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Abstract

Evidence from functional neuroimaging studies support neural differences between the
Attention Deficit Hyperactivity Disorder (ADHD) presentation types. It remains unclear if
these neural deficits also manifest at the structural level. We have previously shown that the
ADHD combined, and ADHD inattentive types demonstrate differences in graph properties
of structural covariance suggesting an underlying difference in neuroanatomical organiza-
tion. The goal of this study was to examine and validate white matter brain organization
between the two subtypes using both scalar and connectivity measures of brain white mat-
ter. We used both tract-based spatial statistical (TBSS) and tractography analyses with net-
work-based Statistics (NBS) and graph-theoretical analyses in a cohort of 35 ADHD
participants (aged 8—17 years) defined using DSM-IV criteria as combined (ADHD-C) type
(n=19) or as predominantly inattentive (ADHD-I) type (n = 16), and 28 matched neurotypi-
cal controls. We performed TBSS analyses on scalar measures of fractional anisotropy
(FA), mean (MD), radial (RD), and axial (AD) diffusivity to assess differences in WM
between ADHD types and controls. NBS and graph theoretical analysis of whole brain inter-
regional tractography examined connectomic differences and brain network organization,
respectively. None of the scalar measures significantly differed between ADHD types or rel-
ative to controls. Similarly, there were no tractography connectivity differences between the
two subtypes and relative to controls using NBS. Global and regional graph measures were
also similar between the groups. A single significant finding was observed for nodal degree
between the ADHD-C and controls, in the right insula (corrected p = .029). Our result of no
white matter differences between the subtypes is consistent with most previous findings.
These findings together might suggest that the white matter structural architecture is largely
similar between the DSM-based ADHD presentations is similar to the extent of being unde-
tectable with the current cohort size.

PLOS ONE | https://doi.org/10.1371/journal.pone.0245028 May 5, 2021

1/16


https://orcid.org/0000-0002-3555-2361
https://orcid.org/0000-0001-8408-9070
https://doi.org/10.1371/journal.pone.0245028
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0245028&domain=pdf&date_stamp=2021-05-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0245028&domain=pdf&date_stamp=2021-05-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0245028&domain=pdf&date_stamp=2021-05-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0245028&domain=pdf&date_stamp=2021-05-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0245028&domain=pdf&date_stamp=2021-05-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0245028&domain=pdf&date_stamp=2021-05-05
https://doi.org/10.1371/journal.pone.0245028
https://doi.org/10.1371/journal.pone.0245028
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

No support for white matter connectivity differences in ADHD types

sponsored by Brain Resource Company Operations
Pty Ltd. The funders had no role in study design,
data collection and analysis, decision to publish, or
preparation of the manuscript.

Competing interests: The authors have read the
journal’s policy and have the following competing
interests: The iISPOT-A trial was sponsored by
Brain Resource Company Operations Pty Ltd. JFS,
KRG, MRK, and SC have received honoraria for
educational seminars from Takeda (Shire -
Australia). LMW has received consultant fees from
BlackThorn Therapeutics and scientific advisory
board fees from Psyberguide of the One Mind
Institute. MSK, KRG, MRK and SC have received
commercial funding from Takeda for funded
project grants. There are no patents, products in
development or marketed products associated with
this research to declare. This does not alter our
adherence to PLOS ONE policies on sharing data
and materials.

Introduction

Characterized by clinical deficits in attention, hyperactivity, and impulsivity, attention deficit
hyperactivity disorder (ADHD) is a highly prevalent neurodevelopmental condition with an
estimated global prevalence of 3.4% of children worldwide [1]. Presentation types (i.e. sub-
types) of ADHD are categorized as either predominantly inattentive (ADHD-I), predomi-
nantly hyperactive-impulsive (ADHD-HI) or combined (ADHD-C) [2]. Cognitive and
behavioral differences between clinical presentations have been well documented across the
neuropsychological literature [3]. Furthermore, the knowledge gap remains in advancing the
neurobiological framework in ADHD. Consequently, neuroimaging studies have investigated
structural, functional, and more recently connectome features in ADHD which may inform
the underlying pathophysiology of ADHD presentations. Moreover, growing evidence from
these studies may help better reconceptualize ADHD by linking brain-based features with
improved clinical care models and treatment outcomes [4].

Research from task and resting-state functional connectivity studies reveal neural differ-
ences between the ADHD-C and ADHD-I types with atypical patterns of increased and
reduced activation in the cingulo frontal parietal attentional (CFP) and default mode (DMN)
networks [5]. The regions involved in these networks are of significance to the underlying
pathophysiology in ADHD as they are concordant with the clinical deficits associated with the
ADHD-I and ADHD-C types, respectively. However, evidence of neuroanatomical differences
between the ADHD presentation types remains conflicted, with multiple studies reporting no
grey matter volumetric differences [6-10], yet others reporting decreased volumes of the cau-
date and anterior cingulate cortex (ACC) in ADHD-C relative to ADHD-I type [11], regions
associated with nodes of the DMN in ADHD-I than ADHD-C [12] and also in the hippocam-
pus in ADHD-C relative to ADHD-I type [13]. A small number of studies investigating micro-
structural white matter (WM) properties between the ADHD-C and ADHD-I subtypes, using
diffusion tensor imaging (DTTI), also yield equivocal findings. DTT is an MRI technique which
can provide information on WM microstructure by observing the directionality and coherence
of water diffusion [14]. This is typically quantified using scalar metrics such as fractional
anisotropy (FA), a marker of microstructural architecture; radial diffusivity (RD) to assess axo-
nal myelination; axial diffusivity (AD) as a variable of axonal maturation; and mean diffusivity
(MD) as an average of molecular diffusion, independent of directionality [15]. Using these sca-
lar measures to evaluate the ADHD subtypes, Svatkova, Nestrasil [16] reported increased RD
in the forceps minor in ADHD-I relative to ADHD-C [16]. Other studies have also reported
increased RD bilaterally and AD in mostly left-lateralized fronto-striato-cerebellar regions
[17], increased FA and RD in the right thalamus, increased AD in the left postcentral gyrus
and right caudate, and increased RD in the left postcentral gyrus and supplementary motor
area [18] for ADHD-C relative to ADHD-I. Additionally, studies comparing the ADHD-C
type only to controls have observed lower FA values in ADHD-C in regions surrounding the
basal ganglia [19,20]. Considering the dearth of studies available in this field, the goal of this
study, using both voxelwise analyses of scalar measures and connectomic analyses of tractogra-
phy measures, was to investigate whether differences in white matter microstructural proper-
ties and connectivity, distinguish the two most common ADHD types, ADHD-C and
ADHD-I. In this same cohort, we have previously demonstrated differences in graph proper-
ties of structural volume covariance networks between the two ADHD types [6]. Based on this
our goal was to test whether these ADHD types also differed in organization of their brain
white matter.

The evolving framework of ADHD pathophysiology is shaped by the application of neuro-
imaging measures which include the more recent connectomic approach in assessing possible
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disruptions in brain network connectivity. An example of this paradigm shift can be seen in
the proposal of a neurocircuitry based model in ADHD, which incorporates knowledge on the
role of inter-regional network organization involving frontal, temporal and parietal regions,
from the historical view of dopaminergic regulation and frontal-striatal circuitry deficit [5].
Network-based Statistics (NBS) and graph theoretical analysis can be applied to assess struc-
tural connectivity, which is represented by anatomical connections formed by WM axonal
fiber tracts to understand whether these connections underpin functional network connec-
tions. Network topology can be characterized by the application of graph modeling of the
structural or functional links characterizing the interregional neuronal connections [21]. Only
one study to date has compared DTI-based structural connectomic measures between the two
ADHD subtypes and found decreased white matter connectivity in ADHD-C compared to
ADHD-], involving mostly right-hemispheric frontal, cingulate and supplementary motor
regions [22].

This study utilized DTI data to assess whether structural WM microstructural properties
and connectivity may distinguish the ADHD- C and ADHD-I types, and comparatively to
neurotypical controls. Firstly, we applied tract-based spatial statistics (TBSS), using DTI
derived scalar measures [23] of fractional anisotropy (FA), mean (MD), radial (RD), and axial
(AD) diffusivity as indices of water diffusion properties in WM tracts. Secondly, we applied
tractography analyses linking 84 brain regions distributed throughout the brain and used net-
work-based Statistics (NBS) to explore connectomic differences and brain network organiza-
tion, and graph theoretical analysis to capture topographic properties, which may underpin
these subtypes.

Methods
Participant characteristics and study procedure

Participants were recruited as part of the International Study to Predict Optimized Treatment
in ADHD (iSPOT-A) study. A detailed account of the inclusion/exclusion criteria protocols
for participant recruitment, diagnostic measures, and procedures for the iSPOT-A study has
been previously published [24] and is described briefly below. DTT data collected at Westmead
Hospital, Sydney, as part of the baseline MRI data collection for the iSPOT-A study, were avail-
able for 37 participants with ADHD (mean = 13.30 + 2.56; range 8-17 years) and 28 age and
gender-matched typically developing controls (mean = 13.09 + 2.63; range 8-17 years). Data
from 2 participants were discarded due to excessive artifacts in the DTI dataset.

Confirmation of ADHD diagnosis (DSM-IV criteria) and subtype (i.e. presentation in
DSM-V) was measured by the Mini International Neuropsychiatric Interview (MINI Kid)
[25], and the Attention Deficit/Hyperactivity Disorder Rating Scale (ADHD-RS-IV) [26] with
symptom severity assessed using the ADHD-RS-IV scores (requires a score of >1 on 6 or
more subscale items on the Inattentive and/or Hyperactive/Impulsive subscales) and the Con-
ners’ Parent Rating Scale-Revised: Long Version (CPRS-LV) [24]. Of the 37 ADHD partici-
pants, 19 met diagnostic criteria for ADHD-C type (mean = 13.25 + 2.53; 4 females), while 18
met diagnostic criteria for the ADHD-I type (mean = 13.35 * 2.65; 4 females). Seven ADHD-C
participants and three ADHD-I participants were diagnosed with comorbid oppositional defi-
ant disorder. All ADHD participants were medication-free at the time of testing; 20 were med-
ication naive; 17 were treatment-experienced with methylphenidate (n = 11 ADHD-C; n =5
ADHD-I) and were withdrawn from methylphenidate for at least 5 half-lives. Participants
were all fluent in English and had no history of brain injury, any significant medical condition
affecting brain function (e.g., epilepsy), or any contraindications for MRI. All participants
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and/or their guardians provided written informed consent to participate in the research, in
accordance with the National Health and Medical Research Council guidelines.

DTI image acquisition and preprocessing

Magnetic resonance images were acquired using a 3.0 Tesla GE Signa HDx scanner (GE
Healthcare, Milwaukee, WI) using an 8-channel head coil. Diffusion tensor images were
acquired using a spin-echo DTI-echo planar imaging sequence. Seventy contiguous 2.5mm
slices were acquired in an axial orientation with an in-plane resolution of 1.72mm x 1.72mm
and a 128 x 128 matrix (repetition time (TR) = 17000 ms; echo time (TE) = 95 ms; fat satura-
tion: on; number of excitations (NEX) = 1; frequency direction: right/left). A baseline image
(b = 0) and 42 different diffusion orientations were acquired with a b-value of 1250. Total
acquisition time for the DTI protocol was 13 min 36s. Three-dimensional (3-D) T1-weighted
magnetic resonance images were also acquired in the sagittal plane using a 3D SPGR sequence
(TR =8.3 ms; TE = 3.2 ms; flip Angle = 11°; TI = 500 ms; NEX = 1; ASSET = 1.5; Frequency
direction: S/I). A total of 180 contiguous 1 mm slices were acquired with a 256 x 256 matrix,
with an in-plane resolution of 1 mm X 1 mm resulting in isotropic voxels.

Diffusion tensor imaging data pre-processing and analytic methods utilized the Oxford
Centre for Functional MRI of the Brain (FMRIB) diffusion toolbox and TBSS software tools as
part of the FMRIB Software Library release 4.1.3 (http://www.fmrib.ox.ac.uk/fsl) [23,27]. Raw
DTI data were first corrected for head movement and eddy current distortions. Diffusion ten-
sor models were then fitted for each voxel within the brain mask and skeletonized FA, MD,
AD, and RD images were generated for each participant. A detailed account of the steps
applied prior to running voxel-wise statistical analysis which involves aligning the FA, MD,
AD and RD images from each individual using non-linear registration and projecting this
onto the mean FA skeleton mask for the cohort, has been published in our previous study [28].

Tract-based spatial statistical (TBSS) analysis of DTT data

We have previously described in greater detail, the methods employed for the TBSS Analysis
of the DTI data [28]. In brief, group comparisons were performed for each WM microstruc-
tural metric using the Randomise (v2.1) permutation testing software in FSL. We performed
three sets of comparisons: (1) ADHD-C versus ADHD-I group, (2) ADHD-C versus controls
and (3) ADHD-I versus controls. Permutation testing was performed using 5,000 permuta-
tions with the threshold-free cluster enhancement option. We also extracted average DTI val-
ues for 46 white matter tract regions defined using the white matter JHU atlas and performed
a 3 (group) x 1 (DTI derived FA values) one-way between-groups analysis of variance
(ANOVA) [29]. We corrected for the number of tracts tested by applying a Bonferroni correc-
tion for multiple comparisons, i.e., p < 0.001 (0.05/46).

Network analysis of DTI data

DTI based structural connectome matrices for each individual participant were generated
using probabilistic tractography [30]. Tractography analysis was performed using each brain
region as seed and the remaining region labels as targets. One thousand sample tracts were
generated from each voxel within the seed region, and only tracts that reached the target
region were retained. The tracts were terminated once they reached a particular target region.
The Desikan-Killiany atlas [31] was utilized to define the 84 brain regions using freesurfer
(v4.3) (http://surfer.nmr.mgh.harvard.edu/) analysis of the T1 MRI scan. This resulted in an
84 x 84 interregional connectivity matrix of number of probabilistic tracts for each participant.
Based on standard protocols and methods for MRI cortical parcellation described in our
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previous study [32], Freesurfer (v4.3) (http://surfer.nmr.mgh.harvard.edu) standard pipeline
segmentation of the 3-D T1-weighted structural images, using the Deskilian- Killiany [31]
atlas a two-dimensional cortical surface was calculated and automatically divided into 35
gyral-based anatomically labeled areas for each hemisphere. Cortical segmentation and ana-
tomical labels were checked by manual inspection allowing the utislization of all the cortial
regions and 7 subcortical structures for the network analysis to generate the connectivity
matrix [32]. Furthermore, after manual checks for anomalies in whole brain parcellation we
didn’t exclude any participants due to anomalies from the analysis.

Network-based statistical (NBS) analyses

Network-based statistical Analyses (NBS) was then applied to examine regional connectivity
differences in the interregional 84 x 84 connectivity matrix between the ADHD-C (n = 19) and
ADHD-I (n = 18) types and controls (n = 26). This method has been previously described in
detail in Korgaonkar, Fornito [32].

Graph theory analyses

Graph theoretical analyses were performed on the inter-regional 84 x 84 connectivity matrices
using the Brain Connectivity Toolbox (http://www.brain-connectivity-toolbox.net/) [33].
Global topological properties of the brain were estimated for each individual using: 1) charac-
teristic path length (mean number of connections on the shortest path between any two
regions in the network), 2) the clustering coefficient (quantification of the probability that two
nodes connected to an index node are also connected to each other). Regional nodal character-
istics were measured using the nodal degree (number of connections that a node has with the
rest of the network). The matrices were thresholded at a range of network densities in 0.01
steps (0.05-0.30) to allow a comparison of network properties between the groups and avoid
biases associated with using a single threshold as is typically done. Area under the curve was
calculated to examine group differences across the full range of sparsity thresholds, with assess-
ments for both global regional measures performed using a p value corrected for a number of
global measures, i.e., p < 0.025 (.05/2), and for the number of nodes in regional measures, i.e.,
p < 0.0006 (.05/84). This method applied has been previously described in detail [32].

Correlations between FA values, network and clinical measures

Correlation analyses were performed to measure any associations between: FA values (for the
JHU WM atlas tracts) and the global and regional graph network measures, and the dimen-
sional measures of the ADHD-RS scores; total inattention items, total hyperactive/impulsive
items, and total item scores, while controlling for age and gender.

Results

Demographic and clinical characteristics for the ADHD-C type, ADHD-I type, and control
participants are summarized in Table 1. No significant differences were present between the
three groups in terms of age and gender. Medication treatment history, comorbid disorders,
or the ADHD-RS-IV (inattentive symptom items) sum of items 1-9 did not significantly differ
between subtypes. Characteristically, ADHD-C type significantly differed from ADHD-I on
the sum of items 10-18 (hyperactive/impulsive symptom items) and total item scores on the
ADHD-RS-IV, in concordance with combined type criteria and severity (p < .05). Of the
ADHD-I type participants, one participant qualified for seven items out of 9 hyperactive/
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Table 1. Participant demographic and clinical characteristics.

ADHD-C (n=19)
Mean + SD

ADHD-I (n =18)

Controls (n = 28)

Mean + SD Mean + SD P
Gender, female, n (%) 4 (21%) 4 (25%) 9 (32%) .63
Age, years 13.25+2.53 13.35 %+ 2.65 13.09 £ 2.63 94
Icv 1553.13 + 149.07 1477.67 £ 165.38 1540.39 + 161.49 17
Education, years 6.68 + 2.47 (6-18) 6.61 +2.73 (6-18) 7.61 +£3.27 (6-18) 43
1Q (STWT) 40.00 = 5.66 39.06 £7.59 41.12 £6.30 .59
ADHD-RS IV sum items 1-9 21.16 £3.83 21.59£3.74 - .68
ADHD-RS IV sum items 10-18 19.26 + 3.11* 8.50 £ 5.20 - .00*
ADHD-RS IV Total Item score 40.42 + 5.57* 30.17 £ 6.22 - .00"
Medication Naive 8 (42%) 12 (75%) - .07
Comorbid Disorders ODD, n (%) 7 (37%) 3(17%) - 17

ADHD-C, ADHD Combined presentation; ADHD-I, ADHD predominantly inattentive presentation; ADHD-RS IV, attention deficit hyperactivity disorder rating
scales- version 4; ICV, intracranial volume; ODD, oppositional defiant disorder; STWT; Spot the Word Test estimated IQ.
* Significant difference between the ADHD-C and ADHD-I subtype at p < 0.05.

https://doi.org/10.1371/journal.pone.0245028.t001

impulsive subscale items, less than four 4 items (n = 4), 3 items (n = 2), 2 items (n = 1) and <1
item (n=11).

Tract-based statistical analyses and atlas based region of interest analysis

No significant differences were found between the subtypes or relative to controls for any of
the DTT scalar measures FA, AD, RD, or MD using voxel-wise analysis. No significant differ-
ences were observed for the FA average values for the 46 defined WM regions, however find-
ings from the ROI analyses which were significant at the uncorrected level is shown in Fig 1.
Forrest plots showing FA values for 46 defined White Matter Regions using region of inter-
est analysis comparing the combined and inattentive ADHD types (Fig 1A), Combined and
controls (Fig 1B), and inattentive relative to controls (Fig 1C). The dotted line represents the
.05 p-value threshold, and the solid line represents the Bonferroni corrected p-value threshold.

Network-based statistical analysis

NBS analysis also did not identify any inter-regional connectivity differences between the
ADHD-C and ADHD-I types or when compared to controls after correcting for multiple
comparisons.

Graph theoretical analysis

Neither of the global topological measures: clustering coefficient or global characteristic path
length, showed significant differences between the ADHD-C and ADHD-I groups or com-
pared to controls. Group comparison of the regional nodal degree revealed a single significant
finding between the ADHD-C and control group, (p < .05 corrected for multiple compari-
sons) in the right insula (corrected p = .029; ADHD-C < Controls). There were no significant
differences found between the two ADHD subtypes, or the ADHD-I type compared to con-
trols. Regional nodal degree measures which were significant but did not survive after correct-
ing for multiple comparisons are illustrated in Fig 2A-2C.

Forrest plots showing p-values for 84 brain regions comparing the combined and inatten-
tive ADHD types (Fig 2A), Combined and controls (Fig 2B), and inattentive relative to
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Fig 2. Group comparison of regional nodal degree measures using graph theoretical analysis between the combined (ADHD-C) and
inattentive (ADHD-I) subtypes, and controls.

https://doi.org/10.1371/journal.pone.0245028.9002
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controls (Fig 2C). The dotted line represents the .05 p-value threshold, and the solid line repre-
sents the Bonferroni corrected p-value threshold.

Correlations between the ROI, network and clinical measures

While no significant associations were found following Bonferroni correction, associations
were observed at the uncorrected level between the sum of items 1-9 and FA in the left ante-
rior limb of the internal capsule; p = 0.039, both the sum of items 10-18 and total item score
with FA in the right superior cerebellar peduncle at p = 0.032 and p = 0.049, respectively. None
of the global or regional network measures were correlated with the clinical rating measures of
the ADHD-RS-IV. Associations observed between regional nodal degree measures and clinical
measures at an uncorrected threshold have been summarized in S1-S3 Tables in the supple-
mentary material.

Discussion

This study investigated whether structural WM microstructural properties and inter-regional
white matter connectivity distinguished the combined (ADHD-C) and inattentive (ADHD-I)
DSM-V presentations of ADHD. TBSS analysis of FA, AD, MD, and RD values, ROI analysis
of FA values for 46 white matter tracts defined by the JHU WM atlas and NBS analyses of
inter-regional connectivity of 84 cortical-subcortical brain regions revealed no significant dif-
ferences between the subtypes or compared to controls. Of all the white matter measures, only
graph properties of nodal degree for the insula were found to significantly differ in the
ADHD-C type relative to controls after controlling for multiple comparisons. Studies of WM
microstructural properties between the subtypes of ADHD are limited. In line with the only
two previous TBSS studies [16,17] available in the literature, our findings did not find differ-
ences in FA, between the two ADHD subtypes. However, both the Svatkova [16] and Ercan
[17] studies did observe differences in RD, MD, and AD between the two ADHD types. An
earlier study [18] demonstrated FA, RD, and AD differences between the two subtypes,
although the analytical approach employed in that study is no longer accepted in current DTI
studies which favor TBSS, as a sophisticated model for measures of DTI scalar values [34].
While we did not find any significant white matter tractography differences between the com-
bined and inattentive subtypes of ADHD, only one other study exists that has reported on
white matter connectivity differences in the frontal, cingulate and supplementary motor
regions between patients with ADHD- C and ADHD-I type using NBS [22]. As such, further
research is warranted to determine differences in WM structural integrity between the hyper-
active/impulsive subtype relative to the other subtypes.

Another possible reason for null findings in our study may be due to a number of treat-
ment-experienced participants in our study compared to the previous subtype-based studies,
which recruited participants who were treatment-naive or with treatment history < 6 months
[17,18,22]. Svatkova, Nestrasil [16] had mostly treatment-experienced participants (n = 21,
63%) without washout prior to scanning. Participants in our study who were treatment-experi-
enced (n =17, 46%) commenced scanning procedures after entering a washout period of 7
days. Interestingly, previous subtype inclusive studies which compared ADHD participants to
controls and found significant differences also had a majority of treatment naive participants
[35-38]. However, it is important to note that these previous studies are not comparable with
our study in terms of methodological approaches. Furthermore, a recent DTI study investi-
gated a medication naive ADHD group of children and adults and found no differences to
controls in the child group but reported significant findings in the treatment naive adult group
[39]. Nevertheless, it may be likely that white matter differences in ADHD may be influenced
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by stimulant treatment effects but may also be due to neurodevelopmental periods in line with
the proposed maturational lag theory in ADHD [40].

Consistent with the two previous subtype comparison studies utilizing TBSS, we found no
differences in FA values [16,17] or AD and MD values, distinguishing the two types [16]. Nota-
bly, while both studies employed cohorts that were similar to our study in terms of clinical
characteristics and sample size, the Ercan, Suren [17] study included a treatment naive sample.
Interestingly, increased FA values were found relative to controls, in the bilateral cingulum
bundle in ADHD-C, and the anterior thalamic radiation, inferior longitudinal fasciculus and
left corticospinal tract involving regions linked to fronto-striatal-thalamic circuits in ADHD-I
[16]. Increased RD in the forceps minor in ADHD- I relative to ADHD-C [16] and increased
RD bilaterally and increased AD in brain regions mostly on the left side linked to fronto-
striato-cerebellar regions in ADHD- C relative to ADHD-I [17] have also been reported. In
contrast, also using a TBSS approach, Rossi et al. [41] measured FA values for 20 fiber tracts in
ADHD-I children compared to controls and found no significant difference between the
groups.

Additionally, we performed a region of interest (ROI) analysis and did not find significant
differences in FA values between the two types. Despite the absence of significant differences
between groups at the corrected thresholds, increased FA values in ADHD-C compared to
ADHD-I and controls were observed at uncorrected thresholds. That is, the bilateral posterior
corona radiata characterized the ADHD-C type from ADHD-I and controls, the left posterior
limb of internal capsule and left anterior limb of internal capsule in ADHD-C relative to
ADHD-], and the left uncinate fasciculus in ADHD-C compared to controls. Interestingly,
similar findings from a previous study comparing an ADHD group reported reduced FA val-
ues in the ADHD groups in the posterior corona radiata, the uncinate fasciculus with reduced
MD in the posterior limb of internal capsule, relative to controls [42].

In our study, we also used tractography to evaluate white matter connectomic differences.
Our study did not find WM connectivity differences between the ADHD-C and ADHD-I sub-
types or compared to controls. However, previous findings from Hong, Zalesky [22], the only
other study evaluating connectome differences between the subtypes, observed decreased WM
connectivity differences in ADHD-C relative to ADHD-I connecting 17 right hemispheric
brain regions including the superior frontal gyrus, anterior cingulate gyrus, and supplemen-
tary motor areas. Additionally, they found significant negative correlations between FA values
and continuous performance task scores to differentiate ADHD-C and ADHD-I. Also, we did
not find any significant differences between the two ADHD subtypes for global topological
characteristics or regional nodal graph measures. However, a single significant finding was
observed which showed reduced nodal degree involving the right insula in the ADHD- C
group when compared to controls. Whilst speculative, similar findings involving the insula
have been noted in previous structural [43-45] and functional connectivity [46,47] studies in
ADHD and warrant further research. The insula is considered part of the salience network
which interacts with the default mode network. Reduced degree is this region may account for
attentional processing and goal-directed action deficits and tied to mechanisms of executive
functioning and sensorimotor dysregulation associated with ADHD-C type [48]. Furthermore,
this finding may have implications for attentional and inhibitory emotional processing in
ADHD [45]. At the uncorrected thresholds, regional network measures revealed some inter-
esting results; with increased nodal degree in regions involving the occipital temporal, and
parietal lobes in ADHD-I relative to ADHD-C and controls and increased nodal degree in
regions of the frontal lobe and the basal ganglia in ADHD-C compared to ADHD-I and con-
trols. These findings are consistent with the Hong, Zalesky [22] study that also revealed
decreased connectivity in ADHD-C, relative to ADHD-], in frontal regions, which are
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involved in regulating inhibitory response and motor activity, both of which are linked to the
ADHD-C type.

Although the availability of DTT studies which specifically examine subtype differences are
sparse, significant findings have been reported, albeit equivocal. Undoubtedly, further studies
are warranted to establish structural connectivity alterations in ADHD types, however, emerg-
ing evidence from DTT studies examining an all-inclusive ADHD group with controls have
reported significant findings. For example, studies investigating basal ganglia and thalamic
connectivity have found lower FA values in ADHD-C relative to controls [19,20]. Fall and col-
leagues [49] indirectly support these findings reporting mean reaction times correlated with
MD values in the striatum and thalamus in ADHD-C compared to controls. Interestingly,
these results are consistent with studies using structural gray matter and resting state func-
tional connectivity, reported in a recent review [50] which have shown disruptions in the
motor network in ADHD-C. Whether these structural connectivity disruptions or the absence
of WM abnormalities attribute to functional deficits associated with the subtypes of ADHD,
remain unconfirmed. And so, while the present study focused on whether hard-wired net-
works may shed insight that distinguishes the subtypes, further exploration of the functional
dynamics of brain network organization may potentially provide greater insight toward the
underlying neurobiology of the ADHD subtypes. Importantly, the rationale for the DSM-V
based diagnostic criteria adopting ‘presentation type’ in place of ‘subtypes’ was to try to convey
the somewhat transient nature to these classifications and how these clinical symptoms evolve
throughout development [50,51]. Perhaps this is another potential reason for the null findings
as ADHD presentation types are not stable across time, and thus they may be better linked
with functional measures.

Limitations

There were several limitations to the study. It is quite likely that the lack of significant findings
in our study is due to the small available sample size and should any differences be present,
then these would be of minimal size, and only detectable in larger cohorts. Using the trend
findings from the comparison analysis between the two ADHD subtypes, a power analysis
indicated that at least n = 35, and n = 49 for the FA derived atlas-based region of interest analy-
sis and regional nodal degree, respectively, would be required would be required for effects to
be significant at the Bonferroni corrected threshold of 0.001.

This limits the statistical power of our results and thus may explain why we were not able to
detect differences between groups after appropriate correcting for multiple comparisons. We
have reported uncorrected findings in the supplementary section and replication studies with
larger sample sizes utilizing these measures are warranted to further explore possible differ-
ences in microstructural integrity between the ADHD types. In a previous study utilizing the
same cohort, we did observe differences in structural covariance between the two ADHD sub-
types. It may be that interregional structural covariance relates better to functional networks
and it is likely that functional differences are more pronounced between the ADHD types
[6,52]. It is, however, important to note that some of the previous studies have reported signifi-
cant white matter differences with similar sample sizes. It is likely these results could be
cohort-specific, stressing the need for replication in larger cohorts.

We applied standard established analytical methods and hence our null findings are impor-
tant to consider in the context of the paucity of DTI studies comparing ADHD presentations.
However, an important consideration relates to common limitations of DTT analyses, in par-
ticular tract-based spatial statistics (TBSS) where TBSS is subject to inaccuracies relating to
FA-based projections in regions of crossing fibers and incapable of obtaining a complete
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measure of the total number of white matter axons; combining within voxel microscopic fiber
density and macroscopy [53]. The TBSS processing pipeline involved taking FA images from
each participant which were then aligned to the FMRIB58_FA template and transformed into
Montreal Neurological Institute 152 1 mm3 standard space using the nonlinear registration
tool FNIRT [54,55] which may impact the validity and outcome of the TBSS findings [56-58].
However, TBSS is considered a “state of the art” [56] leading voxel wise DTI analysis technique
and this approach is typically used in the field for voxel-wise comparisons of diffusion data.
We employed TBSS as one of our measures, given its the one that is the most common for the
field. Additionally, for comprehensiveness we employed measures of tractography to account
for methodological limitations of TBSS. Furthermore, due to the paucity of DTT studies which
specifically examine the ADHD subtypes, these measures were selected as valid and novel tech-
niques, but also to allow as much as possible, a comparison with the limited available studies in
the literature that have employed the same techniques. Future research would benefit from the
inclusion of more sensitive measures such as fixel-based analysis and/or calculation of tract
length of each WM tract.

Our study examined the combined and inattentive type only, as data for the predominantly
hyperactive-impulsive type was not available, thereby analysis between all three types was not
possible. Medication effects and stimulant treatment history may bias the findings from this
study; however, this confounding effect is difficult to eliminate. Although, recent ADHD DTI
research studies which investigated possible medication effects on WM structure and connec-
tivity produced inconclusive findings [39]. Changes in FA may be influenced by variable fac-
tors such as familial vulnerability, ADHD symptom count, and neurodevelopmental periods
as it is well established that FA increases from 10-12 years up to 40 years of age in all WM
tracts [59,60]. Consequently, these factors are not uniformly accounted for in ADHD research
and may limit the generalizability of the results of our study. While this study did match partic-
ipants for age and gender, analyses could not be explored by developmental periods to explore
possible FA differences due to the small sample size. In the absence of formal IQ measures we
cannot determine whether our results were mediated by group differences in IQ. Previous
studies have shown IQ differences between ADHD participants and typically developing
healthy individuals [61]. While we do not have a formal reliable measure of IQ, we used the
Spot the Word Test [62], collected as part of the iSPOT-A cognitive battery. This measure of
verbal memory has been validated as a proxy estimate of intelligence [63]. We did not find any
significant differences in this IQ estimate score, but future work should consider exploring the
effects of IQ between ADHD subtypes. Finally, DTT lacks any information on functional con-
nectivity of the brain and as such replication of these findings will follow in another study
which will involve resting-state fMRI to determine whether similarities are found in functional
interregional connections between the two subtypes.

Conclusion

In summation, we did not find white matter microstructural properties or network connectiv-
ity to differentiate the two subtypes from each other or relative to controls. However, we did
find the ADHD-C group to differ in regional nodal degree in the insula relative to controls.
While the overall results of this study may be inconsistent with the findings of previous
ADHD subtype DTI studies, the absence of evidence for differences in WM microstructural
properties relative to FA values between the two subtypes is in line with previous research. To
the best of our knowledge, this is the first study to utilize both voxel-wise analysis of scalar
white matter measures in addition to tractography incorporating network and graph theoreti-
cal measures to examine differences between these two ADHD subtypes.
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