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Previous research has demonstrated that there are specific white matter abnormalities in patients with
attention deficit/hyperactivity disorder (ADHD). However, the results of these studies are not consistent,
and one of the most important factors that affects the inconsistency of previous studies maybe the ADHD
subtype. Different ADHD subtypes may have some overlapping microstructural damage, but they may also
have unique microstructural abnormalities. The objective of this study was to investigate the
microstructural abnormalities associated with two subtypes of ADHD: combined (ADHD-C) and
inattentive (ADHD-I). Twenty-eight children with ADHD-C, 28 children with ADHD-I and 28 healthy
children participated in this study. Fractional anisotropy (FA), radial diffusivity (RD) and axial diffusivity
(AD) were used to analyze diffusion tensor imaging (DTI) data to provide specific information regarding
abnormal brain areas. Our results demonstrated that ADHD-I is related to abnormalities in the
temporo-occipital areas, while the combined subtype (ADHD-C) is related to abnormalities in the
frontal-subcortical circuit, the fronto-limbic pathway, and the temporo-occipital areas. Moreover, an
abnormality in the motor circuit may represent the main difference between the ADHD-I and ADHD-C
subtypes.

ttention deficit/hyperactivity disorder (ADHD) is one of the most common childhood neurodevelop-

mental disorders, which affects approximately 3-7% of school-age children' and is characterized by age-

inappropriate symptoms of inattention, hyperactivity, impulsivity and motor restlessness. According to
the ADHD criteria listed in the Diagnostic and Statistical Manual of Mental Disorders, 4th Edition (DSM-IV), the
core symptoms of ADHD include inattention, impulsiveness and hyperactivity. There are three defined subtypes
of ADHD: predominantly hyperactive-impulsive (ADHD-H), predominantly inattentive (ADHD-I), and com-
bined (ADHD-C). ADHD-I and ADHD-C are the main subtypes of ADHD, and ADHD-H is rarely identified
clinically®. Previous research has implicated a combination of environmental, genetic and biological factors in
ADHD?*. However, the etiology and pathophysiology of ADHD are not completely understood, particularly
concerning subtype differences.

Diffusion tensor imaging (DTT) is an magnetic resonance imaging (MRI) technique that has increasingly been
used to characterize the microstructure of white matter by exploiting the diffusion characteristics of water
molecules in the brain®. One DTI measure is fractional anisotropy (FA), which quantifies the directionality of
diffusion. FA is the most commonly used parameter for the investigation of anisotropy, which is a fairly non-
specific biomarker of microstructural architecture and neuropathology®. Greater specificity regarding the neu-
robiological determinates of the altered white matter structure may be achieved via the examination of axial
diffusivity (AD) and radial diffusivity (RD), which provide insights into the underlying mechanism of FA
changes. AD, which measures diffusion parallel to the axonal fibers, has been correlated with axonal injury’
and/or axonal pruning®. RD measures diffusion perpendicular to the direction of fibers, which may be related to
myelin injury and/or decreased myelination®’.
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In recent years, there has been an increased use of neuroimaging to
investigate ADHD. These neuroimaging studies suggest that abnor-
malities in brain structure and function may play important roles in
the pathophysiology of ADHD'"'*. However, a limited number of
studies have used the DTI technique on patients with ADHD, and
their results are not consistent. For example, most previous studies
have reported decreased FA in ADHD patients'>"", whereas others
studies have observed increased FA in ADHD patients'®". Although
a recent meta-analysis of DTI studies on ADHD" attempted to
identify consistent results across studies, it is difficult to draw firm
conclusions because there are many factors that may affect the
results, including the participants’ ages, statistical thresholds, and
MRI scanners employed. Among these factors, one of the most
important factors that affects the consistency of previous studies
maybe the ADHD subtype. First, ADHD patients exhibit different
symptoms and can be diagnosed and classified into different sub-
types. Second, previous studies have suggested that different ADHD
subtypes constitute neurobiologically and behaviorally distinct
conditions*?'.

According to the DSM-IV, ADHD-C is characterized with symp-
toms of both inattention and hyperactivity/impulsivity. ADHD-I
shares inattentive symptoms with the combined subtype, but it lacks
of hyperactive and impulsive behaviors. Solanto et al. compared the
social functioning of children with ADHD-C and those with ADHD-
I, and it was observed that children with ADHD-I were impaired in
assertiveness, whereas children with ADHD-C shown deficit in self-
control®. Furthermore, ADHD-C and ADHD-I were reported to be
distinguishable in their comorbidities and their behavioral, emo-
tional, social, academic, and cognitive functioning®. However,
imaging studies have generally ignored these distinctions thus lead
to inconstant results. We thus hypothesize that ADHD-C and
ADHD-I have differentially microstructural changes in the brain
areas related to attention and execution function in patients with
ADHD.

The purpose of this study was therefore to examine the differences
in brain microstructure between healthy children and children with
ADHD-I and ADHD-C. In this study, we subtyped our subjects
based on their specific type of ADHD and matched the samples to
the healthy controls. Moreover, the combination of FA, AD, and RD
analyses employed in present study would provide detailed and spe-
cific information for our understanding of the underlying neurop-
sychopathological mechanism of the ADHD.

Results

Demographic and clinical comparisons. Demographics and clinical
characteristics of the participants are presented in Table 1. There
were no significant differences in the age, gender distribution, or
duration of school education between the ADHD subjects and
healthy controls.

Comparison of the ADHD-I and control groups. The children with
ADHD-I exhibited significant changes in the left occipital lobe/
cuneus (increased RD), the left middle temporal gyrus (decreased
AD), and the left superior temporal gyrus (increased RD). The
detailed results are shown in Figure 1 and Table 2.

Comparison of the ADHD-C and control groups. Compared with
the healthy children, the children with ADHD-C demonstrated
significantly decreased AD and RD in the left middle frontal gyrus,
the supplementary motor area, and the left precuneus. FA decreased
in the left parahippocampal gyrus, and AD decreased in the left
precuneus and the right cingulate cortex. Additionally, increased
RD was identified in the following brain areas: the right fusiform
gyrus, the left cuneus, the left lingual gyrus, the left superior temporal
gyrus and the right middle temporal gyrus. The detailed results are
shown in Figure 1 and Table 2.

Comparison of the ADHD-C and ADHD-I groups. Several clusters
exhibited significant differences between the ADHD-C and ADHD-I
groups. We identified significant differences in the following brain
areas: the right thalamus (increased FA and RD), the left postcentral
gyrus (increased AD and RD), the supplementary motor area (SMA)
(increased RD), and the right caudate (increased AD). The detailed
results are shown in Figure 2 and Table 3.

Discussion

To our knowledge, this is the first study to use DTI to investigate the
differences in neural structures between ADHD subtypes. We
explored microstructure abnormalities in children between 7-13
years of age who exhibited the combined or inattentive subtypes of
ADHD using both the FA value and specialized DTI eigenvalues (AD
and RD).

Microstructural changes in ADHD-I. The children with ADHD-I
exhibited abnormalities in the left occipital lobe/cuneus (increased
RD), the left middle temporal gyrus (decreased AD), and the left
superior temporal gyrus (increased RD).

The cuneus has been reported to be affected by ADHD and is
involved in vision and the default mode network®. A previous study
has suggested that adults with ADHD display a significant increase in
connectivity in the left cuneus during working memory processing
compared with healthy controls®. Another study also reported that
ADHD patients have altered regional homogeneity during the rest-
ing state in the bilateral cuneus and the precuneus, as well as a
significant positive correlation with inattentive scores®. Thus, our
findings may suggest that abnormalities in the cuneus play a role in
the pathology of ADHD and may be related to inattentive symptoms.

The middle and superior temporal gyri have been reported to be
abnormal in ADHD. One study demonstrated that there were delays
in cortical maturation in the temporal cortex of ADHD patients,

Table 1 | Demographics and clinical characteristics of the participants

ADHD-C (n = 28) ADHD-| (n = 28) CONTROL (n = 28)
Agelyears) 9.3(1.3) 9.3(1.3) 9.2 (1.4)
Gender 25 males, 3 females 25 males, 3 females 25 males, 3 females
Handedness 28 right-handed 28 righthanded 28 righthanded
IQ 99.6 (11.3) 96.1(12.1) 99.1(10.3)
Duration of school education (years) 3.3(1.3) 3.3(1.3) 3.2 (1.4)
Weight(kg) 32.4 (4.9) 34.8(5.1) 35.4(7.0)
SNAP-IV
Inattention symptom scores 6.1(0.9)* 6.3 (0.4)* 0.52(0.1)
Hyperactivity/impulsiveness scores 6.5 (0.6)*, * 1.5(0.8) 0.34(0.1)
ADHD: attention-deficit/hyperactivity disorder; I: predominantly inattentive subtype; C: combined subtype; N/A: not applicable; SNAP-V: revision of the Swanson, Nolan and Pelham Questionnaire;
*P < 0.05 compared with the control group,
#P < 0.05 compared with the ADHD-l group (the P value was obtained through a two-sample, two-tailed ttest).
Data are presented as the range of the mean + SD.
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Figure 1| (A) Compared with healthy children, children with ADHD-I exhibited significant changes in diffusion parameters. (B) Compared with healthy
children, children with ADHD-C exhibited significant changes in diffusion parameters. Abbreviations: MTG, middle temporal gyrus; STG, superior
temporal gyrus; SMA, supplementary motor area; MFG, middle frontal gyrus; LING, Lingual gyrus.
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Table 2 | Diffusion parameter results obtained from the voxel-based analysis of the ADHD-I and ADHD-C groups compared with the control
group

Peck location®
Regions Decrease/increase Fvalue®  Number of voxels Hem (X Y Z)
ADHD-I compared with the control group
AD
Middle temporal gyrus decrease 21.58 40 left —-68 —42 2
RD
Occipital lobe/cuneus increase 17.97 113 left -14 92 2
Superior temporal gyrus increase 15.46 79 left -52 -50 18
ADHD-C compared with the control group
FA
Parahippocampal gyrus decrease 20.45 88 left -18 -26 -10
AD
Middle frontal gyrus decrease 23.54 54 left —48 40 20
Parietal lobe/precuneus decrease 21.00 73 left 0 -72 50
Cingulate cortex decrease 17.04 47 right 2 —-40 10
Superior frontal gyrus/SMA < decrease 13.22 63 left 0 -10 72
RD
Middle frontal gyrus decrease 21.88 47 left —48 38 22
Parietal lobe/precuneus/BA7 decrease 16.78 88 left 0 -72 50
Medial frontal gyrus/BA6/SMA decrease 14.58 94 left -2 -12 72
Fusiform gyrus increase 25.45 86 right 42 -38 -20
Superior temporal gyrus increase 18.75 77 left —44 —42 8
Occipital lobe/cuneus increase 17.46 66 left -10 -102 0
Middle temporal gyrus increase 15.64 50 right 62 —4 -30
Lingual gyrus increase 10.84 128 left -22 -78 -12
Al effects survived a voxel-wise statistical threshold (p < 0.05 and =40 voxels) at the voxel level after alphasim correction.
®X, Y, Z = MNI coordinates, location is centroid of cluster.
°SMA: supplementary motor area.
9BA: Brodmann area.

which occurred bilaterally in the middle/superior temporal gyrus”.  patients with ADHD and healthy controls were largely located in
Sowell et al. observed the reduction in size of the anterior temporal  the temporal lobe*”. An fMRI study demonstrated that children with
lobes along with an increased density of grey matter in more poster- ~ ADHD revealed a relative increase in the activation of the middle/
ior temporal cortices®®. Moreover, a study that used both structural  inferior temporal cortex during a go/no-go task®. Dibbets et al. also
and functional MRI demonstrated that the differences between reported that adults with ADHD engaged the middle temporal gyrus

caudate

L

Figure 2 | Compared with children with ADHD-I, children with ADHD-C exhibited significant changes in diffusion parameters. Abbreviations: SMA,
supplementary motor area; PoCG, postcentral gyrus.
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Table 3 | Diffusion parameter results obtained from the voxel-based analysis of the ADHD-C group compared with the ADHD-I group

Peak location ®

Regions Decrease/increase Fvalue®  Number of voxels Hem (X Y Z)
FA

Thalamus increase 13.21 97 right 20 -24 10
AD

Caudate increase 16.49 103 right 22 6 22
Postcentral gyrus increase 16.02 48 left -10 —46 68
Postcentral gyrus/BAS5 < increase 20.61 76 left -8 -50 70
Thalamus increase 17.34 70 right 20 —24 -2
Superior frontal gyrus/BA6/SMA ¢ increase 13.19 49 left -6 18 64

®X, Y, Z = MNI coordinates, location is centroid of cluster.
“BA: Brodmann area.
4SMA: supplementary motor area.

All effects survived a voxel-wise statistical threshold (p < 0.05 and =40 voxels) at the voxel level after alphasim correction.

more during task switching compared with healthy controls®'. These
temporal regions integrate information from lower-order sensory to
higher-order perceptual functions, and guide the control of attention
and action”. Thus, our results suggest that the observed abnormal-
ities in the left middle and superior temporal gyri are related to the
developmental delay or abnormality, which in turn, affects the con-
trol of attention and action. In summary, we demonstrated ADHD-I
patients exhibited abnormalities in the temporo-occipital areas,
which may affect visual information processing and integration
and subsequently the control of attention and action.

Microstructural changes in ADHD-C. Compared with the healthy
children, the children with ADHD-C exhibited abnormalities in the
temporal lobe (the left superior temporal gyrus, the right middle
temporal gyrus and the right fusiform gyrus) and the occipital lobe
(the cuneus and the lingual gyrus), which was similar to ADHD-L
These results suggest that the temporo-occipital areas are abnormal
in patients either with the ADHD-I or with ADHD-C. In addition,
we also identified abnormalities in the precuneus in the children with
ADHD-C, and this is consistent with a previous fMRI study that
decreased activation was observed in the right parieto-occipital
areas (including the cuneus and the precuneus, BA 19)**. This
result was thought to be associated with reduced mental rotation/
spatial working memory in children with the ADHD-C subtype®.
The children with ADHD-C also exhibited significant microstruc-
tural abnormalities in the frontal lobe, including the middle frontal
gyrus and the SMA. These results may suggest that frontal-subcor-
tical circuits, including both motor circuits (that originate in the
SMA) and behaviorally relevant circuits (that originate in the
prefrontal cortex)®, are abnormal in children with the ADHD-C
subtype. Additionally, the children with ADHD-C exhibited abnor-
malities in the limbic lobe, specifically in the left parahippocampal
gyrus and the right cingulate cortex. Previous DTI studies have
revealed microstructural abnormalities in the prefrontal cortex'*'®
and the fronto-limbic regions** of ADHD patients. Consistent with
previous studies, our results may also suggest abnormalities in the
fronto-limbic pathway in patients with the ADHD-C subtype.

Significant difference in the microstructural changes in ADHD-C
and ADHD-I. When we directly compared the ADHD-C and
ADHD-I groups, there were many regional differences observed,
primarily in the left postcentral gyrus, the right thalamus, the left
SMA and the right caudate, all of which have been reported to be
abnormal in ADHD patients'>***%. Decreased caudate volumes in
ADHD patients have been well documented'?, and there is study
reported the consistent decreased volume of the right caudate
nucleus in ADHD samples®. Xia et al. identified significant

regional atrophy in the left thalamus in children with ADHD
compared with controls, which suggested that the structural
abnormalities within the thalamus and adjacent brain regions may
account for the impaired cognitive performances in the attention and
executive function domains in ADHD?*. Compared with controls,
adults with ADHD exhibited an increased thickness in the primary
somatosensory cortex (postcentral gyrus)*” in addition to the altered
resting state connectivity of the supplementary motor area in the
ventral attention network®®. Moreover, the SMA, the postcentral
gyrus (i.e., the primary somatosensory cortex), the caudate nucleus
(part of the striatum that belongs to the basal ganglia) and the
thalamus are all involved in the motor pathway®. The fronto-
striatal and fronto-subthalamic circuits (i.e., the inferior frontal
cortex, the SMA, the caudate nucleus and the thalamus) are
thought to involve response inhibition®***!. Furthermore,
consistent with our hypothesis, the ADHD-C and ADHD-I
subtypes have differences in the motor circuit. ADHD appears to
be related to deficit in response inhibition**. Thus, the frontal-
subcortical circuits involved in motor control and inhibition may
be related to the impulsiveness and hyperactivity in children with
ADHD-C?. Our results indicate that abnormalities in motor circuits
may represent the main difference between ADHD-I and ADHD-C.

In most previous studies, the ADHD patient group has comprised
patients with different ADHD subtypes; thus, the obtained results
may be a result of the different proportions of the subtypes.
Consistent with our hypothesis, our results demonstrate that there
are significant differences between ADHD-C and ADHD-I patients
and that ADHD-C patients exhibit more serious and significant
microstructural changes, which is consistent with their ADHD
symptoms: ADHD-C patients present more serious behavioral pro-
blems compared with ADHD-I patients. Thus, we suggest that future
studies regarding ADHD should account for the different disease
subtypes.

Combination of FA, RD and AD. We investigated the white matter
abnormalities in ADHD with the use of both FA and specific DTI
eigenvalues, ie, AD and RD. Animal studies suggest that
dysmyelination lead to an increase in the RD measure, without
significantly changing AD, whereas axonal damage leads to a
decrease in AD**. Reductions in RD are thought to result from a
lower degree of neuronal branching®. Analyses of eigenvalues based
on AD and RD are likely to provide us with further insights into the
underlying neurobiological mechanisms of the disease.

According to the observed changes of AD and RD in ADHD-I, we
speculate that there are myelination deficits in the left occipital lobe/
cuneus and the left superior temporal gyrus’, in addition to axonal
damage or degeneration in the left middle temporal gyrus™*.
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Furthermore, ADHD-C may have dysmyelination in the right fusi-
form gyrus, the left cuneus, the left lingual gyrus, the left superior
temporal gyrus and the right middle temporal gyrus’, and the axonal
damage or degeneration in the left middle frontal gyrus, the left
precuneus, the right cingulate cortex and the left SMA”*.
Additionally, ADHD-C also have a lower degree of neuronal branch-
ing in the left middle frontal gyrus, the left precuneus and the left
SMA®.

Several issues must be considered here. First, because ADHD-H is
rarely observed clinically, our study included only two ADHD sub-
types: ADHD-I and ADHD-C. Future studies that include the third
subtype (ADHD-H) would provide more comprehensive insights
into the psychopathology of ADHD. Second, we excluded children
with motor deficits or motor developmental delays in this study. The
presence of motor deficits in children with ADHD should be assessed
or identified in detail in future studies. Third, a technical limitation of
this work is that the gradient directions of our DT data are relatively
minimal. Future studies should use additional gradient directions
during MRI acquisition so to improve the accuracy of fiber tracto-
graphy, along with the exploration of neurocircuitry in ADHD.
Finally, although the DSM-5 “presentations” have somewhat
reduced the relevance of the DSM-IV ADHD subtypes, the assess-
ment of the different neurobiological underpinnings of predomi-
nantly inattentive vs. combined ADHD symptoms is still of major
interest.

Conclusion. In summary, our whole-brain-based analysis
demonstrated that ADHD-I and ADHD-C patients display
different microstructural changes in their brains, which suggests
that the ADHD inattention subtypes related to abnormalities in
the temporo-occipital areas and the combined subtype is related to
abnormalities in the frontal-subcortical circuits, the fronto-limbic
pathway, and the temporo-occipital areas. Moreover, the result
from our comparison of ADHD-I and ADHD-C subgroups
indicated that the abnormalities in the motor circuits may
represent the main difference between these two subtypes.

Methods

Participants. Seventy-eight children with ADHD and 58 healthy children between
the ages of 7 and 13 years participated in the study. All 78 children with ADHD were
outpatients at Shanghai Children’s Medical Center. The ADHD patients had not
previously used psychiatric medication. The study protocol was designed in
accordance with the guidelines outlined in the Declaration of Helsinki and was
approved by the Intramural Research Board of Shanghai Children’s Medical Center
(No: SCMC-201014). All children and their guardians provided written informed
consent prior to participation in the study.

The inclusion criteria for all participants were as follows: (1) a physical, psychiatric,
and neurological evaluation was conducted by at least 3 members of a team of certified
and experienced developmental and behavioral pediatricians; (2) age 7-13 years; (3)
right-handedness; (4) all children were diagnosed with ADHD based on the DSM-IV
criteria (American Psychiatric Association, Diagnostic and Statistical Manual of
Mental Disorders, 4th Edition); (5) a SNAP-IV (revision of the Swanson, Nolan and
Pelham questionnaire)*® evaluation was performed to scale the ADHD symptom
scores*’; (6) the Wechsler Intelligence Scale for Children-Revised (WISC-R) test was
employed to determine the intelligence quotient (IQ) of all subjects; and (7) the
number, age, and gender of each subgroup were matched.

The exclusion criteria for this study were as follows: (1) conduct disorder, oppo-
sitional defiant disorder, Tourette syndrome, or any other axis I psychiatric comorbid
disorders; (2) previous head trauma, neurologic disorders, psychosurgery, or sub-
stantial physical illness;(3) motor deficits or motor developmental delay; (4) history of
stimulant or other medication to treat inattention problems;(5) DTI data with
obvious artifacts and distortions; (6) left-handedness, as assessed with the Annett
Hand Preference Questionnaire; and (7)a full-scale IQ less than 80 according to an
age appropriate WISC- Chinese Revision.

Finally, 56 children with ADHD and 28 healthy children matched for age, sex, and
exclusion criteria (3) and (4) were included in our study. The children were placed
into one of three groups: an ADHD-C group, an ADHD-I group or children with
normal development (control group). There were 3 females and 25 males in each
group. The children with ADHD-I had a mean age of 9.3 years (SD = 1.3), while the
children with ADHD-C had a mean age of 9.3 years (SD = 1.3). The healthy controls
had a mean age of 9.2 years (SD = 1.4).

Data acquisition. The MRI data were acquired on a Siemens 3T Trio MR scanner
with a 12-channel phased array coil. DTT acquisition involved a single-shot, spin-echo
planar imaging sequence in contiguous axial planes that covered the whole brain.
Diffusion-sensitizing gradients were applied in 12 non-collinear directions, together
with acquisition without diffusion weighting (b = 0). The imaging parameters were
set to the following values: TR = 6,600 ms, TE = 89 ms, average = 4, b-value =
1,000 s/mm?, slice thickness = 2.5 mm, 50 slices. The matrix resolution was acquired
at 128 X 128 and reconstructed to 256 X 256. The resolution was 2 X 2 X 2.5 mm®.
The subjects were told not to move during the scans, and a Siemens dedicated filler
was used to prevent head movement. The acquisition time for the scan was 6 minutes
and 5 seconds.

Data processing and statistical analysis. SPM 8 (http://www.fil.ion.ucl.ac.uk/spm/),
MATLAB 2010 (MathWorks, Natick, MA) and FSL4.1 (http://www.fmrib.ox.ac.uk/
fsl/) were used to analyze the data. First, the DICOM files of each DTI acquisition
were converted into a single multivolume NIFTI file. Then, FSL’s “eddy current
correction” was used to correct the distortions induced by the eddy current and head
motion in the dataset. The brain was extracted for further processing using BET
(Brain Extraction Tool, http://fsl.fmrib.ox.ac.uk/fsl/bet2/). Finally, the FA, RD and
AD maps were calculated with FSL.

The correction of head motion image artifacts, normalization and statistical ana-
lyses were performed using SPM 8. To ensure that our data were accurately matched,
we developed acustomized pediatric template using SPM to reduce potential errors
caused by matching to an adult template*®. The procedure for the development of the
optimized template consisted of three steps. First, we normalized the FA maps of the
control group based on the deformation information generated from the corres-
ponding unweighted images (first b = 0 image) and the echo-planar imaging (EPI)
template (in MNI152 space). These maps were termed wFA maps. The wFA maps
were averaged to produce a mean map. Finally, the mean map was smoothed (using a
[6,6,6] FWHM Gaussian kernel) to obtain our customized pediatric template, which
was used for further analysis®.

We normalized all original FA maps (from both the patient and control groups) to
the deformation field produced from the original FA maps and our FA-specific
pediatric template. The normalized FA maps were smoothed using a [6,6,6] filter for
statistical analysis. Finally, a fractional design specification was employed to compare
the ADHD-C, ADHD-I and control groups via one-way ANOVA. An intergroup
three-sample F-test comparison was performed using an absolute threshold of FA >
0.15. The same processes were applied to the AD and RD maps. For all analyses, the
statistical map cluster level had a threshold of p < 0.005 (Alphasim corrected, p <
0.05 and voxels = 40). This correction was determined through Monte Carlo simu-
lations™ using AFNI AlphaSim (http://afni.nimh.nih.gov/afni/).
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