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Abstract
Purpose: To examine brain diffusion characteristics in pediatric patients with attention deficit hyperactivity disorder (ADHD)
using diffusion tensor imaging (DTI) and an atlas-based anatomical analysis of the whole brain and to investigate whether
these images have unique characteristics that can support functional diagnoses.
Materials and Methods: Seventeen children with ADHD and ten control subjects (all age-matched) underwent MRI scans.
The Institutional Ethics Board approved this study. Morphometric analysis was performed using MriStudio software. The diffusion images were normalized using a linear transformation, followed by large deformation diffeomorphic metric mapping
(LDDMM). For 189 parcellated brain regions, the volume, fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity
(AD), and radial diffusivity (RD) were measured.
Results: Children with ADHD were found to have increase in the body of lateral ventricle volumes compared to the control.
Increased MD was found in the deep gray matter, amygdala, thalamus, substantia nigra, and also the cerebellum left and right
side. Increased RD was found in the deep gray matter, caudate, thalamus, substantia nigra and hippocampus left and right side
compared to the control. Significant elevated FA was found in the bilateral splenium of the corpus callosum in ADHD patients.
Conclusion: Children with ADHD display abnormal diffusion characteristics and anatomical features compared to healthy
controls. DTI can provide sensitive information on integrity of white matter (WM) and intra-WM structures in ADHD.
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Introduction
Attention deficit hyperactivity disorder (ADHD) is a common neuropsychiatric disorder
of childhood and persists during adult age, affecting millions of people (1). ADHD prevelance is between 3% and 5% of children and young persons with an overrepresentation of
boys by approximately 3:1 ratio (2).
Neuroimaging studies have demonstrated that ADHD results in different morphometrical characteristics in certain brain regions, such as prefrontal and parietal cortex, basal
ganglia, and limbic structures (3, 4). In children with ADHD, reduction in total cerebral
volume, corpus callosum and cerebellar volume have also been reported (5, 6). Although,
the exact mechanism has not yet been clarified, ADHD is presumed to be linked to dysfunction of the frontal–striatal–cerebellar circuits (1, 7), and thus abnormalities in white
matter (WM) development has been suggested as an important factor in the its pathophysiology (8).
In recent years, diffusion tensor imaging (DTI) has become the method of choice to
investigate WM pathology in neuropsychiatric disorders. DTI is a magnetic resonance
imaging (MRI) technique developed for mapping diffusion characteristics within soft
biological tissue and thus used extensively to characterize the underlying WM microstructure based on the measurement of restricted diffusion of water molecules (9-11).
In previous studies, ADHD in children has been investigated with DTI and variations in
tensor-derived indices mean diffusivity (MD), fractional anisotropy (FA), axial diffusivity
(AD) and radial diffusivity (RD) have been characterized as summarized in a review pa-
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per (11-14). However, the previous reports were either partial
or limited as they either focused on specific regions of the brain
or examined only one or two of the indices. Therefore, a comprehensive approach was needed to evaluate the whole brain.
Thus, the current study was initiated to examine the brains of
children with ADHD with quantitative characterization based
on an atlas-based analysis (ABA) as applied to the data obtained from anatomical and diffusion tensor imaging modalities. In the following, we provide complete and detailed maps
of the changes in volumes and diffusion indices as measured
from 189 anatomical subregions of the brains with ADHD as
referenced to the control group.

Materials and Methods
Subjects
A group of 17 children with ADHD were recruited along with
10 age-matched healthy controls for comparison. There were
no significant age differences between the two groups (p>0.05).
The Ethics Board at Erciyes University approved the study plan
and written informed consents were obtained from the parents
of the participants.
All subjects were right-handed. ADHD was diagnosed by
two pediatric psychiatrists according to the DSM-IV criteria (American Psychiatric Association, 1994). Wechsler Intelligence Scale for Children-Revised (WISC-R) was 101.3
(SD=12.3, IQ range 75–119) in the ADHD group, and 108.6
(SD=8.2, IQ range 94–131) in the control group. Patients with
mental retardation (MR; IQ<75), psychiatric comorbidities
and those with known neurological and metabolic disorders
were excluded.
The eligibility for control subjects included the following:
normal developmental history, attendance at a regular school,
no history of seizures or head injury, no clinical evidence of
neurological dysfunction and normal imaging as judged by
a clinical neuroradiologist (MSD). The control data were obtained from the patients with benign seizures that had no neurological sequelae (n= 8) or headache (n = 2) and who were
diagnosed as normal by a pediatric neurologist (HP, SO). Males
and females in all groups did not differ significantly by age
(p=0.68).
Neuroimaging
Neuroimaging was performed at Erciyes University, Radiology Department using a 1.5 T Siemens Aera scanner (Siemens,
Germany). Anatomical images were acquired in the sagittal
plane using T1-weighted 3D MPRAGE sequence, with parameter setting: TE/TR=2.67 ms/1.9s, ﬂip angle = 81o, acquisition
matrix = 256 x 256, FOV=256 mm2, number of slices = 160 and
slice thickness=1.0 mm.
DTI involved spin-echo sequence with single-shot,
echo-planar acquisition . Balanced pairs of diffusion gradients
were applied along 21 orthogonal directions using b value of 0
and 1000 s/mm2 with other paramters being set to TR=3500ms,
TE=83ms, FOV=230 mm2, matrix = 128 × 128 and slice thickThe EuroBiotech Journal

ness = 5 mm. The acquisition time per dataset was approximately 4 minutes.
The original raw data were transferred from the scanner to
the DICOM format and anonymized. The DTI datasets were
transferred to a personal computer running Windows platform
and were further processed offline using MriStudio (www.MriStudio.org) (15).
DTI processing
MRIStudio has become widely used in neuroimaging studies
of MRI and DTI data (15-17). MRIStudio consists of three
programs: DTIStudio (18), DiffeoMap and ROIEditor (19).
DTIStudio is a package for the visualization and processing of
diffusion MR data. DiffeoMap is used for image transformation
based on a large deformation diffeomorphic metric mapping
(LDDMM). ROIEditor is a program that uses the results of DiffeoMap to perform image analysis with respect to a single atlas
both at the voxel and regional level (19).
In this study, the raw diffusion-weighted images were registered to the first b0 images using a 12-mode affine transformation of Automated Image Registration (AIR) to minimize misregistrations due to subject motion(16). All individual images
were visually inspected to discard those with artifacts. The six
elements of the diffusion tensor and the indices FA, MD, RD
and AD were all calculated using DTIStudio (20). The masked
images of each participant were then used for Large Deformation Diffeomorphic Metric Mapping (LDDMM) (21, 22). After
stripping the skull, the images were first normalized linearly to
the JHU-DTI-MNI ‘‘Eve’’ template with a nine-parameter affine transformation of AIR. Then, a nonlinear transformation,
accomplished by dual-contrast LDDMM, was applied, using b0
and FA images (16).
The three principal diffusivities (eigenvalues, λ1 > λ2 > λ3)
denote the diffusion coefficients measured along the three
principal axes of a diffusion ellipsoid. The spatial orientation
of fibers can be derived from the eigenvectors of the diffusion
tensor (23). FA describes the deviation of the diffusion ellipsoid
from spherical (isotropic diffusion) case (24-26) and is given by

Parallel (λ1) and perpendicular (λ2 and λ3) diffusion direction relative to the fiber orientation are referred to, respectively,
as axial diffusivity (AD), λII= λ1 and radial diffusivity (RD),
λ1=( λ2+ λ3)/2 (27).
Mean diffusivity (MD), (λ1+ λ2+ λ3)/3, or trace, λ1 + λ2 +
λ3) denotes the rate of diffusion averaged over all directions
(26). MD is proportional to the volume of the ellipsoid characterized by the diffusion tensor and quantiﬁes the absolute
amount of diffusion in a voxel (10, 24, 25, 28, 29).
The masked images of each participant were first transformed linearly using affine AIR transformation, with trilinear
interpolation and then non-linearly using LDDMM with cascading alpha of 0.01, 0.005 and 0.002, in order to match with
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Figure 1. Image normalization process. The orange arrows show forward transformation, the
subject’s original image was firstly linearly normalized (affine transformation), followed by nonlinear normalization (LDDMM). The green arrows show backward transformation, the brain parcellation maap was transformed to the original MR image using the same deformation fields.
This allows the map to be superimposed onto the original images with parcellation into 189
structures. This figure is modified using Yoshida et al. (2013) study.

the corresponding Johns Hopkins University MNI-space single
participant skull-stripped templates (JHU_MNI_B0 _ss, Trace
and FA_ss) (30).
Next, the inverse transformation algorithms using inverse
LDDMM and then inverse AIR were applied to the ROI atlas
(JHU_MNI_SS_WMPM_TypeII_V2.1), in order to obtain
ROIs that are within each participant’s original brain space
so leading to the parcellation of the brain into 189 anatomical
structures (30). These procedures were reciprocal, so that the
inverse-transformed brain parcellation map was superimposed
onto the original FA, RD and Trace images leading to parcellation of the brain into 189 anatomical structures (17, 22). As a
result, the quantitative volume values (number of voxels), FA,
MD, AD and RD measured for 189 parcellated brain structures
were obtained for each participant (15, 30) (Fig. 1).
By using ROIEditor, the FA, MD, AD, RD values and volume
of each region was automatically measured after each image
was linearly normalized to the ICBM space (22).
A predefined comprehensive white matter atlas was combined with highly non-linear image registration methods for
automated 3D white matter segmentation. We applied fully
segmented white matter atlases in ICBM-152 and Talairach
spaces that contain as many as 189 predefined 3D anatomical
regions. Highly non-linear LDDMM was used for normalization (22).
Statistical Analysis
A two-sided t test with independent samples was performed
to compare the differences between the ADHD and control
groups. p values were adjusted using the Benjamini-Hochberg
procedure to control the multiple testing adjustment problem
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(31). For classification analysis, nearest shrunken centroids algorithm was applied. Feature selection procedure was applied
using the lasso method and estimation was conducted using
diagonal linear discriminant analysis algorithm (32). The data
set was split into training and test datasets as 70% and 30%,
respectively (Hastie 2014). Training data sets were used for
model building and a test was used for model validation and
performance assessment. To optimize the threshold parameter, a five-fold cross-validation method was used. Sensitivity,
specificity, positive and negative predictive values and accuracy
rates were calculated. All analyses were performed in various
packages (pamr, gplots, genefilter) of R 3.2.0 (33) (www.r-project.org).

Results
The ADHD and control groups consist of right handed children with no significant differences in their age and sex (Table
1). The volumes in the two groups as measured from the atlas-based analysis in 189 regions are shown in Table 2. Overall,
most of the regions in children with ADHD were smaller, but
not significantly different (p<0.05) to the controls, except in
Table 1. Demographic characteristics
Control
n=10

ADHD
n=17

Gender

N boys/girls

7/3

15/2

Age

Mean (SD)

10.21(2.1)

10.55 (2.8)

Range

7-14

7-14

Right/left

10/0

17/0

Handedness

www.eurobiotechjournal.org

the lateral ventricle volumes in both right and left hemispheres
(LV_body_R, LV_body_R). The measurements revealed significantly higher MD values in the ADHD group relative to the
controls, bilaterally in MCP, SCP, ICP, PGH, STG, MFG_DFPC,
ML, insula, cerebellum, substantia nigra, amiygdala, thalamus,
pons and hippocampus (Fig. 2a,b).
Significantly increased FA were found in ADHD patients
in the UNC, PLIC, SCR, ACR and substantia nigra right, as
well as in the bilateral splenium of the corpus callosum. Also,
significantly increased FA were found in ADHD patients in

the TAP, subgenual ACC, Midbrain, PTR and MTG (Fig. 3).
Significantly higher RD values in the ADHD group relative
to controls, bilaterally in the entorhinal cortex, MCP, caudate,
thalamus, hippocampus, substantia nigra and ML. Significantly decreased AD were found bilaterally in the red nucleus in
ADHD patients (Fig. 4).
Using nearest the shrunken centroids algorithm and Ins,
SCP measurements given in the table, permit classification of
ADHD disease based on the MD measurement of the left side
of the brain with 100% sensitivity and 50% specificity as well

Table 2. Between-group differences in some brain structures for volumes (mm3)
Variable

ADHD

SD

Control

SD

statistic

dm

p.value

LV_body_L

2694,47

383.84

1926,90

1187,07

1,97

767,57

0,05*

RLIC_L

1748,87

236,53

1935,20

228.44

-1,96

-186,33

0,06

EC_L

3468,27

287,01

3700,10

323.47

-1,88

-231,83

0,07

CST_L

1210,00

187,40

1328,30

165,72

-1,62

-118,30

0,12

PSMG_L

17916,6

1945,66

19352,20

2590,66

-1,58

-1435,53

0,13

MOG_L

34497,5

5562,10

38383,90

6682,78

-1,58

-3886,37

0,13

Snigra_L

129,40

28,39

145,30

22,31

-1,57

-15,90

0,13

PCT_L

696,87

113,64

777,60

150,39

-1,53

-80,73

0,14

LV_frontal_L

3043,60

1087,93

2500,70

376,14

1,51

542,90

0,14

PCR_L

2414,87

291,30

2258,20

212,21

1,46

156,67

0,16

SCC_L

5105,67

768,23

4709,70

514,08

1,43

395,97

0,17

Medulla_L

1401,80

160,13

1491,40

158,43

-1,38

-89,60

0,18

GP_L

1138,33

132,05

1223,30

1792,12

-1,37

-84,97

0,18

AnteriorCom_L

85,13

17.14

92,40

13,17

-1,28

-7,27

0,21

ICP_L

761,80

120.95

811,90

121.39

-1,28

-50,10

0,21

LFOG_L

7752,53

1171,35

8619,00

1916,19

-1,27

-866,47

0,22

PLIC_L

2591,73

342,83

2792,80

342,83

-1,25

-201,07

0,22

CGH_L

1258,13

134,32

1331,20

171,32

-1,19

-73,07

0,24

PSTG_R

7823,53

885,86

9574,60

885,86

-4,96

-1751,07

0,00*

LV_body_R

2595,33

913,83

1970,30

426,13

2,01

625,03

0,04*

LV_frontal_R

3189,00

902,00

2657,80

404,85

1,74

531,20

0,10

ML_R

670,93

76,83

723,00

78,17

-1,65

-52,07

0,11

LenticularFasc_R

232,47

22,89

251,60

22,89

-1,65

-19,13

0,11

CST_R

1147,33

146,67

1250,80

180,65

-1,58

-103,47

0,13

SCP_R

1164,93

110,79

1228,50

84.67

-1,54

-63,57

0,14

MTG_R

11731,2

1706,55

12706,70

1377,70

-1,51

-975,43

0,15

RLIC_R

1750,33

191,78

1858,20

169,22

-1,44

-107,87

0,16

LV_atrium_R

1402,73

505,14

1158,30

295,73

1,38

244,43

0,18

PSIG_R

10459,5

1452,34

11247,30

1341,14

-1,37

-787,77

0,18

PCT_R

876,60

126,95

956,40

168,21

-1,35

-79,80

0,19

AG_R

29670,9

3654,48

31899,10

4316,96

-1,34

-2228,17

0,19

MFG_DPFC_R

21847,0

4136,57

23863,50

2816,63

-1,34

-2016,43

0,19

SCC_R

5607,80

712,31

5237,90

669,78

1,30

369,90

0,21

PSMG_R

13894,2

2099,34

14879,20

1561,92

-1,26

-984,93

0,22

CP_R

1432,20

166,42

1524,40

199,34

-1,25

-92,20

0,22

Hippo_R

4093,07

542,61

3863,80

251,76

1,24

229,27

0,23
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a

b

Figure 2a,b. MD values (mm2/s × 10–3).

Figure 3. FA values.

Figure 4. AD values (mm2/s × 10–3).
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Table3. Statistical measurments displaying the neasrest shrunken centroids classification results
Left
Measure

Features

SEN(%)

SPE(%)

PPV(%)

NPV(%)

ACC(%)

FA

TAP, PTR, FX/ST, Subgenual_ACC, MTG, Midbrain, CP, PLIC, Lenticular_Fasc

100.00

0.00

66.67

0.00

66.67

AD

Ins, LV_frontal, RLIC, ACR, LV_occipital,
LV_atrium, Put, OlfactoryRadiation, Thal,
LV_body, SFG, Tap, RedNC, PHG

83.33

50.00

83.33

50.00

75.00

MD

Ins, LV_frontal, SCP

100.00

50.00

71.43

100.00

77.78

RD

MCP

71.43

50.00

83.33

33.33

66.67

Volume

PCR, Snigra, AnsaLenticularis

100.00

0.00

62.50

0.00

62.50

Measure

Features

SEN(%)

SPE(%)

PPV(%)

NPV(%)

ACC(%)

FA

SFO, UNC

100.00

0.00

66.67

0.00

66.67

AD

PHG, ML, STG_pole, RedNC, Snigra, Subcallosal_ACC, LV_frontal, FX, MTG_pole, ENT,
Mynert, IFG_triangularis, SFO, Subgenual_
ACC, Amyg, PCT, SFG_pole, STG, RG, Hippo,
OlfactoryRadiation, SLF, Fug, rostral_ACC

66.67

100.00

100.00

50.00

75.00

TMD

Snigra, Pons, MCP, Caud, Mynert, ML, Subcallosal_ACC, MTG_Pole, Thal

100.00

0.00

88.89

0.00

88.89

RD

Caud, Ent, ML

100.00

0.00

33.33

0.00

33.33

Volume

PSTG

100.00

0.00

50.00

0.00

Right

as Ins, LV_frontal, RLIC, ACR, LV_occipital, LV_atrium, Put,
Olfactory radiation, Thal, LV_body, SFG, Tap, RedNC, PHG
based on AD measurements of the left side of the brain with
83.33% sensivity and 50% specificity. Other classification results and the selected subset of features for each measurement
are given in Table 3.

Discussion
We found that chidren with ADHD had a significantly larger body of lateral ventricle volume compared to the controls.
Most brain regions were smaller in children with ADHD, but
they were no significant differences between ADHD and controls. Atlas-based analysis revealed significantly higher MD,
FA, RD and AD values in the ADHD group relative to the controls concerning the cerebellum, substantia nigra, amiygdala,
pons, caudate, thalamus, hippocampus, red nucleus, splenium
of corpus callosum.
Structural imaging studies have reported the abnormal development of some brain regions in ADHD such as the prefrontal cortex, cerebellum, striatum and basal ganglia, corpus
callosum and the parietal cortex (6, 34, 35-37). Anatomical
studies indicate widespread decreases in volume throughout
the cerebrum and cerebellum as well as the prefrontal cortex,
the basal ganglia, the dorsal anterior cingulate cortex and the
corpus callosum. The most replicated alterations in ADHD in
childhood include significantly smaller volumes in the prefrontal cortex (PFC), caudate, splenium of the corpus callosum,
cerebellum and overall cerebral volume (38).
Volumetric studies of the some brain areas in children with
ADHD have generated conflicting results. Some authors sugThe EuroBiotech Journal

gested that the caudate nuclei of children with ADHD are larger (39, 40) while some are smaller than the controls (2, 38, 41).
Previous studies have shown smaller brain volume and less
gray matter in children with ADHD (42).
More recently, advanced imaging techniques have found
basal ganglia and frontal region structure abnormalities in
ADHD. Some studies indicate that the frontal lobe is an important place for research on ADHD for a number of reasons
(5, 42). Lopez-Larson et al. (2012) found reductions in the bilateral insular gray matter volumes in youths with ADHD compared to the controls (37).
There are two main analytical methods that can be employed
in the investigation of DTI measurements: voxel-based analysis
(VBA) and region-of-interest analysis (ROI). VBA allows for
whole-brain analysis, thus providing a complete overview of
white matter integrity in the brain. Many studies investigating
specific ROIs have been published. Comparability among ROI
studies can be limited since the choice and placement of ROIs
are subjective (11, 43). In a recent study, eleven ROIs were chosen based on their possible relevance to functional deficits in
ADHD: the body, splenium and genu of the corpus callosum,
anterior and posterior corona radiata, anterior and posterior
limbs of the internal capsule, superior longitudinal fasciculus,
sagittal stratum and the superior fronto-occipital fasciculus
(43).
The white matter (WM) of the human brain has been attracting much attention of neuroscientists as an important area
affected by various neurodegenerative diseases. When exploring the role of the corpus callosum (CC), basal ganglia and cerebellum in a psychiatric disorder, it is relevant to examine the
VOLUME 1 ISSUE 1 | JANUARY 2017 | 51

microstructural characteristics besides the macroanatomical
features.
The CC is the main commissural white matter bundle interconnecting the two cerebral hemispheres in a dynamic and
flexible interaction (13). Dramshdal et al (2012) found that the
isthmus/splenium part of the CC in the ADHD group showed
reduced FA values compared to the control group (13). We
found significantly higher MD values in the ADHD group relative to the control corpus callosum (BCC, GCC) at the left side.
Significantly increased FA were found in ADHD patients in the
corpus callosum (SCC, GCC, BCC). According to literature,
reduced FA values may indicate a reduction in either size, myelination or number of axons passing through this subregion
of the CC.
The basal ganglia are suggested to play the major role in the
pathophysiology of ADHD so most of studies have chosen the
caudate nucleus, globus pallidus/putamen and the thalamus as
their regions of interest. Some workers hypothesized that children with ADHD would have abnormal diffusion properties in
these areas particularly in the caudate nucleus that is the center of fronto-striatal networks (44). They found no significant
group differences in either FA or MD for any of the ROIs. We
found significantly higher MD, FA, RD and AD values in the
ADHD group relative to the controls for the substantia nigra,
amiygdala, caudate, thalamus, hippocampus and red nucleus.
The cerebellum is an important structure because of its
structural disturbances in ADHD as well as its role in motor
contro several cognitive processes and affective processes (45).
Prior volumetric MRI studies have reported anatomical abnormalities in the cerebellum of children with ADHD (5, 34).
MCP (middle cerebellar peduncle) is a fibre bundle composed
of afferent fibres as part of the corticopontocerebellar tract connecting the sensory and motor areas of the cortex with the pons
and cerebellum. Bescht et al. (2009) found decreased anisotropy for the ADHD group in the right MCP (45). Ashtari et al.
(2005) found decreased FA values in the cerebellar region in
children with ADHD (8). We found significantly higher MD
values in the ADHD group relative to the controls, in MCP,
SCP, ICP and the cerebellum. Significantly higher RD values
were seen in the ADHD group relative to the controls, bilaterally in MCP, SCP and ICP. There is a link between the cerebellum
and higher order functions through the corticopontocerebellar
circuit via the MCP. This fiber pathway consists of a feedforward and feedback limb. The feedforward limb is composed of
the corticopontine and pontocerebellar fiber projection that
carries associative, paralimbic, sensory and motor information
from the cerebral cortex to the pons. The feedback loop consists of the cerebellothalamic and thalamocortical pathways
(8). We suggest that bilaterally increased MD and RD values
at the level of the MCP, ICP and SCP can play a greater role in
ADHD patients.
The two studies of adults showed decreased FA and greater MD in ADHD limited to later-maturing prefrontal white
matter including the anterior cingulum (46, 47), orbitofrontal white matter (46) and anterior frontoparietal white matter
52 | JANUARY 2017 | VOLUME 1 ISSUE 1

pathways (47). Silk et al. (2009) also showed decreased radial
diffusion in white matter of youths with ADHD, but in association with increased (not decreased) axial diffusion (14). Nagel
et al. (2011) found decreased FA in frontoparietal, frontolimbic, cerebellar, corona radiata and temporooccipital white matter compared with the controls (3). In addition, ADHD was
associated with lower MD in the posterior limb of the internal capsule and frontoparietal white matter and greater MD in
frontolimbic white matter (3).
There are very few studies reporting DTI changes in brain
structure in ADHD (8, 14, 43) by using a whole-brain voxel-based morphology (VBM) analysis technique and reported
decreased FA in children with ADHD. Silk et al. (2009) used
ROI analysis and found that mean FA and MD values were very
similar between control and ADHD groups in each of the basal
ganglia ROIs (P>0.05). van Evijk (2014) stated that individuals with ADHD showed decreased FA and decreased MD in
several widespread, non-overlapping brain regions. In contrast,
higher ADHD symptom count was consistently associated with
increased FA and decreased MD in the ADHD group (43).
VBA studies, exploring the whole brain for white matter abnormalities, have become increasingly popular during recent
years (11, 43). Ashtari et al. (2005) compared children with
ADHD-C and well-matched healthy controls aged 7–11 years.
They studied FA throughout the whole brain using voxel-wise
analysis approach and reported decreased FA in children with
ADHD in the right premotor, right striatal and left parieto-occipital areas as well as the right cerebral peduncle, left middle
cerebellar peduncle and left cerebellum (anterior lobe) (8).
Another VBA study found three distinct clusters of increased FA in ADHD patients within right parietal–occipital
regions, left inferior frontal cortex/striatum and left inferior
temporal regions. For most clusters, significant increases in axial diffusivity were found, but also decreases in radial diffusivity. There were no MD differences between ADHD patients and
control participants (14). The findings indicate that the greater
FA found in ADHD might result from less neuronal branching
in the investigated WM pathways (11). Kondrad et al (2010)
found that elevated MD in patients in the left superior longitudinal fasciculus as well as bilaterally in orbitofrontal WM,
including the inferior fronto-occipital fasciculus and uncinate
fasciculus, extending into the anterior thalamic radiation (46).
Nagel et al (2011) reported decreased FA in frontoparietal,
frontolimbic and cerebellar structures as well as in the corona radiata and temporooccipital WM, as compared with controls (3). Additionally, lower MD was found in the posterior
internal capsule and frontoparietal WM and greater MD in the
frontolimbic WM. Although FA/MD differences were due to a
combination of differences in both axial and radial diffusivity
between groups, differences were most apparent in the frontolimbic WM in which the ADHD group showed increased radial
diffusivity. These results indicate that especially the later maturing frontolimbic pathways were abnormal in children with
ADHD, seemingly due to decreased or delayed myelination of
these areas (3).
www.eurobiotechjournal.org

In very young children with ADHD, increased radial diffusivity was shown in frontolimbic areas so suggesting delayed
myelin development in these regions (3). Decreased FA in
patients might either be caused by axonal damage or can be
found in areas with decreased or delayed myelination. Elevated FA represents greater directionality of diffusion and is thus
associated with less neuronal branching in patients (43). For
instance, a reduction in FA could be due to a reduction in axial
diffusivity or an increase in radial diffusivity or a combination
of both. While decreases in axial diffusivity are thought to be
indicative of axonal damage or degeneration, increases in radial diffusivity with minimal changes in axial diffusivity are
thought to result from increased freedom of cross-fibre diffusion and thus are likely to represent decreased myelination (10,
12). Increased mean diffusivity is related to increased volume
of the extracellular space or with decreased barriers to diffusion in white matter; thus it is often a consequence of neuroinflammation or edema (48, 49).
In a quantitative meta-analysıs, van Ewijk et al. (2012) identified five clusters as being reported across studies, located in
the right anterior corona radiata (likely containing fibres from
the superior longitudinal fasciculus), forceps minor close to the
genu of the corpus callosum, right and left internal capsule and
left cerebellar WM (3, 41, 50, 51).
Thıs study has some limitations: We included patients with
ADHD who were receiving treatment. However, we found no
evidence that treatment status affected the findings. There were
no differences in fractional anisotropy or mean diffusivity in
participants on and off pharmacotherapy. Another limitation is
the small sample size: 17 ADHD subjects and 10 controls.
We used MriStudios softwares for ABA. MriStudio is a recent analysis software developed specifically for DTI data for
whole-brain volume. We found that increased MD, AD and RD
values in brain structures and some is bilaterally or not. We
found also increased lateral ventricle volume bilaterally. There
is no result about the lateral ventricular volume differences for
ADHD in the literature. Our results showed that, compared
with healthy controls, patients with ADHD showed increased
fractional anisotropy in bilateral regions of the SCC, as well as
the right PLIC, SCR, ACR, and decreased in the bilateral region of the subgenual ACC. Patients also had increased bilateral MD in the caudate, substantia nigra, amigdala, hippocampus
and cerebellum compared with the controls. Patients also had
increased bilateral RD in the entorhinal area, MCP, caudate,
substantia nigra, thalamus and hippocampus compared with
the controls. In addition, patients had decreased bilateral AD
in the red nucleus compared with the controls. We found a significantly decreased FA value in the right and left subgenual
anterior cingulate gyrus.

Conclusion
MD and RD can provide us with a useful parameters to investigate the integrity of white matter tracts at the microstructural
level and shed new light on the pathophysiology of brain WM
The EuroBiotech Journal

in ADHD patients. The observation of a significant elevation
in axial and mean as well as radial diffusivities in children with
ADHD points out the important role of WM in the pathogenesis of this disorder. The differences in WM between cases and
controls also points to the possibility of underlying myelination
changes. Mean and radial diffusivity may provide specific insights into the neurobiological nature of axonal abnormalities
and so provide more accurate interpretation of DTI findings.
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