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ARTICLE
White matter microstructure is associated with hyperactive/

inattentive symptomatology and polygenic risk for attention-
deficit/hyperactivity disorder in a population-based sample
of adolescents
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Few studies have investigated the link between putative biomarkers of attention-deficit/hyperactivity disorder (ADHD)
symptomatology and genetic risk for ADHD. To address this, we investigate the degree to which ADHD symptomatology is
associated with white matter microstructure and cerebral cortical thickness in a large population-based sample of adolescents.
Critically, we then test the extent to which multimodal correlates of ADHD symptomatology are related to ADHD polygenic risk
score (PRS). Neuroimaging, genetic, and behavioral data were obtained from the IMAGEN study. A dimensional ADHD composite
score was derived from multi-informant ratings of ADHD symptomatology. Using tract-based spatial statistics, whole brain voxel-
wise regressions between fractional anisotropy (FA) and ADHD composite score were calculated. Local cortical thickness was
regressed on ADHD composite score. ADHD PRS was based on a very recent genome-wide association study, and calculated using
PRSice. ADHD composite score was negatively associated with FA in several white matter pathways, including bilateral superior and
inferior longitudinal fasciculi (p < 0.05, corrected). ADHD composite score was negatively associated with orbitofrontal cortical
thickness (p < 0.05, corrected). The ADHD composite score was correlated with ADHD PRS (p < 0.001). FA correlates of ADHD
symptomatology were significantly associated with ADHD PRS, whereas cortical thickness correlates of ADHD symptomatology
were unrelated to ADHD PRS. Variation in hyperactive/inattentive symptomatology was associated with white matter
microstructure, which, in turn, was related to ADHD PRS. Results suggest that genetic risk for ADHD symptomatology may be tied to
biological processes affecting white matter microstructure.
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INTRODUCTION adolescents, and symptoms include a developmentally inap-
Attention-deficit/hyperactivity disorder (ADHD) is one of the most propriate pattern of inattention and/or hyperactivity/impulsivity
prevalent neuropsychiatric conditions among children and [1, 2]. The overall prevalence of ADHD is approximately 7.2% in
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children, and 2.5% in adults [3]. Importantly, heritability estimates
for ADHD range from 0.70 to 0.80, with little evidence of shared
environmental factors influencing ADHD symptomatology [4].
Despite such findings, there has been little research on the degree
to which putative brain-based biomarkers of ADHD symptomatol-
ogy are associated with genetic risk for ADHD. The advent of large
population-based neuroimaging studies affords the opportunity
to delineate relations between polygenic risk, brain structure, and
ADHD psychopathology. Such efforts are greatly needed in order
to further elucidate the neurodevelopmental underpinnings of
ADHD symptomatology.

More accurate phenotypic characterizations of ADHD sympto-
matology are essential in linking genetic risk, brain structure, and
behavior. Among clinicians and researchers, ADHD has been
traditionally conceptualized as a categorical, or dichotomous,
construct. Such views are consistent with the prevailing diagnostic
taxonomy, the Diagnostic and Statistical Manual of Mental
Disorders [1, 2]. In the past decade, however, empirically based
assessment of psychopathology has revealed aspects of dimen-
sionality with regard to many psychiatric disorders, including
ADHD [5]. Intriguingly, evidence for dimensionality of ADHD has
also been observed at a genetic level. For example, it has been
previously reported that polygenic risk for ADHD predicts
dimensional measures of hyperactivity and inattention in
population-based samples of children [6]. Such findings indicate
genetic overlap between clinical and normative levels of ADHD
symptomatology, and provide additional support for a dimen-
sional conceptualization of ADHD [6, 71.

Paralleling genetic findings, a number of neuroimaging
studies indicate largely overlapping neuroanatomical correlates
with regard to clinical and subclinical levels of ADHD sympto-
matology [8-12]. Ducharme et al. [8] revealed that subclinical
attention problems in typically developing youths were asso-
ciated with a decreased rate of cerebral cortical thinning in
frontal regions—Ilargely overlapping with cortical areas in which
delayed cortical thickness maturation has been observed in
ADHD participants [8, 9, 13, 14]. Similarly, Shaw et al. [9]
reported that clinical and subclinical symptoms of hyperactivity
and impulsivity were associated with delayed cortical thickness
maturation, predominantly in prefrontal cortical regions. Shaw
et al. [9] found that youths with higher levels of hyperactivity/
impulsivity had a slower rate of cortical thinning—and youths
with ADHD had the slowest rate of cortical thinning. Taken
together, there is compelling evidence that both normative and
clinical levels of ADHD symptomatology share overlapping
neural and genetic substrates—and that these associations
may be obfuscated by strict categorical characterization of
psychopathology.

Whereas most structural studies of ADHD have focused on gray
matter structure, relatively few have investigated white matter
correlates of ADHD symptomatology. Even fewer studies have
examined associations between white matter microstructure and
dimensional measures of psychopathology in population-based
samples [15]. With regard to white matter microstructure, prior
research indicates that the metric of fractional anisotropy (FA)
reflects several properties of cerebral white matter, including
packing density of axons, axonal diameter, and degree of
myelination [16, 17]. Given that myelination is a protracted
developmental process that continues into adulthood, and that
genetic investigations of ADHD have implicated genes involved in
axonal development, diffusion imaging may help to elucidate
relations between genetic risk and adolescent ADHD symptoma-
tology [18, 19]. It is also possible that altered FA may reflect other
aspects of white matter microarchitecture, independent of
myelination, among individuals with ADHD symptomatology.
Nonetheless, a growing body of literature indicates altered white
matter microstructure among ADHD patients relative to typically
developing controls. In particular, recent diffusion imaging studies
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of adolescent and adult participants with ADHD, utilizing relatively
large samples (i.e., >200), have reported aberrant white matter
microstructure in the corpus callosum (CC), superior longitudinal
fasciculus (SLF), and the internal capsule [20, 21]. To the best of
our knowledge, no prior studies have examined putative
associations between white matter microstructure and dimen-
sional assessments of ADHD symptomatology using a population-
based sample of youths.

In the present study, we first test the extent to which ADHD
polygenic risk score (PRS) is associated with dimensional
assessments of ADHD symptomatology in a population-based
sample of youths. Next, we investigate the degree to which ADHD
symptomatology is associated with white matter microstructure
and cerebral cortical thickness in the same population-based
sample of adolescents. Importantly, we then test the extent to
which white matter and cerebral cortical correlates of ADHD
symptomatology are associated with ADHD PRS.

METHODS AND MATERIALS

Sample

Neuroimaging and behavioral data were obtained from the
IMAGEN study conducted across eight European sites in France,
the United Kingdom, Ireland, and Germany, which includes 2223
adolescents recruited from schools at age 14 years (age range =
12.9-15.7 years). Recruitment into the IMAGEN study targeted
adolescents for whom all four grandparents were the same
nationality as the participant (i.e., participants were required to
have four Western European grandparents); as such, the sample is
racially and ethnically homogenous. Local ethics research
committees approved the study at each site. Written consent
was obtained from the parent or guardian as well as verbal assent
from the adolescent. A detailed description of recruitment and
assessment procedures has been published elsewhere [22]. Only
participants possessing multi-informant psychopathology data,
quality controlled neuroimaging data, and complete demographic
data were included in the present study.

Psychopathology assessment

The Development and Well-Being Assessment (DAWBA) [23] is
a computer-based package of questionnaires, interviews, and
rating techniques used to assess adolescent psychopathology. In
the present study, ADHD symptom scores were derived from
the parent version of the DAWBA—youths did not complete the
DAWBA ADHD module. In addition to total symptom score, the
parent version of the DAWBA yielded separate scores for both
Hyperactivity/Impulsivity and Inattention.

Self-report and parent report versions of the Strengths and
Difficulties Questionnaire (SDQ) were also used to assess
symptoms of hyperactivity and inattention [24]. In addition to
the Hyperactive/Inattentive scale, the Emotional scale on the
youth SDQ was utilized to assess mood and anxiety symptoma-
tology. The SDQ is a reliable and valid measure of youth emotional
and behavior symptoms, on which scores are predictive of
increased probability of clinician-rated psychiatric disorders and
retest stability over 4-6 months [25].

A dimensional, multi-informant ADHD composite was derived
by standardizing DAWBA ADHD total symptom score, as well as
parent and youth SDQ Hyperactive/Inattentive scores, and
summing the standardized z-scores.

ADHD PRS

ADHD PRS in the present study was based on a very recent ADHD
genome-wide association (GWAS) [26]. Importantly, this GWAS by
Demontis et al. [26] represents the first report of genome-wide
significant risk loci for ADHD, with 12 independent loci surpassing
genome-wide significance. Of note, genotype data from IMAGEN
were not used in this study.

Neuropsychopharmacology (2019) 44:1597 - 1603



In order to calculate the ADHD PRS score, summary statistics
were downloaded from the Psychiatric Genomics Consortium
(http://www.med.unc.edu/pgc/results-and-downloads; 18,381 cases
and 27,969 controls, all European descent). Calculating a PRS
score requires the use of a significance threshold for inclusion of
single-nucleotide polymorphisms (SNPs) in that score. In cases
where a researcher is only interested in the strength of the relation
between the score and the phenotype, the threshold for an SNP to
be included in the PRS score can be selected as that which leads to
the highest variance explained between the phenotype and the
score [27, 28]. However, in the present investigation, we were
interested in associations of the PRS scores with both the ADHD
behavioral phenotype, and neuroimaging measures. In this case,
varying the threshold for inclusion in the score can lead to issues of
circularity in analyzing the neuroimaging data, as the PRS score
would then already be optimized to associate with the ADHD
composite score used here. For this reason, we pre-selected the use
of a nominal p=0.05 threshold for inclusion of SNPs in the
calculation of the PRS score, which avoids this overfitting/circularity
problem. All genetic data processing and analyses were performed
using the R package PRSice [28] and PLINK version 1.90.

ADHD PRS was available for 1597 of the 1753 participants
(91.1%) included in cortical surface-based analyses, and 1341 of
the 1471 participants (91.2%) included in diffusion imaging
analyses.

MRI acquisition

Magnetic resonance imaging scanning was conducted at the eight
IMAGEN assessment sites using 3 T whole-body MRI systems [22].
See Supplementary Materials for further details.

Diffusion MRI

Diffusion data preprocessing was implemented with the FMRIB
Diffusion Toolbox in FSL (http://www.fmrib.ox.ac.uk/fsl). Prepro-
cessing of the data included the following steps: (1) affine
registration to the first b=0 image in order to correct for head
motion and eddy current distortion; (2) brain extraction using the
FSL brain extraction tool [29]; and (3) voxel-wise diffusion tensor
fitting in order to create FA images. Voxel-wise statistical analysis
of subjects’ FA data was performed using TBSS (Tract-Based
Spatial Statistics), which is part of the FSL software package
[30, 31]. All participants’ FA data were aligned into a common
space using a tensor-based registration with the Diffusion Tensor
Imaging Toolkit [32]. Next, the mean FA image was created and
thinned to create a mean FA skeleton, which represents the
centers of all tracts common to the group. This skeleton was then
thresholded at FA > 0.2 in order to keep only main white matter
tracts. Each adolescent’s aligned FA data were then projected onto
the skeleton and the resulting data fed into voxel-wise cross-
individual statistics. Images corrupted by head movement or with
defective spatial normalization were excluded from subsequent
analysis. See Supplementary Materials for further details.

Cerebral cortical morphometry

High-resolution anatomical MRIs were acquired with a three-
dimensional T1-weighted magnetization prepared gradient echo
sequence (MPRAGE) based on the ADNI protocol (http://adni.loni.
usc.edu/methods/documents/mri-protocols/).  Quality-controlled
native MR images were processed through the CIVET pipeline
(version 2.1.0) using the CBRAIN platform [33]. See Supplementary
Materials for further information.

Statistical analysis

Cortical thickness analysis was implemented using SurfStat, a
toolbox created for MATLAB 7 (The MathWorks Inc.,, Natick,
MA, USA) by Dr. Keith Worsley (http://www.math.mcgill.ca/keith/
surfstat/). Age, total brain volume, sex, site, socioeconomic
status (SES), and pubertal development were controlled for in a
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vertex-wise surface-based analysis. To account for multiple
comparisons, random field theory (RFT) correction was applied
to the entire cortical surface [34]. In order to identify significant
clusters, an initial height threshold of p < 0.001 was implemented
at the vertex level, and a corrected family-wise error (p < 0.05) was
subsequently applied. In addition, vertex-level RFT thresholding
was implemented using the vertex-wise RFT critical t-value, which
was calculated from the expected Euler characteristic and number
of resolution elements, or resels [34].

Voxel-wise linear regression of ADHD composite score on FA
maps was tested in the framework of the general linear model
using a randomization-based method (5000 permutations) with
age, total brain volume, sex, site, SES, and pubertal stage entered
as confounding covariates. Statistical thresholds were set at p <
0.05 family-wise error corrected and threshold-free cluster
enhancement corrected (TFCE) [35].

Finally, multiple linear regression was conducted in order to test
the degree to which cerebral cortical and white matter correlates
of ADHD psychopathology were related to ADHD PRS. Mean
cortical thickness was calculated for the area of cortex that was
significantly associated with ADHD symptomatology (p < 0.05, RFT
cluster corrected). Similarly, mean FA was calculated for the
portion of the white matter skeleton that was significantly
associated with ADHD symptomatology (p < 0.05, TFCE corrected).
The effects of sex, site, age, total brain volume, pubertal stage, and
SES were controlled for in these regression analyses.

It should be noted that, in the above analyses, IQ was not
included as a covariate. This decision was based on the following:
(1) that overall cognitive ability is significantly lower among
individuals with ADHD relative to controls, and (2) evidence of 1Q
and ADHD being underpinned by overlapping genetic factors
[26, 36-38]. As written by others, when a covariate is intrinsic to
the condition being studied (e.g., IQ and ADHD), it is problematic
to statistically “adjust” for differences in the covariate—potentially
leading to spurious results [39, 40].

RESULTS

Demographic measures

Demographic information for participants is summarized in
Table 1.

ADHD PRS and ADHD symptomatology

Correlation analysis revealed that ADHD composite score was
significantly associated with ADHD PRS in participants with
available cortical thickness data (r=0.125, p <0.001; N =1597),
as well as participants with available diffusion data (r=0.137, p <
0.001; N=1341). These associations remained significant when
controlling for the effects of age, sex, site, total brain volume, SES,
and pubertal stage.

Diffusion imaging

ADHD composite score was negatively associated with FA in
numerous brain regions at p <0.05, TFCE corrected, including
portions of the CC, bilateral uncinate, inferior longitudinal, and
superior longitudinal fasciculi (Fig. 1). The most statistically
significant associations between FA and ADHD composite score
(p < 0.01, TFCE corrected) were found in portions of the left inferior
fronto-occipital, inferior longitudinal, and uncinate fasciculi
(Supplementary Fig. 1). A similar pattern of results emerged when
controlling for 1Q (Supplementary Figs. 2 and 3), and self-reported
anxious/depressed symptoms (using the Youth SDQ Emotion
score). The association between ADHD composite score and FA
was not significantly moderated by sex.

Exploratory post hoc analysis revealed that the above findings
were largely unchanged by removing participants with ADHD
composite scores >2 standard deviations above the mean (N =71;
4.8% of total sample). Further, when examining mean FA of white
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Table 1. Summary statistics for demographic and psychometric variables
Diffusion (n = 1471) Cortical surface based (n = 1753)
Age (in years), mean (SD) 14.42 (0.42) 14.43 (0.41)
Sex (%) 766 females (52.1%)705 males (47.9%) 905 females (51.6%)848 males (48.4%)
SES, mean (SD) 18.00 (3.87) 17.87 (3.91)
Pubertal development score, mean (SD) 2.91 (0.55) 2.91 (0.56)
H/I score on youth SDQ, mean (SD) 3.90 (2.17) 3.98 (2.16)
H/I score on parent SDQ, mean (SD) 2.89 (2.30) 2.94 (2.27)
DAWBA ADHD score, mean (SD) 3.93 (5.84) 3.94 (5.80)
SES socioeconomic status, H/I Hyperactive/Inattentive scale, SDQ Strengths and Difficulties Questionnaire, DAWBA Development and Well-Being Assessment,
ADHD attention-deficit/hyperactivity disorder

Fig. 1 White matter regions in which fractional anisotropy is negatively associated with attention-deficit/hyperactivity disorder (ADHD)
composite score (p < 0.05, threshold-free cluster enhancement corrected), controlling for age, sex, site, socioeconomic status (SES), pubertal

stage, and total brain volume. Shown in radiological perspective

matter regions that were significantly associated with ADHD
symptomatology (p <0.05, TFCE corrected), we found that the
extreme symptom group (>2 SDs above mean ADHD composite
score) exhibited significantly reduced FA relative to the remainder
of the sample (p=1.76x10""). Thus, when compared to the
remainder of the sample, the extreme symptom group evidenced
reduced FA in white matter regions that were dimensionally
related to the ADHD composite score in the total sample.

Cortical thickness

ADHD composite score was negatively associated with cortical
thickness in left orbital and ventromedial prefrontal cortices,
extending into left anterior insula and left anterior temporal
cortices (Fig. 2). The association between ADHD composite score
and cortical thickness was not significantly moderated by sex. No
other associations survived correction for multiple comparisons.

ADHD PRS and brain structure

ADHD PRS predicted mean FA of white matter regions in which FA
was significantly associated with dimensional ADHD symptom

SPRINGERNATURE

score, b= —-0.044, p=0.045. Importantly, this association
remained significant when the threshold for inclusion of SNPs in
the calculation of the PRS score was changed to p<0.01 and
<0.10. Similarly, the association remained significant when
controlling for 1Q. Sex did not significantly moderate the
association between PRS score and mean FA. In a follow-up
voxel-wise analysis, the relationship between ADHD PRS and FA
was examined within regions of the white matter skeleton in
which FA was significantly associated with ADHD symptomatology
(Supplementary Fig. 4). Peak associations (p < 0.001, uncorrected)
were revealed in portions of the left inferior fronto-occipital,
inferior longitudinal, and superior longitudinal fasciculi. ADHD PRS
was not associated with cortical thickness in the areas of cortex
that were significantly associated with ADHD symptomatology.

DISCUSSION

To our knowledge, this is the first study to reveal dimensional
relations between ADHD symptomatology, white matter micro-
structure, and ADHD polygenic risk in a population-based sample

Neuropsychopharmacology (2019) 44:1597 - 1603
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Fig. 2 Brain areas where local cortical thickness is negatively associated with the dimensional multi-informant ADHD composite score (n =
1753). Random field theory (RFT) was used to correct for multiple comparisons over the entire cortical mantle. Figure is shown at p < 0.05, RFT
corrected. Blue areas are significant at the cluster level and red color corresponds to areas significant at the vertex level. Controlled for age,
total brain volume, sex, site, socioeconomic status (SES), and pubertal development

of adolescents. Specifically, variation in hyperactive/inattentive
symptomatology was associated with white matter microstruc-
ture, which in turn was related to genetic risk for ADHD. Cerebral
cortical thickness correlates of ADHD symptomatology were not
related to ADHD PRS. Taken together, these findings suggest that
ADHD polygenic risk is tied, in part, to biological processes
affecting white matter microstructure during adolescence.

The PRS used in the present study was derived from the first
report of genome-wide significant risk loci for ADHD [26].
Importantly, the present study serves to replicate this prior
report, and, further, suggests that risk loci identified in Demontis
et al. [26] influence clinical and subclinical levels of ADHD
symptomatology. Several of the genome-wide significant loci
that inform ADHD PRS have been implicated in neurodevelop-
mental processes, including FOXP2, DUSP6, and SEMA6D. FOXP2,
in particular, is active during stages of embryonic development
and is known to play a vital role in neurogenesis and formation
of synapses [41]. FOXP2 has also been implicated in the
development of language and cognition—a particularly intri-
guing finding given the co-occurrence of ADHD and learning
disorders [42-44]. What is more, in the present study, PRS was
negatively associated with FA in portions of the extreme capsule
of the left hemisphere—a fiber pathway that is related to
cortical regions in the left inferior frontal gyrus that subserve
language in humans. Future research will be needed to
elucidate the neurobiological processes serving to mediate the
association between ADHD PRS and reduced FA.

Neuropsychopharmacology (2019) 44:1597 - 1603

It is noteworthy that white matter microstructure was related
to ADHD symptomatology in widespread regions. Specifically, a
dimensional ADHD composite score was negatively associated
with FA in areas, including the CC, bilateral uncinate, inferior
longitudinal, inferior fronto-occipital, and superior longitudinal
fasciculi. The most statistically significant associations (p < 0.01,
TFCE- corrected) were revealed in portions of the left fronto-
occipital, inferior longitudinal, and uncinate fasciculi. Surface-
based cortical analysis revealed significant negative associations
between cortical thickness and ADHD composite score in left
orbital and ventromedial prefrontal cortices, extending into left
anterior insula and left anterior temporal cortices. Reduced FA
within the inferior fronto-occipital fasciculus represents a
consistent finding among diffusion imaging studies of adult
ADHD [45-47]. In a recent study, Leng et al. [48] employed
structural equation modeling in order to assess associations
between FA within the inferior fronto-occipital fasciculus and
attention. Executive control of attention was particularly tied to
FA in the frontal component of the left inferior fronto-occipital
tract, whereas alerting was associated with FA in the insular and
parietal components of the left inferior fronto-occipital tract.
Results of the present study are strikingly similar to a report by
Shaw et al. [47] in which dimensional measures of inattention
were negatively associated with FA in the left inferior fronto-
occipital and uncinate fasciculi among young adults. Further,
Shaw et al. [47] reported that young adults with persistent
ADHD symptoms possessed lower FA relative to young adults
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with remitted ADHD symptoms in the bilateral inferior fronto-
occipital fasciculus, right SLF, and left uncinate fasciculus.
Findings from the present study further implicate the inferior
fronto-occipital fasciculus in the pathophysiology of ADHD
symptoms.

Present findings appear to support the notion that both clinical
and subclinical ADHD symptomatology are associated with white
matter microstructure in largely overlapping areas. In particular,
the association between ADHD symptomatology and white matter
FA was not meaningfully altered when participants with extreme
ADHD composite scores (>2 SDs above mean; 4.8% of the total
sample) were excluded. Further, this extreme group (>2 SDs above
mean) exhibited significantly reduced FA relative to the remainder
of the sample in white matter regions that were dimensionally
related to the ADHD composite score in the total sample. These
findings extend prior research on gray matter correlates of ADHD
symptomatology in non-clinical samples [8, 9], and lend further
credence to dimensional conceptualizations of ADHD psycho-
pathology. Present results also dovetail with reports of ADHD
polygenic risk predicting dimensional measures of clinical and
subclinical attention problems in population-based samples of
children [6].

It has been argued that cerebral cortical volume should not be
used in genetically informative studies, or as an endophenotype
for a given disorder or psychopathology [49]. Given the genetic
focus of the present study, we chose to reexamine relations
between cortical gray matter and ADHD symptomatology with
more recently developed surface-based methods that assess
thickness as a distinct property of the cortex [49]. That being said,
the surface-based cortical morphometry findings of the present
study largely recapitulate previous voxel-based morphometry
findings on this cohort of adolescents [11].

Interestingly, follow-up analyses revealed that cortical thickness
correlates of ADHD symptomatology were not significantly
associated with FA correlates of ADHD symptomatology—
suggesting, perhaps, that these two biomarkers possess differing
neurodevelopmental origins. Our results suggest that the ADHD
PRS, derived from Demontis et al. [26], is more closely tied to
white matter integrity during adolescence as opposed to
cerebral cortical morphology. Although speculative, it is possible
that the cortical correlates revealed in the present study represent
compensatory changes in response to altered white matter
development, or separate genetic influences. It is also possible
that cortical correlates of ADHD PRS may be present earlier
in the course of development, prior to age-related cortical
thickness changes that accompany the transition from early
childhood to adolescence. Population-based longitudinal studies,
beginning at younger ages, are desperately needed to address
such questions.

Although the present study possesses a number of significant
strengths, several limitations need to be addressed. As is true for
most diffusion imaging studies, we can only speculate as to the
neurobiological underpinnings of our FA findings. Future studies
will likely benefit from characterizing white matter microstructure
using a number of diffusion metrics—not simply FA. Further, the
observed effect size for the association between PRS and FA was
relatively small. It is likely that the white matter microstructure
findings of the present study represent one facet by which ADHD
PRS influences brain structure.

In conclusion, this is the first study to reveal dimensional
relations between ADHD polygenic risk, white matter microstruc-
ture, and ADHD symptomatology in a population-based sample of
adolescents. Our findings suggest that ADHD polygenic risk is
associated with clinical and subclinical ADHD symptomatology
and, further, that genetic risk for ADHD symptoms may be tied to
processes affecting the structural integrity of cerebral white
matter pathways.
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