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Dyslexia is a prevalent neurodevelopmental disorder, characterized by reading and spelling difficulties.
Beyond the behavioral and functional correlates of this condition, a growing number of studies have
explored structural differences between individuals with dyslexia and typically developing individuals.
To date, findings remain disparate – some studies suggest differences in fractional anisotropy (FA), an
indirect measure of white matter integrity, whereas others do not identify significant disparities. Here,
we synthesized the existing literature on this topic by conducting a meta-analysis of Diffusion Tensor
Imaging (DTI) studies investigating white matter correlates of dyslexia via voxel-based analyses (VBA)
of FA. Our results showed no reliable clusters underlying differences between dyslexics and typical indi-
viduals, after correcting for multiple comparisons (false discovery rate correction). Because group com-
parisons might be too coarse to yield subtle differences, we further explored differences in FA as a
function of reading ability, measured on a continuous scale. Consistent with our initial findings, reading
ability was not associated with reliable differences in white matter integrity. These findings nuance the
current view of profound, structural differences underlying reading ability and its associated disorders,
and suggest that their neural correlates might be more subtle than previously thought.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

Developmental dyslexia is a specific type of learning disability
characterized by distinct reading and spelling difficulties. The dis-
order is typically diagnosed in childhood, affecting around 5–7% of
school aged children, and can persist into adulthood (Lindgren
et al., 1985; Lyon et al., 2003; Sally E. Shaywitz et al., 2008). With
heritability estimated to range between 50 and 65% (Habib and
Giraud, 2013), dyslexic reading difficulties occur despite appropri-
ate learning environment and adequate resources, and are not
attributable to sensory, neurological, psychiatric, intellectual or
motivational issues or deficits (Habib and Giraud, 2013; Lyon
et al., 2003).

Neuroimaging studies have investigated the neurobiological
underpinnings of dyslexia, yielding three key left-hemisphere net-
works associated with impaired reading. The posterior tem-
poroparietal network has been mainly linked to basic, phoneme
level word analysis; the posterior occipitotemporal network,
including the visual word form area (VWFA), is commonly associ-
ated with word form and fluent reading (Lyon et al., 2003;
Shaywitz et al., 2002; Shaywitz et al., 1998; Shaywitz et al.,
2008); whereas the anterior network of the inferior frontal gyrus,
including Broca’s area, is involved in speech pronunciation
(Shaywitz et al., 2008). Furthermore, studies by Shaywitz et al.
(1998) and Shaywitz et al. (2002) reported underactivation in pos-
terior temporoparietal and occipitotemporal regions while reading
and performing phonological tasks in dyslexics, compared to typi-
cal readers. Numerous other functional imaging studies across cul-
tures and stages of development have supported these findings
(Brunswick et al., 1999; Horwitz et al., 1998; Paulesu et al., 2001;
Rumsey et al., 1992; Simos et al., 2000). Shaywitz et al. (1998)
and Shaywitz et al. (2002) also observed increased activation of
the inferior frontal gyrus, involved in the anterior reading network,
among dyslexic compared to typical readers. This hyperactivation
is hypothesized to be a compensatory strategy: dyslexic readers
use memorization of the structure of words—rather than phono-
logical skills—to read, therefore overengaging frontal brain regions
(Shaywitz et al., 2007; Shaywitz et al., 2003), though we should
note that these findings have been debated in the literature
(Hoeft et al., 2007; Norton et al., 2015; Richlan, 2014; Richlan
et al., 2009).

Beyond functional differences, Diffusion Tensor Imaging (DTI)
studies have demonstrated impairments in white matter cortical
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connections between regions among dyslexic readers
(Vandermosten et al., 2012). DTI allows probing the distance and
direction of water molecule movement, producing form and orien-
tation information about the underlying white matter structures
(Assaf and Pasternak, 2008; Soares et al., 2013). In some cortical
tissues, such as gray matter and cerebrospinal fluid, diffusion is
isotropic; that is, water molecules disperse approximately equally
in all directions. Conversely, white matter exhibits anisotropic
water movement, with water molecules showing various degrees
of diffusion in each direction (Assaf and Pasternak, 2008; Emsell
et al., 2015; Soares et al., 2013). In typical DTI studies, diffusion
images from at least six directions are analyzed using an ellipsoid
tensor model—a symmetrical 3x3 matrix. Parallel and perpendicu-
lar diffusivities are then calculated and used to estimate properties
of underlying tissues. Fractional anisotropy (FA) of the tissue is
used most commonly (Assaf and Pasternak, 2008; Soares et al.,
2013); FA is measured from 0, isotropic diffusion, to 1, anisotropic
diffusion (Assaf and Pasternak, 2008). Other properties include the
mean, axial and radial diffusivities (Soares et al., 2013).

Region of interest (ROI) and voxel-based analyses (VBA) can be
conducted to compare DTI properties between groups or individu-
als. In ROI analyses, brain regions defined by a priori hypotheses
are manually or automatically mapped onto brain images, before
the DTI properties of the ROI are averaged within a region and
compared across regions. These analyses, however, can be com-
plex, time consuming, and subject to observer and selection biases
(Soares et al., 2013; Van Hecke and Emsell, 2015). In contrast, VBA
use brain images normalized to a standard brain atlas and
smoothed, before computing and comparing DTI properties of each
individual voxel. This approach greatly reduces the typical biases
of ROI analyses, although this freedom comes at a cost—as VBA is
typically less theoretically driven, more drastic corrections for
multiple comparisons are often required (Soares et al., 2013; Van
Hecke and Emsell, 2015).

Two main avenues of research have been pursued using DTI,
employing both ROI and VBA approaches. First, studies have inves-
tigated significant differences in FA between dyslexic and typical
readers. Two pioneer studies, Klingberg et al. (2000) and Deutsch
et al. (2005), identified significant differences in FA in the tem-
poroparietal regions of both hemispheres among small samples
of dyslexic and typical reading adults and children, respectively.
Lower FA values in the left temporoparietal region among dyslexics
compared to typical readers have been further corroborated in sub-
sequent studies (Carter et al., 2009; Rimrodt et al., 2010; Steinbrink
et al., 2008), yet despite this apparent convergence, the reported
differences within this region vary considerably (Vandermosten
et al., 2012). More problematic perhaps, Keller and Just (2009)
were unable to replicate these findings in an intervention study,
instead reporting lower FA in an anterior region, the left anterior
centrum semiovale. Similarly, Koerte et al. (2016) found no signif-
icant differences in FA when controlling for false positives ade-
quately. Studies have also found a variety of significant
differences in other brain regions, including the superior and infe-
rior frontal regions, precuneus, insula and occipital region in the
left hemisphere, superior corona radiata, splenium of the corpus
callosum and throughout the right hemisphere (Carter et al.,
2009; Deutsch et al., 2005; Frye et al., 2008; Niogi and
McCandliss, 2006; Rimrodt et al., 2010; Steinbrink et al., 2008).
In addition, Richards et al. (2008) found 45 clusters of significant
FA differences between dyslexics and typical readers across the
whole brain. Taken together, these findings highlight the wide dis-
crepancies reported in the literature.

Besides group differences contrasting dyslexics with typical
readers, additional studies have identified regions where FA values
significantly correlate with performance on reading tasks. Numer-
ous studies report positive correlations between FA in the left tem-
poroparietal area of dyslexic or typical readers and reading ability,
measured by a range of reading measures (e.g., word reading,
pseudo word reading or phonological reading tasks; Beaulieu
et al., 2005; Deutsch et al., 2005; Klingberg et al., 2000; Lebel
et al., 2013; Nagy et al., 2004; Odegard et al., 2009; Steinbrink
et al., 2008). Similar to the aforementioned literature on group con-
trasts, however, specific locations within these regions differ con-
siderably between studies (Vandermosten et al., 2012). For
example, positive correlations between reading ability and FA have
been noted in the superior corona radiata, longitudinal fasciculi,
external capsule, centrum semiovale and language areas of the left
hemisphere, and bilateral inferior and temporofrontal regions,
illustrating the wide variability in results (Deutsch et al., 2005;
Keller and Just, 2009; Niogi and McCandliss, 2006; Rimrodt et al.,
2010; Steinbrink et al., 2008; Zhang et al., 2014). Finally, negative
correlations between reading ability and FA in the posterior/tem-
poral corpus callosum have also been reported (Dougherty et al.,
2007; Frye et al., 2008; Odegard et al., 2009; Zhang et al., 2014).

These discrepancies highlight the need to comprehensively
examine the variability in brain regions linked to dyslexia. Using
Activation Likelihood Estimation (ALE), a technique that determi-
nes convergence of activation probabilities across studies
(Eickhoff et al., 2009; Eickhoff et al., 2012), Vandermosten et al.
(2012) performed a meta-analysis and found that a large cluster
(704 mm3) centered at �29, �17, 26 near the left temporoparietal
region, across three DTI studies of correlative and difference that
employed VBA. A smaller cluster near the inferior frontal gyrus,
centered at �26, 26, 18 was also identified, although less reliably.
However, this ALE meta-analysis only examined coordinates where
significant differences between dyslexic and typical readers were
identified, with particular combinations of studies that created dif-
ficulties in interpretation. The software the authors used, Ginger-
ALE, has also been updated since, including to correct problems
that had a to increase the rate of false positives (Eickhoff et al.,
2017). Lastly, further correlational research has been conducted
since initial publication of the meta-analysis in 2012, suggesting
a possible gap in the current literature, and a need to systemati-
cally summarize and quantify the relationship between develop-
mental dyslexia and white matter connections. To address these
limitations, we conducted a meta-analysis that consisted of two
phases. In Phase 1, we focused on differences in FA, assessed via
VBA, between dyslexic and typical readers. Phase 2 of the meta-
analysis was restricted to correlations between reading ability
and VBA studies of FA.
2. Results

2.1. Study selection and characteristics

All details regarding study selection are outlined in Fig. 1 (Phase
1) and Fig. 2 (Phase 2). Table 1 details the characteristics and
demographics of participants included, and the findings of group
differences in FA for each study (Phase 1). Table 2 reports the same
information for correlations between FA and reading ability (Phase 2).
2.2. Synthesis of results

Two analyses were run in Phase 1. The analysis of 47 foci from 5
experiments (99 subjects), where FA was significantly greater in
typical compared to dyslexic readers, yielded no significant clus-
ters when using a FDR correction of 0.05. Similarly, the analysis
of 17 foci from 2 experiments (52 subjects), where FA was signifi-
cantly greater in dyslexic compared to typical readers, produced no
significant clusters when using a FDR correction of 0.05.



Fig. 1. White matter tracts found to have greater fractional anisotropy in controls (A) and in dyslexics (B) across the studies included in Phase 1, uncorrected for multiple
comparisons. These tracts are displayed on the skull stripped MNI152 standard brain template at 1 mm resolution using FSLview 4.0.1.
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In Phase 2, two analyses were also undertaken. The analysis of
42 foci from 9 experiments (500 subjects), where reading ability
was significantly positively correlated with FA generated no signif-
icant clusters when using a FDR correction of 0.05. Similarly, the
analysis of 2 foci from 2 experiments (40 subjects) where reading
ability was significantly negatively correlated with FA found no
significant clusters when using a FDR correction of 0.05.

All analyses (Phases 1 and 2) were also run without correcting
for multiple comparisons using an uncorrected p-value threshold
of 0.05. Tables 3 and 4 present the coordinates of the clusters
and their respective contributors for Phase 1 and Phase 2, respec-
tively. Figures 3 and 4 present the white matter tracts correspond-
ing to the uncorrected clusters, for each phase. These include
clusters extracted from contrasting dyslexics and control individu-
als (Phase 1), and those extracted from correlating FA and reading
ability (Phase 2). Probabilistic values were computed for each clus-
ter, to determine the most likely white matter tracts associated
with each cluster. For details about the clusters, foci and proba-
bilistic estimates, see the Supplemental Material and online analy-
ses outputs.
2.3. Additional analysis

One additional analysis was conducted in Phase 1 where studies
including adults and children were analyzed separately. No signif-
icant clusters were produced when typical readers had signifi-
cantly greater FA than dyslexic readers or when dyslexic readers
had significantly greater FA than typical readers among studies
of adults or children, using an FDR correction of 0.05.

In Phase 2, several additional analyses were undertaken. Firstly,
studies including adult and child participants were again analyzed
separately. No significant clusters were produced when reading
ability was negatively correlated with FA among adult or child
studies, or when reading ability was positively correlated with FA
among adult studies, using an FDR correction of 0.05. One signifi-
cant cluster—256 mm3, from MNI coordinates (–22, �10, 32) to
(�16, �6, 38), centered at (�18.9, �8.34, 34.9)—was found when
analyzing children studies reporting coordinates of positive corre-
lations between reading and FA, but no significant cluster was
found when results from Zhang et al. (2014) were excluded from
analyses.



Fig. 2. White matter tracts associated with positive (A) and negative (B) correlations between fractional anisotropy and reading ability, uncorrected for multiple comparisons.
These tracts are displayed on the skull stripped MNI152 standard brain template at 1 mm resolution using FSLview 4.0.1.
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3. Discussion

We conducted a meta-analysis with two distinct but comple-
mentary phases—the first one sought to identify differences in FA
between dyslexic and typical readers, whereas the aim of the sec-
ond phase was to explore correlations between FA and reading
ability. Our results showed no systematic differences in fractional
anisotropy between dyslexic and typical readers, or as a function
of reading ability, after correcting for multiple comparisons. As
we argue henceforth, this finding may reflect the current lack of
reliable and consistent structural differences in white matter tracts
associated with reading ability, or reading disability.

We initially selected and analyzed DTI studies that used VBA to
identify cortical coordinates where significant differences in FA
existed between dyslexic and typical readers (Phase 1). All studies
identified coordinates where typical readers showed greater FA
than dyslexic readers, and two studies also reported coordinates
where dyslexic readers had greater FA than typical readers. These
coordinates were analyzed separately; in both analyses, no reliable
clusters were found after correcting for multiple comparisons. That
is, no reliable differences in white matter integrity, as measured by
FA, were found between dyslexic and typical readers.

Because group comparisons may be too coarse to detect subtle
differences, and given that several studies also analyzed the rela-
tionship between FA and reading ability on a continuum, we then
focused on correlations (Phase 2). Specifically, we selected DTI
studies that used VBA to locate cortical coordinates where FA sig-
nificantly correlated with reading ability or performance on a
reading-based task. From this search, nine studies reported coordi-
nates of significant positive FA-reading correlations and two stud-
ies reported significant negative correlations. Consistent with
Phase 1 findings, no reliable clusters were detected in positive or
negative correlation analyses after correcting for multiple compar-
isons. In other words, reading ability was not reliably associated
with white matter integrity as measured by FA.

Our findings nuance the current view of profound differences in
FA underlying reading ability and associated disorders such as
dyslexia, and correlative relationships between reading ability
and FA. We found no reliable differences in FA between dyslexic
and typical readers, a finding that contrasts with early findings
by Klingberg et al. (2000) and Deutsch et al. (2005) of a tem-
poroparietal difference in FA between dyslexic and typical readers
(see also Carter et al., 2009; Rimrodt et al., 2010; Steinbrink et al.,
2008). Similarly, the null findings in Phase 2 of this meta-analysis
do not support the idea of a relationship between reading ability
and FA in the left temporoparietal region, and negative correlation
between reading ability and FA in the corpus callosum (Beaulieu
et al., 2005; Deutsch et al., 2005; Dougherty et al., 2007; Frye
et al., 2008; Klingberg et al., 2000; Nagy et al., 2004).

In line with our findings, however, Vandermosten et al. (2012)
noted that despite appearing consistent, each one of the studies
they included in their meta-analysis produced coordinates at dif-
ferent locations within the temporoparietal region and corpus cal-
losum; for example, some studies reported correlations with the
temporal corpus callosum and others with the posterior corpus
callosum. In fact, many studies have also reported differences
and correlations in a range of other regions distributed widely
throughout the cortex (Deutsch et al., 2005; Frye et al., 2008;



Table 1
Studies included in Phase 1 of the meta-analysis.

Authors and
publication year

No. of participants (Gender split) Participants’ age in years: mean and/or range Coordinates of group
differences in FA where
controls > dyslexics: MNI,
mm3

Coordinates of
group differences
in FA where
dyslexics >
controls: MNI,
mm3

Rimrodt et al. (2010) 31 participants:
� 14 dyslexics (7M, 7F)
� 17 typically developing controls (9M, 8F)

� Overall range: 7–16
� Dyslexics: mean = 11.0
� Controls: mean = 11.0

�54 4 30 �44 0 �10
�46 �32 18 50 �16 �28
58 6 34 34 �32 52

46 �70 �16
18 20 �8
2 �4 �22
58 �48 10

Steinbrink et al.
(2008)

16 participants:
� 8 dyslexics (6M, 2F)
� 8 healthy controls (6M, 2F)

� Dyslexics: mean = 20.1
� Healthy controls: mean = 23.7

�21 27 6
�30 0 9
�33 �7 6
�24 �87 15
30 0 15

Richards et al. (2008) 21 participants:
� 14 dyslexics (14 M)
� 7 healthy normal readers (7M)

� Overall: range = 30–45 �35 �7 38 �44 8 33

52 0 21 �39 26 �14
19 55 17 37 �41 �24
36 36 17 �47 �23 45
55 19 0 �54 2 �32
38 43 1 61 �11 �16
�47 38 �12 �45 �21 �33
51 36 �8 41 �60 �39
14 3 61 �42 �63 -48
9 �94 12 �33 �52 �42
�10 �89 �17
�20 �90 18
26 �76 26
42 �77 18
�20 �84 �19
41 �11 �32
�52 �19 30
53 �1 22
�14 �72 47
�30 �43 45
47 �47 40
�10 �72 48
�17 11 2
�48 �33 8
�23 15 �31
�47 �34 8
�60 �54 �19
41 �9 �33
�14 �1 36
�17 11 2
�16 �4 40
�18 �47 33
�46 �28 �12
�37 �23 32
�21 9 20

Deutsch et al. (2005) 14 participants:
� 7 poor readers with previous dyslexia
diagnosis (6M, 1F)
� 7 normal readers (6M, 1F)

� Overall: range = 7–13
� 7 Poor readers with previous dyslexia
diagnosis: mean = 11.0
� Normal readers: mean = 10.4

�28.3 �25.14 23.88
30.96 �44.26 30.39
�22.15 24.29 20.46

Klingberg et al.
(2000)

17 participants:
� 6 poor readers with history of dyslexia
(5M, 1F)
� 11 controls (6M, 5F)

� Poor readers with history of dyslexia: mean
= 31.5
� Controls: mean = 23.1

�31.47 �29.84 16.45
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Niogi and McCandliss, 2006; Richards et al., 2008; Rimrodt et al.,
2010; Steinbrink et al., 2008). Our null results reflect these
within-region differences—when aggregated, the inconsistencies
across published findings led to disparate clusters that could have
emerged stochastically, given the number of comparisons per-
formed in these analyses. We should also point out that the way
we conducted the present meta-analysis, looking at aggregates
but also at subsets via group splits (e.g., analyzing separately pos-
itive and negative correlations in Phase 2) is bound to inflate the
false positive rate. This was deliberate on our part, because we
intended to show that despite these multiple, uncorrected compar-
isons, we still did not find evidence for reliable effects. Overall, our
findings challenge the notion that dyslexic and typical readers
show differences in FA that are sufficiently systematic to be
ascribed to dyslexia (Phase 1), and that these differences reflect
various degrees of reading performance (Phase 2).

Interestingly, Vandermosten et al. (2012) identified a significant
left temporoparietal cluster in their meta-analysis, which included
nine DTI studies using VBA to identify locations where reading
ability correlated with FA. Phase 2 of this meta-analysis employed



Table 2
Studies included in Phase 2 of the meta-analysis.

Authors
and
publication
year

No. of participants Participants’ age in
years: mean and/or
range

Behavioral measure correlated with FA Coordinates of
positive
correlations
between
behavioral
measures and FA:
MNI, mm3

Coordinates of
negative
correlations
between behavioral
measures and FA:
MNI, mm3

Lebel et al.
(2013)

136 participants (73
M, 63F)

� Overall: mean =
20.1, range = 15–28

� Gray Oral Reading Test (GORT): fluency, speed and
accuracy of reading text passages
� Woodcock–Johnson Word Identification test: untimed
measure of word reading
�Woodcock–JohnsonWord Attack test: untimed measure of
pseudoword reading or decoding

�10 �14 10
�20 42 10
18 38 6
26 18 13
32 �19 �11
�20 28 �6
5 �38 9
30 �18 40
35 �42 28

Odegard
et al.
(2009)

17 participants:
� 10 dyslexics (7M,
3F)
� 7 non�impaired
readers (2M, 5F)

� Overall: range =
10–14
� Dyslexics: mean =
12.20
� Non�impaired
readers: mean =
12.32

Decoding Skills Test: phonological decoding
Wechsler Individual Achievement Test Second Edition basic
reading test: word reading and recognition

�14 �9 46 �8 �35 22
�20 �8 36

Beaulieu
et al.
(2005)

32 participants
(14M, 18F)

� Overall: mean =
11.1, range- = 8.3–
12.9

Woodcock Reading Mastery Word Identification test:
reading abilities

�28 �14 24
26 �14 24
�24 24 18
�22 �18 36
�18 �8 34

Zhang et al.
(2014)

93 American readers
(39M, 54F)

� Overall: mean =
20.8, range 18–30

� Test of Word Reading Efficiency Sight Word Efficiency
(Form A) subtest (TOWRE-SWE): word reading accuracy and
fluency

�3 �24 �22
36 �5 �22
13 22 20
�11 24 18
9 30 6

89 Chinese readers
(44M, 45F)

� Overall: mean =
21.7, range = 19–25

� Chinese Character Reading Efficiency test: format of
TOWRE-SWE, word reading accuracy and fluency in Chinese

�23 �53 9
�40 �8 �23
�9 �3 �7
�17 �23 �6
�10 24 15
�14 �23 �3
20 �25 49
�12 �26 �5
27 �42 25
21 �29 48
�8 �21 1

Nagy et al.
(2004)

23 participants
(14M, 9F)

� Overall: mean =
11.9, range = 7.8–
18.5

Unstandardized reading task: timed speed and accuracy
reading task

�27 �28.4 5.22

Rimrodt
et al.
(2010)

31 participants
� 14 dyslexics (7M,
7F)
� 17 typically
developing controls
(9M, 8F)

� Overall range: 7–16
� Dyslexics: mean =
11.0
� Controls: mean =
11.0

� Test of Word Reading Efficiency -composite of Sight Word
Efficiency and Phonemic Decoding Efficiency subtests: word
identification, decoding pseudowords, and speech of
accurate articulation

�54 4 30
54 26 20
60 8 10
�4 �94 �20
�6 72 58
�32 42 �20
�54 0 �22

Deutsch
et al.
(2005)

14 participants:
� 7 poor readers
with previous
dyslexia diagnosis
(6M, 1F)
� 7 normal readers
(6M, 1F)

Overall: range = 7–13
� Poor readers with
previous dyslexia
diagnosis: mean =
11.0
Normal readers:
mean = 10.4

� Woodcock- Johnson Letter-Word Identification (WJ-LWID)
and Word Attack (WJ-WA) subtests: word and pseudoword
reading accuracy
� Woodcock- Johnson Spelling subtest: spelling
� Comprehensive Test of Phonological Processing
(composite score): phonological awareness
�Woodcock- Johnson Basic Reading Composite test: average
of the WJ-LWID WJ-WA subtests

�28 �26 28

Klingberg
et al.
(2000)

17 participants:
� 6 poor readers
with history of
dyslexia (5M, 1F)
� 11 controls (6M,
5F)

� Poor readers with
history of dyslexia:
mean = 31.5
� Controls: mean =
23.1

� Woodcock Word ID test: word reading/decoding accuracy
� Woodcock Word attack test: pseudoword decoding

�28 �18 28

Keller and
Just
(2009)

72 participants:
� 47 poor readers
� 25 good reading
controls

� Overall: range = 8–
12

� Woodcock Reading Mastery Word Attack test: word
reading/decoding accuracy

�16 12 34
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similar methods, yet results are ambiguous. It is worth pointing
out that Vandermosten et al. (2012) used GingerALE 2.0.4, which
has since been updated to correct major flaws affecting
analyses—initial errors made ALE analyses too lenient, therefore



Table 3
Clusters volume and coordinates for contrasts between Controls and Dyslexics (Phase 1), with greater FA values for the former (Cont > Dys) and the latter (Dys > Cont). All
coordinates are reported in standard MNI space.

Contrast Cluster Volume (mm3) Weighted Center Extrema

x y z Value x y z

Cont > Dys 1 17,592 �39.7 �24.7 23.2 0.009513951 �46 �32 18
Cont > Dys 1 0.008486417 �46 �34 8
Cont > Dys 1 0.008287956 �32 �30 16
Cont > Dys 1 0.008234489 �52 �20 30
Cont > Dys 1 0.008133247 �36 �24 32
Cont > Dys 1 0.007989156 �28 �26 24
Cont > Dys 1 0.007969191 �35.3 �7.3 38
Cont > Dys 2 15,232 �23.6 11.5 10.8 0.007985766 �22 10 20
Cont > Dys 2 0.007972456 �18 12 2
Cont > Dys 2 0.00765096 �30 0 10
Cont > Dys 2 0.00750154 �22 24 20
Cont > Dys 2 0.007428612 �22 26 6
Cont > Dys 2 0.007414908 �32 �6 6
Cont > Dys 3 7648 41.7 38.3 3.3 0.008234363 43.5 36 4.5
Cont > Dys 3 0.00796919 38 43 1
Cont > Dys 4 5312 54.9 2.4 27 0.009241275 58 6 34
Cont > Dys 4 0.008239598 52 0 22
Cont > Dys 5 5264 39.1 �45.6 35.3 0.007969638 46 �46 40
Cont > Dys 5 0.007299556 30 �44 30
Cont > Dys 6 5056 �24 �45 39 0.00796919 �24 �45 39
Cont > Dys 7 4712 �15 �86.5 �18 0.008234363 �20 �84 �19
Cont > Dys 7 0.00796919 �10 �89 �17
Cont > Dys 8 4312 �22 �88.5 16.5 0.012253704 �22 �88 16
Cont > Dys 9 3656 �15 �2.5 38 0.008508359 �16 �4 40
Cont > Dys 9 0.008234363 �14 �1 36
Cont > Dys 10 3408 �12 �72 47.5 0.008508359 �10 �72 48
Cont > Dys 10 0.008234363 �14 �72 47
Cont > Dys 11 2976 41 �10 �32.5 0.00796919 41 �11 �32
Cont > Dys 12 2568 30 0 15 0.007649369 30 0 16
Cont > Dys 13 2560 �60 �54 �19 0.008234363 �60 �54 �19
Cont > Dys 14 2560 �47 38 �12 0.008234363 �47 38 �12
Cont > Dys 15 2552 42 �77 18 0.008234363 42 �77 18
Cont > Dys 16 2528 55 19 0 0.00796919 55 19 0
Cont > Dys 17 2528 14 3 61 0.00796919 14 3 61
Cont > Dys 18 2440 �46 �28 �12 0.008508359 �46 �28 �12
Cont > Dys 19 2440 26 �76 26 0.008508359 26 �76 26
Cont > Dys 20 2440 �54 4 30 0.009234563 �54 4 30
Cont > Dys 21 2432 19 55 17 0.007712557 19 55 17
Cont > Dys 22 2416 9.1 �93.8 11.9 0.008234363 9 �94 12
Cont > Dys 23 2304 �23.2 15 �30.9 0.007712557 �23 15 �31
Dys > Cont 1 12,432 �49 1 �21 0.009234563 �44 0 �10
Dys > Cont 1 0.008508359 �54 2 �32
Dys > Cont 2 12,248 55.5 �13.5 �22 0.0092352 50 �16 �28
Dys > Cont 2 0.007970334 60 �12 �16
Dys > Cont 3 12,128 �37.5 �57.5 �45 0.008234363 �37.5 �57.5 �45
Dys > Cont 4 6720 41 �60 �39 0.00796919 41 �60 �39
Dys > Cont 5 6720 37 �41 �24 0.00796919 37 �41 �24
Dys > Cont 6 6720 �47 �23 45 0.007712557 �47 �23 45
Dys > Cont 7 6560 �39 26 �14 0.008234363 �39 26 �14
Dys > Cont 8 6560 �44 8 33 0.008234363 �44 8 33
Dys > Cont 9 6008 18 20 �8 0.009234563 18 20 �8
Dys > Cont 10 6008 34 �32 52 0.009234563 34 �32 52
Dys > Cont 11 5960 58 �48 10 0.009234563 58 �48 10
Dys > Cont 12 5632 45.9 �69.9 �15.9 0.009234563 46 �70 �16
Dys > Cont 13 5408 �44.9 �20.5 �32.2 0.007712557 �45 �21 �33
Dys > Cont 14 4616 2.3 �4.8 �21.1 0.009234563 2 �4 �22

42 D. Moreau et al. / Brain Research 1683 (2018) 36–47
inadequately controlling for spurious findings (Turkeltaub et al.,
2012). In this study, we used the latest update, GingerALE 2.3.6.
The importance of adequate correction for multiple comparisons
is striking when visually examining Figs. 3 and 4 – virtually all
white matter tracts are associated either with comparisons
between dyslexics and controls, or as a function of reading ability.
This illustrates the heterogeneity of results in the literature, which
undoubtedly underlies the absence of robust effect after adequate
corrections. More generally, the methods implemented in Ginger-
ALE are bound to underestimate inconsistencies between studies
(Eickhoff et al., 2009), which indicates that caution should be used
when interpreting positive results. In any case, this provides addi-
tional strength to the results we report herein – our overall analy-
ses yielded null results despite potential biases toward positive
results.

There were other differences in statistical analyses between the
present meta-analysis and the study by Vandermosten et al.
(2012)—these authors did not analyze studies reporting significant
differences in FA between dyslexic and typical readers; rather,
coordinates of significant differences were integrated with coordi-
nates of significant correlations between reading and FA. Although
the intent was to increases statistical power, combining disparate
studies can considerably blur the interpretation of the findings.
This reluctance to aggregate studies that are fundamentally



Table 4
Clusters volume and coordinates for positive and negative correlations between FA and reading ability (Phase 2). All coordinates are reported in standard MNI space.

Correlation Cluster Volume (mm3) Weighted Center Extrema

x y z Value x y z

Positive 1 17,696 �21.9 �11.2 33 0.015478318 �18 �8 34
Positive 1 0.01356399 �28 �16 26
Positive 1 0.010248792 �16 12 34
Positive 1 0.009979409 �22 �18 36
Positive 1 0.00782307 �14 �8 46
Positive 2 10,616 16.5 27 11.2 0.010700151 18 38 6
Positive 2 0.010260232 26 18 14
Positive 2 0.010130377 10 30 6
Positive 2 0.010052992 14 22 20
Positive 3 9624 24.8 �20.7 39.1 0.010657542 30 �18 40
Positive 3 0.009664648 20 �24 48
Positive 3 0.009661209 22 �28 48
Positive 3 0.009285999 26 �14 24
Positive 4 8632 �11.6 �20.5 0.7 0.010723425 �10 �14 10
Positive 4 0.010027994 �12 �26 �6
Positive 4 0.009861533 �8 �20 2
Positive 4 0.009661506 �14 �22 �2
Positive 5 6768 �14.8 24 17 0.018599521 �10 24 16
Positive 5 0.009308879 �24 24 18
Positive 6 5720 -47 �4 �22.5 0.010029106 �40 �8 �22
Positive 6 0.009235151 �54 0 �22
Positive 7 5600 34 �12.1 �16.4 0.01004936 36 �6 �22
Positive 7 0.009875091 32 �18 �12
Positive 8 4840 31 �42 26.5 0.011431893 34 �42 28
Positive 8 0.011065371 28 �42 26
Positive 9 2920 60 8 10 0.009234563 60 8 10
Positive 10 2920 54 26 20 0.009234563 54 26 20
Positive 11 2920 �54 4 30 0.009234563 �54 4 30
Positive 12 2848 5 �38 9 0.009874855 5 �38 9
Positive 13 2800 �32 42 �19.9 0.009234563 �32 42 �20
Positive 14 2736 �20 42 10 0.010655258 �20 42 10
Positive 15 2728 �20 28 �6 0.01065525 �20 28 �6
Positive 16 2704 �3 �24 �22 0.010049283 �4 �24 �22
Positive 17 2464 �9 �3 �7 0.009304394 �10 �4 �6
Positive 18 2432 �23 �53 9 0.00930438 �23 �53 9
Positive 19 1792 �5.2 �93.3 �18.7 0.009234563 �4 �94 �20
Negative 1 28,928 �17.6 �31.7 13.6 0.008335105 �28 �28 6
Negative 1 0.007787312 �8 �35 22

Fig. 3. Phase 1 flow diagram. Fig. 4. Phase 2 flow diagram.
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different was our rationale for distinct analyses. Another point of
difference with the Vandermosten et al. (2012) meta-analysis
was in our inclusion of two additional studies published after
2012, which in total contained three groups of significant coordi-
nates. This last point in itself does not explain the failed replication,
however, given that leaving these studies out still did not allow us
to exactly reproduce the findings by Vandermosten et al. (2012).

Our findings are also consistent with a recent study by Koerte
et al. (2016), which failed to detect significant differences in FA
between dyslexic and typical readers, after correcting for multiple
comparisons. The authors proposed that the strict multiple com-
parison correction employed in their analyses contributed to null
results; however, the procedure they used is the recommended
one given the high rate of false positives when failing to correct
for multiple comparisons (Laird et al., 2005; Moreau et al., 2016;
Richlan, 2014; Richlan et al., 2009; Turkeltaub et al., 2012).
Together with the present findings, this suggests that differences
in other VBA studies may be based on unique characteristics of
each individual sample (e.g., demographics, study designs), or false
positives, and does not support the idea of systematic differences
in FA between dyslexic and typical readers. At the very least, the



44 D. Moreau et al. / Brain Research 1683 (2018) 36–47
present findings call for caution when interpreting significant vox-
els or clusters in a given comparison or correlational analysis, and
emphasize the need for statistically sound procedures in future
work.

There are several limitations to the present findings. First, we
focused on VBA studies, given the consequent body of literature
that has shown differences between dyslexics and typical readers
based on this method. However, it is important to note that recent
studies have used ROI-based approaches, and that these were not
included in our analyses. ROI-based approaches allow analyses
that can be more theory-driven than whole-brain analyses, yet
they are still prone to many issues observed in the VBA literature
on dyslexia. For example, the inherent noise of both the data acqui-
sition process and the DTI model (e.g., Zhao et al., 2016), together
with flexible pipelines of analysis (Carp, 2012) and failures to cor-
rect adequately for multiple comparisons, are all components of
the developmental dyslexia literature that potentially exacerbate
differences, or could even be responsible for a multitude of spuri-
ous findings (see for a recent review Ramus et al., 2018). Our focus
on VBA studies was deliberate, both for internal consistency and
because this type of analysis, applied to developmental dyslexia,
has yielded a large number of findings with very little published
negative results (Ramus et al., 2018). However, we do not exclude
the possibility that more fine-grained methods and analyses could
further document structural differences between dyslexics and
typical readers (Zhao et al., 2016), although more precise and valid
measurements have also been shown to provide additional evi-
dence for a lack of structural differences between groups
(Vanderauwera et al., 2015).

In addition, we analyzed together studies that included children
and those focusing on adult populations in both phases of this
meta-analysis. This was meant to allow generalizations to a disor-
der, dyslexia, rather than to the same disorder given specific devel-
opmental characteristics. Averaging these populations together,
however, may have reduced the sensitivity of our analyses. For
example, age-related reading differences could influence outcomes
in children, whereas cortical differences in adult populations could
reflect the poorer reading exposure, both quantitative and qualita-
tive, commonly experienced by dyslexic readers throughout their
lives (Ben-Shachar et al., 2007). Aware of this potential limitation,
we ran additional analyses separating adults and children to verify
that age-related factors did not influence results (see online mate-
rial for details). In Phase 1, no significant clusters were identified in
these separate analyses of children or adults, corroborating initial
conclusions. In Phase 2, no significant clusters were found upon
analysis of adult studies; however, analysis of positive correlations
between reading and FA in five studies including children identi-
fied one significant cluster located at MNI coordinates (�18, �8,
34). This suggests a possible positive correlation between reading,
as measured by performance on reading-related tasks, and white
matter integrity, as measured by FA. It is difficult to confidently
relate this finding with dyslexia per se, however, given that in three
of these studies, participants included a range of typical readers
with diverse reading abilities, and the ‘‘poor readers” were not
explicitly diagnosed with dyslexia (Beaulieu et al., 2005; Nagy
et al., 2004; and Keller and Just, 2009).

It is also possible that specific characteristics of the selected
studies disproportionately influenced the results. For example,
Zhang et al. (2014) reported coordinates where significant correla-
tions between FA and performance on a Chinese Character Reading
Efficiency Test were found among a Chinese readers, yet research
has demonstrated that when reading Chinese, a character-based
language system, different cortical processing are employed com-
pared to reading English, an alphabetic language system (Siok
et al., 2008). To ensure that our conclusions were not excessively
influenced by the study by Zhang et al. (2014), we re-ran our anal-
ysis excluding it. No significant differences were detected in this
additional analysis, substantiating our initial conclusions. On a
similar note, Nagy et al. (2004) employed unstandardized tests to
quantify participants’ reading ability. These may provide less reli-
able measures of reading ability compared to standardized tests
used in other studies included in this meta-analysis. Excluding this
study in an additional analysis to determine if results were affected
was not possible as the significant coordinate found by Nagy et al.
(2004) made up one of two foci in the meta-analysis of negative
correlations. Thus, the small number of foci and unstandardized
testing may have limited the validity of our results for the negative
correlation analysis.

Finally, the number of studies included in our final sample, both
in Phase 1 and Phase 2, was rather small. Although this is a legiti-
mate concern, we deliberately favored consistency in the methods
reported across studies over sample size, given that small, precise
meta-analyses are typically more informative (see for example
Turner et al., 2013). We should also point out that the overall
search initially generated a large body of 222 studies, and that
Phase 1 included a final sample of 99 and 52 participants, respec-
tively for the two contrasts, whereas Phase 2 included a final sam-
ple of 500 and 40 participants, respectively for each correlation
analysis. The report of uncorrected clusters for both phases in
Figs. 3 and 4, as well as the online publication of details for all anal-
yses, are additional attempts to make transparent the process and
materials of the present study. Although VBA findings to date do
not seem to support fundamental differences in FA associated with
reading disability, the addition of future studies might, and these
can be easily incorporated into the analyses we reported. Gather-
ing scientific evidence is a cumulative process, and by no means
do we imply that the picture we present is definitive, nor do we
make specific predictions about future studies. Rather, the present
study highlights the lack of current evidence for consistent differ-
ences in FA as a function of reading ability, including extreme cases
of reading disability.
4. Methods and materials

This section includes two related but distinct meta-analytic
searches. The first search (Phase 1) corresponds to the initial con-
trast between dyslexics and typical readers. It was meant to pro-
vide an assessment of FA differences between these two groups.
The second search (Phase 2) was intended to explore the relation-
ship between reading ability and FA, within samples of typical
readers. The Preferred Reporting Items for Systematic Reviews
and Meta-analyses (PRISMA) protocol guided the process and
reporting of this meta-analysis in both phases (Moher et al.,
2009). Data, including details about all papers reviewed, spatial
coordinates, and all scripts for the reported and additional analyses
are freely available online at https://github.com/davidmor
eau/2018_Brain_Research
4.1. Phase 1

4.1.1. Search
Six databases—PubMed, PsycINFO, ScienceDirect, Scopus, Pro-

Quest Dissertations & Theses Global, and Google Scholar—were
searched from 17th-21st November 2016 for articles containing
relevant material (see criteria below). The search on Google Scho-
lar and ProQuest Dissertation and Theses Global database—which
include unpublished dissertations and theses— were intended to
minimize publication bias. As all relevant articles were accessible,
no additional contact with the authors was required. We used two
main search phrases. Firstly, we used the combined search phrases
‘‘diffusion tensor imaging and ‘‘dyslexia” in PubMed and PsycINFO
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databases. These search phrases generated too many results when
inputted into the remaining databases, ScienceDirect, Scopus, Pro-
Quest Dissertations & Theses Global, and Google Scholar. There-
fore, the search phrase was limited to only the title, abstract and
keywords for the remaining database. Given this search limitation,
synonyms for dyslexia were included. The search phrases used
were: ”diffusion tensor imaging‘‘, combined with each of the fol-
lowing: ‘‘dyslexia”, ”reading ability‘‘, ”reading disability‘‘, ”reading
difficulty‘‘, and ”reading impairment‘‘.

4.1.2. Eligibility
Several eligibility criteria were employed to eliminate irrele-

vant articles from database searches when initially scanning the
abstract, and later, the full text of articles (see flow diagram,
Fig. 1). Exclusion criteria included: duplicates, articles in a foreign
language, review articles, absence of a comparison between
dyslexics and typical readers, studies focusing on reading abilities
in typical samples, studies focusing on non-developmental dyslex-
ia, clinical comorbidities, absence of structural comparison, ROI
analyses, and methods articles. We detail these criteria hereafter.

Characteristics of participants included in the studies were
thoroughly assessed. Given the aforementioned aim of this meta-
analysis, studies that did not include a comparison group of dys-
lexic individuals were excluded. Similarly, we excluded studies in
which dyslexia was not explicitly mentioned (e.g., poor reading
ability), or those in which participants were not formally diag-
nosed with dyslexia (e.g., high risk factors but not diagnosis). Fur-
thermore, individuals with pure neglect dyslexia or with spelling
impairments only were excluded, as white matter correlates may
differ from those of individuals with developmental dyslexia. Stud-
ies where dyslexic participants experienced clinical comorbidities,
such as TBI, leukemia, pre-term birth or brain tumors, were also
excluded because these may confound or provide alternative
explanations for any relationships between FA and dyslexia.

Next, studies for which no structural DTI comparisons between
dyslexic and control participants, or only including ROI DTI analy-
ses, were excluded. For example, many studies only reported the
correlations of FA differences to behavioral measures, such as per-
formance on reading tasks. Methodological studies, such as scan-
ning protocols for children and mathematical modeling, were
also excluded. Finally, a handful of studies were excluded because
they failed to report spatial coordinates. Details of this procedure
are presented in Fig. 1.

Overall, 222 articles were identified in the six database
searches. Ninety-four were duplicates and were thus removed.
The remaining 128 articles were screened based on the abstract,
with 89 excluded using the eligibility criteria. The full-text of the
remaining 39 articles was assessed for relevance. Thirty-four stud-
ies were excluded at this stage, and the remaining five studies were
included in the meta-analysis (see Fig. 1). More information about
studies inclusion/exclusion can be found in the online material.

4.1.3. Data collection and analyses
We extracted participant characteristics for each study. This

included sample size, gender ratio, groups, mean age and age
range, and any other relevant characteristics, such as native lan-
guage. Then, we logged the coordinates of significant group differ-
ences in FA, with the corresponding reference space. The intended
summary measures to quantify the outcomes of primary interest
were cortical coordinates of voxels/clusters where FA significantly
differed between dyslexic and typical reading individuals.

In the studies we selected, coordinates where FA significantly
differed were reported in either MNI or Talairach space. Because
we conducted the meta-analysis in MNI space, we transformed
studies that reported coordinates in Talairach space (2) to MNI
space, with the Lancaster et al. (2007) transformation integrated
in GingerALE 2.3.6 (Eickhoff et al., 2009, 2012; Turkeltaub et al.,
2012). We used GingerALE 2.3.6 software (Eickhoff et al., 2009,
2012; Turkeltaub et al., 2012), which allows ALE implementation.
ALE is the most common statistical technique for coordinate-
based meta-analyses; the technique converts activation foci into
probability distributions centered at specific coordinates. Activa-
tion foci are successively centered following a Gaussian probability
distribution to generate single modeled activation maps for each
study. These maps are then combined in a random-effects model,
which provides flexible modeling of uncertainty across studies.
Details of the ALE procedure in GingerALE can be found in the
online documentation (http://brainmap.org/ale/manual.pdf) and
in additional studies (Eickhoff et al., 2009, 2012; Lancaster et al.,
2007; Turkeltaub et al., 2012).

Analyses were run separately for coordinates where controls
had significantly greater FA than dyslexics (47 foci across 5 exper-
iments), and where dyslexics had significantly greater FA than con-
trols (17 foci across 2 experiments). In both analyses, a false
discovery rate (FDR) threshold of 0.05 was applied (Laird et al.,
2005). In addition, given that previous literature has suggested that
the reduced and poorer quality reading exposure dyslexic readers
likely experience throughout their life may contribute to apparent
cortical differences between dyslexic and typical adult readers
(Ben-Shachar et al., 2007), we ran separate additional analyses
for children and adults. In analyses including coordinates where
controls had greater FA than dyslexic readers, three studies
included adults and two studies included children. One study
including adults and one study including children reported coordi-
nates where dyslexic readers had greater FA than controls.
4.2. Phase 2

Phase 1 included studies that specifically explored differences
between dyslexic and typical readers. However, it is plausible that
differences in FA are subtler and cannot be detected by simply con-
trasting groups, but could appear when considering a continuum to
represent reading ability. With this rationale, many studies have
investigated the association between reading ability and FA,
regardless of a particular diagnosis of reading disability or dyslexia.
To further investigate this relationship, the initial meta-analysis
was complemented by a second search, detailed hereafter.
4.2.1. Search
The same six databases used in Phase 1 were accessed and

searched during Phase 2 from 24th to 26th January 2017. In Phase
2 of the study, the initial eligibility criteria were broadened to
allow the inclusion of studies comparing dyslexic readers to typical
readers via continuous measures spectrum, as well as studies
exploring levels of reading ability among non-impaired readers.
Eligibility criteria were identical to those of Phase 1, except for
the exclusion of studies that did not include dyslexic participants,
relevant in the previous search but not in the follow-up. In addi-
tion, studies that did not correlate FA with appropriate reading
measures were excluded.

In Phase 2, alterations were made to the Phase 1 database
searches to reflect the changes in the Phase 2 eligibility criteria.
The Phase 1 searches in PubMed and PsycINFO used the narrow
keyword of ‘‘dyslexia” only, which is unlikely to have generated
articles with a range of reading abilities that did not include dys-
lexia comparisons; thus, these searches were insufficient to gener-
ate all required studies for Phase 2. Consequently, the searches in
these databases were run again using the broader search phrase
‘‘diffusion tensor imaging” combined with each of the following:
‘‘dyslexia”, ‘‘reading ability”, ‘‘reading disability”, ‘‘reading diffi-
culty”, and ‘‘reading impairment”.
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4.2.2. Eligibility
Eligibility criteria were identical to those used in Phase 1,

except for the substitution of group comparisons with FA-reading
correlations. Firstly, when repeating the searches in PubMed and
PsycINFO, the same process as Phase 1 of this study was under-
taken. Secondly, studies from Phase 1 searches in ScienceDirect,
Scopus, ProQuest Dissertations & Theses Global and Google Scholar
that were eliminated because they did not include a dyslexic
group, had no structural comparison, or were exclusively ROI anal-
yses were reviewed for inclusion in Phase 2, for a total of 70
studies.

Overall, 171 articles were identified in the six database searches
and reviews. Ninety-eight were duplicates and therefore excluded.
The remaining 73 articles were screened by reading the abstract
and full text where required. A further 64 were excluded based
on the exclusion criteria. The remaining nine articles (ten studies
in total) were included in the meta-analysis (see Fig. 2). More
information about studies inclusion/exclusion can be found in
the online material.

4.2.3. Data collection and analyses
The same participant characteristics and reference space infor-

mation as in Phase 1 were extracted from the articles. Details of
reading task used to measure reading performance, and coordi-
nates where this significantly correlated with FA, were also
recorded. The intended summary effect measure to quantify the
outcomes of primary interest were cortical coordinates of voxels/-
clusters where FA significantly correlated with reading ability, as
measured by performance on reading tasks.

Coordinates of three studies required transformation from
Talairach toMNI space using the Lancaster et al. (2007) transforma-
tion in GingerALE 2.3.6 (Eickhoff et al., 2009, 2012; Turkeltaub et al.,
2012). Four studies reported findings of significant correlations
between FA andmultiple readingmeasures.When coordinateswere
not directly available, we performed ameta-analysiswithin individ-
ual studies to identify coordinates where FA significantly correlated
with overall reading ability, as measured by all reading tasks in the
particular study (Eickhoff et al., 2009, 2012; Turkeltaub et al., 2012).
Analyses were run separately for coordinates where FA positively
correlated with reading ability, and negative correlations. A FDR
threshold of 0.05 was applied, given positive dependence of foci
and common conventions (Laird et al., 2005).

Overall meta-analyses were conducted using GingerALE 2.3.6
software (Eickhoff et al., 2009, 2012; Turkeltaub et al., 2012). The
overall ALE procedure was identical to this of Phase 1. Analyses
were run separately for coordinates where FA positively correlated
with reading ability, 42 foci across 9 experiments; and where FA
negatively correlated with reading ability, 2 foci across 2 experi-
ments. In both analyses, a FDR threshold of 0.05 was applied, given
independence of foci and typical conventions (Laird et al., 2005).
Finally, the meta-analysis was repeated separately for children
and adults. Five of the ten studies analyzed included adult partic-
ipants, whereas the remaining five studies included children.
Two studies also reported negative correlations, both of which
included child participants. To safeguard against unwarranted gen-
eralizations, we ran an additional analysis excluding the study of
Zhang et al. (2014), which involved participants reading Chinese
text, and compared the findings with those of the overall analysis.
All the analyses input and output files can be found in the online
material.
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