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Several diﬀusion tensor imaging (DTI) studies in attention deﬁcit hyperactivity disorder (ADHD) have shown a
delay in brain white matter (WM) development. Because these studies were mainly conducted in children and
adolescents, these WM abnormalities have been assumed, but not proven to progress into adulthood. To provide
further insight in the natural history of WM maturation delay in ADHD, we here investigated the modulating
eﬀect of age on WM in children and adults.
120 stimulant-treatment naive male ADHD children (10–12 years of age) and adults (23–40 years of age) with
ADHD (according to DSM-IV; all subtypes) were included, along with 23 age and gender matched controls.
Fractional anisotropy (FA) values were compared throughout the WM by means of tract-based spatial statistics
(TBSS) and in speciﬁc regions of interest (ROIs). On both TBSS and ROI analyses, we found that stimulanttreatment naive ADHD children did not diﬀer in FA values from control children, whereas adult ADHD subjects
had reduced FA values when compared to adult controls in several regions. Signiﬁcant age × group interactions
for whole brain FA (p = 0.015), as well as the anterior thalamic radiation (p = 0.015) suggest that ADHD aﬀects
the brain WM age-dependently.
In contrast to prior studies conducted in medicated ADHD children, we did not ﬁnd WM alterations in stimulant treatment naïve children, only treatment-naïve adults. Thus, our ﬁndings suggest that the reported developmental delay in WM might appear after childhood, and that previously reported diﬀerences between ADHD
children and normal developing peers could have been attributed to prior ADHD medications, and/or other
factors that aﬀect WM development, such as age and gender.

1. Introduction
Attention-deﬁcit/hyperactivity disorder (ADHD) is a highly prevalent neurodevelopmental disorder, characterized by excessive levels
of inattention and/or hyperactivity and impulsivity, arising in childhood and often persisting during adolescence and adulthood
(Biederman et al., 2000). Although behavioral and cognitive aspects of
ADHD are quite well understood, a neurobiological substrate of ADHD
has not yet been found. However, evidence is accumulating that abnormalities in brain structure may play an important in the pathophysiology of ADHD. For instance, imaging studies assessing gray
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matter thickness have shown cortical changes and maturation delay in
speciﬁc areas in the prefrontal cortex in pediatric and adolescent ADHD
subjects, which normalized following ADHD medications (Shaw et al.,
2006, 2007; Sowell et al., 2003; Yang et al., 2015). However, the role of
altered development of brain white matter (WM) in ADHD is still relatively underexplored (van Ewijk et al., 2012), although reported WM
volume reductions in ADHD patients are larger than for gray matter
(Castellanos et al., 2002).
Diﬀusion tensor imaging (DTI) is an ideal tool to study WM development non-invasively. It is a magnetic resonance imaging (MRI)
modality that assesses the micro-structural features of WM and
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naive men (23–40 years of age) diagnosed with ADHD (all types). Boys
were recruited from clinical programs at the Child and Adolescent
Psychiatry Center Triversum (Alkmaar) and from the department of
(Child and Adolescent) Psychiatry at the Bascule/AMC (Amsterdam).
Adult patients were recruited from the Adult ADHD program at PsyQ,
psycho-medical programs clinical programs at the PsyQ mental health
facility (The Hague) and from the department of Psychiatry of the AMC
(Amsterdam). They were diagnosed by an experienced psychiatrist
based on the Diagnostic and Statistical Manual of Mental Disorders
(DSM-IV, 4th edition) and the diagnosis was subsequently conﬁrmed
with a structured interview: Diagnostic Interview Schedule for Children
(National Institute of Mental Health Diagnostic Interview Schedule for
Children Version IV (DISC-IV) for children (Ferdinand and Van der
Ende, 1998) and the Diagnostic Interview for ADHD (DIVA 2.0) (Kooij,
2013) for adults. Inclusion criteria were at least 6 of 9 symptoms of
inattention or hyperactivity/impulsivity on the DISC-IV (for children)
and on the DIVA 2.0 (for adults). Patients were excluded if they were
diagnosed with a co-morbid axis I psychiatric disorder requiring pharmacological treatment at study entry. 1 ADHD child was excluded from
the data analysis, as his DTI scan was missing due to technical problem,
and 1 adult because of undisclosed prior treatment with ADHD medications, resulting in a total sample size of 120 subjects.

microﬁber pathways by measuring the diﬀusional motion of water
molecules. Fractional anisotropy (FA) is a normalized measure, which
quantiﬁes the directional anisotropy of diﬀusion. Typical maturation of
brain WM continues into adulthood (Kochunov et al., 2012) in trajectories such as the anterior thalamic radiations (ATR) and the corpus
callosum (CC) in which FA continues to increase until adulthood
(Barnea-Goraly et al., 2005; Klingberg et al., 1999; Yap et al., 2013).
There is accumulating evidence that WM maturation in ADHD subjects
is disturbed, especially in the frontostriatal and corticocortical tracts
such as the superior longitudinal fasciculus (SLF) (Durston, 2008; van
Ewijk et al., 2012). However, whereas studies in children and adolescents with ADHD have shown a reduction in overall WM volume
compared to normal controls (Castellanos et al., 2002), a trend toward
an overall increase in WM volume in adults with ADHD has been demonstrated (Seidman et al., 2006). Possible reasons for this discrepancy
could be the sample heterogeneity between the studies, the medication
status of the investigated patients and the diﬀerent diﬀusion imaging
parameters between studies. Indeed, particularly medication status
seems to aﬀect WM, as Castellanos et al. reported signiﬁcantly higher
WM volumes in medicated pediatric subjects with ADHD compared to
(older) unmedicated patients and controls (−8.9% and 11.65%, respectively) (Castellanos et al., 2002). In line with these clinical observations, in an experimental study in rats increased FA values of the
corpus callosum of adolescent (+ 9.2%), but not adult, animals following stimulant treatment with methylphenidate (MPH) were found
(van der Marel et al., 2014). Interestingly, juvenile MPH treatment has
been shown to upregulate striatal genes involved in axonal myelination
(Adriani et al., 2006), which may underlie these reported changes in
WM.
To our knowledge only two other structural imaging studies have
been conducted in adult medication naïve ADHD patients, including
one DTI study. In that DTI study, the authors concluded that because
their voxel based morphometry results (that did not survive corrections
for multiple comparisons) were similar to those obtained in adolescents
(Makris et al., 2015), it is likely that ADHD patients reach adult life
with structural brain alterations. However, the studies in children and
adolescents the authors refer to (Seidman et al., 2005) were mainly
conducted in medicated children and adolescents, making such comparison invalid in view of the relatively large eﬀects of medication
status on brain structure, as discussed above.
Thus, the only way to know more about the potential neurobiological role and natural history of WM development in ADHD is to directly compare medication naïve children and adults in one study, using
the same diﬀusion imaging parameters, correction for motion artifacts,
and using the same inclusion criteria. The aim of this study was to investigate the modulating eﬀect of age on DTI parameters in ADHD male
patients and matched healthy controls. If indeed ADHD patients reach
adult life with structural brain alterations, we hypothesized to ﬁnd
reduced FA values in children and adult ADHD patients when compared
to age-matched controls, particularly in the ATR and the CC, as these
are late to mature, and in the SLF, one of the corticocortical tracts
earlier reported to be impaired in ADHD (Durston, 2008; van Ewijk
et al., 2012).

2.2. Imaging acquisition
All MR imaging was performed on a 3.0 T Philips MR scanner
equipped with an SENSE 8-channel head coil and body coil transmission (Philips Medical Systems, Best, The Netherlands). A DTI scan was
obtained with the following scan parameters: ﬁeld of view: 224 × 224
mm, slice thickness: 5 mm, repetition time TR/TE: 8135/94 ms, scan
time: 6 min 47 s, SENSE: 2, slices: 60, b:1000, 4* b:0, half-scan: 0.797,
SPIR: 250, matrix: 112, 46 gradient directions, voxel size isotropic:
2 mm.
2.3. DTI data pre-processing
Pre-processing of the DTI data was performed using in-house developed software, written in Matlab (The MathWorks, Natick, MA). The
pre-processing was executed using the HPCN-UvA Neuroscience
Gateway and using resources of the Dutch e-Science Grid (Shahand
et al., 2011). Head motion and deformations induced by eddy currents
were corrected for by an aﬃne registration of the Diﬀusion Weighted
Images (DWIs) to the non-diﬀusion weighted image. The average of the
total motion was then computed (Ling et al., 2012) using translation
parameters only, and subsequently log-transformed to create motionscore for use in statistical analyses. Motion scores did not diﬀer signiﬁcantly between the ADHD and control groups. Corrupted slices in
the DWIs were automatically detected and excluded. The gradient directions were corrected by the rotation component of the transformation. The DWIs were resampled isotropically. Rician noise in the DWIs
was reduced by an adaptive noise ﬁltering method (Caan et al., 2010).
Diﬀusion tensors were estimated in a non-linear least squares sense.
From the tensors, FA was computed. All subjects-data were then aligned
into standard space by nonrigid registration (Andersson et al., 2007).
We focused our analysis on the central parts of the WM tracts, by
skeletonizing a template FA-map (FA was thresholded at 0.2) (Smith
et al., 2006). FA maps of all subjects were projected onto this FA skeleton. Average values were then computed over the entire WM and
within the CC, the left and right ATR and the left and right SLF. These
regions of interest (ROIs) were selected because their important role in
executive function and the continuous development of the ﬁbers in
these tracts (Yap et al., 2013).

2. Materials and methods
2.1. Study design
122 subjects were included in this study: 99 ADHD stimulanttreatment naive ADHD subjects and 23 age-, and gender matched
healthy controls. The study protocol was approved by the Central
Committee on Research Involving Human Subjects in The Hague, and
the research board of each participating center. All patients, and for the
boys also both parents and their legal representatives, provided written
informed consent. Patients were 50 outpatient stimulant-treatment
naive boys (10–12 years of age) and 49 outpatient stimulant-treatment

2.4. Statistical analyses
Independent Student t-tests were used to examine the group
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compared to control adults (F = 7.39, df = 1,19, p = 0.001), whereas
whole brain FA did not diﬀer between ADHD children and adults
(F = 2.09, df = 1,91, p = 0.08) (Fig. 1). Adult ADHD subjects had
signiﬁcantly lower overall FA when compared to adult control subjects
(F = 13.44, df = 1,55, p < 0.01), whereas such an eﬀect was absent
in the children (F = 0.0002, df = 1,55, p = 0.97). In the ATR and CC
we also found a signiﬁcant age × diagnosis interaction (F = 6.14,
df = 1112, p = 0.015, F = 4.07, df = 1112, p = 0.046, respectively).
However, after applying Sidak's correction for multiple comparison's
the interaction eﬀect in the CC was no longer signiﬁcant (p > 0.017).
Post-hoc tests showed signiﬁcantly lower FA in children when compared to adults: in both healthy controls (F = 9.64, df = 1,19,
p < 0.01) as well as the ADHD group (F = 6.35, df = 1,91, p = 0.01).
However, in the CC we only found an age eﬀect in controls (controls
F = 4.54, df = 1,19, p = 0.046; ADHD: F = 0.025, df = 1,91,
p = 0.62, respectively). Interestingly, in the adult ADHD group, FA
values in the ATR as well as the CC were signiﬁcantly lower than in the
control group (F = 12.09, df = 1,55, p < 0.01; F = 7.82, df = 1,55,
p < 0.01, respectively), whereas no such diﬀerence was observed between the two children groups (F < 0.01,df = 1,55, p = 0.98;
F = 0.07,df = 1,55, p = 0.79, respectively). However, we did not ﬁnd
a signiﬁcant interaction eﬀect in the SLF (F = 1.81, df = 1112,
p = 0.18). Instead, we found a main eﬀect of age (F = 6.47, df = 1113,
p = 0.012) and of clinical group (F = 9.31, df = 1113, p < 0.01).

diﬀerences within the age groups, on continuous demographic and
symptom severity variables, and Chi-square tests for categorical data.
For the ROI analyses, we used univariate analysis of covariance
(ANCOVA) to compare the diﬀerences in age and in diagnosis in overall
mean FA values of whole brain and the selected ROIs, i.e. the CC, the
ATR bilaterally, and SLF bilaterally. Demeaned age (within group) and
demeaned motion-score were used as covariates. A p value (twosided) < 0.05 was considered signiﬁcant. A multiple comparison's
correction using Sidak's correction was applied for the 3 selected ROI's,
resulting in a corrected α of 0.017. Statistical analyses were conducted
with IBM SPSS version 22.
Tract Based Spatial Statistics was used for voxel-wise group comparisons in age, group and age by group interaction and included demeaned age and motion-score as covariates. Multiple comparisons were
corrected for by using permutation tests, as implemented using the
Randomise software within FSL tool (http://fsl.fmrib.ox.ac.uk/fsl),
employing the threshold free cluster enhancement, in which p-values < 0.05 were considered signiﬁcant.
3. Results
The stimulant-treatment naive ADHD subjects and control groups
were relatively well matched, except that the adult ADHD group was on
average 3.5 years older than the adult controls (Table 1) and the normal
developing children had a signiﬁcantly higher IQ when compared to the
ADHD subjects. A majority of adult ADHD patients (65%) had a history
recreational drug use of mainly cannabis, followed by MDMA. The
details are summarized in Table 1.

3.2. TBSS analyses
As expected, FA values were widespread signiﬁcantly lower in
control children vs. adults including the corona radiate (CR), the CC
and ATR (Fig. 2, panel B). However, in ADHD children when compared
to ADHD adults, we found less pronounced diﬀerences (Fig. 2, panel A),
only in the ATR. In addition, we observed signiﬁcantly lower FA values
in adult ADHD patients in regions including the SLF, CC and ATR bilaterally (p < 0.05) compared to the control subjects (Fig. 3), whereas

3.1. ROI analyses
We found a signiﬁcant age × diagnosis interaction (F = 6.09,
df = 1112, p = 0.015) for whole brain FA. Post-hoc tests showed that
whole brain FA was signiﬁcantly lower in control children when
Table 1
Demographic characteristics of the sample (n = 120).
Male children

Age, y, mean
Estimated IQa
Drugs of abuseb
No (< 1 yrs)
Short (1–2 yrs)
Moderate (3–4 yrs)
Long (≥ 5 yrs)
ADHD subtype
Inattentive
Hyperactive/impulsive
Combined
ADHD symptom severity rating scalesc
Attention (DBD-SR)
Hyperactivity/impulsivity (DBD-SR)
ADHD-RS
Co-morbidity
Depressive episode(s) in the pastd
Anxiety disorder in the paste
ODD/CDd
a
b
c
d
e

Male adults

ADHD subjects

Controls

n = 49

Test statistics

ADHD subjects

Controls

n = 11

n = 48

n = 12

Mean (SD)

Mean (SD)

Mean (SD)

Mean (SD)

11.34 (0.87)
104.62 (18.08)

11.36 (0.84)
121.6 (10.9)

28.59 (4.64)
107.86 (7.5)
MDMA
Cocaine
n
n
31
38
6
2
4
2
7
6

25.18 (1.86)
108.08 (5.52)
Amphetamine
n
38
4
3
3

t(58) = − 0.077, p = 0.939
t(55) = − 2.849, p < 0.01

27 (55.1%)
1 (2.0%)
21 (42.9%)

16 (33.3%)
0 (0.0%)
32 (67.3%)

22.35 (3.22)
15.75 (5.67)
31.46 (9.60)
6 (12.2%)
1 (2.0%)
3 (6.1%)

For children: WISC, for adults, NART.
Classiﬁcation according to Yang et al. (2015).
For children: DBDeSR, for adults ADHD-SR.
For adults: MINI Plus 5.0.
For children: NIMH DISC-IV.
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Test statistics

p < 0.01
p = 0.92
Cannabis
n
22
3
10
13
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such an eﬀect was absent in the children with ADHD when compared to
the control children. No signiﬁcant age × group interaction eﬀect was
found.
We did not ﬁnd a statistically signiﬁcant relationship between FA
values and extent of ADHD symptom severity nor co-morbidity, nor did
exclusion of these subjects aﬀect our results.
4. Discussion
The aim of this study was to investigate the modulating eﬀect of age
on WM development in stimulant naïve ADHD male subjects and controls. We found that stimulant-treatment naive adult ADHD subjects
had reduced FA values when compared to age-matched control subjects
in several brain regions, whereas stimulant-treatment naive ADHD
children did not diﬀer in FA values from the control children. Finally,
the signiﬁcant age × group interaction lend further support to our
observation that ADHD aﬀects the brain WM age-dependently: reduced
FA values in stimulant-treatment naive ADHD subjects were only visible
in adults but not in children with ADHD.
In line with the existing literature, we found signiﬁcantly lower FA
values in healthy children compared to the healthy adults, most prominently in the ATR. Although a greater increase in FA is observed from
childhood to adolescence compared to from adolescence to adulthood,
it is well established that FA increases from 10–12 years up to 40 years
of age in all WM tracts including continuous development in the ATR
(Lebel et al., 2012; Yap et al., 2013), as we report here. Consistent with
previous studies we found the strongest age eﬀects between normal
developing and ADHD subjects (Asato et al., 2010; Simmonds et al.,
2014) in the ATR and CC. The ATR connects the anterior and the
midline nuclear group of the thalamus with the prefrontal and orbitofrontal cortices (Schmahmann and Pandya, 2009), both key regions for
executive function like reward processing and decision making
(O'Doherty et al., 2003; Paus et al., 2008). It has been suggested that
abnormal development of the ATR may underlie the protracted development of these functions in ADHD.
Interestingly, we did not observe signiﬁcant diﬀerences in FA values
between medication naïve ADHD children compared to normal developing control children, which is in contrast to the existing literature. All
six ROI studies in children conducted so far (see review by van Ewijk
et al., 2012) reported decreased FA values in ADHD children when
compared to control in several cluster areas. Silk et al. (2009) even
found increased FA values in prefrontal-temporal regions of the left
hemisphere and parietal-occipital regions of male ADHD subjects when
compared to healthy controls. TBSS studies also reported reductions in
FA in ADHD children when compared to adults (Nagel et al., 2011).
However, these studies typically involved a mixture of medicated
children. As pointed out previously, not only diﬀerences in medication
status, but also diagnostic methods, ADHD subtypes, and matching
criteria (e.g. gender, IQ) likely explain the discrepancies between the
studies reported so far. In contrast, in the current study we accounted
for most of these diﬀerences. To our knowledge, we are the ﬁrst to
report on FA values in stimulant-treatment naive ADHD children. As
discussed above, in rats greatly aﬀects FA values age-dependently, increasing FA values in the CC of adolescent rats, but not adult rats (van
der Marel et al., 2014). Indeed, Castellanos et al. (2002) has previously
shown that stimulant medication results in brain WM volumes similar
to typically developing children. Thus, medication status could be an
important confounder explaining the discrepancy between our study
and previous studies.
In adult ADHD patients, we found widespread reductions in FA in
the splenium and body of the CC, the anterior and superior regions of
the CR, the SLF and the ATR bilaterally. These ﬁndings are consistent
with several earlier studies in adults (Cortese et al., 2013; Dramsdahl
et al., 2012; Konrad et al., 2010; Onnink et al., 2015; van Ewijk et al.,
2014). To our knowledge, the study by Konrad et al. (2010) is the only
other DTI study in a large sample of stimulant-treatment naïve male

Fig. 1. ROI FA analyses.
FA values in whole brain WM, ATR CC and SLF. Displays mean ± standard error of the
mean.
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Fig. 2. TBSS analysis in children versus adults in ADHD (panel A) and control subjects (panel B).
a) Signiﬁcant lower FA values are showed (p < 0.05 corrected) in ADHD children when compared to ADHD adults in the ATR.
b) Signiﬁcant lower FA values are showed (p < 0.05 corrected) in control children when compared to control adults in the CC and also the ATR.

generalizability to other ages, and the female gender. For example, the
age range covering adolescence and late adulthood that is missing in
this study (12 −23) would be interesting to study. Hopefully large
cohort studies such as ENIGMA (http://enigma.ini.usc.edu/ongoing/
enigma-adhd-working-group)
or
NEUROIMAGE
(http://www.
neuroimage.nl) might be able to answer some of these questions, such
as the eﬀect of medication use. In addition, our control groups are relatively small and subsequent studies would beneﬁt from a balanced
design in terms of statistical power. Our ﬁndings therefore need to be
replicated in a longitudinal study, with diﬀerent ages and both genders.
Some of the adult ADHD subjects had been exposed to recreational
drugs, which is in a way inherent to having ADHD, mainly cannabis.
This is relevant, as particularly cocaine has been shown to aﬀect FA
values (Kaag et al., 2017). However, only few (6/48) of our ADHD
patients had used cocaine for a long time.
Although we employed adequate data preprocessing to reduce
image distortions inherent to the acquisition technique, as well as artifacts caused by head movement, we cannot exclude at least to some
extent, false positive ﬁndings due to artifacts. For instance, DTI suﬀers
serious limitations in regions of crossing ﬁbers because traditional
tensor techniques cannot represent multiple, independent intra-voxel
orientations. Also, the acquisition used in this study was limited to a
single b = 1000 s/mm2 value. In future studies a more advanced protocol using multiple (at least two) b-values would allow to distinguish
additional WM details, for example, ﬁber crossings, which cannot be
reliably estimated otherwise.
In conclusion, we here present for the ﬁrst time DTI cross-sectional
data in medication naïve children and adults with ADHD. In contrast to
prior studies in which most subjects were medicated, or medication
history was not taken into account (van Ewijk et al., 2012), we found no
evidence for alterations in WM microstructure in children, only adults.
Although we tried to adequately correct for most potential confounders,
our DTI acquisition protocol suﬀered from a limited b value, and
therefore should be replicated in a longitudinal study with multiple b

ADHD patients. In line with our study, they found, using voxel based
analysis, signiﬁcantly lower FA values in the right anterior cingulum
bundle and in the bilaterally in orbitofrontal WM structures including
parts of the ATR and CC. However, additionally they found signiﬁcantly
higher FA values in temporal structures. Indeed, more voxel based
analysis studies not only show decreases, but also increases in FA in
several brain areas, mostly regions with a larger number of ﬁber
crossings in speciﬁc structures, such as the fronto-temporal region.
Fiber crossings are known to result in a decrease of FA (Beaulieu, 2002)
and therefore, underdevelopment of crossing ﬁbers in ADHD patients
could result in a relative increase in FA in these regions.
Our study is the ﬁrst to investigate the modulating eﬀect of age. We
found signiﬁcant age × group interaction eﬀects in the ATR, suggesting
that ADHD aﬀects this brain region age-dependently. The absence of an
interaction eﬀect in other regions may be attributed to a Type II error.
Alterations in the ATR and other tracts have been associated with executive cognitive deﬁcits and sensorimotor and oculomotor function
deﬁcits. For example, the SLF is involved in attention processing and
executive functioning (Makris et al., 2008). Also, a recent study by
Cortese et al. shows that decreases in FA might be an enduring trait of
ADHD (Cortese et al., 2013). This disruption of maturation in ADHD is
in accordance with the literature which suggests that ADHD is a developmental disorder that progresses over the years (Mous et al., 2014).
Our ﬁndings suggest that the delay in WM maturation may only be
visible later in childhood or in adolescence. Alternatively, childhoodonset ADHD is not the same as adult onset ADHD, as recently suggested
by Moﬃtt et al. (2015). In that four decade longitudinal study, 90% of
adult ADHD cases lacked a history of childhood ADHD. Although in our
study all patients met DSM-IV criteria for ADHD (which requires an
onset of symptoms before age of 7 years), retrospective recall of
childhood symptoms can be questionable in the adult subjects.
We included a relatively large sample of ADHD subjects in this study
compared to other DTI studies. However, as we included a restricted
age range and only male subjects, our ﬁndings have limited

Fig. 3. TBSS analysis in ADHD subjects versus control subjects.
Signiﬁcantly lower FA values (p < 0.05 corrected) in adult ADHD subjects when compared to control adult subjects in the SLF, CC and the ATR trajectories.
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