-related functions the given regions.
Rather, carefully identifying networks of activation and underlying
structural changes associated with improvement in reading ability while
considering various factors related to interventions and individual traits
should drive research on the neural mechanisms of reading remediation.
Further investigation can build upon this work to identify links to spe-
cific cognitive strategies and networks that support remediation.

Finally, publication bias and changes in conventional thresholds for
reporting neuroimaging results may contribute to a lack of convergence
in this literature. First, the publication of significant results, but not null
findings, may lead to a false sense of substantial and significant brain
changes associated with reading intervention. Furthermore, sample
sizes and significance thresholds for reporting fMRI results have
changed over the years in light of concern for inflated false positive rates
in the fMRI literature (Eklund et al., 2016) . Thus, the earlier studies
included in our review and meta-analysis are likely to be susceptible to
these issues, and findings must be interpreted with caution.

4.5. Conclusions

Major progress has been made in identifying the neural mechanisms
associated with reading intervention and applying neuroimaging
methods has added substantial value to reading intervention research,
but the findings do not yet converge upon a set of effects consistently
associated with improvement in reading ability. Substantial evidence of
increased left STG, IPL and OT activation in groups that improved with
reading intervention indicates that engagement of the typical reading
network is one mechanism underlying successful remediation (Davis
et al., 2011; Horowitz-Kraus et al., 2014; Simos et al., 2002, 2007a,
2007b). On the other hand, several studies have linked greater activa-
tion/connectivity in right hemisphere regions as well as frontal and
subcortical structures associated with domain-general cognitive pro-
cesses to improvement in reading, lending credence to compensatory
hypotheses (Horowitz-Kraus et al., 2015a, 2015b; Horowitz-Kraus et al.,
2019; Nugiel et al., 2019; Odegard et al., 2008; Partanen et al., 2018).
Together, these findings show that alternate routes to fluent reading can
be successfully engaged when the typical left-lateralized phonological
processing networks are not reliable. It is important to consider that
mechanisms of change cannot be inferred based on location of change in
the brain alone, so it remains unclear whether the observed changes are
driven by cognitive processes engaged by typical readers or by alter-
native strategies. Rigorous research designs are needed to probe these
subtle processes and relate them to changes in the brain and reading.
Moreover, meta-analyses point to the involvement of right hemisphere
and sub-cortical structures in typical readers (Martin et al., 2015;
Murphy et al., 2019; Taylor et al., 2013), so engaging regions outside the
left hemisphere cortical hubs of the reading network does not neces-
sarily indicate compensation. Thus, we suggest moving away from
describing intervention-related brain changes as “normalized” or
“compensatory”, and instead aiming to characterize the complex inter-
action of cognitive systems that support improvement in reading. One
important aspect in adjusting the view on brain systems supporting
reading is to use exploratory whole brain analyses that may reveal re-
gions outside the cortical “reading network” in order to identify effects
in right hemisphere and sub-cortical regions, as limiting analyses to left
hemisphere “reading network” ROIs may bias results toward a view of
normalization of the reading network.
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Altogether, the brain changes associated with improvement in
reading remain unclear, and further empirical research on a larger scale
is needed. Reading intervention studies with neuroimaging must be
conducted with the rigor of randomized controlled trials in order to
produce findings that inform an understanding of the causal mechanisms
of reading intervention. Careful examination of brain changes associated
with response to intervention is needed to distinguish between brain
characteristics associated with improvement in reading versus persistent
reading difficulties. Replication and more consistent use of fMRI tasks
will provide important insight to task-specific effects, and later synthesis
of studies will enable identification of task independent effects that may
represent reliable changes in processing text. Similarly, further empir-
ical research is needed to investigate effects related to intervention
approach, duration and intensity. Systematic research in which fMRI
task is held constant and intervention methods are manipulated, and
vice versa, will be key to untangling these complex interacting factors.

Ultimately, this line of work will contribute to the understanding of
neural mechanisms underlying remediation of reading difficulties.
Future research targeting individual differences (risk profiles, age, so-
cioeconomic status, etc.) may aid efforts to more specifically match at-
risk children to intervention programs from which they are most likely
to benefit. Studies of intervention-related factors may also support the
development of targeted interventions. Further, this literature will
inform directions for interventions applied at the brain level (e.g.,
transcranial magnetic stimulation, transcranial direct current stimula-
tion) to support the development of efficient neural pathways.
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