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Abstract

Reading disabilities (RD) and attention-deficit/hyperactivity disorder (ADHD) are two of the most 

common developmental disorders. RD and ADHD frequently co-occur, which raises questions 

about how the disorders interact and to what extent they can be differentiated. To date, the 

underlying neural mechanisms leading to RD–ADHD comorbidity (COM) are not understood. In 

this study, structural and functional magnetic resonance imaging (fMRI) were combined with 

comprehensive behavioral testing in order to characterize the behavior, brain structure and neural 

correlates of executive function, phonological processing and reading fluency in 60 children with 

clinical diagnoses of RD, ADHD or COM, and controls. Whole-brain analyses of variance were 

performed on cortical thickness values and on the data of the three fMRI tasks to investigate 

overall group differences. To validate these findings, a regions of interest analysis was performed 

in regions that have previously been shown to exhibit group differences in children with RD or 

ADHD using the same paradigms. The neuroimaging results demonstrated structural and 

functional atypicalities for COM in regions that are frequently associated with deficits in children 

with isolated ADHD or RD. A combination of shared and distinctive brain alterations between the 

clinical groups was identified, supporting the multiple deficit model for ADHD, RD and its 

comorbidity.
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1. Introduction

Reading disabilities (RD) and attention-deficit/hyperactivity disorder (ADHD) are two of the 

most common developmental disorders of childhood, each occurring in approximately 5–

10% of the population (Peterson & Pennington, 2015; Polanczyk, de Lima, Horta, 

Biederman, & Rohde, 2007; von Aster & Shalev, 2007). Children with RD have difficulty in 

learning to read despite adequate perceptual and general cognitive abilities (Galaburda, 

LoTurco, Ramus, Fitch, & Rosen, 2006; Peterson & Pennington, 2012). Individuals with 

ADHD exhibit maladaptive levels of inattention, hyperactivity-impulsivity or both 

(combined type), which affect cognitive, emotional and motor processes (Association, 2004; 

Cortese, 2012). Several studies have shown that RD and ADHD frequently co-occur at 

greater-than-chance levels, with 15–50% of children with ADHD also meeting criteria for 

RD diagnosis and vice versa (e.g. Gayan et al., 2005; Langberg, Vaughn, Brinkman, 

Froehlich, & Epstein, 2010; Willcutt et al., 2013). Numerous studies have shown that RD, 

ADHD and their comorbid manifestation have a severe long-lasting clinical, psychological 

and social impact (Birnbaum et al., 2005; Quinn, Rutherford, & Leone, 2001; Sexton, 

Gelhorn, Bell, & Classi, 2012). Their co-occurrence raises questions as to how the disorders 

interact and to what extent they can be differentiated, yet the causal pathways and 

underlying mechanisms leading to comorbidity of RD and ADHD are not understood.

Researchers agree that their coexistence is not an artifact caused by biased (clinic) sampling 

procedure because similar rates of comorbidity between ADHD and RD have also been 

found in community samples (Levy, Hay, Bennett, & McStephen, 2005; McGrath et al., 

2011). Furthermore, ADHD and RD do not share diagnostic criteria and each is evaluated by 

different methods: RD is primarily assessed by a comprehensive battery of reading 

assessments and related constructs such as phonological awareness or rapid automatized 

naming (Snowling, 2004) whereas the diagnosis of ADHD involves gathering information 

from several sources, including schools, caregivers, and parents (e.g. interviews and ADHD-

focused parent and teacher rating scales), which are occasionally supported by using 

standardized cognitive assessments of ability and achievement (Faraone et al., 2015).

Several models have been proposed to account for the comorbidity of RD and ADHD 

(Germano, Gagliano, & Curatolo, 2010; Willcut, 2018; Willcutt, Pennington, Olson, 

Chhabildas, & Hulslander, 2005). Here we only summarize the main theories for 

comorbidity of RD and ADHD. For example, it has been hypothesized that children with 

comorbid RD–ADHD (COM) actually suffer from either RD or ADHD alone and only 

demonstrate symptoms of the second condition as a result of their primary disorder (e.g. 

frustration due to reading problems makes the child with RD appear inattentive and 

behavioral problems associated with ADHD disrupt learning to read); this is known as the 

phenocopy hypothesis (Hinshaw, 1992; Pennington, Groisser, & Welsh, 1993). Although a 

first paper provided some support for the phenocopy hypothesis (Pennington et al., 1993), a 

number of subsequent studies based on much larger samples have yielded insufficient 

support for this model (Kibby & Cohen, 2008; Martinussen & Tannock, 2006; Willcutt et 

al., 2010b). Similarly, the direct causation model (see Willcut, 2018) proposes that one 

clinical condition causes the underlying pathophysiological symptoms of the second 

disorder. For instance, severe ADHD symptoms impede a child’s attendance at a lesson on 
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phonological processing skills that underlie the development of reading. In this case the 

attentional problems could directly provoke deficits in reading development in the absence 

of genetic or environmental risk factors for RD in isolation. Conversely, the common 
etiology model (see Willcut, 2018) hypothesizes that the comorbidity occurs as a result of 

shared genetic and/or environmental influences that enhance the liability for both disorders. 

At the same time, the model assumes that the disorders are differentiated by other etiological 

factors that are distinct to each disorder.

The three independent disorders model or cognitive subtype hypothesis reconceptualizes 

comorbid RD–ADHD as a unique third disorder distinct from either condition in isolation 

that is due at least in part to etiological factors that are different from those that increase 

susceptibility to ADHD or RD separately (Katz, Brown, Roth, & Beers, 2011; Rucklidge & 

Tannock, 2002). Therefore, this hypothesis predicts that the comorbid group will 

demonstrate a different pattern of neurocognitive deficits than would be expected based on 

the additive combination of the deficits of each disorder when they occur individually, which 

has been a source of debate (e.g. Bental & Tirosh, 2007; Shanahan et al., 2006; Van De 

Voorde, Roeyers, Verte, & Wiersema, 2010a). Willcutt et al. (2010a) found some support for 

the three independent disorders model by showing that those in the comorbid group 

additionally experienced unique problems in working memory, rapid naming and processing 

speed when compared to either the pure ADHD or RD groups.

To date, these competing explanations have largely been evaluated by comparing the groups’ 

cognitive and genetic profiles (Willcutt et al., 2001; Willcutt et al., 2005). Family studies 

have demonstrated that shared familial influences (genetic and/or family environment) play 

a key role in comorbidity between RD and ADHD (Light, Pennington, Gilger, & DeFries, 

1995; Willcutt et al., 2010b; Willcutt et al., 2014). Comparisons between monozygotic and 

dizygotic twins indicate that 60–70% of the risk for RD and 75–80% of the risk for ADHD 

is due to genetic factors, whereas shared environmental influences account for additionally 

10–15% of the variance in reading, but play a minimal role in ADHD (Mascheretti et al., 

2017; Wadsworth, DeFries, Willcut, Pennington, & Olson, 2015; Willcutt et al., 2014). 

Moreover, the large discrepancy between the prevalence in the general population (5%) and 

their co-occurrence (~30%) implies that RD and ADHD are genetically not independent 

(Pennington, 2006; van Bergen, van der Leij, & de Jong, 2014; Willcutt et al., 2012; Willcutt 

et al., 2010b). Other studies at a genetic level have reported genetic correlation up to 0.7 

among different types of developmental disorders, indicating the extent to which the same 

genes are involved in the different conditions (pleiotropy) (Butterworth & Kovas, 2013). 

However, molecular genetic studies suggest that rather than specific genes having large 

effects on RD and ADHD, there might be a complex multifactorial common genetic etiology 

with numerous of genetic and environmental risk factors involved (Gayan et al., 2005; 

Gialluisi et al., 2014; Neale et al., 2008).

Similar to the primary enthusiasm for identifying a specific genetic locus for ADHD or RD, 

behavioral research has been dominated for a long time by the search for the single cognitive 

deficit that is necessary and sufficient to cause all behavioral characteristics of RD or 

ADHD. But several studies have shown that for RD and ADHD, no single cognitive deficit 

can explain all behavioral symptoms (Pennington, 2006; van Bergen et al., 2014; Willcutt et 

Langer et al. Page 3

Hum Brain Mapp. Author manuscript; available in PMC 2020 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



al., 2012). Moreover, a single deficit model cannot readily explain the phenomenon of 

comorbidity, specifically due to increasing evidence for more cognitive deficits underlying 

ADHD and RD. This calls into question a complete dissociation of the core deficits of the 

two disorders, leading to the assumption that single deficit models are untenable and must 

give way to multiple (cognitive) deficit models for understanding these developmental 

disorders (McGrath et al., 2011; Pennington, 2006; Ring & Black, 2018; van Bergen et al., 

2014; Willcut, 2018; Willcutt et al., 2012).

In summary, comorbid RD–ADHD appear to be explained mainly by shared genetic and 

environmental risk factors, which operate probabilistically by increasing the liability to a 

disorder, whereas protective factors reduce the chance of developing a disorder (Willcut, 

2018). The multiple deficit model provides a plausible mechanism to explain a partial 

overlap of symptoms between ADHD and RD (McGrath et al., 2011; Pennington, 2006; van 

Bergen et al., 2014). So, for example, comorbid ADHD-RD represents the interaction of 

multiple etiological factors, which affect the development of relevant neural structures (and 

subsequent function) that lead to weakness in multiple cognitive domains (van Bergen et al., 

2014; Willcut, 2018). But the neurological underpinnings of the comorbid brain are as yet 

unknown.

Research on brain function and development in children with isolated RD and isolated 

ADHD is more abundant. Imaging studies in individuals with ADHD have suggested 

structural and functional deficits in the supplementary motor area, the anterior cingulate 

cortex and right inferior frontal cortex (Cortese, 2012; Hart, Radua, Nakao, Mataix-Cols, & 

Rubia, 2013; Kasparek, Theiner, & Filova, 2013), as well as the cerebellar-fronto-striatal 

circuitry (Emond, Joyal, & Poissant, 2009; Spencer, Biederman, & Mick, 2007). These 

deficits are associated with diminished executive functioning and inhibition processes in the 

brain (for reviews, see Christakou et al., 2013; Emond et al., 2009; Spencer et al., 2007).

For individuals with RD, meta-analyses of neuroanatomical and functional imaging studies 

have revealed brain alterations in distinct left-hemispheric posterior and anterior systems 

(Linkersdorfer, Lonnemann, Lindberg, Hasselhorn, & Fiebach, 2012; Martin, Schurz, 

Kronbichler, & Richlan, 2015; Richlan, Kronbichler, & Wimmer, 2009, 2011, 2013), 

causing cognitive difficulties including speech perception, the accurate representation and 

manipulation of speech sounds, and problems with language memory, rapid automatized 

naming or letter sound knowledge.

To date, only a few studies (Barry, Clarke, McCarthy, & Selikowitz, 2009; Clarke, Barry, 

McCarthy, & Selikowitz, 2002; Goradia et al., 2016; Huttunen-Scott, Kaartinen, Tolvanen, 

& Lyytinen, 2008; Kibby, Kroese, Krebbs, Hill, & Hynd, 2009a; Kibby, Pavawalla, Fancher, 

Naillon, & Hynd, 2009b; Mohl et al., 2015; Van De Voorde, Roeyers, & Wiersema, 2010b) 

have examined whether children with comorbid RD–ADHD show brain characteristics 

similar to those of children with an isolated diagnosis or whether the behavioral deficits 

seem to stem from unique functional and structural brain patterns/properties. However, 

investigating more than one disorder simultaneously is essential to understanding 

comorbidity. By doing so, one can uncover shared and distinct risk factors at cognitive and 

neuronal level. This might help the understanding not only of the etiology of the 
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comorbidity, but also of the developmental paths leading to each of the disorders. By 

complementing functional with structural imaging, we expect to better understand the 

underlying mechanisms of the deficits observed in our participant groups. Since it has been 

shown that the underlying anatomical structure shapes and determines brain activation 

(Deco, Senden, & Jirsa, 2012; Messe, Rudrauf, Benali, & Marrelec, 2014; Saygin et al., 

2016), it is essential to examine both structural and functional brain imaging data. Potential 

group differences in brain activation could be the result of underlying anatomical 

differences.

Thus, the present study paired comprehensive behavioral testing with structural as well as 

functional magnetic resonance imaging (fMRI) to characterize the behavior, brain structure 

and neural correlates of executive functioning, phonological processing and sentence reading 

in four groups of children: children with an isolated diagnosis of RD, children with an 

isolated diagnosis of ADHD, children with a comorbid diagnosis of RD–ADHD, and 

typically developing children. The rationale for the three functional imaging tasks is to 

investigate brain activation in three functional tasks that have been shown to exhibit low 

performance in ADHD and RD subjects. The go/no-go task measures response inhibition, 

which is a primary deficit in children with ADHD (Barkley, Fischer, Smallish, & Fletcher, 

2002; Wodka et al., 2007). Furthermore, phonological processing has been shown to be a 

key deficit in children with RD (Vellutino, Fletcher, Snowling, & Scanlon, 2004) and one of 

the best predictors for reading outcome in young children (Peterson & Pennington, 2012; 

Scarborough, 1998). The employed task has been used successfully in previous studies 

(Powers, Wang, Beach, Sideridis, & Gaab, 2016; Raschle, Stering, Meissner, & Gaab, 2014; 

Raschle, Zuk, & Gaab, 2012a; Yu et al., 2018a; Zuk et al., 2018). Reading fluency deficits 

are an important symptom in older children with developmental dyslexia. The employed 

reading fluency task has shown robust effects in differentiating children with and without 

RD (Langer, Benjamin, Minas, & Gaab, 2013). By using these tasks in our participants, we 

can examine the specificity and/or overlap of brain activations in the different clinical groups 

for three key skills. For further information about the fMRI task, please refer to the methods 

section.

According to the common etiology model, one should expect to find shared structural and 

functional atypicalities of RD, ADHD and their comorbid manifestations compared to TYP. 

Thus, if the comorbid children share a common neural deficit with children who have a 

single diagnosis of ADHD or RD, decreased brain activation in brain regions that are 

required for executive functioning or reading-related tasks should be observed. If the three 

independent disorders model is correct, the three groups should exhibit distinctive neural 

alterations.

2. Methods and Materials

2.1. Subjects

Of the 60 right-handed children included, 15 were clinically diagnosed with a reading 

disability (RD) (mean age: 9.8 ± 1.6 years, 8 females), 15 were diagnosed with attention-

deficit/hyperactivity disorder (ADHD) (mean age: 9.8 ± 1.1 years, 4 females), 15 had a 

clinical comorbid diagnosis of RD and ADHD (COM) (mean age: 9.8 ± 1.1 years, 6 
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females), and 15 were typically developing (TYP) (mean age: 10.5 ± 1.3 years, 7 females). 

None of the children had any additional clinical or neurological condition. All participants in 

the patient groups were diagnosed by qualified clinicians following typical clinical 

guidelines that involved standardized tests as well as questionnaires (teacher/parents). Only 

children with the persistent inattention subtype of ADHD were included to avoid potential 

confounds and to obtain a more homogeneous ADHD sample. Moreover, twin studies 

indicate that the genetic influences are stronger for reading and inattention symptoms than 

for reading and hyperactivity-impulsivity symptoms (Willcutt et al., 2010b; Willcutt et al., 

2014; Willcutt, Pennington, Olson, & DeFries, 2007). Children who were taking 

medications for ADHD went on a 48-hour “medication vacation” prior to the testing session 

(Bledsoe, Semrud-Clikeman, & Pliszka, 2013; Lim et al., 2013).

The groups were matched for gender, age and non-verbal IQ (all p>0.15). All children were 

native English speakers and completed the study with normal/corrected-to-normal vision. 

Due to movement artifacts, lack of cooperation and/or time restrictions, the total number of 

subjects included in each analysis varied slightly, as follows: behavioral analysis: n=55 (13 

TYP, 15 RD, 14 ADHD, 13 COM); cortical thickness: n=57 (15 TYP, 14 RD, 14 ADHD, 14 

COM); go/no-go fMRI task: n=51 (14 TYP, 13 RD, 12 ADHD, 12 COM); phonological 

processing task: n=55 (14 TYP, 14 RD, 14 ADHD, 13 COM); reading fluency task: n=53 

(14 TYP, 13 RD, 13 ADHD, 13 COM). In total, 13 TYP, 13 RD, 12 ADHD 12 COM had 

usable data on all measurements. The study protocol was approved by the Institutional 

Review Board at Boston Children’s Hospital and was conducted in accordance with the 

latest version of the Declaration of Helsinki. All children and a parent or other caregiver 

provided written informed consent.

2.2. Procedure

Each child underwent two experimental testing sessions, one for psychometric testing and 

the other for MRI/fMRI. Prior to the MRI session, each child underwent training using a 

mock MRI scanner (Raschle et al., 2009; Raschle et al., 2012b). A structural MRI was 

obtained for each child. During functional imaging, each child performed three fMRI tasks: 

the first task was an adaptive go/no-go task (Donders, 1969): This task has shown robust 

effects in previous studies in children with compared to without ADHD (Vaidya et al., 2005) 

and several studies have suggested that response inhibition is the primary deficit in ADHD 

(Barkley et al., 2002; Wodka et al., 2007). The second fMRI paradigm was an auditory 

phonological processing task: This task has been employed previously (Powers et al., 2016; 

Raschle et al., 2014; Raschle et al., 2012a; Yu et al., 2018a; Zuk et al., 2018) to differentiate 

children with and without a familial risk of reading disabilities; furthermore, phonological 

processing has been shown to be one of the key deficits in children with RD (Vellutino et al., 

2004) and is one of the best predictors for reading outcome in young children (Peterson & 

Pennington, 2012; Scarborough, 1998). The third task was a reading fluency task: This task 

has shown robust effects in differentiating children with and without RD and reading fluency 

is one of the key symptoms in developmental dyslexia (Langer et al., 2013) (see below for 

further details). The order of the task presentation was counterbalanced.

Langer et al. Page 6

Hum Brain Mapp. Author manuscript; available in PMC 2020 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.3. Behavioral assessment

Subjects were tested using a comprehensive testing battery, which included standardized 

assessments for non-verbal IQ, executive functions, single word, text reading, and various 

reading-related skills (see Table 1 for the exact tests and their descriptions). For statistical 

analyses of the psychometric measurements and in-scanner performance, RD, ADHD, COM 

and TYP were compared with a one-way analysis of variance (ANOVA), and post-hoc 

between-groups t-tests for independent samples were calculated for each measure. The 

statistical thresholds were set to p<0.05 and post-hoc t-tests were Bonferroni–Holm 

corrected for multiple comparisons (Bonferroni adjusted alpha level of 0.008 (0.05/6)) 

(Holm, 1979; Shaffer, 1995).

2.4. Experimental tasks and imaging data analyses

2.4.1. Artifact detection—All MRI scans were acquired on a SIEMENS 3.0T Trio MR 

whole body scanner. In-depth artifact detection was performed for all structural and 

functional images. For the fMRI images, the Artifact Detection Tools (ART) toolbox (http://

www.nitrc.org/projects/artifact_detect/) was used to identify artifactual time points using a 

movement threshold of 2 mm and a rotation threshold of 0.02 mm, and images with artifacts 

and voxel-wise spikes were subsequently regressed out. Subjects were only included in the 

analyses if more than 80% of their images were artifact-free; (thus, 4 subjects were excluded 

from go/no-go (2 COM, 1 ADHD, 1 TYP), 2 from phonological processing (1 COM, 1 

ADHD) and 2 from reading fluency (1 ADHD, 1 RD)). The artifact detection was conducted 

for each fMRI task (go/no-go, phonological processing and reading fluency) independently.

To ensure that the results were not biased by differences in motion across the groups, 

composite movement scores (mean of linear motion parameters (X,Y,Z) in mm as a function 

of time) provided by the ART toolbox were calculated. An ANOVA and independent t-tests 

were used to compare the composite motion scores between the groups. The significance 

level was set to p<0.05 uncorrected for multiple comparisons. The analysis of the motion 

outliers revealed no significant differences between the groups (all p>0.27). Nevertheless, 

motion parameters were entered as regressors for all fMRI analyses. To ensure good data 

quality, a quality control was performed on all structural images by checking successful 

linear transformations and reconstructions. Corrections were made if edits of the pial surface 

and/or white matter surface were necessary (n=3). FreeSurfer software guidelines were used 

for editing purposes (http://surfer.nmr.mgh.harvard.edu/).

2.4.2. Cortical thickness analysis—T1-weighted MPRAGE MRI sequences were 

acquired with a sagittal orientation and the following specifications: 128 slices, repetition 

time (TR) of 2000 ms; inversion time (TI) of 900 ms; field of view (FOV) 256×256 mm; 

voxel size=1.3×1.0×1.3 mm (resampled to isotropic voxel size of 1.0×1.0×1.0 mm); flip 

angle=9°; echo time (TE)=3.39 ms. The FreeSurfer 5.1 image analysis suite was used for 

cortical reconstruction (http://surfer.nmr.mgh.harvard.edu/) and cortical thickness was 

measured at each vertex using FreeSurfer. This method is based on high-resolution three-

dimensional MRI scans, registered into a common surface-based space, and is designed to 

detect significant regional differences in cortical thickness with submillimeter precision. The 

technical details of these procedures are described in prior publications (Dale, Fischl, & 
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Sereno, 1999; Fischl & Dale, 2000; Fischl et al., 2004a; Fischl et al., 2004b). In short, the 

structural high resolution T1-weighted MRI scan was used to construct models of each 

participant’s cortical surface in order to measure cortical thickness. This automated 

procedure contained segmentation of the cortical and subcortical white matter (Dale et al., 

1999), tessellation of the gray matter/white matter boundary, inflation of the folded surface 

tessellation patterns (Fischl, Sereno, & Dale, 1999a; Fischl, Sereno, Tootell, & Dale, 1999b) 

and automatic correction of topological defects in the resulting manifold (Fischl & Dale, 

2000). The FsAverage template was used because previous work has found FsAverage to be 

adequate in the age range of the present sample1. The procedures for measuring cortical 

thickness have been validated against manual measurements (Kuperberg et al., 2003; Salat et 

al., 2004) and histological analysis (Rosas et al., 2002). For each participant, cortical 

thickness was computed on a uniform grid (comprised of vertices) with about 1 mm spacing 

across both cortical hemispheres, with the thickness being defined by the shortest distance 

between the gray/white and pial surface models. Data were re-sampled for all subjects and 

rendered onto a common spherical coordinate system (Fischl et al., 1999b). Then surface-

based, vertex-wise cortical thickness was computed for each participant. For the whole-brain 

vertex-wise analysis, the data were smoothed on the surface tessellation using an iterative 

nearest-neighbor averaging procedure corresponding to a two-dimensional surface-based 

diffusion-smoothing kernel with a full width at half maximum of about 15 mm. This cortical 

thickness was then subjected to statistical analyses (see below).

2.4.3. Striatal volumetric analysis—Previous ADHD literature reported diminished 

brain activation and structural atypicalities in striatal regions in children and adults with 

ADHD compared to matched controls (Cubillo, Halari, Smith, Taylor, & Rubia, 2012; 

Durston, 2003; Durston et al., 2003). Therefore, we used the FreeSurfer image analysis suite 

(see above) to examine the volume of the striatum, which comprises the caudate nucleus and 

putamen. The subcortical segmentation procedure provides the volumes of subcortical 

structures and is described in more detail elsewhere (Fischl et al., 2002; Walhovd et al., 

2005). First, the caudate nucleus and putamen were segmented individually for the right and 

left hemispheres. Next, the volume of the striatum was calculated for each hemisphere by 

adding the volume of the caudate nucleus and putamen.

2.4.4. Go/no-go task and analysis—To evaluate sustained attention and response 

inhibition, a non-verbal inhibition task (go/no-go paradigm) was employed. A recent meta-

analysis has shown reliable and robust neural deficits for inhibition tasks in children with 

ADHD compared to controls (Hart et al., 2013). A slightly modified version of a previously 

described go/no-go task (Suskauer et al., 2008a; Suskauer et al., 2008b) was used. Subjects 

were presented with images of cartoon crabs and told to press the button as quickly as 

possible when a green, yellow or blue crab appeared (go), but to refrain from pressing the 

button if the crab was red (no-go). The go/no-go task was programmed in an event-related 

fashion using Presentation software (Version 0.70, www.neurobs.com). The entire 

experiment consisted of two runs, each lasting approximately 7 mins. There were 220 trials 

in each run with 55 (25%) “no-go” and 165 (75%) “go” trials. During each trial, an image 

1https://mail.nmr.mgh.harvard.edu/pipermail//freesurfer/2017-November/054832.html
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signaling the “go” or “no-go” action was first presented for 200ms, followed by a fixation 

cross with a jittered duration ranging from 1.3s to 10s before the next trial started (see also 

supplementary Figure S1). Participants were instructed to press the button in response to a 

“go” image within the fixation period, while restraining from any action in response to a 

“no-go” image.

Each child completed 9 practice trials before scanning to ensure that they understood the 

task. Before the start of the first run, additional functional images were obtained and later 

discarded to allow for T1 equilibration effects. The stimuli were pseudo-randomized with 

the following constraints: go cues always appeared three or more times in a row; no-go cues 

never appeared more than twice in a row; and a no-go cue did not appear as the first trial in a 

run. Each run comprised different cue sequences to mitigate a learning effect. Cues appeared 

for 200 ms each, with 1300-ms inter-trial intervals and 20-s rest phases. Between cues and 

during rest phases, subjects were continuously shown a central fixation marker, on which 

they had been instructed to focus. The rest phases allowed recovery of the hemodynamic 

response associated with the steady and rapid stream of go/no-go trials.

In each run, 202 whole-brain images were acquired with a 32-slice functional echo-planar 

acquisition (interleaved ascending acquisition) using a TR=2000 ms; FOV=192 × 192 mm 

(full brain coverage); voxel size=3 × 3 × 4 mm; flip angle=90°; and TE=30 ms. FSL 4.1.9 

(http://www.fmrib.ox.ac.uk/fsl) was used to preprocess the data. Whole-brain analysis was 

performed in three stages. First, the preprocessing included motion correction (MC FLIRT), 

slice-timing correction, brain extraction (BET), spatial smoothing (4 mm FWHM kernel), 

high pass filtering (50 s) and linear registration (12 degrees of freedom) to the MNI 152 T1 

template (FLIRT). Second, a first-level model was conducted for each session and regressors 

were modeled for the (1) inter-trial crosshair; (2) go stimuli pressed; (3) go stimuli omitted; 

(4) no-go stimuli pressed; (5) no-go stimuli omitted; and (6) all responses. In addition, 

motion parameters were defined as confounding extraneous variables (EVs). The two runs of 

each subject were combined in a fixed-effects model. Subsequently, the data were entered 

onto a group random-effects analysis (FLAME 1). As a contrast, the successfully inhibited 

no-go stimuli were used and contrasted with the implicit task baseline (crosshair). This 

approach is widely used to analyze imaging data of a go/no-go task (Blasi et al., 2006; 

Garavan, Ross, Murphy, Roche, & Stein, 2002; Liddle, Kiehl, & Smith, 2001; Mostofsky et 

al., 2003; Suskauer et al., 2008a; Suskauer et al., 2008b). In-scanner performance was 

analyzed by computing the sensitivity index dPrime (d’), measured as Z(hit rate) – Z(false 

alarm rate).

2.4.5. Phonological processing task and analysis—In order to assess whether 

COM children show the hypoactivation characteristically seen in children with RD within 

the posterior reading network (for meta-analyses see Martin et al., 2015; Richlan et al., 

2009, 2011, 2013; Temple, 2002), we employed a traditional phonological processing task. 

The identical stimuli, task and procedure as previously described in (Powers et al., 2016; 

Raschle et al., 2012a; Yu et al., 2018a) were used. Briefly, this phonological processing task 

involved listening to two common-object words spoken sequentially in a female or male 

voice while images of the objects simultaneously appeared on the screen. In the 

experimental condition, children determined whether or not the two words started with the 
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same first sound, indicating their responses via a button-press. In the control condition, 

participants instead determined whether or not the two words were spoken by someone of 

the same sex or different sexes. This control task accounts for basic auditory and speech 

processing. Each child performed two consecutive functional MRI (fMRI) runs: one with the 

experimental task and one with the control task to avoid confusion in our participants. This 

is of great importance since the experimental and control task contain exactly the same 

stimuli and only the task instruction differed. For children with learning disabilities and 

especially ADHD, as well as young children, this presents as a major challenge. The 

experimental task was comprised of seven blocks of four trials each (24 seconds). A single 

trial is illustrated in the supplementary Figure S1. Following the same structure, a separate 

experimental run was constructed as a control condition using the same stimuli, during 

which participants were required to decide whether the names were spoken by the same 

gender or not. In experimental and control tasks, 50% of all items matched regarding their 

first sound and 50% of the words were spoken in a male/female voice. The task order was 

counterbalanced across participants. The whole task lasted approximately 6 mins. For each 

run, 56 functional whole-brain images were acquired with a 32-slice EPI echo-planar 

acquisition (interleaved ascending) with the following specifications: TR=6000 ms; 

FOV=256 × 256 mm; voxel size=3 × 3 × 4 mm; flip angle=90°; TE=30 ms. A behavioral 

interleaved gradient imaging design (BIG) allowed the auditory stimuli to be presented 

without scanner background-noise interference. Before the start of the first run, additional 

functional images were obtained and later discarded to allow for T1 equilibration effects. 

Image preprocessing and analyses were implemented in FSL 4.1.9 (http://

www.fmrib.ox.ac.uk/fsl) with the same protocol explained above for go/no-go. The 

following regressors were modeled for the first-level analysis: (1) inter-trial crosshair; (2–3) 

first word and second word; (4–5) for experimental and control condition; (6) question mark 

stimulus presented; (7) responses. In addition, motion parameters were defined as 

confounding extraneous variables (EVs). Subsequently, the data were entered into a group 

random-effects analysis (FLAME 1). Contrast images for experimental > control condition 

(first-sound matching > voice matching) were calculated. The number of correct responses 

was calculated for the in-scanner performance. For a comprehensive description of the task, 

please refer to (Raschle et al., 2012a).

2.4.6. Reading fluency task and analysis—The task and MRI procedure were 

identical to Langer et al. (2013), which is a child-adapted version of (Benjamin & Gaab, 

2011). The exact structure of the task is illustrated and described in (Benjamin & Gaab, 

2011). In brief: prior to entering the MRI scanner, each child’s comfortable reading speed 

was individually determined. An accelerated (“fast”) word reading speed was determined as 

35% faster than the comfortable rate. In the scanner, children read sentences, which were 

presented at their comfortable and accelerated reading speeds. For a detailed analysis of the 

construction of the sentences, including reference to sentence length, word frequency, 

familiarity, concreteness, imageability and number of phonemes, please refer to (Langer et 

al., 2013). Identical to (Langer et al., 2013), a control condition comprising of word-like 

groups of the letter n matched to sentence stimuli was implemented (see supplementary 

figure 1). In the control condition, subjects were asked to read through the letters and 

identify the one differing letter (f, p, or x). The study design for the reading fluency task was 
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comprised of two experimental runs, each lasting approximately 9 minutes. In each run, 21 

task trials were mixed with 21 control trials in an event-related fashion. Importantly, the 

event-related fMRI design allows different event durations in order to accommodate 

sentences presented at individually determined reading speeds. As we deliberately matched 

the duration of the experimental and control conditions, the canonical hemodynamic 

response function models the actual response for each subject identically. Each trial started 

with a cue image (500ms) indicating the presentation rate of the following sentence. After a 

blank screen of 200 ms, each of the four words (constituting a sentence for the task 

condition) or letter strings (consisting of the letter “n” and one oddball letter of either “f”, 

“p” or “x”, the control condition) appeared from left to right at the determined speed for 

each subject. The stimuli were then replaced by another blank screen (200 ms) followed by a 

comprehension question, during which the participants were required to select one of the 

three pictures best representing the preceding sentence (the task condition) or the oddball 

letter (the control condition) within 3000ms. A fixation cross was finally presented with a 

jittered duration (up to 2000ms) before the next trial started (see also supplementary Figure 

S1). Over both runs, 56 sentences (28 word sentences, 28 control condition sentences) were 

presented at normal (14 word/control condition sentences) or accelerated (14 word/control 

condition sentences) speed. All the conditions were pseudo-randomized.

All subjects underwent two fMRI runs and 271 whole-brain images were acquired with a 

32-slice functional echo-planar acquisition (interleaved ascending) using a TR=2000 ms; 

FOV=192 × 192 mm; voxel size=3 × 3 × 4 mm; flip angle=90°; TE=30 ms. For 

preprocessing and data analysis, we used the same protocol described above for the go/no-go 

and phonological processing tasks. A first-level model was again conducted for each session. 

Data were pre-whitened and regressors were modeled for the (1) speed cue; (2–3) 

comfortable and accelerated fluent sentence reading; (4–5) comfortable and accelerated 

letter reading; (6–7) sentence and control comprehension stimuli; and (8) inter-trial fixation. 

In addition, motion parameters were defined as confounding extraneous variables (EVs). 

The four words of each sentence were entered as a single event with the total duration of all 

four words together. The two runs of each subject were combined in a fixed-effects model. 

Subsequently, the data were entered into a group random-effects analysis (FLAME 1). 

Contrasts were assessed between fast sentence reading and rest (fixation cross) regressors 

because our previous study (Langer et al., 2013) showed that differences between RD and 

TYP were most prominent in this contrast.

2.5. Statistical group analyses

2.5.1. Whole-brain analysis—To detect local differences in cortical thickness between 

the clinical groups and typically developing children, we computed vertex-wise analyses 

using a general linear model (total intracranial volume was entered as a covariate in the 

model) with an uncorrected threshold of p<0.005, and performed multiple-comparison 

correction with the cluster-level false discovery rate (FDR) at p<0.05 (Genovese, Lazar, & 

Nichols, 2002). Beforehand, smoothing was applied to each subject’s three-dimensional 

cortical surface map for gray matter thickness (kernel radius 15 mm full width half 

maximum). Post-hoc t-tests were run on the significant clusters to determine the direction of 

the effects (Bonferroni adjusted alpha level of 0.008 (0.05/6)) (Holm, 1979; Shaffer, 1995). 
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The same statistical approach was also used for the striatal volume. The fMRI data were 

analyzed with two independent methods: one-way whole-brain ANOVA and an independent 

ROI-analysis, with predefined regions of interest (see 2.5.2.). Effects were initially evaluated 

at the whole brain level with a significance threshold utilized in previous publications that 

employed the identical fMRI tasks (Langer et al., 2013; Raschle et al., 2014; Raschle et al., 

2012a; Suskauer et al., 2008a), at an uncorrected voxel-level threshold of p < 0.005 and an 

extended threshold of k>10 voxels. For the significant clusters, post-hoc t-tests were 

performed with a significance level of p=0.008 (0.05/6), Bonferroni adjusted for all possible 

group comparisons. Adjusted p-values are reported in parentheses. These initial analyses 

aimed to identify activation differences in brain regions between the investigated groups. 

However, to further examine results with correction for multiple comparisons, an 

independent ROI-analysis, with predefined regions of interest, was employed (see 2.5.2.).

A one-way ANOVA was performed, rather than a 2×2 design, because the latter implicitly 

assumes that the COM brain activation pattern is the sum of the single-disorder factors. Such 

an analysis would bias the results, as a specific aim of the present study was to test whether 

comorbidity of RD–ADHD is a unique disorder or simply the addition of the two individual 

clinical conditions. Thus, the one-way ANOVA is an appropriate analysis approach here 

because it is blind to any direction of possible group differences.

2.5.2. ANOVA with predefined ROIs for fMRI paradigms—To replicate results 

from previous studies and validate the results of the whole-brain fMRI analyses, an 

additional one-way ANOVA was implemented using predefined regions of interest (ROIs) 

based on strong a priori hypotheses from previous results employing the same paradigms 

(Langer et al., 2013; Raschle et al., 2012a; Suskauer et al., 2008a; Suskauer et al., 2008b). A 

one-way ANOVA with post-hoc t-tests was calculated for each fMRI task separately. The 

significance level for the post-hoc t-tests was set to p<0.05, Bonferroni-Holm corrected for 

multiple comparisons (Bonferroni adjusted alpha level of 0.008 (0.05/6)) (Holm, 1979; 

Shaffer, 1995). Adjusted p-values are reported in parentheses.

2.5.2.1. Go/no-go task: The validation analysis of the whole-brain one-way ANOVA for 

the go/no-go task was restricted to one ROI and only the contrast no-go vs. rest was 

examined (representing the ability to inhibit a response as it is widely used in previous 

go/no-go publications) (Blasi et al., 2006; Garavan et al., 2002; Liddle et al., 2001; 

Mostofsky et al., 2003; Suskauer et al., 2008a; Suskauer et al., 2008b). The ROI was based 

on previous studies with an equivalent paradigm (Suskauer et al., 2008a; Suskauer et al., 

2008b) that found decreased activation in children and adults with ADHD compared to TYP 

in the junction between the supplementary motor area and the anterior cingulate gyrus 

during no-go response inhibition. Moreover, a recent meta-analysis found that the commonly 

reported right inferior frontal cortex or insula and thalamus deficits are only deficient in 

adults with ADHD, whereas the supplementary motor area (SMA) and anterior cingulate 

cortex (ACC) deficits were observed in children with ADHD (Hart et al., 2013). Therefore, 

the SMA/ACC region was selected as an ROI. A 5-mm sphere was drawn around the peak 

coordinate (x=8, y=16, z=8) (see supplementary Figure S2), which was chosen based on the 

main finding in Suskauer et al., 2008a. A one-way ANOVA (p<0.05) and subsequent t-tests 
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(Bonferroni adjusted alpha level of 0.008 (0.05/6)) were performed. Adjusted p-values are 

reported in parentheses.

2.5.2.2. Phonological processing task: The ROI analysis for the phonological processing 

task was calculated with the following left-hemispheric regions of interest: the superior 

temporal gyrus (x=−50, y=−28, z=14), an occipital temporal area (x=−48, y=−56, z=6), and 

the fusiform gyrus (x=−16, y=−86, z=−10) (see supplementary Figure S2). A 5-mm sphere 

was drawn around the peak coordinates. The coordinates of the ROIs were selected based on 

previously published results using the same task and contrast, which revealed greater 

activation in these left hemispheric brain regions in typically developing individuals 

compared to children at risk for developmental dyslexia (Raschle, Chang, & Gaab, 2011; 

Raschle et al., 2012a). A variety of additional studies have found hypoactivations in these 

regions in children and adults with a diagnosis of dyslexia (Peterson & Pennington, 2015; 

Richlan et al., 2011; Snowling, 2004). Group differences were established with a one-way 

ANOVA (Bonferroni adjusted alpha level of 0.017 (0.05/3)) and subsequent post-hoc t-tests 

(Bonferroni adjusted alpha level of 0.008 (0.05/6)). Adjusted p-values are reported in 

parentheses.

2.5.2.3. Reading fluency task: For the reading fluency task, the validation analysis was 

restricted to one ROI and the contrast fast sentence reading > rest was examined based on 

previous results with the same task (see Langer et al., 2013). A 5-mm sphere was drawn 

around the peak coordinate (x=−34, y=−72, z=−20) to define the left fusiform gyrus (see 

supplementary Figure S2). The coordinates were derived from the previous study by Langer 

et al., 2013, which demonstrated reliable differences for this contrast in this region for RD 

compared to TYP children. Moreover, several studies have identified the importance of the 

left fusiform gyrus in fluent reading (Kronbichler et al., 2006; Kronbichler et al., 2004; 

Maurer et al., 2007; Pugh et al., 2001; Richlan et al., 2011; Schulz et al., 2009). The contrast 

fast sentence reading > rest was compared between all groups with a one-way ANOVA 

(p<0.05) and subsequent post-hoc t-tests (Bonferroni adjusted alpha level of 0.008 (0.05/6)). 

Adjusted p-values are reported in parentheses.

3. Results

3.1. Behavioral results

3.1.1. Reading-related tasks—Compared to typically developing children (TYP), 

children with a comorbid diagnosis (COM) and those with a reading disability (RD) 

demonstrated significantly decreased performance on all reading and language measures 

(Figure 1A and Table 1). Children with ADHD also showed decreased performance on most 

of the reading-related tasks compared to TYP; no differences were found compared to RD or 

COM children. The mean and standard deviation of each group’s standard score, an 

overview of the statistical values and a description of each task are depicted in Table 1. 

Furthermore, an extensive description of the behavioral results of the reading-related tasks is 

presented in the supplementary section.
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3.1.2. Executive functioning tasks—On the executive functioning tasks, the TYP 

group displayed enhanced performance compared to all three clinical groups (Figure 1B). A 

summary of the standard scores for each group and the statistical values are reported in 

Table 1. The univariate analysis revealed significant effects for several subtests of the D-

KEFS. The post-hoc t-tests revealed an enhanced performance of TYP compared to RD, 

ADHD and COM for all tests. No significant differences were found between the three 

clinical groups. Only effects that survived multiple comparisons are reported in Table 1. An 

extensive depiction of the behavioral results of the executive functioning tasks is described 

in the supplementary section.

3.2. Structural MRI results

3.2.1. Whole-brain cortical thickness results—A one-way ANOVA showed that 

cortical thickness differed significantly across the COM, RD, ADHD and typically 

developing children in various regions of the left hemispheric reading network (Figure 2). In 

particular, the left fusiform gyrus, planum temporale, middle temporal gyrus, inferior frontal 

gyrus (Broca’s area), middle occipital gyrus and superior frontal gyrus showed increased 

cortical thickness in TYP compared to RD. For the anterior cingulate cortex, TYP showed 

greater cortical thickness compared to all other clinical groups. Additionally, COM showed 

reduced cortical thickness in the middle temporal gyrus compared to all other groups. In the 

inferior frontal gyrus and the planum temporale, COM displayed decreased cortical 

thickness compared to typically developing children. All clusters are summarized in Table 2 

and Figure 4.

3.2.2. Striatal volume results—The volumetric analysis of the striatum revealed a 

significant group effect in the right striatum (F=3.38, p=0.02). The post-hoc t-test analysis 

showed an increased striatal volume for the TYP group compared to the ADHD group 

(t=3.01, p=0.006, corrected for multiple comparisons: adjusted p=0.036), corrected for 

multiple comparisons). No post-hoc significant group differences were found between the 

three clinical groups nor in the comparison between the TYP group and the RD or COM 

group. No group effects were found for the left striatal volume.

3.3 Whole-brain functional MRI results

3.3.1. Go/no-go results—The one-way ANOVA for the in-scanner performance 

revealed a significant effect for the d’ measure (F=4.92, p=0.006) (Figure 1C). Post-hoc t-

tests showed significantly decreased performance for children with ADHD and COM 

compared to TYP children (TYP vs. ADHD: t=3.85, p=0.001, corrected for multiple 

comparisons: adjusted p=0.006); TYP vs. COM: t=3.32, p=0.002 (adjusted p=0.012). In 

addition, RD performed significantly better compared to the ADHD group (t=3.01, p=0.006 

(adjusted p=0.036)) and a trend could have been observed for the comparison between RD 

and COM. There were no significant differences between the ADHD and COM group.

The ANOVA for the go/no-go task revealed a significant group effect only in the left anterior 

cingulate cortex (Figure 3) (F=5.40, p=0.002). The post-hoc t-test analysis exhibited 

increased brain activation for the TYP group compared to the ADHD and COM groups 

(TYP vs. ADHD: t=3.53, p=0.002 (adjusted p=0.012); TYP vs. COM: t=3.17, p=0.004 
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(adjusted p=0.024)). In addition, the RD group displayed stronger activation compared to the 

ADHD and COM group (RD vs. ADHD: t=3.06, p=0.005 (adjusted p=0.03); RD vs. COM: 

t=2.88, p=0.007 (adjusted p=0.042)) (Table 3, supplementary Figure 1). There were no 

differences between the ADHD and COM groups nor the TYP and RD groups.

3.3.2. Phonological processing results—Although the TYP group displayed higher 

accuracy on the phonological processing task, the one-way ANOVA for in-scanner 

performance revealed no significant effect (F=1.66, p=0.18).

The one-way whole-brain ANOVA for the phonological processing task revealed significant 

differences in the left superior temporal gyrus (F=8.32, p=0.00002). Post-hoc t-tests revealed 

stronger activation in the TYP compared to RD group (TYP vs. RD: t=3.46, p=0.002 

corrected for multiple comparisons: adjusted p=0.012) while the COM exhibited increased 

activity compared to the RD (COM vs. RD: t=3.23, p=0.003 (adjusted p=0.018) as did 

ADHD compared to the RD group (ADHD vs. RD: t=3.17, p=0.004 (adjusted p=0.024). The 

whole-brain ANOVA further identified significant differences in the left fusiform gyrus 

(F=7.64, p=0.0002): the TYP, ADHD and the COM groups displayed increased brain 

activity compared to the RD group (TYP vs. RD: t=2.97, p=0.006 (adjusted p=0.036); 

ADHD vs. RD: t=2.89, p=0.007 (adjusted p=0.042); COM vs. RD: t=3.09, p=0.004 (0.024). 

The one-way whole-brain ANOVA further revealed a significant effect in the left inferior 

frontal gyrus (F=7.91, p=0.002). The post-hoc t-tests found increased activity in the TYP 

and ADHD compared to RD and COM groups (TYP vs. RD: t=3.31, p=0.003 (adjusted 

p=0.018); TYP vs. COM: t=3.09, p=0.005 (adjusted p=0.03), ADHD vs. RD; t=3.14, 

p=0.004 (adjusted p=0.023), ADHD vs. COM: t=2.89, p=0.007 (adjusted p=0.043)). The 

whole-brain ANOVA uncovered significant differences in various additional components of 

the reading network, including the left supramarginal gyrus, left inferior frontal gyrus 

(Broca’s area), left planum temporale, left occipito-temporal gyrus, and in subcortical 

regions such as the bihemispheric thalamus and the left cerebellum (Table 4, Figure 3). In 

each of these regions, TYP showed increased brain activation compared to RD, ADHD and 

COM. The complete overview of these results can be found in Table 4 and Figure 4.

3.3.3. Reading fluency results—The one-way ANOVA revealed a significant effect 

for comfortable reading speed (F=4.04, p=0.01). Post-hoc t-tests revealed an increased 

comfortable reading speed in TYP compared to RD and to the COM group (TYP vs. RD: t=

−4.35, p=0.0003 corrected for multiple comparisons: adjusted p=0.0019; TYP vs. COM: t=

−3.74, p=0.0009 (adjusted p=0.005)) (Figure 1C). In addition, the ADHD group exhibited 

faster reading speed compared to RD (t=−3.32, p=0.003 (adjusted p=0.017)). No significant 

group differences were observed for in-scanner comprehension accuracy.

The whole-brain analysis for the reading fluency task revealed significant group differences 

in the left fusiform gyrus (F=8.73, p=0.00007), left superior temporal gyrus (F=6.22, 

p=0.0009), left anterior cingulate cortex (F=7.67, p=0.0002), right lateral occipital cortex 

(F=5.11, p=0.003) and the left inferior frontal gyrus (Broca’s area) (F=4.89, p=0.004) (Table 

5, Figure 3). The subsequent t-test demonstrated significantly increased brain activity in the 

left fusiform gyrus for TYP compared to the RD group (TYP vs. RD: t=5.59, p<0.0001 

(adjusted p=0.0005)). Moreover, the COM and ADHD group displayed stronger activation 
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compared to the RD group (COM vs. RD: t=5.23, p=0.0002 (adjusted p=0.001); ADHD vs. 

RD: t=4.92, p=0.0003 (adjusted p=0.002)). Similar post-hoc results were observed for the 

left superior temporal gyrus. The TYP group showed increased activation compared to the 

RD group (t=3.55, p=0.001 (adjusted p=0.006)), and the COM and ADHD group displayed 

stronger activity compared to the RD group (COM vs. RD: t=3.41, p=0.002 (adjusted 

p=0.011); ADHD vs. RD: t=3.03, p=0.005 (adjusted p=0.031)). Additionally, the TYP group 

demonstrated increased activity in the anterior cingulate cortex compared to all clinical 

groups (TYP vs. RD: t=3.01, p=0.003 (adjusted p=0.018); TYP vs. ADHD: t=3.28, p=0.003 

(adjusted p=0.017); TYP vs. COM: t=3.11, p=0.005 (adjusted p=0.031)). The post-hoc 

analysis for the right lateral occipital cortex revealed enhanced activation for the TYP 

compared to all clinical groups. All results are summarized in Table 5 and Figure 4.

3.4. ANOVA results with predefined ROIs for fMRI paradigms

3.4.1. Go/no-go results—The one-way ANOVA for the ROI, which was placed at the 

intersection of the supplementary motor area and the anterior cingulate cortex, revealed a 

significant effect (F=4.43, p=0.007). Post-hoc t-tests revealed increased brain activity in 

TYP compared to ADHD (t=3.07, p=0.006, corrected for multiple comparisons: adjusted 

p=0.035) and COM (t=3.05, p=0.007, (adjusted p=0.042)) (supplementary Figure 2). A trend 

for increased activity in RD compared to ADHD and COM was observed. No other 

between-group effects were observed.

3.4.2. Phonological processing results—The one-way ANOVAs for the ROIs 

revealed significant results for left fusiform (F=3.76, p=0.01, corrected for multiple 

comparisons: adjusted p=0.03) and left occipito-temporal areas (F=3.47, p=0.01, (adjusted 

p=0.03)) (supplementary Figure 2). The post-hoc t-test revealed decreased activation in the 

left fusiform gyrus for the RD group compared to the TYP (t=3.51, p=0.002, (adjusted 

p=0.011)), COM children (t=3.23, p=0.003, (adjusted p=0.018)) and the ADHD group 

(t=3.18, p=0.004, (adjusted p=0.023)). In the left occipito-temporal ROI RD exhibited 

decreased activity compared to TYP and COM (TYP > RD: t=2.98 p=0.006 (adjusted 

p=0.037); COM > RD: t=2.87 p=0.007 (adjusted p=0.041)).

3.4.3. Reading fluency results—The one-way ANOVA for the left fusiform gyrus 

ROI revealed a significant group effect (F=3.87, p=0.01) (supplementary Figure 2). Post-hoc 

t-tests demonstrated significantly increased activation in TYP, ADHD and COM compared 

to RD (TYP vs. RD: t=2.93, p=0.007, corrected for multiple comparisons: adjusted p=0.042; 

ADHD vs. RD: t=2.87, p=0.007 (adjusted p=0.043); COM vs. RD: t=3.19, p=0.003 

(adjusted p=0.019)).

4. Discussion

For the first time, structural and functional MRI were combined with comprehensive 

behavioral testing to characterize behavior, brain structure and neural correlates of executive 

functions, phonological processing and reading fluency in children with comorbid RD–

ADHD (COM) and three control groups. COM performed lower than TYP on reading-

related and executive functioning behavioral measures. However, all three clinical groups 
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had comparably decreased performance (Figure 1) compared to the typically developing 

group; no specific cognitive profile differentiated a COM diagnosis. Our analyses of the 

neuroimaging data unveiled neural patterns for COM in regions that are frequently 

associated with isolated ADHD or RD (Christakou et al., 2013; Cortese, 2012; Hart et al., 

2013; Peterson & Pennington, 2012; Richlan et al., 2009; Snowling, 2004; Suskauer et al., 

2008b). Interestingly, we also observed shared functional and structural brain atypicalities 

between isolated ADHD and RD and some regions exhibited distinct brain characteristics 

for the comorbid ADHD-RD group as well as the isolated conditions. Hence, the present 

results support the multiple deficit hypothesis and the common etiology model for 

comorbidity of ADHD and RD. In the following, we will first discuss the present results and 

integrate them into previous studies and current models describing the comorbidity of 

ADHD-RD. Subsequently, we will focus on the results of the comorbid group.

4.1. Behavioral findings

The ADHD group primarily displayed decreased executive functioning skills, although they 

also performed lower than TYP on most reading measures while scoring higher than COM 

and RD. These findings substantiate previous studies demonstrating lower performance of 

ADHD compared to TYP in reading comprehension (Miller et al., 2013; Miranda, Mercader, 

Fernández, & Colomer, 2017; Stern & Morris, 2013), rapid naming (De Jong, Licht, 

Sergeant, & Oosterlaan, 2013; Ryan et al., 2017), sound discrimination (Smith, Taylor, 

Rogers, Newman, & Rubia, 2002; Toplak, Rucklidge, Hetherington, John, & Tannock, 2003) 

and phonological and orthographic processing (Pennington et al., 1993; Purvis & Tannock, 

2000; Willcutt et al., 2005).

Compared to TYP, RD revealed decreased performance in reading-related tasks and on 

executive functioning tasks that required verbal in/output, whereas no differences were 

observed for non-verbal executive functioning tasks (e.g. go/no-go). In a study by De Jong 

(2013), both ADHD and RD were associated with impaired inhibition and lexical decision. 

However, the link between RD and impaired inhibition remains unclear. Although some 

studies report decreased inhibition amongst RD children (De Weerdt, Desoete, & Roeyers, 

2013; Willcutt et al., 2001), others do not observe such deficits (Semrud-Clikeman et al., 

1996). However, numerous newer studies have shown that children with RD show deficits in 

executive functioning tasks, while children with ADHD display deficits in reading-related 

tasks (de Groot, van den Bos, van der Meulen, & Minnaert, 2015; Duff & Sulla, 2015; 

Moura et al., 2017; Stern & Morris, 2013; Stubenrauch et al., 2014). The present results 

indicate that RD children experience inhibition deficits for tasks with verbal demands (e.g. 

verbal working memory), but not for non-verbal tasks, whereas COM children exhibit 

impaired inhibition regardless of verbal demand. This aligns with studies showing that 

inhibition is primarily impaired in ADHD and COM (Pennington et al., 1993; Willcutt et al., 

2001), while verbal working memory is also deficient in RD (Willcutt et al., 2001; Willcutt 

et al., 2005). In general, the performance score in most neuropsychological tests requires 

multiple cognitive components, which can further explain why RD and ADHD and COM 

are similarly impeded in various neuropsychological tests. Thus, similar deficits in verbal 

executive functioning tasks could result from either poor interference control (i.e. in 
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ADHD), impaired phonological representations/memory (i.e. in RD) or both (i.e. COM), 

which lead to similar phenotypic deficits, known as equifinality.

4.2. Neuroanatomical findings

The analyses of the brain anatomy revealed group differences within the left-hemispheric 

reading network and areas involved in executive functioning (anterior cingulate cortex, 

supplementary motor area and prefrontal cortex). Compared to TYP and ADHD, RD and 

COM demonstrated decreased cortical thickness in left inferior frontal gyrus and the left 

planum temporale, indicating anatomical atypicalities, which are specifically shared between 

RD and COM. The RD group especially showed decreased cortical thickness throughout the 

left-hemispheric reading network, including the left fusiform gyrus, which aligns with 

previous studies reporting structural atypicalities in these regions for children with or at risk 

for RD (Ozernov-Palchik, Yu, Wang, & Gaab, 2016; Raschle et al., 2011; Richlan et al., 

2013; Williams, Juranek, Cirino, & Fletcher, 2018).

Interestingly, COM exclusively displayed decreased cortical thickness in the middle 

temporal gyrus (MTG), suggesting a specific deficit within this region. The MTG has 

previously been associated with accessing word meaning during reading (Acheson & 

Hagoort, 2013; Richlan et al., 2011; Schulz et al., 2009) and MTG hypoactivation has been 

observed during phonological processing in children with a familial risk for RD (Raschle et 

al., 2012a). Furthermore, ADHD studies revealed overall decreased functional connectivity 

in MTG (Wang et al., 2009), decreased MTG activation during inhibition tasks (Schneider et 

al., 2010) and correlations between decreased MTG activation and ADHD symptom severity 

(Congdon et al., 2014). Thus, the MTG appears to play a crucial role in reading and 

executive functioning, but future studies need to further investigate the uniqueness of the 

neuroanatomical deficits of the COM in the MTG.

Anatomical group differences were further identified in the ACC, with decreased cortical 

thickness in ADHD, RD and COM compared to TYP. Several studies have previously shown 

neuroanatomical deficits for ADHD children in the ACC (Amico, Stauber, Koutsouleris, & 

Frodl, 2011; Bledsoe et al., 2013; Zhan, Liu, Wu, Gao, & Li, 2017). The ACC is implicated 

in working memory, error monitoring and modulation of attention, which is why this region 

is regarded as part of a distributed attentional network (Bush, Luu, & Posner, 2000). These 

cognitive processes are also required in high level cognitive functions, such as successful 

reading, which has been shown previously (Hancock, Richlan, & Hoeft, 2017; Houde, Rossi, 

Lubin, & Joliot, 2010) and is further discussed in the next section. Moreover, a prior study 

has also found decreased gray matter morphology in the ACC in RD compared to TYP 

children (Hoeft et al., 2007). The fact that in the present study the ACC shows reduced 

cortical thickness in all clinical groups could be an indicator for a shared common 

neuroanatomical risk factor, favoring a common etiology model as well as the multiple 

deficit hypothesis. Multiple deficit hypotheses models, as suggested by (McGrath et al., 

2011; Pennington, 2006; van Bergen et al., 2014) propose that a particular (developmental) 

disorder is shaped by a combination of specific and shared deficits, with shared deficits 

accounting for comorbidity. This partial overlap of risk factors produces a greater than 
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expected co-occurrence of RD and ADHD. The ACC impairment could be such a common 

underlying neural risk factor.

In summary, the anatomical results demonstrate that the isolated clinical disorders (RD and 

ADHD) display structural brain alterations in region specifically important for either reading 

or executive functioning, whereas COM exhibits additional alterations in brain regions 

relevant for both reading and executive functioning.

4.3. Functional neuroimaging findings

Functional neuroimaging was performed during an executive functioning, phonological 

processing and reading fluency task. The executive functioning (go/no-go) fMRI task 

revealed comparable activation in the SMA and ACC for ADHD and COM, with both 

displaying decreased activation compared to TYP and RD. This aligns with previous meta-

analyses showing similar hypoactivations in ADHD children during executive functioning 

tasks, including response inhibition (Dickstein, Bannon, Castellanos, & Milham, 2006; Hart 

et al., 2013; Kasparek et al., 2013). Evidence from functional/structural meta-analyses 

suggests that the SMA is integral to motor response inhibition while the ACC, which 

displays hypoactivations in ADHD during go/no-go tasks, is crucial for conflict inhibition 

(Hart et al., 2013; Kasparek et al., 2013; Nakao, Radua, Rubia, & Mataix-Cols, 2011). 

Interestingly, reduced brain activation in the SMA/ACC was observed in all clinical groups 

during the reading fluency tasks, In the context of reading the sentences during the reading 

fluency task, the ACC might be involved in error monitoring during the reading process, 

which may be less effective in children with reading disabilities (Hancock et al., 2017). In a 

meta-analysis (Houde et al., 2010), the SMA and ACC were activated during both reading 

and executive functioning tasks, suggesting strong recruitment of attention and executive 

functioning networks during reading, as supported by behavioral results (Cutting, Materek, 

Cole, Levine, & Mahone, 2009; Locascio, Mahone, Eason, & Cutting, 2010; Sesma, 

Mahone, Levine, Eason, & Cutting, 2009). Thus, the functional neuroimaging results 

substantiate the anatomical interpretation that SMA/ACC brain region might reflect a shared 

risk factor and account for the high prevalence of comorbid RD–ADHD.

The results of the phonological processing and reading fluency tasks further revealed that 

compared to all other groups, the RD group consistently displayed decreased activation 

patterns in the posterior reading network. Specifically, between-group differences were 

discovered in fusiform gyrus and occipito-temporal regions, which aligns with previous 

meta-analyses showing hypoactivation in these regions for RD during phonological 

processing and reading (Linkersdorfer et al., 2012; Martin et al., 2015; Richlan et al., 2009; 

Temple, 2002). Although the left occipito-temporal region is crucial for grapheme-phoneme 

integration (Peterson & Pennington, 2012), the left fusiform gyrus or ventral occipito-

temporal circuit—often termed the “visual word form area”—is involved in word processing 

in typical children/adults (Dehaene & Cohen, 2011; Price & Devlin, 2011; Pugh et al., 2001; 

Schlaggar & McCandliss, 2007) and appears to be integral in developing visual tuning for 

print (Maurer et al., 2007). Interestingly, the COM group showed activation patterns 

comparable to those of TYP and significantly enhanced compared to RD in isolation in these 

two regions, which is further discussed in the next section.

Langer et al. Page 19

Hum Brain Mapp. Author manuscript; available in PMC 2020 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4.4. The comorbid brain

To date, only three studies have compared children with comorbid RD and ADHD with TYP 

using structural MRI. Kibby et al. (2009a) examined the length of the pars triangularis while 

(Kibby et al., 2009b) manually investigated the total cerebral volume. However, neither of 

these two studies observed any anatomical differences between children with ADHD, RD or 

its comorbid manifestation. However, (Goradia et al., 2016) observed striatal 

dysmorphologies between ADHD and COM compared to TYP children, but did not include 

a RD group. During a word-rhyming task, a functional neuroimaging study found 

hypoactivations in left hemispheric, reading-related brain areas in children with COM, but 

not ADHD, compared with controls (Mohl et al., 2015). In the same study, attention areas 

showed alterations in the COM and ADHD group relative to controls. These findings are 

replicated by our fMRI results during the phonological processing task. Furthermore, a few 

magnetoencephalographic and electrophysiological studies revealed inconclusive results, 

either supporting a distinct neural profile for COM (Clarke et al., 2002; Huttunen-Scott et 

al., 2008) or suggesting that COM deficits are additive (Barry et al., 2009; Serrallach et al., 

2016; Van De Voorde et al., 2010a). The goal of the present study was to combine 

comprehensive behavioral testing with functional and anatomical neuroimaging to 

investigate whether brain characteristics of COM are similar to those of children with an 

isolated diagnosis or whether the behavioral deficits seem to stem from unique functional 

and structural brain patterns/properties.

In the comorbid group, the present neuroanatomical analysis identified decreased cortical 

thickness in brain regions that are crucial for executive functioning (SMA/ACC) and reading 

(planum temporale and inferior frontal gyrus). These results support the common etiology 

model for comorbid RD and ADHD and speak rather against the phenocopy model or direct 

causation model, because COM displays ADHD symptoms not just as a result of the 

development of RD (and vice versa), but exhibits underlying structural deficits in both 

cognitive domains. These results do not support the phenocopy theory, which would 

hypothesize neuroanatomical atypicalities in brain regions involved in either executive 

functioning or reading, but not in both. In the current analysis, post-hoc descriptive analyses 

further revealed that most of the COM children display concurrent lower cortical thickness 

in both brain networks. These analyses exclude the possibility that some COM children 

exhibit isolated anatomical brain atypicalities in reading-related brain areas whereas other 

COM children exhibit atypicalities in executive functioning-related brain areas, which could 

result in an averaging bias supporting the phenocopy model. In addition, the structural MRI 

analyses revealed structural and functional atypicalities in SMA/ACC in all clinical groups 

across several task paradigms. Our results suggest that atypicalities of the ACC may be an 

indicator of a shared neuronal risk that could increase a child’s risk to develop RD or ADHD 

or, in some circumstances, facilitate the development of comorbid RD/ADHD.

Furthermore, the anatomical and reading-related functional neuroimaging paradigms 

exhibited atypicalities in the anterior reading network (left inferior frontal gyrus) both in RD 

and COM, which suggests a shared neuronal risk factor for RD and COM, distinct from 

ADHD. Interestingly, for the reading-related tasks only, COM displayed no hyper- or 

hypoactivation in the posterior reading network (left superior temporal gyrus and fusiform 
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gyrus) when compared to the TYP group, whereas the previously reported hypoactivations 

were observed in RD. This can be explained in at least two ways: (a) the reading deficit 

observed in COM children is primarily a result of atypicalities in the anterior reading 

network as well as the SMA/ACC, which would support the three independent disorders 

model or (b) the COM children studied here show a slightly better reading performance than 

RD. Children with COM may have developed compensatory mechanisms that are unique to 

COM. However, future longitudinal studies are needed to characterize the development of 

possible compensatory mechanisms, as previously described for RD (Peterson & 

Pennington, 2012; Pugh et al., 2001; Richlan et al., 2011; Yu, Zuk, & Gaab, 2018b).

4.5 Limitations

The small number of participants in each group is a major limitation of this study. In the 

future, larger studies are required to confirm these results before the findings can be 

generalized beyond the context of this study. However, the results are in line with previous 

(larger) studies which compared single disorders (dyslexia or ADHD) with typical children 

(Langer et al., 2013; Raschle et al., 2012a; Suskauer et al., 2008b).

Another limitation pertains to the corresponding threshold of the whole brain functional 

MRI results reported. Although independent ROI-analyses with correction for multiple 

comparisons substantiated the main findings of the whole brain analyses, effects (decreased 

activation in the SMA during reading related tasks) reported were established based on 

uncorrected thresholds and should therefore be interpreted with great caution. We decided to 

report these results because (as discussed above) the reported activations closely align with a 

substantial body of evidence that has shown brain alterations in these regions among 

children with ADHD or RD in isolation (Hancock et al., 2017; Houde et al., 2010). 

Moreover, previous studies, which utilized the same thresholds, have reported activations in 

these regions for the identical task (Langer et al., 2013; Raschle et al., 2012a; Suskauer et 

al., 2008a). Furthermore, it is important to note that pediatric populations often show lower 

signal-to-noise ratios and greater interindividual variance (Thomason, Burrows, Gabrieli, & 

Glover, 2005). Larger studies need to be employed in order to examine whether these results 

can be replicated. However, this is the first study that examined both structural and 

functional MRI data in children with RD, children with ADHD, children with comorbid RD 

and ADHD and typical developing children. These children are hard to recruit and pediatric 

imaging in children with learning disabilities and especially ADHD is very challenging. We 

therefore think that despite the uncorrected thresholds for some of the functional analyses, 

these results are of great importance to the fields of developmental cognitive neuroscience 

and learning disabilities.

4.6. Conclusion

For the first time, the present study combines structural and functional MRI with 

comprehensive behavioral testing to address the neurological bases for the co-occurrence of 

ADHD and RD. The results demonstrated that, behaviorally, all clinical groups displayed 

(similar) reduced performance in reading-related and executive functioning measures 

compared to TYP. The neuroimaging results are comparable to genetic findings showing that 

some risk genes are shared between ADHD and RD and others are distinctive supporting the 
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multiple deficit model of developmental disorders. Both structural and functional 

neuroimaging revealed a combination of shared brain alterations between the clinical 

groups, supporting the common etiology model for comorbidity of ADHD and RD. 

However, unique patterns for COM were also observed, especially for the anatomical 

properties of the middle temporal gyrus and in the posterior reading network during reading-

related tasks, but further studies are needed to substantiate this finding before one could 

interpret the result as support for the three independent disorders model. If future studies 

suggest that COM shows unique anatomical and behavioral neural characteristics (e.g. 

replication of distinct features in the middle temporal gyrus and posterior reading network in 

COM), the current clinical treatment of COM should be reconsidered. Current intervention 

strategies for COM combine approaches developed for each disorder individually (Sexton et 

al., 2012). ADHD is frequently treated with pharmaceuticals, such as methylphenidate, 

which targets the dopaminergic neurotransmitter systems underlying frontal lobe and striatal 

functions. Although no pharmacokinetic systems have been identified for RD (and may 

never be), these children usually receive interventions that target specific reading 

components or promote multidimensional reading strategies (Peterson & Pennington, 2012). 

The three independent disorders model would imply that treating children with interventions 

developed for the single disorders may be suboptimal, which could explain why COM 

children do not benefit from single-disorder therapies as much as their peers who suffer from 

RD or ADHD alone (Bental & Tirosh, 2008; Pritchard, Nigro, Jacobson, & Mahone, 2012; 

Rabiner, Malone, & Gr, 2004; Sexton et al., 2012). For a comprehensive review about 

clinical interventions for COM see Gray & Climie (2016).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Psychometric and the in-scanner performance results are summarized. The means and the 

standard errors are presented for all groups: (A) The reading-related tasks and the non-verbal 

IQ measure (KBIT); (B) The executive functioning tasks (selected D-KEFS categories); (C) 

The in-scanner performances of the go/no-go task (d’=dPrime measure) and the reading 

fluency task (reading speed in ms). The exact mean values, standard errors and statistical 

parameters are reported in Table 1.
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Figure 2. 
Displayed are the cortical thickness results for the whole-brain one-way ANOVA with p-

values below p<0.05 FDR corrected for multiple comparisons. There were significant group 

effects only in the left hemisphere, particularly in the reading network and the intersection 

between the SMA and ACC. Representative bar plots reveal the mean and standard error for 

each group in key regions. The complete list of results can be found in Figure 4 and Table 2.
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Figure 3. 
The results for the whole-brain one-way ANOVA for each fMRI task, with p-values below 

p<0.005 uncorrected for multiple comparisons, are plotted. Representative bar plots 

demonstrate the mean and standard error of the beta values for each group in key regions of 

the reading and executive function networks. MNI coordinates are presented for the 

respective brain slice. The complete list of results can be found in Figure 4 and Tables 3-5.
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Figure 4. 
The post-hoc analysis for the whole-brain ANOVA is illustrated for each imaging task and 

bar plots are displayed for all significant clusters. The transparent bar plots did not survive 

the correction for multiple comparisons in the post-hoc t-test analysis. The mean and 

standard error of the beta values of each group and all significant clusters is displayed. The 

asterisk indicates increased cortical thickness or brain activation for this group. The exact 

comparisons can be found in Tables 2-5. Abbrevations: FOC = frontal orbital cortex; FG = 

fusiform gyrus; ACC = anterior cingulate cortex; CS = central sulcus; PT = planum 

temporale; MTG = middle temporal gyrus; PCinG = posterior cingulate gyrus; PeriS = 

sulcus pericallosal; IFG = inferior frontal gyrus; MOG = middle occipital gyrus; SOG = 

superior occipital gyrus; SFG = superior frontal gyrus; SupmG = supramarginal gyrus; STG 

= superior temporal gyrus; LOG = lateral occipital gyrus; SPL = superior parietal lobe; PCG 

= postcentral gyrus; Cereb = cerebellum; Thal = thalamus; O-TG = occipital-temporal gyrus.
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