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ABSTRACT

Effects of Pharmacotherapy, Neurodevelopment, Gender and

Structural Asymmetry on Regional Intrinsic Homotopic

Connectivity in Youths with Attention Deficit Hyperactivity

Disorder.

Zainab Homoud

Functional magnetic resonance imaging studies have long demonstrated a high

degree of correlated activity between the left and right hemispheres of the brain.

Interregional correlations between the time series of each brain voxel or region and

its homotopic pair have recently been identified by methods such as homotopic

resting-state functional connectivity (H-RSFC). However, little is known about

whether interhemispheric regions in patients with Attention-deficit/hyperactivity

disorder (ADHD) are functionally abnormal. The aim of this thesis is to examine

the association between H-RSFC and medication status, age, sex, and volumetric

asymmetry index (AI). In our approach, region-based activity was obtained using

three different methods. To test for associations, two linear mixed-effects models

were used. Across results, H-RSFC variation was found in subcortical regions

and portions of cortical regions. In addition, changes in functional connectivity

were found to be linked with structural asymmetry in two cortical regions. More

importantly, shifting in homotopic functional activation was found as a result of

medication intake in youths with ADHD. These findings demonstrate the utility of

homotopic resting-state functional connectivity for measuring differences among

pharmacotherapy intake, gender, neurodevelopment, and structural asymmetry.
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Chapter 1

Introduction

1.1 Bachground

The focus of neuroscience, particularly neuroimaging research, is to link behavioral

variability to brain changes. [3]. Functional magnetic resonance imaging (fMRI)

has become one of the most popular technologies for this purpose since its discovery

in the early 1990s. Functional magnetic resonance imaging (fMRI) is a non-invasive

imaging technology that has grown in importance as a tool for locating brain

regions involved in cognitive activities [4]. A normal fMRI data collection is made

up of tens of thousands of time series blood oxygenation level-dependent (BOLD)

signals [4]. Even a brief neural stimulus causes a significant shift in blood flow,

which is translated into a mild (BOLD) signal change detected by fMRI [5].

The asymmetry between the right and left brain regions are known to be com-

mon in both vertebrates and invertebrates, and can be caused by a variety of

genetic, epigenetic, or neurological factors [6]. Normal variation and specialization

cause asymmetries in function and structure from humans and animals. Inter-

hemispheric differences are found in humans using structural and functional brain

metrics using fMRI[7]. The left hemisphere is thought to be dominant for language

and handedness, while the right hemisphere is thought to be dominant for several

non-verbal skills like spatial attention [8]. Both structural (e.g., in gray matter vol-
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ume, cytoarchitecture and dendritic arborization, or white-matter integrity) and

functional (e.g., connectivity, water diffusion, graph theory, variance) MRI metrics

exist in the healthy brain.

One powerful method to examine the brain asymmetry is functional connectiv-

ity between different brain regions is resting-state functional connectivity (rs-FC).

Through the interhemispheric rs-FC, we could directly quantify functional integra-

tion between the two brain hemispheres and thus determine how interhemispheric

functional integration affects cognitive processing [9]. The motor system was the

first to use rs-FC studies to detect patterns of available integration between the

two hemispheres of the brain [10]. Ever since rs-fMRI has been used to identify

whole-brain patterns of synchronized spontaneous activity between homotopic re-

gions in the left and right hemispheres which is a phenomenon known as homotopic

functional connectivity (HoFC) (Figure 1.2) [11]. Another way to quantify struc-

tural laterality is by calculating the asymmetry index (AI), which gives a baseline

for evaluating the degree of subject-specific differences in laterality [12, 13]. The

Asymmetry Index (AI) has recently been used to compare the amount of subject-

specific laterality in typically developing adults [14] (Figure 1.1). The presence

of asymmetry in brain regions where symmetry is expected, or the absence of

asymmetry in brain regions where asymmetry is expected, could be suggestive of

neurological disease [7].
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Figure 1.1: An illustrative figure of interhemispheric indices of Asymmetry in-
dex (AI). Corresponding brain regions in the left and right hemispheres are first
identified. In region one, both left and right regions are equivalent across the
hemispheres. In this case both the AI is zero . In the second region , the left
hemisphere region is larger. Here AI is positive and this means left Lateralization.
In the third region, the brain region is larger in the right hemisphere. In this case,
AI is negative and this means right Lateralization. We calculated the asymmetry
index (AI) between the left (L) and right (R) hemispheres for each region (r) in
each subject (i) in a specific group (m) as the equation above [1].



15

Figure 1.2: The definition of homotopic functional connection is represented in a
flowchart (HoFC). Mirrored voxels or vertices, or homotopic regions described in
an atlas, could be used to create the homotopic pair. Interhemispheric HoFC is
calculated as the Pearson’s correlation between the time series of this site and its
homotopic contralateral counterpart for a given homotopic pair. Finally, for each
patient, a whole-brain vector of HoFC is obtained

Attention deficit / hyperactivity disorder (ADHD) is a neurodevelopmental

condition characterized by inappropriate levels of inattention, hyperactivity / im-

pulsivity, or a combination of these phenotypes [15]. ADHD is thought to be a

multifactorial condition with neurochemical [16], structural [37], and functional

[38] abnormalities in neural networks, according to clinical, genetic, and experi-
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mental findings. The use of high-resolution magnetic resonance imaging (MRI)

to examine anatomical differences between ADHD and healthy controls has led to

varied results [17]. Therefore, we focus in this thesis on studying the effect of phar-

macotherapy, neurodevelopment, gender and structural asymmetry on H-RSFC in

youths with ADHD.

1.2 Previous Works

Previous resting state functional connectivity studies have considered correlated

activity between symmetric bilateral homologous pairs of voxels [18, 19, 20, 21, 22],

anatomical parcellations [11, 23, 24, 25, 26], or surface area [27, 28]. Interregional

correlations between the time series of each voxel or region and its homotopic pair

have recently been denoted by methods for evaluating contralateral homologs,

such as homotopic resting-state functional connectivity (H-RSFC), voxel-mirrored

homotopic connectivity (VMHC) (for a review, see [29]). Previous research has

revealed consistent regional variation in interhemispheric coordination across the

brain using these methods.

Homotopic RSFC of healthy subjects reveals significantly higher correlations

in homotopic regions compared to heterotopic and intrahemispheric regions [25,

11, 24]. The primary sensory-motor cortices had the highest homotopic correla-

tions, followed by unimodal and heteromodal association areas [24] or higher-order

processing regions such the anterior cingulate, inferior parietal cortex, and pre-

cuneus [18]. Homotopic functional connectivity’s developmental paths have also

been studied [18, 30, 31, 32] . Global H-RSFC decreases in the brain through-

out lifetime was found [18, 31], but increases later in life at an inflection point
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of 53 years [18], demonstrating decreasing lateralization in normal aging. This

tendency reinforces ”last-in-first-out” hypotheses [33, 34] , which claim that late

age has a severe impact on the brain. As a person gets older, specific VMHC

reductions in the ventromedial prefrontal cortex, inferior parietal lobule, dorsal

anterior cingulate cortex, hippocampus, and insula were found [30]. As individu-

als mature, the insula and lingual gyrus follow a quadratic trajectory, whereas the

putamen and superior frontal gyrus follow a cubic trajectory[18]. Overall, while de-

creasing correlations are associated with hemisphere specialization or independent

processing, increasing correlations are associated with hemispheric cooperation or

coordinated processing [18, 20, 24]. Combined together, these findings show that

H-RSFC techniques may be used to analyze human brain function and provide a

new framework for analyzing interhemispheric coordination in neurodevelopmental

psychiatric disorders. [29].

Specific to ADHD, atypical interhemispheric interactions are found using brain

functional [35, 36, 37] and structural methods [35, 38, 1]. The corpus callosum, in

particular, is critical for the development of interhemispheric synchrony, and cal-

losal integrity changes can affect homotopy correlation [39] and attention [35]. This

is significant in light of abnormalities in the morphology of the corpus callosum

in youths with ADHD [40, 41, 42]. These structural and functional neural corre-

lates were found to differ depending on medication status [43], clinical symptoms

[44, 45], and age [44, 46, 47, 45, 48].

Functional connectivity has previously been investigated using H-RSFC or

VHMC in medication-free ADHD youths, but not in those who are taking medi-

cation for their diagnosis. Previous researchers found that 60-76 percent of partial

correlations from homotopic counterparts contributed to abnormalities in func-
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tional connectivity in 239 children with ADHD along with 39 adults with major

depressive disorder, 69 adults with schizophrenia, and 251 controls [49]. Implying

that these psychopathologies may involve changes in interhemispheric connectiv-

ity. Jiang and colleagues [50, 51] discovered increased correlations in the bilateral

superior frontal, anterior and posterior cerebellar, and middle occipital lobes in

children with ADHD using the VHMC method. These findings were attributed

to decreasing working memory and disrupted brain circuits, both of which aggra-

vate ADHD symptoms. In contrast, Zhou and colleagues [52] discovered decreased

VMHC values in the bilateral occipital lobes of ADHD children, which were nega-

tively associated to Connors’ Parent Rating Scale (CPRS-R) anxiety ratings and

positively linked to Wisconsin Card Sorting Test completed categories (WCST).

Here, brain H-RSFC is evaluated from fMRI data acquired from the ADHD-200

[53, 54]. While previous studies have used the VMHC method to study differences

between medication naive youths with ADHD and controls [52, 50, 51]

1.3 Objectives and Contributions

Our main goal here is to test whether interhemispheric regions are functionally ab-

normal in working sequentially, interactively, or in parallel in patients with ADHD.

To measure the dependence and characterize regional functional connectivity be-

tween homotopic pairs in ADHD patients, the correlation coefficient between every

pair of time series from the left and right hemispheres of a specific brain region

for each subject was computed by three signal summary methods. In addition,

in order to establish that the differences across groups are statistically different

for a given brain region and signal summary method, two linear mixed-effects



19

models were developed. The first model has fixed effects that capture the varia-

tions in mean H-RSFC between medication groups, characterize the age, gender

related connection, and show how the relationship between mean H-RSFC, age

and gender varies by medication group. The second linear mixed model contains

volumetric AI as an additional fixed effect that can explain H-RSFC. The second

model captures the variations of H-RSFC in connection with AI and shows how

the relationship between mean H-RSFC and AI is varied by medication groups. In

both models, the random components capture variation across imaging sites and

correlation among participants within the same site. To the best of our knowledge,

this is the first study that specifically addresses the pharmacotherapy of ADHD,

gender, neurodevelopment, and structural asymmetry effects on the regional vari-

ation of homotopic correlations during spontaneous brain activity in patients with

ADHD. This thesis employs a straightforward method for determining the degree

of brain symmetry, H-RSFC, and replicating the test. It also adds to the current

of research about physical brain asymmetry in medicated and unmedicated ADHD

and typically developing children.

1.4 Organization

This thesis is organized as follows: Chapter 2 present the first project, which

discusses the effects of pharmacotherapy, neurodevelopment, and gender on H-

RSFC in youths with ADHD. In Chapter 3, we offer the second project, which

addresses the effect of structural asymmetry on H-RSFC in Youths with ADHD.

Finally, Chapter 4 present a final summary and conclusion of the work.
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Chapter 2

Paper1: Effects of Pharmacotherapy and

Neurodevelopment on Regional Intrinsic Homotopic

Connectivity in Youths with Attention Deficit

Hyperactivity Disorder

2.1 Materials and Methods

The summary of the method section in this study is displayed in Figure 2.1. The

details of this method is further discussed in the following sections.

2.1.1 Data Set

This study employed the ADHD-200 data set, which includes information from

973 subjects [53, 54, 55]. Each of the subjects was scanned at one of seven

separate locations, and the ADHD-200 data set was created from the pooled

data from these locations. Peking University, Kennedy Krieger Institute (KKI),

NeuroIMAGESample (NeuroIMAGE), New York University Child Study Center

(NYU), Oregon Health Science University (OHSU), and Washington University in

St. Louis (WashU) were among the brain imaging sites where the measurements

were collected. We examined the functional MRI data using Athena preprocess-

ing pipelines by referring to the Neuro Bureau ADHD-200 Preprocessed repository

[53]. At least one resting-state fMRI scan, as well as a T1-weighted structural scan
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and several subject-specific characteristics, were collected from each participant,

including age, ADHD severity index, and one or more IQ scores. The Athena

pipeline data set was preprocessed using AFNI [56], and FSL [57] running on the

Athena computer cluster at Virginia Tech’s ARC. The preprocessing for Athena

pipeline functional MRI data included slice timing, and motion correction, regis-

tration of the fMRI data are written into MNI space 1mm x 1mm x 1mm voxel

resolution, regression of nuisance parameters, bandpass filtering from 0.009-0.08

Hz, and spatial smoothing with a 6 mm full width at half maximum Gaussian fil-

ter (for the full preprocessing details, see neurobureau:AthenaPipeline [53]). Next,

the data sets were distributed by quality control based on pipelines, volumetric

asymmetry index (AI), phenotype, secondary diagnoses, and medication status.

In our previous work, we incorporate ADHD heterogeneity by included subjects

with comorbid ADHD. In particular, we added all subjects with ODD secondary

diagnosis. However, since the it showed to be non significant factor for H-RSFC,

we have not included them in this thesis [58]. To avoid bias and minimize random

error, subjects with a secondary disease are excluded from the study. In addition,

subjects diagnosed with ADHD without a specified medication status cannot be

classified to either the medicated or unmedicated ADHD group. Because of this

conflict, it poses the objective of investigating pharmacotherapy among subjects

with ADHD; they too are excluded from the study. Hence, 471 subjects with a

secondary disease diagnosis or an unknown medication status were excluded from

the study. The remaining subjects were then distributed into three main groups

based on their diagnosis and medication status: (1) Typically Developing (TD:

n = 230); (2) unmedicated ADHD subjects (ADHD Med Free: n = 60), which de-

scribe subjects that have not a historical period of medication treatment; and (3)

https://www.nitrc.org/plugins/mwiki/index.php/neurobureau:AthenaPipeline#Structural_data_preprocessing_pipeline
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subjects with ADHD that take medication (ADHD Med: n = 32), which include

subjects that were medicated at the time of scanning. The descriptive statistics

by imaging site is shown in Table 3.1.

Site Total Count Count by group Summary Statistics
N (M/F) Male Female N TD N MedFree N Med Centered Age

Peking 142 142 0 106 23 13 11.70 ± 1.77
KKI 57 31 26 41 12 4 10.28 ± 1.37
NYI 84 42 42 63 12 9 11.88 ± 3.18
OHSU 39 33 6 20 13 6 9.03 ± 1.24
Total 322 248 74 230 60 32 11.17 ± 2.34

Table 2.1: Descriptive statistics of subjects according to imaging site. Summary
measures for quantitative variables are presented as mean ± standard deviation.

2.1.2 Data Pre-processing and Time Series Extraction

Further standard data pre-processing was performed using both FSL [57] and

AFNI [56] software. First, we used the Desikan Killiany Tourville atlas [2] to

created individual brain regions of interest (ROIs) masks to extract fMRI voxel

BOLD signals, and these masks were resampled to match a voxel resolution of

1mm x 1mm x 1mm. In detail, this validated atlas was implemented using FSL to

divide each subject brain hemisphere into regions that correspond to portions that

replicate networks of functionally coupled regions across cortical and subcortical

brain regions. Masks were generated for 84 regions (42 in each hemisphere) that

covered the entire brain, as displayed in Figure 2.2. Weighting each voxel’s time

series inside that region was done using the atlas-derived values to extract the time

series for each region.
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Figure 2.1: Summary of the method sections including: Time Series Extrac-
tion, fMRI Signal Summaries Methods, ROI Connectivity, Statistical Analysis
and Model Description.
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Figure 2.2: Homotopic interhemispheric correlations regions: Regional masks of
the 84 regions (42 in each hemisphere) used in this study with their labels according
to their functional classification, as described by Desikan Killiany Tourville atlas
[2].

2.1.3 fMRI Signal Summaries

The range of the continuous initial variables was standardized in a BOLD voxel

matrix after extracting time series for each brain region in each subject so that

each regional voxel contributes equally to the analysis. This was done for each re-

gion of interest by subtracting the mean and dividing by the standard deviation for
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each value in the BOLD voxel matrix columns. Following that, the time series for

each subject’s brain region were summed using three distinct summary measures

by (1) averaging across all BOLD voxels’ matrix within a region [59]; (2) removing

5% of observations in the higher and lower part of the ordered data set and getting

the mean of the remaining 90% of the BOLD voxels’ time series (Trimmed Mean)

[60]; and by (3) implementing the classical Principal Component Analysis (PCA)

[61] and taking the first principal component that accounts for the largest pro-

portion of variability in a BOLD voxels matrix for each region [62]. Because the

underlying features of a brain function are unlikely to be represented by a single

summary, such as the average or trimmed mean, PCA was included in this study.

Furthermore, the averaged signal could produce misleading results, such as higher-

frequency artifacts, due to potential phase shifts and lead-lag dependence among

the channels [61]. When compared to simple averages or trimmed mean signals,

signal summaries extracted using classical PCA can account for more significant

signal variability.

2.1.4 Exploratory Analysis of Summary Signals and

ROI Connectivity among groups

To examine the variance in the regional correlation coefficient obtained using the

multiple time series summary techniques, we conducted an exploratory data analy-

sis and preliminary visualizations. The summary signals for each region of interest

was estimated across all subjects using the (1) average of signals; (2) trimmed

mean; and (3) first principal component of PCA, as stated in Section 2.1.3. For il-

lustration purposes, Figure 2.3 (A) and (B) presents the extracted time-series data

at the Hippocampus region of a randomly selected healthy subject using different
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signal summaries. This region was randomly selected from the set of cortical and

sub-cortical brain regions presented in Figure 2.2 to display the patterns exhibited

by the voxel BOLD signals as well as the three signal summaries.

The pattern presented using average and trimmed mean techniques is equiv-

alent with minor changes at some time periods, according to Figure 2.3 (C) and

(D). In contrast to the other techniques, signals extracted using classical PCA dis-

played time-scale invariance with amplitude variance behavior. This implies that

the signals behave the same at each time point in terms of seeing an increase or

drop, but the magnitude of the amplitude using the PCA technique seems to be

different from both the average and trimmed mean methods.
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Figure 2.3: Illustration of the extracted time series data from an fMRI region of
interest using different signal summaries for a randomly selected typically devel-
oping subject. The original voxel matrix of the Hippocampus are presented for
the (A) left and (B) right hemisphere, respectively. The comparison of the signal
summaries using the Average, Trimmed Mean and PCA for the (C) left and (D)
right hemisphere, respectively.

We computed the correlation coefficient between each pair of time series from

the left and right hemispheres of a given brain area for each subject to measure the

dependency and describe regional functional connectivity between homotopic pair-

ings. For illustration, the Correlation Coefficient distributions for the three signal

summary methods in the Hippocampus region were computed and presented in

Figure 2.4. The positive correlation coefficient values in the Ridgeline plot repre-
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sent higher functional connectivity. On the other hand, the negative correlation

coefficient values mean the opposite.

Figure 2.4: Ridgeline plot of the Correlation Coefficient distributions for the
Hippocampus region of each group presentation: Typically developing, ADHD
Med and ADHD Med Free. Correlation Coefficient are shown using the Average,
Trimmed-Mean, and PCA signal summaries.

However, we’ll need to create a linear mixed effects model to prove that the

differences between groups are statistically significant for a specific brain area and

signal summary methods. It includes fixed and random effects that can be used to

explain H-RSFC. The fixed effects in the linear mixed effects model capture vari-

ations in mean H-RSFC between medication groups, characterize the age, gender

related connection, and show how the relationship between mean H-RSFC, age,

and gender varies by medication group. The model’s random effects, on the other
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hand, capture the variation across imaging sites and correlation among partici-

pants within the same site. In Section 2.1.5, the constructed linear mixed effects

model is examined in depth.

2.1.5 Statistical Analysis and Model Descriptions

As mentioned in Section 2.1.1, each of the 322 subjects were categorized accord-

ing to diagnosis and medication status. Formally, typically developing subjects

(Control) are assigned m = 0. Likewise, subjects prescribed with medication

for ADHD (ADHD-Med) are assigned m = 1 while the subjects diagnosed with

ADHD but did not undergo medication (ADHD-Med Free) are assigned m = 2.

For the ith subject from the mth medication status, we define L
(r)
mit and R

(r)
mit

as the fMRI signal summary obtained from the left and right hemisphere of the

rth brain region at time point t, respectively. As discussed in Section 2.1.3, the

fMRI signal summaries were obtained using three different methods. Using a given

method, e.g. averaging, suppose Y
(r)
mi is the evaluated correlation using the stan-

dardized observations for each region (r) and subject (i) belonging in group m

where r = 1, 2, . . . , 42; i = 1, 2, . . . , 322; and m = 0, 1, 2. Utilizing these corre-

lations as our response variable, we develop a linear mixed effects model where

subject-specific phenotype characteristics are used as fixed effects and the random

effects correspond to the imaging site where the data is collected from. However,

to satisfy the model assumptions, we first transform the correlations using the

Fisher’s z-transformation given by

Z
(r)
mi =

1

2
ln

(
1 + Y

(r)
mi

1− Y (r)
mi

)
(2.1)
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The quantity Z
(r)
mi described in (3.2) is a monotonically increasing function of Y

(r)
mi .

For a specific brain region r, the response variable can now be represented as

follows

?Z(r)

n×1
=
(
Z

(r)
01 , . . . , Z

(r)
0n0
, Z

(r)
11 , . . . , Z

(r)
1n1
, Z

(r)
21 , . . . , Z

(r)
2n2

)>
.

Moreover, the vector of explanatory variables corresponding to the the ith sub-

ject belonging to the mth medication group is denoted by Xmi = (Xmi,1, Xmi,2)

which includes centered age and gender, respectively. The Diagnostic and Statis-

tical Manual of Mental Disorders defines ADHD as a neurodevelopment condition

[63] which prompted us to investigate whether age can influence homotopic func-

tional connectivity. Additionally, gender may reveal weak homotopic correlations

in males along medial, dorsal, and lateral regions compared to females as seen

in prior works [18, 31, 32]. Therefore, we are interested in studying the effect of

age and gender in homotopic functional connectivity. To incorporate medication

status as an explanatory variable in the model, we define Mmi as an indicator

variable equal to 1 if the ith subject belongs to the mth medication status label.

For example,

M1i =


1, ith subject belongs in the ADHD-Med group

0, otherwise

Similarly, we define Ssi = 1 if the ith subject’s information is collected from the

sth site and 0 otherwise, where s = 0, 1, 2, 3. The rationale for including these

imaging sites as random effects in the model is to account for the measurement
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variability present in each imaging site.

The full linear mixed-effects model for a given brain region can be written as

Zmi = β0+
2∑

j=1

βjXmi,j+
2∑

m=1

β3mMmi+
2∑

j=1

2∑
m=1

βjmXmi,jMmi+
3∑

s=0

bsSsi+εmi (2.2)

where bs
iid∼ N(0, σ2

S) and εmi
iid∼ N(0, σ2).

or to simplify :

Zmi = β0 + β1Agemi + β2Gendermi + β3ADHDMed1i + β4ADHDMedFree2i +

β5Agemi·ADHDMed1i+β6Agemi·ADHDMedFree2i+β7Gendermi·ADHDMed1i

+ β8Gendermi · ADHDMedFree2i +
3∑

s=0

bsSsi + εmi

Apart from studying the main effects, we are interested in testing the inter-

action of medication status with age because other studies on healthy individuals

have found significant differences with respect to age and gender in homotopic

functional connectivity [18]. Medication status among youths with ADHD have

never been tested before using homotopic functional connectivity, therefore, we

were interested in testing these variables.

From the model described in (2.2), it follows that we have separate models

depending on the medication status. Incorporating the above mentioned model

assumptions on bs and εmi, the model for the typically developing group (m = 0)

reduces to

Z0i = β0 +
2∑

j=1

βjX0i,j +
3∑

s=0

bsSsi + ε0i.
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In contrast, the model for the ADHD-Med group (m = 1) and ADHD-Med Free

group (m = 2) can be simplified as

Zmi = β0 +
2∑

j=1

(βj + βjm)Xmi,j + β3m +
3∑

s=0

bsSsi + εmi

= β̃0m + β̃1mXmi,1 + β̃2mXmi,2 +
3∑

s=0

bsSsi + εmi

where β̃0m = β0 + β3m, β̃1m = β1 + β1m, and β̃2m = β2 + β2m, for m = 1, 2. We are

interested in testing whether there is significant differences in the homotopic func-

tional connectivity between the Typically Developing group and any of the ADHD

groups. This is equivalent to testing whether the additive coefficient β3m,m = 1, 2

is significantly different from zero. Thus, we are interested in testing

H0,0m : β0 = β̃0m ⇐⇒ β3m = 0 vs. H1,0m : β0 6= β̃0m ⇐⇒ β3m 6= 0.

Furthermore, we also test whether centered age and gender can significantly explain

homotopic functional connectivity. We perform this test on the main effect for

j = 1, 2

H0,j : βj = 0 vs. H1,j : βj 6= 0.

The tests on the interaction effect of medication status with centered age and

gender are also performed as follows

H0,jm : βjm = 0 vs. H1,jm : βjm 6= 0, where j = 1, 2;m = 1, 2.



33

We adjusted the p-values using the Benjamini-Hochberg procedure to control the

false discovery rate [64]. The null hypothesis is rejected if the corrected p ≤

0.05. The resulting model includes medication status (Mmi), age (Xmi,1) and

gender (Xmi,2) as main effects as well as the interaction effect of medication status,

age (Mmi × Xmi,1) and gender (Mmi × Xmi,2) to significantly explain homotopy

functional connectivity.

2.2 Results

2.2.1 Medication Status Effect on H-RSFC

Despite the high degree of synchronous activity reported between homotopy areas,

regional variation was observed using the trimmed-mean and PCA signal summary.

The estimations for the normally developing group were compared to the coeffi-

cients for the ADHD group in each brain area. The brain areas that reported

significant differences in homotopic functional connectivity between the ADHD

and control groups are summarized in Table 2.2 and Figure 2.5 using trimmed-

mean and PCA signal summary only.
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Figure 2.5: The regions where the effect of medication status can significantly
explain regional functional connectivity using Trimmed mean and PCA summary
methods only.

Region ADHD Group Summary TD Estimate Difference Adjusted p-value
Insula Med Free Trimmed Mean 1.0090 0.2913 0.0451
Transverse Temporal Med PCA 0.2560 0.3844 0.0126

Table 2.2: Significant differences in regional functional connectivity among the
Typically Developing (TD) and ADHD group using trimmed mean and PCA sum-
mary methods. For a given ADHD group, TD Estimate refers to the intercept
associated with the Typically Developing group, whereas Difference corresponds
to the difference between the coefficients of the ADHD group and the TD group.
A negative difference indicates that the coefficient for a specific ADHD group de-
creased relative to the group of healthy subjects. The p-value is adjusted using
the Benjamini-Hochberg procedure.

Trimmed Mean: a significant difference was found between the medicated

ADHD-diagnosed subjects and the typically developing subjects using the trimmed

mean method. In the Insula region, we see a significant increase in functional con-

nectivity for unmedicated ADHD subjects compared to the control group (z =
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0.2913, p = 0.0451) .

Classical PCA: using only the PCA method, one significant difference in re-

gional functional connectivity was observed. We found a substantial increase in

functional connectivity in the Transverse Tempora region (z = 0.3844, p = 0.0126)

for medicated ADHD-diagnosed subjects compared to healthy subjects.

2.2.2 Age Related Changes in H-RSFC

The brain regions where age can significantly explain interhemispheric functional

connectivity using all signal summary techniques are listed in Table 2.3 and Fig-

ure 2.6. The Amygdala, Hippocampus, Superior Parietal, Transverse Temporal

and Ventral Diencephalon are the regions where we see a significant decrease in

functional connectivity in older subjects compared to younger subjects.
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Figure 2.6: Significant brain regions where age can significantly explain the homo-
topic functional connectivity using all signal summary methods.

Region Summary Estimate Adjusted p-value

Amygdala Average -0.0285 0.0255
Trimmed Mean -0.0266 0.0472
PCA -0.0307 0.0293

Hippocampus Average -0.0256 0.0255
PCA -0.0341 0.0048

Superior Parietal Average -0.0228 0.0255

Transverse Temporal Average -0.0344 0.0042
Trimmed Mean -0.0338 0.0052

Ventral Diencephalon Average -0.0264 0.0255
Trimmed Mean -0.0271 0.0434

Table 2.3: Significant brain regions where age can significantly explain the homo-
topic functional connectivity using all signal summary methods. Estimate refer to
the estimated coefficients values of Age. This negative coefficients means older chil-
dren have lower H-RSFC compared to younger children. The p-value is adjusted
using the Benjamini-Hochberg procedure.
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We emphasize that the estimated coefficients using various signal summaries are

consistent in terms of direction and have minor magnitude variations. Specifically,

using the averaged signals (p = 0.0255), trimmed average of signals (p = 0.0472),

and PCA (p = 0.0293), there is a decrease of about 0.03 in functional connectivity

at the Amygdala when the subject’s age increases by a year relative to the average

age of 11.2 years.

Average: Four more regions were found where age can significantly explain

functional connectivity using the average signal as the summary. When compared

to the average age of 11.2 years, we found a 0.02 decrease in the average homotopic

functional connectivity at the Hippocampus as the subject’s age increases by a year

(p = 0.0255). The average functional connectivity at the Superior Parietal (p =

0.0255), Transverse Temporal (p = 0.0042) and Ventral Diencephalon (p = 0.0255)

decreased by 0.0228, 0.0344 and 0.0264 for every year increase in age, respectively.

Trimmed Mean: Using the trimmed mean as summary, a significant decrease

in functional connectivity was found at the Transverse Temporal and Ventral Di-

encephalon regions for every year increase in the centered age. For every year

increase in the subject’s age relative to 11.2 years, the average functional connec-

tivity for both the Transverse Temporal (p = 0.0052) and Ventral Diencephalon

(p = 0.0434) regions decreased by 0.0338 and 0.0271, respectively .

Classical PCA: Using PCA as the signal summary, functional connectivity at

the Hippocampus region decreased by 0.0341 as the subject’s age increased by one

year relative to the average age (p = 0.0048).
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2.2.3 Interaction of Medication Groups and Gender in H-

RSFC

The interaction effect of medication status with gender in the Amygdala, Fusiform,

Insula, and the Lateral Ventricle regions were found to be significant. For the male

subjects in the unmedicated ADHD group, we observed a decrease in the average

functional connectivity in the Amygdala, Fusiform, and Insula compared to the

female subjects. In addition, significant change in H-RSFC for the medicated

ADHD male subjects was observed in the Lateral Ventricle region compared to

female subjects (refer Table 2.4 and Figure 2.7)

Figure 2.7: Significant brain regions where the interaction effect of medication
status with Gender can explain interhemispheric functional connectivity using Av-
erage and Trimmed-mean signal summary methods.
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Region ADHD Group Summary Estimate Adjusted p-value
Amygdala Med Free Average -0.3402 0.0340
Fusiform Med Free Average -0.3143 0.0340

Trimmed Mean -0.2933 0.0428
Insula Med Free Average -0.3293 0.0258

Trimmed Mean -0.3367 0.0110
Lateral Ventricle Med Trimmed Mean -0.4403 0.0323

Table 2.4: The significant regions where the interaction effect of medication status
with gender can explain regional functional connectivity. For a given ADHD group,
the estimate for female was the baseline for comparison. Here, Estimate refer to
the estimated coefficients values of male compared to female subjects. Negative
coefficients indicates that males’ coefficients for a specific ADHD group decreased
relative to the female. The p-value is adjusted using the Benjamini-Hochberg
procedure.

Average: Three regions were found where the interaction between the ADHD

groups and gender can significantly explain functional connectivity using the av-

erage signal as the summary. When compared to the females, males found to

have a decrease in the average homotopic functional connectivity at the Amygdala

(p = 0.0340), Fusiform (p = 0.0340) and Insula (p = 0.0258) by 0.3402, 0.3143

and 0.3293, respectively, for the unmedicated ADHD group.

Trimmed Mean: Using the trimmed mean as a summary, significant decreases

in the average functional connectivity were found for non-medicated ADHD males

compared to females subjects in the Fusiform (p = 0.0428) and Insula (p = 0.0110)

regions. On the other hand, for the mediated ADHD males compared to medi-

cated ADHD females, the average homotopic functional connectivity in the Lateral

Ventricle region (p = 0.0323) decreased by 0.4403.

2.3 Discussion

New and noteworthy results were obtained using the suggested linear mixed mod-

els and methods for summarizing regional fMRI activity. In the H-RSFC, regional
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changes related to medication status, age, and gender with their interactions were

observed. Across results, variation in the degree interhemispheric correlations were

found lowest in subcortical regions (Amygdala, Hippocampus and Ventral Dien-

cephalon) and partial of cortical regions (Insula, Transverse Temporal, Fusiform

and Superior Parietal). These findings echo prior H-RSFC findings in healthy and

ADHD subjects [24, 18, 11, 65]. Overall, the results showed that H-RSFC may

be used to determine the variations in medication intake, neurodevelopment and

gender.

2.3.1 Influence of Pharmacotherapy on H-RSFC

H-RSFCs across the Transverse Temporal region showed an increase in the ADHD-

medicated youth, whereas it increases in the Insula area for the medicated free

ADHD youth (Table 2.2).

The Transverse Temporal region plays a critical role in hearing, speech, and

language [66]. Transverse Temporal is considered to be lateralized in function

as it is connected to numerous regions known to be implicated in sensory [67].

Previous research found an increase in H-RSFC in the Transverse Temporal region

with ADHD patients [68]. However, this is the first study to found an increase in

H-RSFC in medicated ADHD patients .

On the other hand, youths diagnosed with ADHD had higher H-RSFC in In-

sula. Despite the fact that the insula is connected with a wide range of cognitive

functions, the reason of this functional connectivity change is still under study.

Previous functional neuroimaging studies have also found variations in the H-RSFC

Insula that are associated with ADHD [69, 70, 71]. Our finding is consistent with

the previous finding where it showed an increase of H-RSFC in the insula region
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in children and young adults with ADHD [72, 73].

2.3.2 H-RSFC Across Age

In the Amygdala, Hippocampus, Superior Parietal, Transverse Temporal, and Ven-

tral Diencephalon, significant age-related changes in H-RSFC were observed. For

older subjects, a negative correlation related H-RSFC across these regions was

observed (Table 2.3). These negative coefficients for specific regions mean older

children have lower H-RSFC compared to younger children. This negative relation

also might imply lateralization with age. Similar to previous results [30, 18, 24],

Hippocampus region exhibited decreasing H-RSFCs among older participants (Ta-

ble 2.3). Moreover, previous research mentioned that the superior parietal lobule

showed opposing development trajectories of local and global functional charac-

teristics, implying a shifting connection architecture in early childhood [74]. The

superior parietal lobule is essential in object representation and manipulation, as

well as attention and visuospatial perception [75] which might significantly affect

patients with ADHD with aging. The decrease in H-RSFC with aging in the

Transverse Temporal was also previously examined [76]. This decrease might be

due to several possibilities, as the literature suggested, such as cochlear hair cell

loss, neuronal loss, and alterations in central auditory processing with aging [76].

For the Amygdala region, previous studies found a decrease in H-RSFC in older

subjects with the presence of mental disease when compared to typically develop-

ing subjects [77]. However, for typically developing subjects, the Amygdala region

showed a significant increase in functional connectivity with aging [77].
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2.3.3 Interaction of Medication Groups and Gender in H-

RSFC

Overall, for the male subjects in the unmedicated ADHD group, we observed a

decrease in the average functional connectivity in the Amygdala, Fusiform, and

Insula compared to the unmedicated ADHD female. A significant decrease in

the H-RSFC for the medicated ADHD male subjects was observed in the Lat-

eral Ventricle region compared to the medicated ADHD female (Refer Table 2.4).

Previous research mentioned that males and females are differently affected by

ADHD [78, 79, 80, 81]. In comparison, in terms of brain circuitry [81, 82], girls

with ADHD tend to exhibit similar or greater executive dysfunction. These results

might suggest the variation in the H-RSFC between females and males. Similar to

our finding, a previous study found a significant decrease in the amygdala region

with ADHD patients. However, with the greater H-RSFC effects among girls as

compared to males in our study [83]. Another study reported that females diag-

nosed with ADHD showed considerably more functional activation than men in the

Insula region, suggesting that ADHD female patients might have more functional

connectivity than males in this region [84]. Interestingly, another prior research

found that the dorsolateral prefrontal cortex exhibited significant interaction be-

tween age and sex, whereby older males had increased VMHC compared to older

females with a decrease in VMHC [18]. Our study did not find any significant

interactions with gender in the dorsolateral prefrontal, which may be due to our

sample targeting only adolescents and children. In addition, no previous study re-

ported the effect of gender in H-RSFC with ADHD patients in Fusiform or Lateral

Ventricle regions.
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Chapter 3

Paper2: The Effect of Structural Asymmetry in Regional

Intrinsic Homotopic Connectivity in Youths with

Attention Deficit Hyperactivity Disorder.

3.1 Method

The method used for the functional connectivity data, including the data pre-

processing, time series extraction, brain atlas, and fMRI signal summaries in this

study, is the same of section 2.1 described in Chapter 2. The additional part we

want to address here is studying the relationship between structural and functional

asymmetry— the relationship between H-RSFC and volume AI (Asymmetry In-

dex)—. The developed and proposed linear mixed-effects model in this chapter

contains AI as an additional fixed effect that can explain H-RSFC. The summary of

the method for this chapter is described in Figure 3.1. The details of this method

is further discussed in the following sections.
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Figure 3.1: Summary of the method used for studying the effect of structural
asymmetry in regional intrinsic homotopic Connectivity including Time Series Ex-
traction, fMRI Signal Summaries Methods, ROI Connectivity, Statistical Analysis,
and the Model Description.

3.1.1 Structural Data and Asymmetry Index Extraction

The Athena pipeline in NITRC (NeuroImaging Tools and Resources Collabora-

tory) was used to extract structural T-1 weighted MRI scans from the prepro-
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cessed ADHD-200 Repository public data sets [53]. The preprocessing details for

the structural data can be seen in [53]. Because the structural MRI acquisition

parameters differed between sites, the Athena Pipeline uses skull-stripped whole-

brain images smoothed by a 6 mm FWHM Gaussian, unsmoothed grey matter

density maps using the Montreal Neurological Institute (MNI) space in a 1 x 1 x 1

mm3 resolution, and FSL fNIRT non-linear wrap to harmonize the preprocessing

of all images.

FreeSurfer’s recon-all scripts [85] were then used to preprocess structural T1-

weighted anatomical MRI data. This generates segmentations for gray matter,

white matter, cortical and subcortical for volumetric analyses (mm3). The bilateral

left and right segmentation of both subcortical regions volumes (11 total) and

cortical regions volumes (31 total) were then obtained with applying the Desikan

Killiany Tourville atlas [2]

Next, the volumetric analyses (mm3) — Asymmetry Index (AI) — was cal-

culated between the left (L) and right (R) hemispheres for each subject (i) and

region (r) in the (mth) medication group, as [1]:

AI
(r)
mi =

L
(r)
mi −R

(r)
mi

A
(3.1)

Here A is the mean value across hemispheres [1]. We note that a negative AI

value indicates right laterality, and a positive AI value indicates left laterality.

After the AI data was obtained, the data were then combined using RStudio

with the H-RSFC data sets mentioned in Chapter 2 section 2.1 to match it with its

subject ID and regions. The descriptive statistics and demographics according to

the imaging site for the quantitative variables in this study is addressed in Table
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3.1

Imaging Site Total Count Count by Group Summary Statistics
N Male Female TD Med Free Med Age AI

Peking 142 142 0 106 23 13 11.70 ± 1.77 0.008 ± 0.19
KKI 57 31 26 41 12 4 10.28 ± 1.37 0.005 ± 0.19
NYI 84 42 42 63 12 9 11.88 ± 3.18 0.008 ± 0.20
OHSU 39 33 6 20 13 6 9.03 ± 1.24 0.009 ± 0.18
Total 322 248 74 230 60 32 11.17 ± 2.34 0.008 ± 0.19

Table 3.1: Descriptive statistics of subjects according to imaging site. Summary
measures for quantitative variables are presented as mean ± standard deviation.

3.1.2 Statistical Analysis and Model Descriptions

Each of the 322 subjects were categorized according to diagnosis and medication

status. typically developing subjects (Control) are assigned m = 0. Likewise,

subjects prescribed with medication for ADHD (ADHD-Med) are assigned m = 1

while the subjects diagnosed with ADHD but did not undergo medication (ADHD-

Med Free) are assigned m = 2. For the ith subject from the mth medication status,

we define L
(r)
mit and R

(r)
mit as the fMRI signal summary obtained from the left and

right hemisphere of the r th brain region at time point t, respectively. As discussed

in Section 2.1.3, the fMRI signal summaries were obtained using three different

methods. Using a given method, e.g. averaging, suppose Y
(r)
mi is the evaluated

correlation using the standardized observations for each region (r) and subject (i)

belonging in group m where r = 1, 2, . . . , 42; i = 1, 2, . . . , 322; and m = 0, 1, 2.

Utilizing these correlations as our response variable, we develop a linear mixed

effects model where subject-specific phenotype characteristics are used as fixed

effects and the random effects correspond to the imaging site where the data is

collected from. However, to satisfy the model assumptions, we first transform the
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correlations using the Fisher’s z-transformation given by

Z
(r)
mi =

1

2
ln

(
1 + Y

(r)
mi

1− Y (r)
mi

)
(3.2)

The quantity Z
(r)
mi described in (3.2) is a monotonically increasing function of Y

(r)
mi .

For a specific brain region r, the response variable can now be represented as

follows

?Z(r)

n×1
=
(
Z

(r)
01 , . . . , Z

(r)
0n0
, Z

(r)
11 , . . . , Z

(r)
1n1
, Z

(r)
21 , . . . , Z

(r)
2n2

)>
.

Moreover, the vector of explanatory variables corresponding to the the i th sub-

ject belonging to themth medication group is denoted by Xmi = (Xmi,1, Xmi,2, Xmi,3)

which includes centered age, gender and AI, respectively. At the onset, the inter-

ested here to see whether AI can explain functional connectivity.

To incorporate medication status as an explanatory variable in the model, we

define Mmi as an indicator variable equal to 1 if the i th subject belongs to the

mth medication status label. For example,

M1i =


1, ith subject belongs in the ADHD-Med group

0, otherwise

Similarly, we define Ssi = 1 if the ith subject’s information is collected from the

sth site and 0 otherwise, where s = 0, 1, 2, 3. The rationale for including these

imaging sites as random effects in the model is to account for the measurement

variability present in each imaging site.
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The full linear mixed-effects model for a given brain region can be written as

Zmi = β0+
3∑

j=1

βjXmi,j+
2∑

m=1

β4mMmi+
3∑

j=1

2∑
m=1

βjmXmi,jMmi+
3∑

s=0

bsSsi+εmi (3.3)

where bs
iid∼ N(0, σ2

S) and εmi
iid∼ N(0, σ2).

or to simplify :

Zmi = β0+β1Agemi+β2Gendermi+β3AImi+β4ADHDMed1i+β5ADHDMedFree2i+

β6Agemi·ADHDMed1i+β7Agemi·ADHDMedFree2i+β8Gendermi·ADHDMed1i

+ β9Gendermi · ADHDMedFree2i + β10AImi · ADHDMed1i

+ β11AImi · ADHDMedFree2i +
3∑

s=0

bsSsi + εmi

Apart from studying the main effects, we are interested in testing the inter-

action of medication status with AI because other studies on healthy individuals

have found significant differences with respect to AI and homotopic functional con-

nectivity [18]. Previous research also suggest changes in functional connectivity

are linked to structural changes [86, 87, 88]. Crucially, there may be a one-to-one

relationship between functional and structural asymmetry.

From the model described in (3.3), it follows that we have separate models

depending on the medication status.Incorporating the above mentioned model

assumptions on bs and εmi, the model for the typically developing group (m = 0)
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reduces to

Z0i = β0 +
3∑

j=1

βjX0i,j +
3∑

s=0

bsSsi + ε0i.

In contrast, the model for the ADHD-Med group (m = 1) and ADHD-Med Free

group (m = 2) can be simplified as

Zmi = β0 +
3∑

j=1

(βj + βjm)Xmi,j + β4m +
3∑

s=0

bsSsi + εmi

= β̃0m + β̃1mXmi,1 + β̃2mXmi,2 + β̃3mXmi,3 +
3∑

s=0

bsSsi + εmi

where β̃0m = β0 + β4m, β̃1m = β1 + β1m, β̃2m = β2 + β2m, and β̃3m = β3 + β3m

for m = 1, 2. We are interested in testing whether there is significant differences

in the homotopic functional connectivity between the Typically Developing group

and any of the ADHD groups. This is equivalent to testing whether the additive

coefficient β4m,m = 1, 2 is significantly different from zero. Thus, we are interested

in testing

H0,0m : β0 = β̃0m ⇐⇒ β4m = 0 vs. H1,0m : β0 6= β̃0m ⇐⇒ β4m 6= 0.

Furthermore, we also test whether centered age, gender and centered AI can sig-

nificantly explain homotopic functional connectivity. We perform this test on the

main effect for j = 1, 2, 3,

H0,j : βj = 0 vs. H1,j : βj 6= 0.
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The tests on the interaction effect of medication status with centered age, gender

and AI are also performed as follows

H0,jm : βjm = 0 vs. H1,jm : βjm 6= 0, where j = 1, 2, 3;m = 1, 2.

The p-values was adjusted using the Benjamini-Hochberg procedure to control the

false discovery rate [64]. The null hypothesis is rejected if the corrected p ≤ 0.05.

The resulting model includes medication status (Mmi), age (Xmi,1), gender (Xmi,2)

and AI (Xmi,3) as main effects as well as the interaction effect of medication status,

age (Mmi × Xmi,1), gender (Mmi × Xmi,2) and AI (Mmi × Xmi,3), to significantly

explain homotopy functional connectivity.

3.2 Results

Overall, using all signal summary techniques, we have not observed any signifi-

cant brain regions where the effect of volumetric AI can explain interhemispheric

functional connectivity. However, the results showed two significant brain regions

for the interaction effect of medication status with AI. Lateral Occipital and Pars

orbitalis showed an increase in the average homotopic functional connectivity in

the ADHD group as the volumetric AI increases by a unit relative to the average of

0.008. The results of the linear mixed effect model 3.3 where the interaction effect

of medication status with AI can explain interhemispheric functional connectivity

are shown in figure 3.2.
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Figure 3.2: Significant brain regions where the interaction effect of medication
status with AI can explain interhemispheric functional connectivity using Average
and Trimmed-mean signal summary methods.

3.2.1 Interaction of Medication Groups and AI in H-RSFC

The coefficients for the typically developing group were compared to the coeffi-

cients for the ADHD group in each brain region to observe the interaction between

the medication group and volumetric AI. The brain areas that reported a signifi-

cant increase in homotopic functional connectivity between the ADHD and control

groups as the volumetric AI increased by one unit relative to the average of 0.008

are summarized in Table 3.2 using trimmed-mean and average signal summary.
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Region ADHDGroup Summary TD Estimate Difference Adjusted p-value
Lateral Occipital Med Free Average 1.1915 1.3855 0.0311
Pars orbitalis Med Trimmed Mean 0.6453 0.9090 0.0394

Table 3.2: Significant brain regions where the interaction between the medication
group and volumetric AI can significantly explain the homotopic functional con-
nectivity using trimmed-mean and average signal summary. For a given ADHD
group, TD Estimate refers to the estimated intercept in the Typically Developing
Group, whereas Difference corresponds to the difference between the estimated
coefficients of AI in the ADHD group versus TD group. The p-value is adjusted
using the Benjamini-Hochberg procedure.

Average: In the Lateral Occipital region, a significant difference in the average

H-RSFC was found between the unmedicated ADHD-diagnosed subjects and the

typically developing subjects as the AI increased by a unit from the center (z =

1.3855, p = 0.0311).

Trimmed Mean: For every unit increase from the average volumetric AI, an

increase of 0.9090 in the average H-RSFC in the Pars Orbitalis region was observed

for the medicated ADHD subjects relative to the control subjects (z = 0.9090, p =

0.0394).

3.3 Discussion

Overall, noteworthy results were obtained only for two regions using the suggested

linear mixed models and methods for summarizing regional fMRI activity. For the

H-RSFC, regional changes related to the interaction effect of medication status

with AI was observed. Across results, variation in the degree interhemispheric

correlations were found highest in two cortical regions only (Lateral Occipital

and Pars orbitalis) referring to Table 3.2. These findings echo prior H-RSFC

and structural asymmetry findings in ADHD patients [1, 89, 65, 1]. Generally,

the results showed that H-RSFC might be used to determine the influence of
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structural asymmetry (AI) on H-RSFC with medicated and unmedicated ADHD

youth compared to the typically developed children.

It’s widely speculated that changes in functional connectivity are linked to

structural changes [86, 87, 88]. Crucially, there may be a one-to-one relationship

between functional and structural asymmetry. White matter pathways are massive

in axon bundles that connect enormous neuronal regions over extended distances

[90, 91]. They are the brain’s structural highways, allowing information to flow

quickly from one region to the next. The idea that these structural highways con-

nect functionally together suggests that the activity and synchronization during

resting state do indeed reflect ongoing information integration between anatomi-

cally different regions [92].

Our result supports the previous finding in that youths with ADHD disorder

showed significantly increased AI in the lateral occipital cortex, which implies a

left lateralization [1]. There is a substantial body of research supporting structural

and functional alterations in the occipital regions in ADHD patients [93], with

the left middle occipital gyrus showing up in multiple studies. The increase of

cortical thickness in the left middle occipital gyrus of ADHD patients may be a

compensatory mechanism for dysfunctional attentional networks. Filipek et al.

were the first to find considerably smaller sizes of the right frontal area and the

bilateral retrocallosal parietal–occipital region in ADHD patients, confirming the

theory of dysfunctional frontoparietal circuits [93].

An important study mentioned that Pars orbitalis region volume was found to

be significantly decreased in ADHD group [94]. This study mentioned that ADHD

is linked to a reduction of volume in the left Pars orbitalis. This reduction indicates

more right lateralization in patients with ADHD. Since our finding showed an
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increase in the AI, or left lateralization in the Pars orbitalis, this might suggest an

implication of the medication usage with ADHD patients in this region. The Pars

orbitalis has been connected to the recognition of basic emotion facial expressions

[95], the modulation of positive emotionality [96] and plays a role in the application

of inhibitory control over motor responses [97]. This could account for some of the

impulsive behavior seen in ADHD patients. It is also important to mention that

genetic variation in ADHD patients can also play a role in these brain functional

and structural lateralizations [98, 99].
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Chapter 4

Summary

To the best of our knowledge, this is the first study that specifically addresses

the pharmacotherapy of ADHD and its neurodevelopment on the regional vari-

ation of homotopic correlations during spontaneous brain activity. In addition,

the relationship between resting state and structural connectivity has not pre-

viously been explored in detail in medicated patient with ADHD. This study is

the first that study and address the reflection of structural asymmetry on func-

tional resting-state connectivity architecture of subjects with medicated and non

medicated ADHD.

Both studies’ findings show that asymmetry is a stronger descriptor for dis-

tinguishing between normally developing children and ADHD medication näıve

children. Patients with ADHD show multi-system abnormalities in a variety of

networks [100, 101] which are thought to alter temporal information processing,

emotional regulation, memory, and motor function [102]. Therefore, it is critical to

explore how much inter-hemispheric asymmetry and lateralization differences are

reliant on the diagnosis producing or compensating for the effect, and how much

stimulant medication modifies these brain patterns at this time. Experimental

evidence must come from a variety of domains, including behavior, pharmacology,

and neuroimaging discoveries in ADHD brains of all ages. These brain patterns,
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both structural and functional, must be related in some way to explain human

behavior.

Small sample numbers, diverse brain segmentation, parcellation methodolo-

gies, and individual characteristics (such as sex and age) have all contributed to

unanswered issues about the degree and variety of brain asymmetries in ADHD

patients. This thesis employs a straightforward method for determining the de-

gree of brain symmetry and replicating the test. It also adds to the current of

research about physical brain asymmetry in medicated and unmedicated ADHD

and typically developing children.

In this thesis, three signal summary methods (Average, Trimmed-Mean, and

PCA) were used to apply two linear mixed model and prove that the differences

of H-RSFC between medicated, non-medicated, and typically developing groups

are statistically significant for a specific brain region. The first model has fixed

effects that capture variations in mean H-RSFC between medication groups, age,

and gender. It also shows how the relationship between mean H-RSFC, age, and

gender varies by medication group. The model’s random effects, which is scan site,

on the other hand, capture the variation across imaging sites and correlation among

partici-pants within the same site (Refer Section 2.1.5). The second linear mixed

model contains volumetric AI as an additional fixed effect that can explain H-

RSFC (Refer Section 3.1.2). The second model captures the variations of H-RSFC

in connection with AI and shows how the relationship between mean H-RSFC and

AI is varied by medication groups.

There are a few limitations to consider. To begin with, the current research

only identified patterns of varying interhemispheric coordination in a region-of-

interest manner. Due to our focus in interhemispheric pairings, we only used 84 of



57

the 94 region parcels from Desikan Killiany Tourville [82]. More localized and spe-

cialized methods of anatomic parcellation would be included in a full model [103].

Furthermore, as compared to area-of-interest-based methods, the VMHC method-

ology allows for higher regional variability in homotopic connectivity within gyral

structures [18], despite the fact that the atlas used in this study have regional

components. Second, the influence of interregional distance might show strong

correlations between regions that are near together, thereby influencing the find-

ings [11]. Third, to create a sample of children and adolescents, the ADHD-200

data set combines data from various sites. However, the ages and gender of the par-

ticipants were not evenly distributed throughout the locations, creating concerns

about interpreting the results of our linear model between young and older partic-

ipants. Fourth, no data on the length, dose, or kind of pharmaceutical drug used

by treated ADHD youngsters is available, therefore we can’t draw any conclusions

regarding the impact of pharmacotherapy on brain function homotopy.

Future work should consider studying the effect of pharmacotherapy on brain

function homotopy with known drug lengths and doses. Since this thesis objec-

tive is to identify patterns of varying interhemispheric coordination in a region-

of-interest manner, future studies should also consider studying how functional

connectivity results would change with a new brain atlas. Replicating these two

studies with a new powerful method of fMRI signal summary such as spectral PCA

could be considered in future studies.
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