View metadata, citation and similar papers at core.ac.uk

1duosnuely Joyiny 1duosnuey Joyiny 1duosnuely Joyiny

1duosnuepy Joyiny

WEALTIE

_./(_ Author manuscript

\,1
"Lyvaaa

Trends Neurosci Educ. Author manuscript; available in PMC 2017 December 01.

Published in final edited form as:
Trends Neurosci Educ. 2016 December ; 5(4): 173-177. doi:10.1016/j.tine.2016.10.001.

Shared temporoparietal dysfunction in dyslexia and typical
readers with discrepantly high IQ

Roeland Hancock®", John D. E. Gabrieli®?, and Fumiko Hoefta.¢d

aDepartment of Psychiatry, University of California, San Francisco, Box 0984, San Francisco, CA
94143, United States

bDepartment of Brain and Cognitive Sciences and McGovern Institute for Brain Research,
Massachusetts Institute of Technology, Cambridge, MA 02139, USA

CHaskins Laboratories, 300 George St #900, New Haven, CT 06511, USA

dDepartment of Neuropsychiatry, Keio University School of Medicine, 35 Shinanomachi Shinjuku
Tokyo, 160-8582 Japan

Abstract

It is currently believed that reading disability (RD) should be defined by reading level without
regard to broader aptitude (1Q). There is debate, however, about how to classify individuals who
read in the typical range but less well than would be expected by their higher 1Q. We used
functional magnetic resonance imaging (fMRI) in 49 children to examine whether those with
typical, but discrepantly low reading ability relative to 1Q, show dyslexia-like activation patterns
during reading. Children who were typical readers with high-1Q discrepancy showed reduced
activation in left temporoparietal neocortex relative to two control groups of typical readers
without 1Q discrepancy. This pattern was consistent and spatially overlapping with results in
children with RD compared to typically reading children. The results suggest a shared
neurological atypicality in regions associated with phonological processing between children with
dyslexia and children with typical reading ability that is substantially below their 1Q.
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1. Introduction

Reading disability (RD) is the most common form of learning disability, affecting
approximately 7% of school age children cross-culturally [1]. Historically, many definitions
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of RD have been based on a discrepancy between reading achievement and cognitive ability,
commonly operationalized using 1Q measures. This 1Q-achievement discrepancy definition
has been widely criticized on theoretical and methodological grounds [2-5] and on policy
grounds [6-8]. Moreover, behavioral [9-11] and neuroimaging studies [12,13] indicate that
individuals with low reading achievement show similar patterns of behavioral and neural
deficits, regardless of 1Q. Therefore, the requirement for an ability-achievement discrepancy
in the diagnosis of RD has been dropped from some, but not all, definitions [14].

Eliminating the discrepancy requirement is consistent with empirical evidence supporting
the use of a low-achievement definition of RD, but concerns remain that high- ability
individuals with RD may not be identified under a low-achievement model [7,15,16]. These
individuals may have reading achievement that, while substantially below their ability, is
comparable to average reading according to standardized measures. The majority of the
research on ability-achievement discrepancy in reading has been done in low achieving
readers, where it has been established that poor readers with and without 1Q discrepancy
have similar cognitive [9-11] and neural [12,13] profiles. In one of the few studies to also
study typical readers with an 1Q-achievement discrepancy, Fletcher et al. [10] found that
typically achieving, but discrepant, readers had reduced phonemic awareness relative to
typically reading children who did not meet either discrepancy or low achievement criteria
for RD. Consistent with the phonological deficit hypothesis, low achieving children also
showed impaired phonemic awareness, although low-achieving children were also
characterized by additional deficits in word finding relative to non-impaired readers. This
finding suggests that children whose reading achievement is typical with respect to peers,
but discrepantly low with respect to their 1Q have at least some behavioral deficits in
common with low-ability poor readers, but it is unknown if their unexpectedly low reading
achievement has a distinct etiology.

From a neurobiological perspective, RD is frequently characterized by structural and
functional abnormalities in left temporoparietal and occipitotemporal regions, including
reduced blood oxygen level dependent (BOLD) activation during phonological and reading
tasks [17-19]. Neurobiological measures provide an independent method of examining the
etiology of what may be considered RD under different definitions, but these have not yet
been used to investigate the basis for 1Q-achievement discrepancy in young, typically
achieving readers.

The present study examined the brain basis of 1Q-achievement discrepancy in school-age
children with typical reading achievement and discrepantly high 1Q. Specifically, we
investigated whether children whose single-word reading skill was within typical range, but
discrepantly below their 1Q (1Q-discrepant typical readers), would show neurological
differences from two non-discrepant control groups: one reading-matched control group of
typical readers matched on word identification skills and a second control group of typical
readers matched on 1Q. The critical comparison of interest between 1Q-discrepant typical
readers and non-discrepant reading-matched controls provides a direct comparison between
equivalent reading achievement in the presence or absence of 1Q discrepancy, i.e. any brain
difference identified in 1Q-discrepant typical readers in this contrast will not reflect group
differences in reading skill. To further identify neurobiological differences between 1Q-
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discrepant typical readers and non-discrepant typical readers that cannot be trivially
attributed to the higher 1Q of the discrepant group relative to non-discrepant reading-
matched controls, we examined the conjunction of the contrast between 1Q-discrepant and
non-discrepant reading-matched typical readers with the contrast between discrepant typical
readers and non-discrepant typical readers matched on I1Q. This conjunctive analysis and
three group design identifies neurobiological differences associated specifically 1Q-reading
discrepancy.

Additionally, we compare spatial overlap in dysfunction between a group of low-achieving
children and the combined group of typical control readers (i.e., children matched to the
discrepant typical readers on 1Q or reading) to examine whether such differences correspond
to dysfunction commonly seen in RD. Similar patterns of decreased BOLD responses during
reading in both discrepant typical readers compared to their matched controls, and in poor
readers compared to typically reading controls would suggest that discrepant, typically
achieving readers have a similar neurobiological atypicality as low achieving readers.
Specifically, convergent regions of reduced activation in both discrepant typical readers and
low achieving readers are predicted in temporoparietal and/or occiptotemporal regions—
regions commonly associated with RD. Such a finding would support the validity of an 1Q-
discrepancy definition of RD in typical achieving readers. Alternatively, discrepant children
with typical reading achievement below their 1Q may show distinct patterns of brain
activation from low-achievers. Although different neural patterns may develop from a
common etiology, distinct patterns of activity for discrepant and low-achieving readers could
suggest that high 1Q with typical achievement should be considered distinct from low
achievement RD, whether due to distinct etiologies or differences in subsequent
development.

2. Methods

2.1 Participants

Children in grades 3-5 were recruited from public schools near Pittsburg, PA, as part of a
larger randomized reading intervention study [20] and functional magnetic resonance
imaging (fMRI) data were obtained from 104 children. fMRI and behavioral data from 49
children were selected from this larger sample based on the availability and usability of
fMRI data and test scores meeting the criteria described below. All participants were healthy,
right-handed, native English speakers with no self-reported history of neurological or
psychiatric disorders. All study procedures were approved by institutional review boards at
the University of Pittshurg, Carnegie Mellon University and UCSF.

2.2 Group assignment

Groups of 1Q-discrepant typical readers (TypReadHighlQ), non-discrepant, typical reader
controls (ConlQ and ConRead) and poor readers (RD) were defined post hoc based on
standard scores on the Peabody Picture Vocabulary Test (PPVT; [21]) and WID subtest of
the Woodcock Reading Mastery Tests-Revised/Normative Update [22], a measure of single
word reading ability. The PPVT is a receptive vocabulary measure that is highly correlated (r
=.9) with full scale 1Q [21] and used here as proxy for 1Q, as in previous RD research
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[9,12,23,24]. Recommendations vary as to whether reading-1Q discrepancy should be
evaluated with respect to performance or verbal 1Q, but verbal 1Q may be the most
appropriate measure of potential language ability (see [10] for a discussion).

Discrepancy scores (PPVT-WID) were standardized by the standard difference error (SEdiff
= 4.7) based on the published standard error of the mean (SEM) for WID (SEM = 3) and
PPVT (average SEM = 3.6). The 1Q-discrepant group (TypReadHighlQ; n=11) was
defined as typical readers (WID > 90) with a standardized discrepancy score > 1.96 (i.e. >
9.2 difference in standard scores). Typical, non-discrepant readers (standardized discrepancy
score < 1) were matched to discrepant readers on PPVT (ConlQ; n=11) or WID
(ConRead; n=11) from the two control groups. Sixteen poor readers (RD; WID < 90) were
also included in the analysis for comparison with discrepant readers. The comparison
between this RD group and the two matched control groups (considered as a single group of
typical non-discrepant controls [ConRead + ConlQ]) was used to identify activation
patterns associated with low reading achievement. The Test of Word Reading Efficiency
(TOWRE [25]) and the phonological awareness subtests of the Comprehensive Test of
Phonological Processing (CTOPP [26]) were also administered. Characteristics of each
group are given in Table 1.

2.3 Rhyme task

A word rhyming task was used in the scanner in which there were two conditions: rhyme
and fixation. During the rhyme condition, participants judged whether two visually
presented words rhymed (e.g., bait—gate) or not (e.g., price—miss), and indicated each
response with a right- or left-handed button press, respectively. Word pairs were selected so
that the visual appearance of the last letters of the two words could not be used to determine
whether they rhymed. Stimuli were balanced for frequency of occurrence, number of letters,
and syllables between the rhyme and nonrhyme trials and across blocks [27]. Each trial
lasted a total of 6 s, consisting of a 4 s period where the two words were presented
simultaneously followed by a 2 s fixation cross. Each task block consisted of a 2 s cue
period followed by five trials (32 s total). During the fixation block, subjects saw a fixation
cross on the screen for 16 s. The entire scan was 234 s long, including two practice trials at
the beginning, and consisted of four rhyme blocks and five fixation blocks.

2.4 Image acquisition

The fMRI imaging was performed at the Brain Imaging Research Center (Carnegie Mellon
University and University of Pittsburgh) with a 3.0 Tesla (T) Allegra scanner (Siemens
Medical, Malvern, PA). A T2"-weighted gradient echo, resonant echo planar pulse sequence
sensitive to blood oxygen level-dependent contrast was used with the following acquisition
parameters: TR (repetition time) 1,000ms, TE (time to echo) 30ms, flip-angle 60°, field of
view (FOV) 20x20cm, matrix size 64x64, axial-oblique plane with 16 slices, and slice-
thickness of 6mm with a 1-mm gap. The number of slices did not provide consistent
coverage of the sensorimotor cortex and cerebellum. T1-weighted anatomical volumes were
acquired using a spoiled gradient echo sequence (TE 2ms; TR 9000ms; flip angle 15° FOV
24x24cm; 2 excitations).
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2.5 fMRI data analysis

3 Results

Preprocessing and statistical analysis were performed using the FMRIB Software Library
(FSL; www.fmrib.ox.ac.uk/fsl). Functional runs from each subject were corrected for slice
acquisition time, realigned to the middle volume of the series, spatially smoothed with a
Gaussian kernel (7 mm FWHM) and highpass filtered using Gaussian-weighted least-
squares (o = 60s). Functional data were linearly aligned to an MNI template using a two-
stage alignment from the functional volume to the individual T1 volume and from the
individual T1 to MNI template. Single subject data were analyzed using a fixed effects
model with task and fixation blocks modeled as boxcar functions convolved with a canonical
hemodynamic response. Confound regressors for volumes displaced more than 1 mm from
the previous volume and 6 motion parameter estimates were also included in the model.
Contrasts between task and fixation blocks were analyzed for group differences using
FMRIB’s Local Analysis of Mixed Effects (FLAME). A minimum statistic conjunction [28]
of ConRead > TypReadHighlQ and ConlQ > TypReadHighlQ was used to identify common
regions where activation in the Discrepant group differed significantly from both control
groups. A three-way conjunction between ConRead > TypReadHighlQ, ConlQ >
TypReadHighlQ and ConRead + ConlQ > RD was used to identify regions of decreased
activation common to both discrepant and poor readers. Statistical maps were thresholded at
p < .01 and cluster significance of p < .05.

3.1 Behavioral measures

The TypReadHighlQ group had significantly lower word reading (WID) scores compared to
ConlQ (420) = -8.49, p< .001) and significantly higher 1Q scores than the ConRead group
(420) = 6.59, p<.001), as expected given that the control groups were selected to have low
IQ-reading discrepancy, but matched on 1Q or reading, respectively. A similar pattern of
differences was found for phonological awareness (CTOPP) and timed-reading (TOWRE)
scores, i.e., TypReadHighlQ had significantly lower CTOPP (420) = -2.14, p=.05) and
TOWRE (£20) = -4.29, p< .001) scores compared to ConlQ, but TypReadHighlQ and
ConRead did not differ significantly on either measure (0 >.25). TypReadHighlQ had
significantly higher 1Q, WID, and TOWRE scores than the RD group (p < .001) and a trend
for higher CTOPP scores (#25) = 1.99, p = .06).

With regards to in-scanner fMRI task performance, RD individuals had significantly lower
accuracy than the collective (ConlQ + ConRead) control group (436) = 3.12, p=.003).
TypReadHighlQ performance was significantly lower than ConlQ (420) = -2.87, p=.013)
but not ConRead (p > .25). Male:female proportions did not differ significantly across
TypReadHighlQ, ConRead and ConlQ (;(2(2) =.92, p=.63), although there were
significantly more males in the RD group (;(2(3) =8.43, p=.04). Age did not differ
significantly (p > .44) across the three groups of typical readers (TypReadHighlQ, ConRead,
ConlQ) or between the TypReadHighlQ and RD group (425) = -1.43, p=.17), but the RD
group was significantly older (436) = 2.99, p =.005) than the combined ConRead+ConlQ
control group.
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3.2 fMRI results

The conjunctive comparison between ConlQ > TypReadHighlQ and ConRead >
TypReadHighlQ revealed a single suprathreshold cluster of decreased activation in
discrepant readers (TypReadHighlQ) relative to both control groups in the left supramarginal
(SMG) and angular (AG) gyrus (MNI coordinates: (=56, =52, 16); Figure 1). The ConRead
+ ConlQ > RD comparison also showed decreased activation in this region in RD, in
addition to more extensive reductions in activation in RD (Table 2).

A direct comparison between discrepant and poor readers (RD group) revealed a significant
cluster of greater activation in the bilateral occipital pole for TypReadHighlQ > RD. At an
uncorrected threshold of p< .01, small clusters of greater activation in discrepant readers
were found in the left inferior frontal gyrus (IFG), AG and SMG (Table 3).

4 Discussion

Children with reading scores within the typical range but substantially below their verbal 1Q
scores (discrepant typical readers) exhibited a critical brain difference that resembled that
seen in low achieving readers. During rhyme judgment, discrepant typical readers showed
reduced activation relative to non-discrepant typical reading controls in the left SMG. This
reduced activation in the discrepant typical readers occurred in comparison to both non-
discrepant reading-matched typical children (who had lower 1Q scores) and non-discrepant
IQ-matched typical children (who had higher reading scores), so the reductions could not
simply be secondary to reading or 1Q levels. This region also showed reduced activation in
our sample of poor readers and overlapped with regions previously implicated in RD [18].
Further, despite the higher reading scores of the discrepant typical readers, activation
patterns in the language/reading network did not differ significantly between discrepant
typical readers and poor readers. These findings suggest a shared neural basis for RD and
unexpectedly low reading achievement in 1Q discrepant typical readers.

These results, while limited by the small sample, provide neural evidence in favor of an 1Q-
discrepancy definition of RD for individuals having typical reading achievement. While it
would be ill-advised to broadly apply a discrepancy criterion when identifying RD—
considering evidence that 1Q-discrepancy is largely irrelevant at low achievement levels
[12,13]—our results suggest that considering discrepancy as a diagnostic criterion for
typical achievers may be biologically justified.

One limitation of this interpretation is that group differences were identified on the basis of
comparisons between task and rest conditions, making it difficult to determine if group
differences are specific to the linguistic processes of interest. In addition, the print-based
task used in this study may recruit multiple reading-related processes, beyond phonological
processing. We also employ a less stringent criterion for defining discrepancy (a standard
score difference of >9.2) than some researchers (e.g. Fletcher et al. [10] adopt a standard
score difference >22.5). The use of large gaps in defining discrepancy is motivated in
practice as a way of reducing false positive identifications. While our more liberal definition
of discrepancy potentially misclassifies some children as discrepant, we stress that relaxed
group separations introduce bias aga/nst identifying neurological differences. Since the
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discrepant typical group has reading achievement scores falling at the lower end of the
normal range, it is also possible that, due to measurement error, this group contains children
with RD. However, children with RD also have tend to have lower PPVT scores [10,21],
whereas the discrepant typical readers have slightly elevated PPVT. Thus our use of PPVT
as an 1Q measure decreases the likelihood that the discrepant typical group contains children
with RD.

The finding of neurological differences in discrepant typical readers in regions associated
with phonological processing and RD-related deficits, even under a relatively liberal
definition of discrepancy, suggests that 1Q discrepancy in typical readers has an associated
neural basis, even when the discrepancy is small. The choice of 1Q measure may affect the
sensitivity of the design. Among studies that have compared readers classified as RD based
on low achievement and 1Q-discrepancy, those that have used full scale 1Q as an ability
measure have reported larger effect sizes for behavioral differences than those studies that
have used a verbal 1Q measure [9]. This suggests that using verbal IQ to identify
discrepancy, as we did, is more consistent with the consensus view that 1Q-reading
discrepancy is not necessary for identifying RD. These prior behavioral results suggest that
our use of a verbal 1Q measure of ability may, if anything, bias our results against finding
converging neural patterns in both discrepant and RD groups.

The comparison of discrepancy-related and RD-related patterns of reduced temporoparietal
activation is limited by differences in the sex distribution across groups. As is typical, the
RD group is predominately male, while all three groups of typical readers are predominately
female. Although our key comparisons across groups of typical readers are not confounded
by sex differences, it is possible that males could show a different neurological pattern
associated with 1Q-reading discrepancy. The sex differences between the RD group and
typical reading groups may also limit the comparability of RD-related and discrepancy-
related reductions in temporoparietal activation. However, the region of reduced activation
found in both RD relative to controls and in 1Q discrepant typical readers is consistent with
prior meta-analyses of RD. Replication in larger samples is needed to examine possible sex
differences in the neural correlates of 1Q-reading discrepancy.

The finding that relatively low levels of ability-achievement discrepancy, within typical
readers, are associated with neural differences may appear to conflict with past studies that
have found no neurological distinction between discrepant and non-discrepant readers at low
levels of achievement [12]., i.e. the presence of a discrepancy does not appear to exaggerate
deficits beyond those associated with low achievement. One explanation for this apparent
inconsistency is that discrepant low-achieving readers in previous studies [12] have had
average 1Q scores, whereas the typical readers with 1Q-reading discrepancy in the present
study have a slightly elevated 1Q. This increased 1Q, relative to that of discrepant low-
achieving readers, could reflect a greater capacity for successful compensation for reduced
temporoparietal function shared with poor readers.

The shared pattern of reduced temporoparietal brain activation in discrepant typical readers
and poor readers raises the possibility that typically achieving discrepant readers could
benefit from targeted interventions that can improve reading and phonological processing in
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poor readers (e.g. [20]) In low achieving readers, 1Q is positively associated with treatment
outcomes [29], which could suggest that interventions would be particularly effective in
discrepant typical readers with higher 1Q. Future research is needed to evaluate the
effectiveness of intervention in discrepant, typical readers.

The ability of higher-1Q discrepant readers to reach typical levels of reading achievement,
despite atypical brain activation similar to that seen in RD children, suggests compensation
processes, potentially associated with higher cognitive abilities, that were not revealed in this
study. These findings motivate further studies of discrepant typical readers to identify
potential natural compensation processes, e.g. compensatory recruitment of additional
networks, that might be facilitated in low-achieving readers.
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Reduced Activation in Discrepant and Poor Readers
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Figure 1. Reduced activation in discrepant and poor readers during rhyming
(A) Regions of reduced activation during rhyme judgment in 1Q-discrepant typical readers

(TypReadHighlQ) relative to both reading-matched (ConRead) and 1Q-matched (ConlQ)
controls without discrepancy (green); in poor readers (RD) relative to the combined group of
typically reading, non-discrepant controls (ConRead + ConlQ; cyan); and common to both
comparisons (yellow). Results are height thresholded at p < .01 with a cluster significance of
p<.05. The purple circle shows a region of interest (5 mm radius sphere) in the L SMG
(-54, =50, 14) from a meta-analysis of RD studies [18]. (B) Parameter estimates from the L
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SMG ROI for each group entering into the (i) discrepancy conjunction and (ii) ConRead +
ConlQ > RD contrast. Error bars show 95% confidence intervals.
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Table 1
Descriptive statistics by reading group
TypReadHighlQ ConRead ConlQ RD
N (N male) 11 (4) 11 (2) 11 (3) 16 (11)
PPVT 1115 (5.6);p 90.7 (8.8)ip, 110.5(6.0),  99.1(8.6);
WRMT WID 96.5 (4.0); 96.5 (4.0), 113.1(50), 828 (7.1);
Discrepancy Score 3.2 (1.0);; -12(19), -05(1.0), 3.5(2.1);
CTOPP 93.5 (16.9); 87.2(8.3);  106.5(11.0),, 82.2(9.5),
TOWRE 89.4 (6.9); 88.9(9.2)ip, 114.5(181), 77.1(9.0);
Age range 8.2015011.4 8.3-11.2 8.6-11.1 8.5-12.4
Age mean (SD) 10.0 (1.3) 96(L1), 85-98(09), 10.7(1.0);
Task accuracy 0.89 (0.10); 0.86 (0.09);  0.98 (0.04),, 0.78 (0.17);

Page 12

Note: Means (standard deviations) are presented for each measure. Discrepancy score is the standardized difference score (PPVT — WID. TOWRE:
Tests of Word Reading Efficiency; CTOPP: Comprehensive Test of Phonological Processing. Subscripts indicate significant (two-sample #test, p

< .05) differences from: (r) ConRead, (i) ConlQ, (p) RD.
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