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ABSTRACT

Objectives: Neuroimaging studies have independently demonstrated brain

anatomical and functional impairments in participants with ADHD. The aim of the current study was to explore the relationship between structural and functional
brain alterations in ADHD through an integrated analysis of multimodal neuroimaging data.

Methods: We performed a multimodal analysis to integrate resting-state functional magnetic resonance imaging (MRI), structural MRI, and diffusion-weighted
imaging data in a large, single-site sample of children with and without diagnosis for ADHD. The inferred subject contributions were fed into regression models to
investigate the relationships between diagnosis, symptom severity, gender, and age.

Results: Compared with controls, children with ADHD diagnosis showed altered white matter microstructure in widespread white matter fiber tracts as well as
greater gray matter volume (GMV) in bilateral frontal regions, smaller GMV in posterior regions, and altered functional connectivity (FC) in default mode and fronto-
parietal networks. Age-related growth of GMV of bilateral occipital lobe, FC in frontal regions as well as age-related decline of GMV in medial regions seen in controls
appeared reversed in children with ADHD. In the whole group, higher symptom severity was related to smaller GMV in widespread regions in bilateral frontal,
parietal, and temporal lobes, as well as greater GMV in intracalcarine and temporal cortices.

Conclusions: Through a multimodal analysis approach we show that structural and functional alterations in brain regions known to be altered in subjects with ADHD
from unimodal studies are linked across modalities. The brain alterations were related to clinical features of ADHD, including disorder status, age, and symptom
severity.

1. Introduction §

Attention-deficit/hyperactivity disorder, ADHD, is a neurodevelop-
mental disorder manifesting in symptoms of inattention and/or hy-
peractivity and impulsiveness. It presents with substantial hetero-
geneity in terms of etiology, clinical presentation, and brain alterations
(Tarver et al., 2014). Various neuroimaging studies have explored the
neural features of subjects with ADHD by means of magnetic resonance
imaging (MRI) techniques, e.g. using structural MRI (sMRI), functional
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MRI (fMRI), or diffusion-weighted imaging (DWI). Most consistent
findings from these studies were for ADHD-related alterations in brain
volume, functional connectivity (FC), and white matter microstructure
in frontal and subcortical regions(Thapar and Cooper, 2016; Rubia
et al., 2014; Cortese et al., 2016; Chen et al., 2016; Norman et al.,
2016).

Since structural and functional features were investigated separately
in most MRI studies so far, the relationships between structural and
functional alterations in ADHD remain poorly understood. In the past
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decade, multimodal neuroimaging studies emerged in an attempt to
aggregate different measurements. Initially, correlation tests were
performed between features independently identified in different
modalities(Casey et al., 2007), requiring pre-defined regions and neu-
roimaging features. Hypothesis-free, data-driven methods able to in-
tegrate different modalities and inform about the integration of related
features are now becoming more popular. In a study using Non-negative
matrix factorization(Anderson et al., 2014), an analysis integrating
fMRI and sMRI information revealed co-occurring anatomical and
functional features in the default mode network (DMN) to be linked to
the ADHD inattentive subtype. Another analysis(Kessler et al., 2014) of
gray and white matter morphometry and the whole brain functional
connectome revealed that subjects with ADHD showed reduced DMN
task-positive network segregation along with structural abnormalities
in dorsolateral prefrontal cortex and anterior cingulate cortex. In ad-
dition, altered intra-network connectivity in DMN, dorsal attention
network, and visual network along with distributed structural altera-
tions were seen in this analysis.

In most of the previous multimodal studies, neural correlates were
identified by investigating categorical case-control differences.
However, given that ADHD symptoms are viewed as a dimensional,
quantitative continuum in the population(Lubke et al., 2009), in-
vestigating dimensional multimodal neuroimaging alterations can
provide more insight into the neural correlates of ADHD symptoms.
Dimensional effects were explored before in resting state functional
connectivity and white matter microstructure. Relationships between
symptom severity and functional connectivity were observed for e.g.
dorsal attention network (DA), default mode network (DM), salience
processing network (SAL), and executive control network (CON)(Elton
et al., 2014). Positive association of ADHD symptom counts with FA in
widespread brain regions has been demonstrated(van Ewijk et al.,
2014; Wu et al., 2017). Integrating structural and diffusion-weighted
MRI revealed smaller prefrontal volumes co-occurring with abnormal
white matter density in prefrontal cortex, and smaller orbitofrontal
volume co-occurring with abnormalities in insula, occipital, and so-
mato-sensory surface areas in subjects with more severe ADHD symp-
toms(Francx et al., 2016).

ADHD is a lifelong neurodevelopmental disorder, and the clinical
symptoms of ADHD are not static. Inattentive symptoms are more stable
over the lifespan than hyperactive/impulsive symptoms, which tend to
wane with increasing age(Arnold et al., 2014; Semeijn et al., 2016).
Although age was always added as covariate in previous studies, the
interactions between age and diagnosis have seldom been explored
(Schweren et al., 2016). Brain volume alterations in children with
ADHD compared to typically developing children were reported in
multiple studies, and findings have survived in meta- and mega-analysis
(Rubia et al., 2014; Norman et al., 2016; Hoogman et al., 2017).
Nevertheless, these volume alterations seem to diminish in adulthood
(Onnink et al., 2014; Frodl and Skokauskas, 2012).In meta-analysis, age
effects were explored on inhibition task-based fMRI, showing that
supplementary motor area and basal ganglia were underactivated solely
in children with ADHD relative to controls, while inferior frontal cortex
and thalamus were underactivated solely in adults with ADHD(Hart
et al., 2013). Significant and specific maturational lag in connections
within DMN and in DMN interconnections with two task-positive net-
works, fronto-parietal network and ventral attention network, were also
observed in ADHD. Furthermore, ADHD patients without any co-
morbidity were revealed to lack significant age-related changes in gray
matter and white matter microstructure that were globally observed in
controls(Adisetiyo et al., 2014).

In order to better understand the complex relationships between the
single-modality findings, in the current study, we performed in-
tegrative, multimodal analyses of structural, functional, and diffusion-
weighted MRI data in ADHD patients and healthy controls. We aimed to
unravel co-segregating structural-functional alterations in ADHD by
using the linked independent component analysis (FLICA) model(Smith
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et al., 2004; Groves et al., 2011; Groves et al., 2012). Previously, FLICA
was evaluated on simulated multimodal data sets, as well as on a real
data set of Alzheimer's patients and age-matched controls; this de-
monstrated improvements compared to alternative strategies to in-
corporate ICA in detecting and isolating single-modality structured
noise, as well as improved accuracy in subject-course and spatial map
estimates(Groves et al., 2011; Groves et al., 2012). With FLICA, we are
able to extract components across multiple imaging measures that share
the same across-subject variation. Previously, FLICA was only used in
integrating structural and diffusion MRI. Here, we include for the first-
time functional MRI, since cognitive-domain dissociated complex
multisystem impairments also play an important role in the etiology
and pathophysiology of ADHD. With our approach, we aimed to get
insight into the integration of the structural and functional brain al-
terations associated with behavioral symptoms and other clinical fea-
tures related to ADHD. We hypothesized that subjects with ADHD
would present structural and functional synchronized alterations com-
pared to healthy controls. To account for dimensional nature of ADHD
symptoms(Lubke et al., 2009) and the dynamic clinical presentations of
ADHD, we also investigated the neural correlates of symptom severity
and age.

2. Methods
2.1. Participants and data acquisition

In the current study, we included data of 199 individuals (80 chil-
dren with ADHD and 119 healthy controls, age-range 8-15 years), all
with a right hand dominance(Oldfield, 1971). All ADHD probands were
recruited from child psychiatric clinics at Peking University Sixth
Hospital/Institute of Mental Health. The diagnosis of ADHD and/or
other psychiatric disorders was made by clinicians with a clinical in-
terview and a semi-structured interview based on the Schedule for Af-
fective Disorders and Schizophrenia for School-Age Children-Present
and Lifetime version (K-SADS-PL)(Kaufman et al., 1997). In addition to
the interviews, the ADHD rating scale-IV (Dupaul et al., 1998) was
applied providing quantitative measures of hyperactivity/impulsivity
and inattention symptoms. The parent who knew the child best was
regarded as the primary informant. Exclusion criteria for the ADHD
group were 1) a diagnosis of schizophrenia, affective disorder, Tourette
syndrome, pervasive developmental disorder, or intellectual disability;
2) history of head injury with loss of consciousness; 3) neurological
abnormalities; 4) drug or substance abuse; 5) a full-scale IQ below 80.
For the healthy controls, any evidence of current or past major psy-
chiatric disorders in the K-SADS-PL assessment and/or the presence of
neurological disorders lead to exclusion. Additionally, visible abnorm-
alities (e.g., enlargement of ventricle) on the magnetic resonance
images, which were examined by an experienced radiologist, lead to
exclusion of cases and controls (N = 2, one from the ADHD group).

A battery of MRI assessments was applied, comprising structural T1
MRI (sMRI), resting state functional MRI (RS-fMRI), and diffusion-
weighted imaging (DWI). Details about scanning protocols and in-
formation of the clinical battery can be found in the Supplementary
Material (Methods) and Table S1. This work was approved by the Ethics
committee of Peking University Health Science Center. Informed con-
sent was obtained from parents of children prior to the study.

2.2. Preparation of DWI data using tract-based spatial statistics (TBSS)

Preprocessing steps were reported in a previous publication from
our group(Wu et al., 2017). Briefly, the diffusion-weighted images of
each subject were realigned on the unweighted image using mutual
information routines from SPM8 (http://www.fil.ion.ucl.ac.uk/spm/
software/spm8/). Next, an iteratively reweighted-least-squares algo-
rithm (PATCH) was used to robustly correct for head and cardiac mo-
tion artifacts in the diffusion-weighted data(Zwiers, 2010). Later,
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DTIFIT from the FMRIB's Diffusion Toolbox(Jenkinson et al., 2012) was
used to create fractional anisotropy (FA), mean diffusivity (MD), radial
diffusivity (RD), and mode of anisotropy (MO) images independently
per participant. These were fed into the TBSS pipeline(Smith et al.,
2006) using a sample-specific template obtained from 15 ADHD and 21
healthy control participants, who showed the highest image quality.
Finally, the individual images were mapped onto the created skeleton
resulting in skeletonized FA, RD, MD, and MO images for each in-
dividual.

2.3. Preparation of RS-fMRI data using independent component analysis
(IcA)

The RS-fMRI data was preprocessed using FSL (http://fsl.fmrib.ox.
ac.uk/fsl). Details can be found in the Supplementary Methods. Resting
state networks (RSNs) were obtained via group independent component
analysis (ICA)(Beckmann and Smith, 2004; Beckmann et al., 2005;
Beckmann and Smith, 2005). Functional connectivity (FC) patterns of
each participant that corresponded to each group independent com-
ponent were obtained using a dual-regression approach(Filippini et al.,
2009; Nickerson et al., 2017). Twelve components from the group ICA
showed high spatial correspondence (r > 0.4) with the ten resting-
state networks as extracted by Smith et al.(Smith et al., 2009). These
components were selected for the linked ICA.

2.4. Preparation of sMRI data

The sMRI data were preprocessed using FSL voxel-based morpho-
metry (VBM) pipeline (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLVBM).
Briefly, brain extraction was conducted, and a study-specific gray
matter template was created from the gray matter tissue probability
maps of the same individuals used to create the DWI skeleton template.
Afterwards, each participant's gray matter images were registered to the
template and modulated. The segmented images were then smoothed
with an isotropic Gaussian kernel with a sigma of 4mm
(FWHM = 9.4 mm). Quality assurance was done by checking the slice
view of each participant.

Spatial down-sampling was applied to all modalities for computa-
tional reasons(Groves et al., 2012). The voxel-based morphometry and
independent component images from RS-fMRI were down-sampled to
4 mm isotropic voxels while the DTI images were down-sampled to
2 mm isotropic.

2.5. Linked ICA

Linked ICA(Groves et al., 2011) is a Bayesian multi-modal extension
to the common ICA algorithm. While most ICA algorithms perform
time-series factorizations, the Linked ICA algorithm provides a factor-
ization of ‘subject-series’ into a set of spatially independent sources and
a vector of subject contributions per source. Such ‘subject-course’ re-
flects the extent to which each subject contributes to a given source of
spatial variation and can be studied in relation to behavioral measures
to explain for example development, behavior, or pathologies(Smith
et al., 2004; Groves et al., 2011; Groves et al., 2012; Douaud et al.,
2014). Further, this model can handle the simultaneous decomposition
of data modalities with different spatial dimensions (number of voxels)
while forcing all modalities to share the same subject-courses for each
independent component. Briefly, this method makes the integration of
information from different modalities possible and provides a flexible
platform to model individual variation from multimodal MRI. More-
over, the original data is explained into different components that in-
clude interrelated information from different modalities, which implies
underlying biological mechanism that could never be seen in unimodal
studies. In this work, we included all modalities mentioned in the
previous sub-sections, i.e. VBM, FA, RD, MD, MO, and RSN spatial
patterns, into the linked ICA factorization. Given our sample size and
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following the approach published before(Groves et al., 2011), we ex-
tracted 50 independent components. For visualization, the spatial pat-
terns were converted to pseudo-Z-statistics by accounting for the scaling
of the variables and the signal to noise ratio in that modality and are
thresholded at |Z| > 2.3 for visualization purposes. Component selec-
tion was then performed based on single modality and single subject
contributions to the variance in each component. More precisely, all
components for which a single modality contributed > 50%, or where a
single subject contributed > 10%, was excluded. This resulted in a se-
lection of 29 components that were included in further analyses.

2.6. Statistical analysis

All subsequent statistical analyses were performed on the subject
loading vectors of each selected independent component resulting from
the linked ICA, as they reflect the extent to which the component is
expressed in that participant's brain anatomical or FC patterns.
Regression models were built and estimated using R (https://www.r-
project.org/). Continuous predictors were demeaned to reduce the ef-
fect on variance inflation factor (VIF) brought by modeling interactions.
To eliminate unnecessary covariance and/or redundancies among the
independent variables, variable selection was done to optimize the
predictors in the regression model using MASS package by exact Akaike
information criterion (AIC). The original model included all possible
variables, and AIC model selection was performed in both directions
(forward and backward) until the model with the lowest AIC was found.

First, we studied the relation between each independent compo-
nent's subject loadings and the ADHD diagnosis while simultaneously
considering age, sex, scanning protocol, as well as two- and three-way
interactions between diagnosis, age, and sex (see the formula for Y1 in
Supplementary Material). After variable selection via AIC, all predictors
remaining in the model were estimated. In cases where a significant
categorical effect was found (statistically significant after Bonferroni
correction across all 29 component maps), the symptom severity (total
score from ADHD-RS) was added to the final model, and the categorical
effect was again estimated to test the independence of categorical and
dimensional effects.

Secondly, we explored ADHD symptom severity-related multimodal
variations. In this case, we added to the previous model the ADHD-RS
total score as well as its interaction with diagnosis (see the formula of
Y2 in Supplementary Methods).

Although IQ was not included in the model, we conducted a post-
hoc analysis with IQ included to eliminate the potential effect brought
by different IQ in the two subject groups.

3. Results
3.1. Demographic, clinical, and cognitive measures

There were no statistically significant differences in the average age
of participants in the ADHD and in the control group. The ADHD group
had fewer female participants, and subjects in this group had a lower
1Q. As expected, subjects with ADHD showed higher symptom scores on
the ADHD-RS. Characteristics of participants are summarized in
Table 1.

The relative contribution of each imaging modality to each of the 50
extracted independent components is shown in Supplementary Fig.
S1. Out of the 50 components, 31 components spanned multiple mod-
alities, with no single modality contributing > 50%. Based on this
threshold, the other 19 components were excluded from subsequent
analyses. Two additional components were excluded, since over 10% of
the variance of these components was contributed by one single subject.
This resulted in 29 multimodal independent components for further
analyses; consequently, a significance threshold for posterior analyses
was determined at a Bonferroni-corrected p-value smaller than 0.05/
29 = 0.0017.
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Table 1
Demographic, clinical and neuropsychological features of children with ADHD
and healthy controls.

ADHD (n = 80) Control (n = 119) P-value
Number of males (%) 71 (88.7%) 58 (48.7%) < 0.001
Average age in years + SD 10.95 = 1.95 10.62 = 1.82 0.2279
IQ = SD 106.96 + 14.37 118.64 + 13.16 < 0.001
ADHD-RS full scale + SD 30.17 = 7.97 11.65 = 6.63 < 0.001
RMD DTI* + SD 0.13 + 0.04 0.12 + 0.03 0.2698
RMS-FD RS-fMRI” + SD 0.10 = 0.04 0.08 = 0.04 0.0005
Comorbid ODD/CD (%) 25 (31.25) 0
Comorbid Anxiety (%) 2 (2.50) )
Comorbid Tics (%) 5 (6.25) )
Medication naive (%)° 67 (83.75) N (100)

Abbreviations: SD, standard deviation; IQ, intellectual quotient; ADHD-RS,
ADHD rating scale; RMD, relative motion displacement; DTI, diffusion tensor
imaging; RS-fMRI, resting sate functional magnetic imaging; CD, conduct dis-
order; ODD, oppositional defiant disorder;

& RMS-FD: it is the mean of the relative displacement in six directions, which
summarizes motion score during DTI scanning.

> RMS-FD: it is the root mean squared of the relative displacement time
series, which summarizes motion score across time during scanning.

¢ The percentage of patients with no ADHD-related pharmacological treat-
ment. history (both stimulant and non-stimulant included); All patients were
medication free for at least 1 month before the MRI scan.

3.2. Anatomical and functional alterations in children with ADHD
compared to healthy controls

3.2.1. Case-control differences

Component 9 (IC9) showed significant diagnosis and diagnosis by
sex interaction effects (diagnosis B = 1.438, Ppominas = 0.00004, diag-
nosis*sex [ = —1.415, Pnominal = 0.00026, sex [ = 0.519,
Prominal = 0.00364). Compared with healthy controls, children with
ADHD showed smaller FA, greater RD, and greater MD in white matter
fiber tracts including anterior thalamic radiation, cingulum, body of
corpus callosum (CC) and corticospinal tract, greater gray matter vo-
lume (GMV) in bilateral frontal regions, smaller GMV in posterior brain
regions, as well as altered functional connectivity in several networks,
most notably the DMN and fronto-parietal network in their nodes lo-
cated in precuneus cortex and medial frontal gyrus (Fig. 1). In sum-
mary, the IC9 showed co-segregating structural and functional altera-
tions in precuneus, as well as bilateral frontal cortex. Besides the main
effects of diagnosis, interaction between diagnosis and sex was also
showed in IC09. Note that, in our model, the coefficients for diagnosis
and diagnosis*sex were 1.437 and — 1.415, which means that the effect
of diagnosis remained positive independent of sex (1 for male or O for
female). Leaving the main effects of diagnosis out, in male subjects,
loadings of IC9 were higher in controls than participants with ADHD
(p = 0.0412), while a reverse relationship was found in female subjects
(p = 0.000488). By adding the ADHD rating scale total score into the
regression model, the case-control differences and diagnosis*sex effects
seen in IC9 remained nominally significant (p = 0.0198 and 0.000234,
respectively). A significant linear positive correlation was seen between
subject loadings in IC9 and ADHD-RS total score (Fig. 1). Including IQ
into the model did not change these results (not shown).

3.2.2. Age-related diagnosis effects

Component 37 (IC37) yielded a diagnosis-by-age interaction.
Specifically, the age-related cross-sectional trajectories of IC37 were
different in subjects with ADHD compared to healthy controls (diag-
Nnosis*age: Pnominal = 0.00156). As shown in the bottom panel of Fig. 2,
the loading of IC37 appeared to get greater as age increases in the
control group, while it appeared to get smaller as age increases in the
ADHD group. IC 37 showed co-segregating functional and structural
alterations in bilateral and medial frontal regions, as well as sub-
stantives structural alterations in the posterior part of the brain. In the
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control group, as age increased, RD and MD in the corticospinal tract
and anterior thalamic radiation, as well as GMV of posterior parts of the
brain become larger, including temporal and occipital lobes, while FA
in bilateral anterior thalamic radiation, GMV of bilateral and medial
frontal regions became smaller. FC strength also changed with age; in
the control group, FC strength in nodes of the DMN located in pre-
cuneus cortex, bilateral frontal regions, and frontal pole became larger,
while FC strength in medial frontal regions became smaller as age in-
creased. In the fronto-parietal network of the control group, FC in bi-
lateral frontal regions became larger, while FC in right fronto-parietal
regions within the left fronto-parietal network (FPN) and left fronto-
parietal regions within the right FPN became smaller with age; this
suggested stronger within-hemisphere fronto-parietal connectivity and
weaker inter-hemisphere fronto-parietal connections in adolescence
compared to childhood. Lastly, in the control group, FC in nodes lo-
cated in bilateral frontal regions within the executive control network
(ECN) was stronger, while FC in medial frontal regions was weaker in
those with higher age. All age effects described above were reversed in
children with ADHD. Neither including IQ nor total ADHD symptom
scores into the model changed the results (not shown).

3.3. Anatomical and functional alterations related to ADHD symptom
severity

Component 35 (IC35) showed significant effects of ADHD symptom
severity (ADHD-RS total score, nominal p = .00089) that were not re-
lated to diagnostic status. In Fig. 3, we show that higher symptom se-
verity was related to decreased loadings of IC35, which means that with
respect to controls, ADHD subjects presented smaller FA in bilateral
superior longitudinal fasciculus and bilateral inferior fronto-occipital
fasciculus, larger RD and MD in corticospinal tract and anterior tha-
lamic radiation, smaller gray matter in widespread regions in bilateral
frontal, parietal, and temporal lobes, larger GMV in intracalcarine
cortex and bilateral temporal regions, altered functional connectivity in
precuneus cortex in DMN, bilateral lateral frontal cortex in FPN, and
inferior temporal and occipital cortex in auditory network. IC35, in
summary, showed co-segregating wide-spread structural alterations and
functional alterations, especially superior and dorsal-lateral part of the
brain. Neither the correlation between diagnosis and IC35 nor the in-
teraction between diagnosis and symptoms were significant for this
component, which allowed us to merge cases and controls to cover the
whole symptom spectrum. As mentioned above, a significant linear
correlation was also seen between subject loadings in IC9 and ADHD-RS
total score (Fig. 1).

4. Discussion

In the current study, we integrated sMRI, RS-MRI, and DWI to in-
vestigate ADHD-related alterations in the different imaging modalities
and links among those as well as their relation to age and symptom
severity. The current study identified co-occurring anatomical and
functional alterations in ADHD: larger GMV in bilateral frontal regions,
smaller GMV and larger FC in precuneus cortex, and altered white
matter microstructure were found in children with ADHD compared to
healthy controls. Age-related differences of GMV in healthy controls in
distributed regions of the brain and FC in bilateral frontal regions were
found to be reversed in children with ADHD. In both patients and
healthy controls, a higher number of ADHD symptoms was accom-
panied by smaller GMV in bilateral frontal, parietal, and temporal
lobes, larger GMV in intracalcarine and bilateral temporal cortices and
altered FC in precuneus.

Most multimodal studies, including the current one, have partly
replicated results from unimodal studies and further demonstrated the
interrelationship of alterations seen in different modalities. Our results
confirmed the altered functional connectivity in DMN and fronto-par-
ietal network in children with ADHD seen in unimodal studies(Elton
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Fig. 1. Spatial representation of each modality's contribution to component 9, bar plots of subject loadings of component 9, and correlation between total ADHD
symptom score and subject loadings of component 9. Note that the residuals were used in the bar plots of subject loadings of omponent9 in order to better illustrate
the interaction effects. Spatial maps were thresholded at |z| = 2.3. Blue colors indicate negative values on this MRI measure, while red colors indicate positive values.
FA = Fractional Anisotropy, RD = Radial Diffusivity, MD = Mean Diffusivity, MO = Diffusion Mode, VBM = Voxel-Based Morphometry, DMN = Default Mode
Network; FPN =Frontoparietal Network. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

et al., 2014; Lin et al., 2015; Bos et al., 2017). Previous findings of
smaller FA and greater RD and MD in widespread regions including
anterior thalamic radiation, and cingulum and body of the corpus cal-
losum(van Ewijk et al., 2014; Wu et al., 2017; Svatkova et al., 2016;
Onnink et al., 2015; Aoki et al., 2018) (the latter FA finding also seen in
meta-analysis(Chen et al., 2016)) were also replicated. Moreover, the
observed GMV reduction in posterior brain regions in ADHD was also in
line with some previous studies(Bralten et al., 2016; Vilgis et al., 2016;
Carmona et al., 2005). However, we were not able to replicate the GMV
reduction in anterior parts of the brain (Frodl and Skokauskas, 2012;
Saad et al., 2017). This might be due to the fact that we used a method
that can decompose brain alterations into different components, and
each one probably reflects part of the effect discovered before. For
example, frontal GMV alterations were present in several components.
In IC9 (Fig. 1), we showed larger frontal GMV in the ADHD group and a
positive correlation between symptom severity and frontal GMV. In
IC35 (Fig. 3), the correlation between symptom severity and frontal
GMV was reversed. In addition, frontal GMV was larger in older sub-
jects with ADHD while it was smaller in older controls in IC37 (Fig. 2).
Moreover, the sex effect (right top of Fig. 1) showed the complex in-
teraction between diagnosis and sex. Although the effect of diagnosis
remains positive in both sexes, the effect is mainly confined to females.

In terms of symptomatology, we showed that a higher number of
ADHD symptoms was mainly accompanied by alterations of GMV in
bilateral frontal, parietal, and temporal regions. Frontal and temporal

gray matter, caudate, and cerebellar volumes were also previously
found correlated significantly with parent- and clinician-rated severity
measures in people with ADHD(Castellanos et al., 2002). Dimensional
relationships between functional connectivity and symptom severity
have been described for dorsal attention network, DMN, salience pro-
cessing network, and executive control network(Elton et al., 2014),
seen here especially for DMN for patients and controls. A higher
number of ADHD symptoms was accompanied by alterations in GMV
and functional connectivity, where categorical effects were not seen;
since white matter alterations were not present in this component, these
results may differ from previous unimodal studies(van Ewijk et al.,
2014).

Demographic factors affect brain structure and function. Patients
and healthy controls are known to exhibit similar back-to-front waves
of brain maturation (surface area and gyrification) with different areas
peaking at different times(Shaw et al., 2012). Developmental delays in
brain surface area changes in subjects with ADHD have been found in
prefrontal cortical regions in longitudinal assessments(Shaw et al.,
2012). With the limitation that our study had a cross-sectional design,
we also identified age-dependent alterations of GMV and FC in frontal
regions within multiple networks, including regions found altered in
ADHD in previous studies, i.e. DMN and fronto-parietal network(Rubia
et al., 2014; Cortese, 2012). We found age-dependent alteration of
intra-hemispheric fronto-parietal FC and decreases of inter-hemispheric
fronto-parietal connection in healthy controls, while the pattern was
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opposite in subjects with ADHD. This suggests that the specificity of the
developing connectome is disturbed by ADHD. Supporting this idea, the
notion of “diffuse-to-focal” changes in activation patterns, simultaneous
pruning of local connectivity and strengthening of long-range con-
nectivity, and development of hemispheric specialization and later-
alization with age have been suggested in multiple studies in healthy
individuals(Uddin et al., 2010; Durston et al., 2006; Herve et al., 2013;
Friederici et al., 2011).

Extending current knowledge by integrating different modalities,
we observed that participants with ADHD show co-segregating func-
tional and structural alterations in precuneus, including altered volume,
microstructure, and functional connectivity. We also saw alterations in
inter-hemisphere structural (body of corpus callosum) and functional
(fronto-parietal network) connectivity, which marks interconnected
structural and functional alterations. Furthermore, smaller FC in tha-
lamus and part of the precuneus region were identified, corresponding
to altered microstructure in anterior thalamic radiation, which anato-
mically connects the thalamus and precuneus. Nevertheless, the volu-
metric alterations were more widely spread than the functional al-
terations, and the functional alterations were more widely spread than
those in white matter microstructure. Previously, in another multi-
modal study using the joint-ICA method9, observed alterations in
macrostructure appeared more widely distributed than alterations in
brain function. Using FLICA, our results now allowed a more in-
dividualized calculation of each modality compared to the joint-ICA,
and enabled us to identify interconnected alterations in brain structure
and function linked to the same clinical feature of ADHD. We demon-
strated that the frontal region, precuneus, and the cortical-subcortical
connecting fiber bundles were the most frequently affected regions. Our
results in the current study show that brain alterations in children with
ADHD are a combination of categorical, dimensional, and develop-
mental effects. On top of the fundamental categorical alterations seen,
symptom severity differences may make it possible that some

participants with ADHD present milder brain alterations than others.
The different developmental trajectory of brain function and structure
might enable some participants with ADHD to ‘outgrow’ the disorder.
Our findings should be viewed in light of some strengths and lim-
itations. To our knowledge, this is the first integrative analysis of
structural, diffusion-weighted, and functional MRI data in a clinical
ADHD cohort. By using an ICA method, we could separate brain fea-
tures into independent components, and step-by-step regression models
enabled us to optimize model fitting. The majority of ADHD partici-
pants in our cohort was diagnosed as ‘pure ADHD’, which enabled us to
explore development-related changes of ADHD without being con-
founded by comorbidities. Our cohort had less female than male sub-
jects, which limited our ability to explore sex effects. Medication has
been demonstrated to affect brain structure and function(Spencer et al.,
2013; Chou et al., 2015). Although the majority of the patients in the
current study (~84%) had no history of pharmacological treatment,
and all patients were medication-free for at least one month prior to
scanning, we cannot rule out that medication might have had an effect
on our results. Furthermore, we explored age effects in a cross-sectional
cohort. While this worked well in the recent meta-analysis of brain
volumes by the ENIGMA-ADHD working group(Hoogman et al., 2017),
longitudinal data should be preferred to investigate multimodal de-
velopmental trajectories. Last but not least, our statistical modeling
procedures bear some risk of overfitting, as we did not perform cross-
validation. However, the pruning of the regression model and limiting
the number of parameters in the model made overfitting less likely.
In summary, by applying Linked ICA to a cross-section clinical co-
hort of about 200 participants, we demonstrated linked structural and
functional alterations in brain regions that individually have been de-
monstrated in subjects with ADHD in unimodal studies. This points to a
joint underlying biological mechanism. These effects found in joint
multimodal analysis indicated that they are mechanistically related as
they are driven by the same subjects, which can be not clarified in
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multiple unimodal analyses. The current study contributes to the on-
going exploration of multimodal brain alterations in ADHD. ADHD is a
neurodevelopmental disorder, and the clinical features of ADHD pa-
tients are highly heterogeneous and change across the lifespan.
Studying multiple dimensions can inform us about the different neu-
rodevelopmental mechanisms underlying the disorder.
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