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Preface 

 

Neuroimaging of chess players such as grand masters and 

comparison to matched controls might help reveal the 

neuroplasticity changes in brain such as cognition and problem 

solving abilities. Neural underpins of behavioral data could further 

elucidate the neurobiological connections and the underlying neural 

mechanism due to training effects, especially for long-term 

professional practice. Also brain science including topics of 

cognitive function such as music/creativity training and experience 

as well as scientific education including mathematical calculation, 

learning and memory could be investigated with neuroimaging 

approaches that provide objective and in vivo imaging evidence of 

specific brain functional and structural neuronal resources 

utilization and relocation. For instance, music experience such as 

singing, listening, playing and professional improvisation activated 

several brain circuits including emotion regulation such as relief and 

pleasure, reward perception from anticipation to consumption, 

language system such as comprehension and communication as 

well as motor function from planning to coordination. Furthermore, 

for well education, college life cultivates professional skills, 

improves social interaction and communication, broadens vision 

and expands mind, gains experience and expertise and finally 

enriches knowledge and creativity. Emotional intelligence (EI) and 

general intelligence that were used for reasoning and analyzing to 

solve problems are usually emphasized for improvement during 

academic training. People with normal and high intelligence, 

especially superior EI ability, could perform better in complicate 

environment and obtain more academic achievement with 

successful appraisal, monitoring, utilization of emotions and social 

skills. Also positive effects of emotional regulation and facilitation 
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in after-college life had showed promotions of creativity and mood 

in better working environment as well as enhanced interpersonal 

communication with better EI. Finally, watching movie paradigm 

with fMRI could be used to improve brain function and characterize 

individual variation due to different art contents, culture, 

background and environment. Several issues had been addressed 

such as session and condition differences due to the specific length 

and focused smooth activation patterns of movie fMRI, for the 

applications in neuroscience and neuropsychiatry. The beneficial 

effects in brain circuits involving memory and attention, reward and 

social values, decision making and coordination, creativity and 

persistence of these skills as well as expertise including chess 

practice, music/counting training, college education and watching-

picture/movie were reviewed and investigated with full-spectrum, 

solid and up-to-date experimental data utilizing advanced 

quantitative imaging techniques in the first four chapters of this 

book. Associated phenotypic correlations were further illustrated to 

validate the training and learning imaging evidence together with 

anticipated neuroprotective and neurodevelopmental improve-

ments with multiple neuroimaging modalities.  

 

Attention-deficit and hyperactivity disorder (ADHD) is a relatively 

high prevalent neurodevelopmental disease, having about 6% 

prevalence rate worldwide. It had been reported that age and family 

socioeconomic status affected the prevalence of ADHD in children 

and adolescents, with more comorbid symptoms such as additional 

loss of impulsivity in adults. ADHD could be classified into the 

primary combined and inattentive subtypes from the typically-

developed (TD) controls. Neuroimaging findings included both 

intra- and inter- network hyper-connectivities in ADHD group 

compared to TD controls, such as abnormally increased 

connectivities from typical functional default mode network 

(DMN), central executive network (CEN), salience and visual 
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networks. Furthermore, numerous studies have been performed to 

investigate brain changes associated with drug addiction for better 

treatment and recovery effects. As another example, inverse 

coupling between DMN and CEN was increased after nicotine 

replacement pharmacotherapy, and these inter- and intra-network 

changes including enhanced CEN and reward systems were related 

to the withdrawal symptom improvement. And in the substance-

dependent brain, large-scale network communication efficiency was 

lower via small-worldness analysis with disruption of inter-regional 

regulation topology, indicating possible loss of inhibition and 

addiction risk of drug seeking behavior. The second part of this book 

illustrated specific brain functional and structural changes of ADHD 

and drug dependence in chapters 5 and 6. In addition to 

multiparametric and novel imaging analysis and applications in real 

and relatively new database, integrative neuroscientific findings 

and therapeutic evaluation with neuroimaging techniques were also 

reviewed.  

 

Comprehensive imaging investigation of the arts and science 

training effects in professionals, early college learning experience, 

daily skills and culture-based practice on brain were thoroughly 

exhibited in this new book. Expected improvements and novel 

functional/structural gains of brain regions and circuits in several 

aspects including reward/emotion/intelligence/decision making 

were emphasized and detailed. Brain reserve, especially the 

neuroplasticity and wisdom accumulation over lifetime education 

and intellectual activities/experience could preserve healthy 

cognitive-emotional structure, remain less vulnerable to functional 

impairments and protect against neuropsychiatric disease 

challenges. The aim of this new book is thus intended to provide 

both beginners and experts in biomedical imaging and general 

public health a broad and complete brain picture of positive arts and 

science training benefits with thorough analysis and solid data 
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covering college education to professional expertise. Extensive 

applications in common diseases together with the cutting-edge and 

full-spectrum static and dynamic, functional and structural, regional 

and inter-network, imaging and phenotypic characteristics are the 

highlights and advantage of this book. We would hope to capture 

the interests of colleagues and researchers in the areas of 

neuroplasticity imaging, neurodevelopmental and neuropsychiatric 

applications as well as disease diagnosis and treatment. The ultimate 

goal is to convey the methodological innovation and neuroscientific 

applications of important education, health, arts and science-related 

topics. The author would also like to acknowledge the open 

NeuroImaging Tools & Resources Collaboratory (NITRC) database 

for sharing and managing the original imaging data, and especially 

the precious resources provided by several Chinese research 

branches in Chapters 1, 3 and 5. 

 

Chapter 1 – Imaging evidence of brain cognitive and neuroplasticity 

changes associated with chess practicing skills and expertise had 

been reported. In this study, we found consistent gray matter 

density and interhemispheric correlation changes in chess players 

compared to controls, including both higher in the superior frontal, 

medial prefrontal cortex and visual/cerebellum regions. The VMHC 

identified extra hypo-connectivity in the parietal and cuneus regions 

but hyper-conductivity in the temporal cortex and subcortical basal 

ganglia and hypothalamus, while VBM localized further higher gray 

matter densities in the orbitofrontal, caudate, cuneus and 

supplementary motor areas in the chess group. These primarily 

increased gray matter densities and connectivity in critical brain 

regions indicated expected improvement of cognitive function 

including decision planning and making (supplementary motor and 

superior frontal), memory and attention (posterior temporal and 

orbitofrontal), visuospatial ability (occipital) and movement 

coordination (subcortical and cerebellum) in chess masters. In line 
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with the structural/conductivity changes, increased intra- and inter-

network connectivities of several crucial brain networks were 

identified, including visual network (VN), central executive 

network (CEN), thalamocortical circuits such as motor network 

(MN), default mode network (DMN)-medial frontal region, 

frontoparietal network (FPN) as well as the salience network (SN) in 

the chess players compared to controls. Increased dynamic 

correlations of typical brain networks such as VN, CEN, MN and 

DMN/CEN together with longer dwell time/occupancy/frequency 

for optimal strategy in chess players had also been confirmed. 

Moreover, global neural activity and regional synchrony signals 

were enhanced in chess professionals compared to controls, together 

with the higher absolute local efficiency for faster local neural source 

utilization.  

 

Multiple brain activity/connectivity and phenotypic data had been 

revealed in chess group mostly. For instance, associations were 

observed between Raven’s RPM score and neural activity in the 

superior frontal and posterior cingulate region as well as between 

Raven’s score and gray matter density in the temporal and occipital 

clusters. Professional rate correlated positively with cerebellar 

regional synchrony, while starting age was negatively related to the 

interhemispheric conductivity in the salience network and 

temporal/cuneus region. Some other correlations existed such as 

positive correlations between levels and frontal VMHC, between 

start age and subcortical ReHo/fALFF, possibly due to 

neuroprotective and compensative mechanisms. Finally, consistent 

whole-brain voxel-wise and regional tract-specific DTI FA 

increments were present in chess group, including the arcuate 

fasciculus, inferior longitudinal and inferior fronto-occipital fascicle, 

corpus callosum and cortico-spinal tract. Tight links between DTI 

FA together with diffusivity (AD/RD/MD) metrics and phenotypic 

data were discovered as well, including between bilateral inferior 



xii Preface 

 

longitudinal fasciculus/cingulum diffusivity/FA and training 

time/professional level in chess group. Our comprehensive results 

complemented previous findings, validating the multi-level (static 

and dynamic, local and global, structural and functional) brain 

quantitative gains in chess training and cognitive practice.  

 

Chapter 2 – In this work, we had performed all six conditional VMHC 

comparisons, including each of three task conditions vs. resting 

state, as well as between two-task comparisons. Similar brain 

patterns of lower VMHC in the visual, temporal and somatosensory, 

motor areas in music/counting/memory conditions compared to 

resting state were observed. Between-comparisons for each two of 

three tasks further demonstrated the distinct regional allocation of 

neural resources under three conditions, including medial 

prefrontal, anterior cingulate, insular, superior temporal, occipital, 

thalamus, cerebellum and motor/supplementary motor areas 

related to music singing condition, with more differences comparing 

music to counting than memory conditions. The counting condition 

revealed more orbitofrontal interhemispheric correlation in addition 

to specific intra-parietal sulcus (IPS) and superior frontal gyrus 

(SFG) conductivity compared to music/memory. While clusters in 

the medial temporal lobe including hippocampus and 

parahippocampus, posterior cingulate, precuneus, dorsolateral 

prefrontal cortex (DLPFC) and superior parietal lobe maintained 

higher VMHC during episodic memory recall processing than music 

and counting tasks.  

 

Functional connectivity based ICA-DR algorithm identified 

enhanced network connectivities of intra- DMN, FPN and SN 

during music singing condition compared to counting and memory 

recall tasks. On the other hand, lower inter-network connectivities 

including inter- DMN and FPN, frontal and temporal network 

(FTN) were observed due to possible neural source shifting and 

deactivation. Higher intra- and inter- FPN, VN, FTN, VN-DMN and 
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SN network connectivities in counting condition compared to music 

and memory tasks were discovered, consistent with the hyper-

connectivity of IPS/SFG/DLPFC VMHC values. Finally, as expected, 

more connection of intra- and inter- temporal, DMN-FPN, FTN and 

thalamo-cortical circuit were present during episodic memory recall 

condition. The dFNC connectogram confirmed the higher temporal 

dynamics of six representative networks such as higher DMN-CEN-

MN connections at three task conditions compared to resting state. 

Small-worldness analysis revealed slightly higher global but lower 

local efficiencies in counting and music conditions together with 

relatively higher small-worldness weighting factor in the memory 

condition compared to resting state. Our multimodal neuroimaging 

results were consistent with published findings for each separate 

condition, and provided extra imaging evidence of arts and science 

training-related neuroplasticity and dynamic modulation 

enhancement in brain structure and function. 

 

Chapter 3 – The objectives of this chapter were to investigate the 

brain changes such as neural activity and myelin-related functional 

correlation as well as morphological/microstructural connectivity-

based neuroplasticity improvements during college training with 

baseline and longitudinal imaging and phenotypic data. For the 

fALFF correlational results, several regions presented significantly 

positive correlations between fALFF neural activities and four 

aspects of emotional intelligence (EI) scores including insula, 

hypothalamus, cuneus and motor areas at all three time points. 

Longitudinally, increased associations between fALFF and EI scores 

were observed in the visuospatial regions and frontal medial/dorso-

lateral portions. For trait association, fALFF neural activities in some 

similar regions such as frontal, motor/supplementary motor areas, 

thalamus, basal ganglia and temporoparietal regions also presented 

negative association with different aspects of the trait scores at three 

time points. For the ReHo associations, EI scores including all four 
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aspects were positively associated with regional homogeneity in the 

parietal/superior temporal cluster and premotor/motor areas. 

During all the three time points, Raven’s CRT score was positively 

associated with ReHo values in the orbitofrontal and superior 

frontal, insular, superior temporal and motor/supplementary motor 

areas. For the VMHC, significant longitudinal increments in the 

inferior temporal area, posterior cingulate and inferior parietal 

regions were observed. VMHC values in the cerebellum, temporal 

cortex including hippocampus/parahippocampus and superior 

segment, sensorimotor area and occipital/parietal lobes showed 

consistently negative associations with the depression/anxiety 

scores. 

 

Significant positive correlations between gray matter density in the 

cerebellum, insular, orbitofrontal, fusiform, cuneus, posterior 

cingulate, medial prefrontal, subcortical caudate and putamen 

regions were observed with the EI scores of four domains including 

appraisal, monitoring, social ability and utilization at three time 

points. While cortical temporal regions including hippocampus and 

parahippocampus, orbitofrontal and superior frontal, visual and 

sensorimotor areas demonstrated significant correlations and 

predictions with depression and trait/state anxiety scores mainly. 

Associations between EI/trait scores and DTI FA/diffusivities in 

several tracts of the thalamic radiation, splenium of corpus 

callosum, internal capsule, cingulum, superior longitudinal 

fasciculus and cortico-spinal tract were identified at all time points. 

Finally, significantly increased global and decreased local 

efficiencies longitudinally were identified, indicating a more 

optimal and efficient brain network topology at later time point after 

college training. In line with the results presented in previous 

Chapters 1 and 2, these brain regions showed improvements of 

neural activity, synchrony and integration, myelin-related 

conductivity, morphological and microstructural connectivity for 
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better performance and achievement with skills training, emotional 

and social interaction as well as knowledge accumulation. 

 

Chapter 4 – The purpose of this chapter was to investigate both 

longitudinal session and conditional effects of fMRI paradigm 

including movie and flankers stimulation on brain, as well as the 

associated phenotypical correlations. With ICA-DR algorithm, both 

session and conditional effects were observed. For instance, during 

movie-watching, session-differences were reflected in the regions of 

medial orbitofrontal cortex, medial and superior frontal, middle 

temporal gyrus, inferior parietal lobe, angular gyrus, 

motor/premotor area and several regions in the visual cortex 

including subregions V1-V5, precuneus, cuneus, lingual, 

intracalcarine and occipital pole. Conditional network-based 

connectivity alterations such as movie vs. resting and inscape vs. 

resting comparisons involved mostly precuneus and inferior 

parietal gyrus. These dynamic network-based correlational changes 

indicated significant and specific visuo-motion enhancement of 

emotion/creativity/social communications related to the movie 

contents and brain cognitive processing. Significant functional 

network topological property with increased local and global 

network efficiencies (absolute) at later compared to earlier sessions 

for all conditions including movie and resting state were identified.  

 

Significantly higher global VMHC Z-value during inscape 

stimulation compared to rest (P=0.02) and movie conditions (P=0.01) 

were observed. Global functional activity/conductivity z-value 

variations of each condition and session were exhibited additionally, 

such as relatively higher movie/inscape fALFF neural activity 

compared to rest/flankers conditions. Phenotypic associations were 

also revealed with fMRI metrics, including positive correlation 

between fALFF during movie watching condition and internal-state 

of hunger score as well as negative correlation between 

fALFF/VMHC global z-values during inscape stimulus and internal 
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hunger/full scores. With dFNC connectogram analysis, similar 

distribution of mean dwell time of all six states in several sessions 

were observed with significantly lower mean dwell time in later 

session compared to baseline. Consistent with previous findings, 

our quantitative and multiparametric imaging results remained 

relatively consistent for different types of visual stimulations and 

tasks, suggesting temporal or long-term neuroplasticity and brain 

connectogram improvement from artistic and training paradigm 

such as movie and flankers. 

 

Chapter 5 – The purposes of this chapter were to investigate further 

brain structural and functional changes in Attention-deficit and 

hyperactivity disorder (ADHD) combined (AC) and inattention (AI) 

subtypes compared to typically developed (TD) children with 

available structural and functional MRI data using multiple 

advanced imaging methods. For both structural gray matter density 

(GMD) and interhemispheric correlation, AC group presented 

significantly larger GMD and VMHC values compared to TD and 

AI, and relatively close values between AI and TD were found. 

Specifically, medial orbitofrontal cortex, temporal pole, anterior 

cingulate, cuneus and supplementary motor area presented both 

higher values of GDM and VMHC in AC group that might be related 

to the hyperactivity and attentional deficits in ADHD. Small clusters 

in the cerebellum, temporal and dorsolateral regions also showed 

atrophy in AI group compared to TD.  

 

For functional connectivity differences with ICA-DR algorithm, 

reduced intra- and inter-network connectivities of posterior DMN, 

visuo-temporal, thalamic-occipital and fronto-temporal networks 

were observed in AC group compared to TD and AI. However, 

increased network connectivities in the visual, frontal, anterior 

DMN, thalamo-temporal, and anterior cingulate-FPN regions were 

found in AC group. Both relative local efficiency and small-

worldness weighting factor were lowest in the AC group but highest 
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in the AI group, while the absolute local and global efficiencies were 

abnormally highest in AC but lowest in AI group. Based on dFNC 

analysis, reversal dFNC connectogram patterns for most states were 

revealed in AC compared to TD. The mean dwell time was lower in 

AC compared to TD, and was significantly lower in the AI patients 

compared to TD group. Our quantitative multiparametric imaging 

results showed reliable and rigorous brain changes in ADHD and 

subtypes compared to TD controls.  

 

Chapter 6 – The purposes of this chapter were to identify brain neural 

correlates of clinical data including drug dependence, with 

advanced multiparametric imaging quantification including 

fALFF/ReHo/VMHC, ICA-DR and dFNC. Significant negative 

associations between functional imaging including fALFF/ 

ReHo/VMHC as well as intra-/inter- network functional 

connectivities identified with ICA-DR algorithms with phenotypic 

data such as dependence and time of use were identified in multiple 

brain regions, including the ventral striatum, insula, cerebellum, 

temporal cortex and orbitofrontal cortex together with 

hypothalamus and ventromedial prefrontal cortex. Education and 

handcraft experience showed some neuroprotection effects in 

several regions including the orbitofrontal, ventral striatum, 

hypothalamus, superior frontal and temporal amygdala/ 

hippocampus areas. Graph-theory based centrality showed 

significant correlations between binarized/weighted centrality 

degree and number of cigarettes per day as well as between 

weighted local functional connectivity degree centrality and number 

of cigarettes. Based on dFNC analysis, abnormally hyper-

connectivities of connectograms in several states were identified 

including abnormally higher between-network dynamic 

correlations (close to 1) of state S4 for all the connections. The 

number of occurrence was relatively evenly distributed with close 

to mean value of 16% for all states (similar to the chess control group 
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as in Chapter 1), while the distribution patterns of frequency and 

dwell time were similar to those of ADHD-AC type as illustrated in 

Chapter 5. Therapeutic strategies that target strengthening typical 

brain circuits in addiction such as CEN, DMN, SN and FPN/MN as 

well as thalamo-cortical connections might be effective for better 

brain inter-network modulation and dynamic facilitations with 

more regular behavior and better emotion/cognitive control.  
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Chapter 1 

Comprehensive Imaging Findings 

in Professional Chess Players 

Abstract 

Imaging evidence of brain cognitive and neuroplasticity changes 

associated with chess practicing skills and expertise had been reported 

recently. In this study, we found consistent gray matter density and 

interhemispheric correlation changes in chess players compared to 

controls, including both higher in the superior frontal and medial 

prefrontal cortices as well as visual/cerebellum regions. The VMHC 

identified extra hypo-connectivity in the parietal and cuneus regions but 

hyper-conductivity in the temporal cortex and subcortical basal ganglia 

and hypothalamus, while VBM localized further higher gray matter 

densities in the orbitofrontal, caudate, cuneus and supplementary motor 

areas in the chess group. These primarily increased gray matter densities 

and connectivity in critical brain regions indicated expected improvement 

of cognitive function including decision planning and making 

(supplementary motor and superior frontal), memory and attention 

(posterior temporal and orbitofrontal), visuospatial ability (occipital) and 

movement coordination (subcortical and cerebellum) in chess masters. In 

line with the structural/conductivity changes, increased intra- and inter-

network connectivities of several crucial brain networks were identified, 

including visual network (VN), central executive network (CEN), 

thalamocortical circuits such as motor network (MN), default mode 

network (DMN)-medial frontal region, frontoparietal network (FPN) as 

well as the salience network (SN) in the chess players compared to controls. 

Increased dynamic correlations of typical brain networks such as VN, MN 

and DMN/CEN together with longer dwell time/occupancy/frequency for 

optimal strategy in chess players had also been confirmed. Moreover, 

global neural activity and regional synchrony signals were enhanced in 

chess professionals compared to controls, together with the higher absolute 

local efficiency for faster local neural source utilization.  
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Multiple links between brain activity/connectivity and phenotypic data 

had been revealed in chess group additionally. For instance, associations 

were observed between Raven’s RPM score and neural activity in the 

superior frontal and posterior cingulate region as well as between Raven’s 

score and gray matter density in the temporal and occipital clusters. 

Professional rate correlated positively with cerebellar regional synchrony, 

while starting age was negatively related to the interhemispheric 

conductivity in the salience network and temporal/cuneus region. Some 

other correlations existed such as positive connections between levels and 

frontal VMHC, between start age and subcortical ReHo/fALFF, possibly 

due to neuroprotective and compensative mechanisms. Finally, consistent 

whole-brain voxel-wise and regional tract-specific DTI FA increments were 

present in chess group, including the arcuate fasciculus, inferior 

longitudinal and fronto-occipital fascicle, corpus callosum and cortico-

spinal tract. Tight links between DTI FA together with diffusivity 

(AD/RD/MD) metrics and phenotypic data were discovered as well, 

including between bilateral inferior longitudinal fasciculus/cingulum 

diffusivity/FA and training time/professional level in chess group. Our 

comprehensive results complemented previous findings, validating the 

multi-level (static and dynamic, local and global, structural and functional) 

brain quantitative gains in chess training and cognitive practice. 

 

Keywords: fMRI, chess, neuroimaging, functional connectivity, dynamic 

functional network correlation, functional activity, regional homogeneity, 

neuroplasticity, intelligence, Raven’s progressive matrices score, training 

effects, gray matter density, interhemispheric correlation, structural 

connectivity, fractional anisotropy, diffusivity, attention, memory, decision 

making, movement coordination 

1. Introduction 

1.1. Overview 

Chess is a board game that has long history with significant learning, 

training, reward and wisdom benefits in China and also the whole 
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world. Neuroimaging of chess players including grand masters and 

comparison to matched controls might help reveal the 

neuroplasticity changes in brain such as cognition and problem 

solving abilities. Neural underpins of behavioral data could further 

elucidate the neurobiological connections and the underlying neural 

mechanism due to training effects, especially for long-term 

professional practice [1]. Based on MRI diffusion tensor imaging 

(DTI), increased microstructural connectivity and integrity were 

found in chess players, including inferior longitudinal fasciculus 

(ILF), superior longitudinal fasciculus (SLF), uncinate fasciculus 

(UF) and cingulum that had important language and memory 

function [2]. Also DTI diffusivity in the SLF was negatively 

associated with chess tournament ranking, and fractional anisotropy 

(FA) in several tracts including UF and ILF were correlated with 

Raven’s progressive matrices (RPM) score for measuring fluid 

intelligence [2, 3]. Furthermore, better players with higher 

intelligence also had more efficient brain functioning, and 

manifested as higher event-related synchronization of cortical 

neural activation [4]. Superior chess skills correlated with larger 

memory capacity of knowledge and patterns based on memory 

performance tests [5].  

 

Long-term professional training of chess playing emphasizes 

winning the board game with the shortest time and optimal strategy 

from complicate and variable dynamic patterns exchanged between 

two players. The improvements of visuospatial attention and 

contexture recognition in chess experts had been reported in several 

studies. For instance, salience and ventral attention networks were 

anatomically and functionally altered in chess masters compared to 

amateur players based on brain connectome [6]. Chinese chess 

experts were found to have thinner cortical depth (a global 

communication distance measure through anatomical mantle) in 

several brain regions for visual attention and memory, but with 
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increased functional connectivity to distant brain regions in 

comparison to novices [7]. These brain changes might indicate chess 

experts recruited more of these regions for maximizing visuospatial 

information and exceptional performance [7]. Activity in the brain 

pattern recognition regions such as posterior temporal and left 

inferior parietal areas were related to the performance outcome of 

experts [8]. Enhanced fusiform area activation was reported in 

experts compared to novices in response to naturalistic full-board 

chess positions [9]. Finally, the collateral sulci (medial 

occipitotemporal) on both sides were involved in chess-specific 

pattern recognition while the occipitotemporal junction was linked 

to general object recognition in chess experts [8, 10]. 

 

Chess expertise practice sharpens long-term memory chunk to allow 

for quick pattern retrieval and recognition (especially at “win” 

situation), and these chunks were found to be located primarily in 

the temporal lobe together with the short-time working memory 

allocated in the frontal and parietal lobes [11]. Memory tests 

identified extensive brain activation in the frontal (e.g., medial and 

inferior segments) and posterior cingulate cortices as well as 

cerebellum in chess players [12]. In addition, left-sided temporo-

parietal and frontal areas were activated with the expert archival 

paradigm for autobiographical memory recall [13]. Also the right 

temporoparietal junction (TPJ) and orbitofrontal cortex 

corresponded to the theory of mind to reason about other’s internal 

state and action rationality evaluation [14]. The TPJ region was 

found to play important role in complex visual configuration 

processing for chess experts [15]. In addition, only in the chess 

experts, interhemispheric correlation such as in the TPJ area was 

enhanced together with bilateral activation in frontoparietal and 

occipital regions for accurate chess position visualization [16, 17]. 

Furthermore, the collateral sulci linked the object position to the 

spatio-functional environment information stored in memory [18]. 
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And medial prefrontal cortex (MPFC) subserved functional 

interactions with the amygdala and hippocampus for one’s own and 

social hierarchy learning as well as for the purpose of self-relevant 

knowledge update [19]. Finally, prolonged electroencephalogram 

(EEG) signal of N2 and P3 peaks for executive control and selective 

attention functionalities in chess players were found in response to 

different chess targets, indicating success pattern matching and 

memory chunk retrieval in experts [20].  

 

Regarding decision making and global strategy, augmented 

activation in the inferior parietal cortex (IPC) and lingual gyrus 

during visual stimulation together with higher striatum and pre-

supplementary motor area (SMA) for decision-making facilitation 

had been reported [21, 22]. Chess masters also exhibited larger inter- 

striatum-default mode network (DMN) connection, possibly for 

goal-directed cognitive performance and theory of mind 

optimization [23]. On the other hand, during chess problem-solving 

task, DMN connectivity was deactivated but caudate-DMN 

connectivity was enhanced for possible better high-level cognitive 

support in chess masters [24]. Enhanced functional connectivity, 

higher regional homogeneity (ReHo) and fractional amplitude of 

low frequency fluctuations (fALFF) for local synchronization and 

neural activity biomarkers reached agreement in several brain 

regions including posterior fusiform that might benefit from chess 

expertise [25]. Also large-scale network analysis identified higher 

clustering coefficient and increased small-worldness properties, 

possibly due to the increased functional connectivity in the 

hippocampus/thalamus, basal ganglia and temporo-parietal regions 

[26]. And better dynamics including higher number of occupancies 

and longer dwell time in majorities of states were present in chess 

experts based on dynamic connectome quantification [27].  
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1.2. Objectives 

Imaging evidence of brain cognitive and neuroplasticity changes 

relating to chess practicing skills and expertise had been reported. 

The purposes of this chapter are to 1. investigate further brain 

functional and micro-structural changes in professional chess 

players compared to controls with available fMRI and DTI data 

using multiple advanced imaging methods; and 2. correlate the 

imaging quantifications with phenotypic data in chess players using 

both voxel-wise and global statistical computation methods and also 

extend the current knowledge of neuroplasticity and wisdom gain 

of chess game. 

2. Methods 

2.1. Participants  

Imaging data of 29 chess masters (including usual players) and 29 

age- and education level- matched controls were recruited for this 

project to study brain cognitive function improvements with chess 

training (Table 1). Imaging and phenotypic data were downloaded 

after approval from the website managed at the NeuroImaging 

Tools & Resources Collaboratory (NITRC) database 

(www.nitrc.org). The multimodal MRI dataset of professional chess 

players were provided by the Huaxi MR Research Center (HMRRC) 

at West China Hospital of Sichuan University, as the INDI 

Prospective Data Sharing Samples hosted by NITRC 

(http://fcon_1000.projects.nitrc.org/indi/IndiPro.html).  

  

http://fcon_1000.projects.nitrc.org/indi/IndiPro.html
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Group Age (Years) Gender Education Level 

Control 

(N=29) 
25.8±1.3 15F, 52% 13.9±0.6 (Y) 4.7±0.2 

Chess 

(N=29) 

Age Gender Education Level 

28.7±2.0 9F, 31% 13.3±0.5 (Y) 2.3±0.2 

Raven’s 

RPM  
Rate Starting Age 

Training 

Time 

49±1.3 2401.1±28.1 8.6±0.5 (Y) 11.4±2.3 (Y) 

* Code for level scale: grand master=1; master=2; play often=3; used to 

play=4; only know rules =5; don't know rules and never played=6.  

In the chess group, 6 grand masters were included with level =1, 11 masters 

with level =2, 10 players with level =3, 1 with level 4 and 1 with level 5. 

 

Table 1. Demographic information including age, gender and education levels of 

two groups as well as phenotypic data including level for amateur controls and 

professional level for chess group, Raven’s progressive matrices (RPM) score, 

professional rate (in 2009 for this data), starting age of playing and training time 

of years for chess group. 

 

No significant differences of age and education levels comparing 

professional chess group to controls were found, and detailed 

statistical information of participants of two groups are listed in 

Table 1. In the chess player group, there were 6 grand masters and 

11 masters as well as 10 usual players. There were significant 

correlations between professional rate and level in chess group (r=-

0.670, P<0.001), also between training time and level (r=-0.523, 

P=0.004) as well as between Raven’s progressive matrices (RPM) 

score and rate (r=0.501, P=0.006). 

2.2. Imaging Parameters and Data Processing  

MRI experiments were performed using the 3T MRI scanner with 

standardized imaging protocols. The 3D Magnetization-prepared 

rapid acquisition gradient-echo (MPRAGE) sequence was run with 
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TR/TI/TE=1900/900/2.3 ms, flip angle=9°, matrix size=256 x 256 x 176, 

resolution=1 x 1x 1 mm3 for reference image used in resting-state 

(RS)-fMRI activity/connectivity/conductivity maps, as well as for 

structural voxel-based morphometry (VBM) analysis. For the RS-

fMRI data acquired under relaxing condition, a standard gradient-

echo EPI sequence (TR/TE=2000/30 msec, flip angle=90°, number of 

volumes=205, spatial resolution=3.75 x 3.75 x 5 mm3) was utilized. 

DTI data was obtained with standard spin-echo EPI sequence 

(TR/TE=6800/93 msec, flip angle=90°, number of diffusion 

directions= 42, b-value=1000 s/mm2, spatial resolution =1.8 x 1.8 x 3.0 

mm3).  

 

The MRI and fMRI images were processed with the in-house 

developed scripts to derive the voxel-mirrored homotopic 

correlation (VMHC), VBM, independent component analysis-based 

dual regression (ICA-DR) remapped components, resting-state 

functional connectivity (RSFC) and fALFF maps, as described in 

details from our previous works [19, 20]. Between-group 

comparisons of quantitative post-processed images were performed 

with advanced statistical tools using Analysis of Functional 

NeuroImages (AFNI, http://afni.nimh.nih.gov) package and FMRIB 

Software Library (FSL, http://www.fmrib.ox.ac.uk/fsl) toolbox. 

Graph theory based small-worldness systematic analysis was 

computed to the correlation matrix generated from 116 seeds-based 

RSFC maps and compared to a degree-matched random network to 

derive both absolute and relative, local and global efficiency metrics 

[28, 29]. 

 

Novel dynamic functional network correlation (dFNC) 

connectogram and regional homogeneity (ReHo) map together with 

typical VMHC, ICA-DR, fALFF, and small-worldness analyses were 

performed to two data cohorts. The details of data processing were 

similar to the methods described in our recently published works 
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[28-31]. For instance, six typical and important functional networks 

were used for dFNC analysis, including default mode network 

(DMN), frontoparietal network (FPN), salience network (SN), motor 

network (MN), visual network (VN) and central executive network 

(CEN or EN). ReHo map was generated to reflect local synchrony of 

spontaneous neuronal activities spatially, after preprocessing the 

fMRI data such as motion correction and low-pass filtering for each 

voxel of the 4D fMRI data [30, 31].  

 

DTI data were first pre-processed with the Diffusion Toolkit toolbox 

(http://tractvis.org) to obtain the fractional anisotropy (FA) and 

three diffusivity metrics such as axial diffusivity (AD), radial 

diffusivity (RD) and mean diffusivity (MD) values in original B0 

diffusion space. For the FA/RD/AD/MD quantification, the FSL 

tract-based spatial statistics (TBSS) toolbox steps 1–2 (i.e. 

preprocessing, brain mask extraction with FA>0.1 and 

normalization) were used for registration of all participants’ FA into 

the FSL 1-mm white matter skeleton template. Statistical 

comparisons between chess and control groups were performed to 

the voxel-wise whole brain and 20 tract-based FA/AD/RD/MD data. 

Correlations between functional and structural/micro-structural 

imaging data (both voxel-wise and regional/global quantification of 

statistical Z-values) and phenotypic scales such as professional rate, 

level and training time were also performed to examine any 

associations between neural responses and behavior/cognitive 

metrics [32, 33].  

3. Results 

VBM results showed significant higher gray matter densities (GMD) 

in the superior frontal, caudate, cerebellum, occipito-parietal 

junction, dorsal medial thalamus, supplementary motor area and 

small orbitofrontal clusters in chess masters compared to controls 
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(P<0.01, Figure 1A), based on the T1-MPRAGE data. Moreover, 

higher interhemispheric correlations in the temporal, superior 

frontal, MPFC, visual, hypothalamus, basal ganglia and cerebellar 

regions were found in chess masters compared to controls (P<0.05, 

Figure 1B) with fMRI data. However, lower VMHC in the posterior 

cingulate, superior parietal and cuneus regions existed in chess 

masters as well.  

 

Using ICA-DR algorithm, higher inter- and intra- network 

connectivities of visual, thalamocortical including temporal and 

sensory regions, DMN-MPFC, salience network-superior temporal, 

and superior frontal regions were present in the chess players 

compared to controls (P<0.05, Figure 2). Lower inter-network 

connectivities of thalamo-occipital/frontal, DMN-visual, fronto-

motor and cerebellum regions existed on the other hand, for possible 

rerouting, deactivation and inhibition function. Also based on 

relatively new dFNC analysis, higher dynamic correlations between 

SN-CEN, SN-DMN, FPN-MN and VN-DMN of fMRI correlation 

matrices data existed in chess masters compared to controls at 

representative state S3, with relatively lower inter- MN-VN 

connection (Figure 3). Similar network connectivity patterns were 

found in both controls and chess masters in another representative 

state S4, with slightly higher SN-MN and FPN-VN but lower FPN-

SN inter-network connectivities in chess master compared to 

controls. Evenly distributed cluster occurrences in all six states were 

present in controls (Figure 4 A1, 16-18%); while evenly distributed 

in five states (Figure 4 B1, 17-22%) but quite lower in one state (3%) 

were found in chess masters. Relatively longer mean dwell time in 

majorities of states was observed in chess masters compared to 

controls, with higher frequency found in most states as well (Figure 

4; B1 and B2 respectively).  
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Higher global mean Z-values of ReHo, VMHC, fALFF and sub-

bands S4/S5 were observed in chess master group compared to 

control group. Significantly higher global mean Z-values (P<0.01) of 

ReHo and fALFF sub-band S5 in chess masters compared to controls 

were displayed in Figure 5A, and strong correlations between global 

Z-values of ReHo and fALFF in chess masters including all fALFF 

sub-bands (S4 and S5) and conventional band (all r>0.48, P<0.009) 

were demonstrated in Figure 5B. No other significant voxel-wise 

functional homogeneity, activity or connectivity differences 

between chess and control groups were found with P>0.05. In 

addition, graph-theory based small-worldness analysis of the fMRI 

correlational data presented higher absolute local but lower relative 

global efficiencies in chess masters compared to control group 

(Figure 6A), together with slightly lower small-worldness weighting 

factor in chess master group (Figure 6B). Significantly higher 

absolute local efficiency at all sparsity levels in chess masters 

compared to controls were observed (P=0.02). 

 

Applying statistical correlational analysis to the whole brain voxel-

wise imaging data, strong associations between phenotypic scores 

(mainly for chess master players) and fALFF values (marker for the 

neuronal activity) were observed. For instance, positive correlations 

between starting age and fALFF values in the temporo-occipital, 

subcortical putamen as well as cingulate areas, between professional 

rate scale and fALFF in temporal/cerebellar cluster, between 

professional level and temporal fALFF, between Raven’s RPM score 

and fALFF values in the posterior cingulate/precuneus and MFPC, 

training time and left superior parietal regions were observed 

(Figure 7A, P<0.05). Also negative correlations between rate scale 

and occipital fALFF, between Raven’s RPM score and sensorimotor 

fALFF, between training time and temporal fALFF existed. For the 

VBM results, chess master level correlated with gray matter density 

(GMD) in the dorsolateral and medial prefrontal regions but linked 
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to GMD of sensorimotor areas in control group and even negative 

association in the subcortical caudate region (Figure 7B, P<0.05). 

Positive correlation between GMD in occipital /temporal regions 

and Raven’s RPM score in chess group was found. Furthermore, 

negative correlations between rate scale and gray matter densities in 

the dorsolateral prefrontal cortex, between Raven’s score and basal 

ganglia gray matter, between training time and gray matter 

densities in the frontotemporal and motor areas were observed as 

well. 

 

Figure 8 demonstrated the phenotypic associations with fMRI ReHo 

and VMHC quantification (left and right panel respectively), and 

mainly for chess master group with P<0.05. For instance, significant 

positive correlations between ReHo and chess professional level 

were exhibited in the medial/superior frontal region, and similarly 

for professional rate score in the small cerebellum. Starting age also 

correlated negatively to the regional homogeneity (ReHo) in the 

insular, superior temporal and premotor/motor areas, but positively 

to the ReHo values in the supplementary motor area, subcortical 

caudate and occipital cortex. Strong associations with negative 

correlations between Raven’s RPM score and ReHo in the 

frontal/motor areas/small temporal clusters, between training time 

and superior frontal ReHo were also found (Figure 8A). For the 

VMHC, strong positive correlations between professional level and 

frontal/occipital interhemispheric correlation were identified in 

master group, but only frontal conductivity correlated with level 

scale in the control group. As expected, starting age was negatively 

related to VMHC in the regions of insular and superior temporal 

cortex (salience network), cuneus, sensorimotor and language 

Wernicke’s and Broca’s areas in chess group (Figure 8B). Moreover, 

Raven’s RPM score correlated positively with superior temporal 

VMHC, and training time was linked to VMHC in large areas of 

frontotemporal and thalamic regions. 
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Based on TBSS analysis, significantly higher FA (corrected P<0.05) 

values in several brain tracts were found in chess masters compared 

to controls, including arcuate fasciculus, cingulum, inferior 

longitudinal, inferior fronto-occipital fasciculus, corpus callosum 

and cortico-spinal tracts (Figure 9). Significant correlations between 

quantitative DTI metrics including 20 tracts-specific mean 

FA/AD/RD/MD values and phenotypic scores in controls and 

mostly chess masters are illustrated in Figure 10. For instance, 

significant links between bilateral inferior longitudinal fasciculus 

diffusivity (AD/RD/MD) and training time/professional level 

(|r|≥0.48, P≤0.008) in chess group; as well as between bilateral SLF 

diffusivity and training time/ professional level (|r|≥0.48, P≤0.008) 

were observed. In addition, the right cingulum FA/MD values were 

associated with training time in chess group ((|r|≥0.51, P≤0.004). 

However, FA of right cingulum connecting the hippocampus 

correlated positively with professional level (r=0.50, P=0.006) in 

controls, but radial diffusivity (RD) correlated negatively with level 

(r=-0.51, P=0.005; and similar to chess group). The quantitative 

significant correlations (P<0.01) are also listed in Table 2.  
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Tract Name 
Phenotypic 

Data 
DTI r P 

Cingulum R training time 
FA 0.5420 0.0024 

RD -0.5140 0.0043 

Inferior longitudinal 

fasciculus L 

professional 

level 
MD 

0.4830 0.0080 

training time 
RD -0.5480 0.0021 

MD -0.5420 0.0024 

Inferior longitudinal 

fasciculus R 
training time 

RD -0.4850 0.0076 

AD -0.5720 0.0012 

MD -0.5490 0.0021 

Superior longitudinal 

fasciculus (temporal part) L 

professional 

level 
AD 

0.4840 0.0079 

training time MD -0.4830 0.0079 

Superior longitudinal 

fasciculus (temporal part) R 

professional 

level MD 0.4970 0.0061 

training time -0.5210 0.0037 

Forceps major professional 

level in controls 

FA 0.4970 0.0061 

Cingulum (hippocampus) R RD -0.5100 0.0047 

Table 2. Significant correlations (P<0.01) between phenotypic data and DTI tracts 

with four metrics of DTI (FA, MD, AD and RD) and 20 tracts in chess group (first 

12 rows) and control group (last two rows). L=left, R=right. 
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Figure 1. A: VBM results showed significant higher gray matter densities in the 

superior frontal, caudate, cerebellum, occipito-parietal junction, dorsal medial 

thalamus, supplementary motor area and small orbitofrontal clusters in chess 

masters compared to controls (P<0.01). B: Higher interhemispheric correlations in 

the temporal, MPFC, superior frontal, visual hypothalamus, basal ganglia and 

cerebellar regions were found in chess masters compared to controls (P<0.05). On 

the other hand, lower VMHC in the posterior cingulate, superior parietal and 

cuneus regions existed as well.  
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Figure 2. Higher inter- and intra- network connectivities of visual, 

thalamocortical including temporal and sensory regions, DMN-medial prefrontal, 

salience network-superior temporal, and superior frontal areas were present in the 

chess players compared to controls (P<0.05). Lower inter-network connectivities of 

thalamo-occipital/frontal, DMN-visual, fronto-motor and cerebellum regions also 

existed. 
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Figure 3. Higher SN-CEN, SN-DMN, FPN-MN and VN-DMN dFNC existed 

in chess masters compared to controls at state S3 (B1 vs. A1), with relatively lower 

inter- MN-VN connectivity. Similar network connectivity patterns were found in 

both controls and chess masters at state S4 (A2 and B2), with slightly higher SN-

MN and FPN-VN but lower FPN-SN dynamic connections in chess masters.  
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Figure 4. Evenly distributed cluster occurrences in all six states were present in 

controls (A1, 16-18%); while evenly distributed in five states (B1, 17-22%) but 

quite lower in one state (3%) in chess masters. Relatively longer mean dwell time 

in majorities of states in chess masters compared to controls, with higher frequency 

in most states (B1 and B2 respectively).  
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Figure 5. A: Significantly higher global mean values of ReHo and fALFF sub-band 

S5 in chess masters compared to controls (P=0.008 and P=0.006 respectively). B: 

Strong correlations between global Z-values of ReHo and fALFF in chess masters 

including all fALFF sub-bands (S4 and S5) and conventional band (r>0.48, 

P<0.009). 
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Figure 6. Higher absolute local but lower relative global efficiencies were found in 

chess masters compared to control group (A), together with slightly lower small-

worldness weighting factor in chess master group (B). 
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Figure 7. Correlation maps of fALFF (A) and VBM (B) with P<0.05. Strong 

correlations between start age and fALFF values in the temporo-occipital, 

subcortical putamen and cingulate areas were observed. Positive correlations 

between rate scale and fALFF of small areas in the cerebellum/temporal clusters; 

level and fALFF in the temporal together with Raven’s RPM score and posterior 

cingulate/ precuneus, medial frontal fALFF, training time and left superior 

parietal regions were observed. Negative correlations existed between rate scale and 

occipital fALFF, between Raven’s RPM score and sensorimotor fALFF, between 

training time and temporal fALFF as well. For VBM, master level correlated with 

gray matter density in the dorsolateral and medial prefrontal regions, while with 

sensorimotor areas in control group (and even negative in the caudate region). 

Negative correlations between rate scale and gray matter densities in the 

dorsolateral prefrontal cortex, between Raven’s score and basal ganglia gray 

matter, between training time and gray matter densities in the frontotemporal and 
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motor areas but positive association between occipital VBM and Raven’s score were 

observed as well.  

 

Figure 8. Correlation maps of ReHo (A) and VMHC (B) for chess master group 

with P<0.05. For instance, significant positive correlations between ReHo and 

chess professional level were exhibited in the medial/superior frontal regions, and 

similarly for professional rate score in the small cerebellum. Starting age also 

correlated negatively with insular/superior temporal/premotor ReHo values but 

positively in the supplementary motor area, subcortical caudate and occipital 

cortex. Strong associations with negative correlations between Raven’s RPM score 

and ReHo in the frontal/motor areas and small temporal clusters, between training 

time and superior frontal ReHo were also found. For the VMHC, strong positive 

correlations between professional level and frontal/occipital interhemispheric 

correlation in master group, but only frontal conductivity with level in the control 
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group were identified. As expected, starting age was negatively related to VMHC 

in the regions of insular and superior temporal cortex (salience network), cuneus 

and sensorimotor and language Wernicke’s and Broca’s areas. Raven’s RPM score 

correlated positively with superior temporal VMHC, and training time was linked 

to large areas of frontotemporal and thalamic regions. 

 

Figure 9. Higher FA in several brain tracts were found in chess masters compared 

to controls, including arcuate fasciculus, cingulum, inferior longitudinal 

fasciculus, inferior fronto-occipital fasciculus, corpus callosum and cortico-spinal 

tracts (corrected P<0.05).  
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Figure 10. Significant correlations between DTI metrics and phenotypic data in 

chess masters mainly (P<0.01), and for controls (red dashed box of the right bottom 

panel). Expected correlations in chess group but reversal directions in control 

groups were found, possibly reflecting the sub-optimal memory and motor 

pathways in controls.  

4. Discussion 

4.1. Summary of Results 

In this project, we found consistent gray matter densities and 

interhemispheric correlation changes in chess players compared to 

controls, including both higher in the superior frontal, MPFC and 

visual/cerebellum regions. The VMHC identified extra hypo-

connectivity in the parietal and cuneus regions but hyper-

conductivity in the temporal and subcortical basal ganglia and 

hypothalamus, while VBM localized further higher gray matter 

densities in the orbitofrontal, caudate, cuneus and supplementary 

motor areas in the chess group. These primarily increased gray 
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matter densities and conductivity in critical brain regions indicated 

expected improvement of high-level cognitive functions including 

decision planning and making (supplementary motor and superior 

frontal areas), memory and attention (posterior temporal and 

orbitofrontal cortices), visuospatial ability (occipital lobe), reasoning 

and movement coordination (MPFC, subcortical and cerebellum) in 

chess masters. 

  

In line with the structural/conductivity changes, increased intra- and 

inter-network connectivities of several crucial brain networks were 

illustrated with the ICA-DR algorithm, including visual network 

(VN), central executive network (CEN), thalamocortical circuits 

such as motor network (MN), default mode network (DMN)-medial 

frontal region, frontoparietal network (FPN) as well as the salience 

network (SN) in the chess players compared to controls. The 

relatively new dFNC built on these six networks also confirmed 

higher dynamic correlations between SN-CEN, SN-DMN, FPN-MN 

and VN-DMN in chess masters compared to controls. The overall 

dwell time and occurrence number were longer in majorities of 

states (5 out of 6) in chess group compared to controls, utilizing the 

strategy of setting one dip state with lowest occurrence 

number/dwell time and maintaining higher dynamics for other five 

states. Furthermore, significantly higher global regional 

homogeneity (ReHo, local synchrony) and neural activity (fALFF) 

were found in chess group compared to controls, with strong 

correlations between these two metrics. And much higher absolute 

local efficiency was noticed in chess group with close small-

worldness factor and global efficiency between two groups. Higher 

global neural activity/regional synchrony in chess group with 

increased local efficiency indicated better and fast neuronal source 

allocation and utilization. The expected higher inter-network 

connectivity of DMN, CEN, SN, VN and FPN with longer mean 

dynamic state time and more occurrence number confirmed both 
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static and dynamic network regulation improvements in chess 

group compared to controls, particularly in the domains of decision 

making, attention and memory, vision and wisdom. 

 

Multiple couplings between brain activity/connectivity and 

phenotypic data had been revealed in chess group, and were in 

agreement with the functionalities of these regions. For instance, 

associations were observed between Raven’s RPM score and neural 

activity in the superior frontal and posterior cingulate region as well 

as between Raven’s RPM score and gray matter density in the 

temporal and occipital clusters. Professional rate correlated 

positively with cerebellar regional synchrony, while starting age 

was negatively related to the interhemispheric conductivity in the 

salience network and temporal/cuneus region. Some other 

correlations existed such as positive correlations between levels and 

frontal VMHC, between start age and subcortical ReHo/fALFF, 

possibly due to neuroprotective and compensative mechanisms. 

Finally, consistent whole voxel-wise and regional tract-specific DTI 

FA increments were present in chess group, including the arcuate 

fasciculus, inferior longitudinal and inferior fronto-occipital fascicle, 

corpus callosum and cortico-spinal tracts. Tight links between DTI 

FA/diffusivity (AD/RD/MD) metrics and phenotypic data were 

discovered, including between bilateral inferior longitudinal 

fasciculus/cingulum diffusivity/FA and training time/professional 

level in chess group. The DTI microstructural findings confirmed 

improvement of brain memory, language and communication 

function, decision making and processing speed due to practice and 

professional training. 

4.2. Comparison with Previous Findings 

Recent studies had also showed superior abilities in chess masters 

compared to non-chess players with better auditory memory 
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function and higher planning performance scores [34, 35]. A few 

underlying mechanism for these advantages were also evaluated 

including pattern recognition training as part of the chess expertise, 

together with effective working memory retrieval and 

neuroplasticity gain between short and long term memory encoding 

processes [36]. The memory chunk hypothesis, especially in chess 

grand masters that could achieve magic and fast retrieval of large 

quantities of board and piece templates stored in short and long-

term brain memory regions, might help explain the proficient chess 

expert memory structure [37, 38]. The expertise theory was also in 

agreement with the findings and indicated successful operation of 

very large chunk (such as 50,000 templates) in chess maters and 

recall of position-specific pattern [39, 40]. The beneficial influences 

of chess on brain, behavior and possible therapeutic tool had further 

been discussed, especially with the evidence of brain alterations for 

better cognitive performance and accurate decision-making process 

[41]. For instance, associated brain changes in chess experts were 

manifested as cerebral blood flow reorganization due to the 

encouragement of utilizing or transferring partial long-term 

memory as working memory, as well as joint regional activation in 

the superior frontoparietal and precuneal clusters corresponding to 

both small- and large-scale spatial capability acceleration [42-43]. 

Similar white matter changes as observed in our results and a recent 

study had also confirmed training effects on microstructural 

integrity improvements, particularly in tracts of superior 

longitudinal fasciculus, inferior longitudinal fasciculus and 

cingulum for memory and executive functions as well as 

visual/cognitive abilities [44].  

 

For the other games-related brain changes, increased FA in the 

frontal, cingulum and striatal-thalamic areas were identified and 

linked to attentional control, working memory, executive regulation 

and problem solving in Baduk GO game experts compared to 
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controls [45]. In internet gaming disorders (IGD), thalamocortical 

communication was abnormally increased and the hyper-

connectivity between midline nucleus/postcentral gyrus correlated 

with less inhibition scores [46]. Also it had further been confirmed 

that several cortical networks were disrupted, such as FPN and 

temporal/dorsal-limbic networks that were positively related to IGD 

scores as well as game craving score [47, 48]. The anterior cingulate 

cortex (ACC) activation generated feedback-related negativity, 

functioning as possible loss cue compared to win sign as well as the 

alert signal to urge for preparation of future events [49]. Some social-

economical and neuropsychological related issues including long-

term morality and reward topics were discussed recently; for 

instance, social status including social norms during fairness 

perception correlated with the connectivity between right anterior 

insular (rAI) and ACC while rAI sent regulatory signal to ACC and 

amygdala at unintentional situation [50, 51]. The positive correlation 

between ventral striatum activation and fairness was reduced at 

losing condition, but negative association between dorsolateral 

prefrontal activation and fairness was enhanced [52]. The context-

dependent processing of social and metalizing processes involved 

insula and dorsolateral prefrontal cortex (DLPFC) primarily, with 

more activations observed under high pressures [53]. These two 

regions also affected both self-interest and other-need concerns, 

responsible for evaluating the benefactor’s altruistic decisions under 

risks and ambiguity [54, 55]. 

4.3. Conclusion 

In this study, we had reported brain associated structural and 

functional network optimization in chess players compared to 

controls. Especially, higher gray matter density and 

interhemispheric correlation in the superior frontal region, medial 

prefrontal cortex, supplementary motor area, temporal lobe and 
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cerebellum, orbitofrontal and occipital areas that were associated 

with better cognitive functions in the memory and attention, 

decision making and visuospatial ability, executive control and 

movement coordination. Increased dynamic correlations of typical 

brain networks such as VN, CEN, MN and DMN/CEN together with 

longer dwell time/occupancy/frequency for optimal strategy in 

chess players had also been confirmed. Moreover, global neural 

activity and regional synchrony signals were enhanced in chess 

professionals compared to controls, together with the higher 

absolute local efficiency for faster local neural source utilization. 

Micro-structural integrity was improved in several tracts including 

cingulum, corpus callosum, inferior and superior longitudinal 

fascicle in chess group. And these neural activity, functional/ 

microstructural connectivity and conductivity alterations were 

strongly related to the phenotypic data such as training time and 

professional level. Our comprehensive results complemented 

previous findings, validating the multi-level gains including static 

and dynamic, local and global, structural and functional 

perspectives for essential brain and behavior competence in chess 

training, practice and expertise.  
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Chapter 2 

Brain Activation of Music, Counting and 

Memory Tasks  

Abstract 

In this work, we had performed all six conditional VMHC comparisons, 

including each of three task conditions vs. resting state, as well as between 

two-task comparisons. Similar brain patterns of lower VMHC in the visual, 

temporal and somatosensory, motor areas under music/counting/memory 

tasks compared to resting state were observed. Between-comparisons for 

each two of three tasks further demonstrated the distinct regional 

allocation of neural resources. For instance, medial prefrontal, anterior 

cingulate, insular, superior temporal, occipital, thalamus, cerebellum and 

motor/supplementary motor areas related to music singing, with more 

differences comparing music to counting than memory tasks. The counting 

task also revealed more orbitofrontal interhemispheric correlation in 

addition to specific intra-parietal sulcus (IPS) and superior frontal gyrus 

(SFG) conductivity compared to music/memory. While clusters in the 

medial temporal lobe including hippocampus and parahippocampus, 

posterior cingulate, precuneus, dorsolateral prefrontal cortex (DLPFC) and 

superior parietal lobe maintained higher VMHC during episodic memory 

recall processing than music and counting tasks.  

  

Functional connectivity based ICA-DR algorithm identified enhanced 

network connectivities of intra- DMN, FPN and SN during music singing 

condition compared to counting and memory recall tasks. On the other 

hand, lower inter-network connectivities including inter- DMN and FPN, 

frontal and temporal network (FTN) were observed due to possible neural 

source shifting and deactivation. Higher intra- and inter- FPN, VN, FTN, 

VN-DMN and SN network connectivities in counting condition compared 

to music and memory tasks were discovered, consistent with the hyper-

connectivity of IPS/SFG/DLPFC VMHC values. Finally, as expected, more 

connection of intra- and inter- temporal, DMN-FPN, FTN and thalamo-
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cortical circuit were present during episodic memory recall condition. The 

dFNC connectogram confirmed the higher temporal dynamics of six 

representative networks such as higher DMN-CEN-MN connections at 

three task conditions compared to resting state. Small-worldness analysis 

revealed slightly higher global but lower local efficiencies in counting and 

music conditions together with relatively higher small-worldness 

weighting factor in the memory condition compared to resting state. Our 

multimodal neuroimaging results were consistent with published findings 

for each separate condition, and provided extra imaging evidence of arts 

and science training-related neuroplasticity and dynamic modulation 

enhancement of brain structure and function. 

 

Keywords: dual regression, voxel-mirrored homotopic correlation, 

interhemispheric conductivity, functional specialization, efficiency, graph 

theory, small-worldness, brain atrophy, voxel-based morphometry, gray 

matter atrophy, fractional amplitude of low frequency fluctuation, 

PET/MRI, music, counting, episodic memory, medial prefrontal cortex, 

inferior frontal gyrus, anterior cingulate cortex, insular, superior temporal 

gyrus, occipital lobe, thalamus, cerebellum, motor area, supplementary 

motor area, intra-parietal sulcus, superior frontal gyrus, frontoparietal 

network, frontotemporal network, hippocampus, parahippocampus, 

posterior cingulate, precuneus, dorsolateral prefrontal cortex, superior 

parietal lobe, arts, science, abacus-based mental calculation, wisdom 

1. Introduction 

1.1. Overview of Music in Brain 

Brain science including topics of cognitive function such as 

music/creativity training and experience as well as science education 

including mathematical practice, learning and memory could be 

investigated with neuroimaging approaches that provide objective 

and in vivo evidence of associated neuroplasticity changes and help 

elucidate the underlying neural mechanism [1]. Music experience 

involving singing, listening, playing and professional improvisation 
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activated several brain circuits such as networks of emotion relief 

and pleasure, reward from anticipation to consumption, language 

system such as comprehension and communication as well as motor 

function from planning to coordination. In details, brain regions of 

anterior cingulate cortex (ACC) and insula were activated for 

singing, together with superior temporal gyrus (STG) and 

supramarginal gyrus (SMG) that co-activated when playing cello 

[2]. Also singing and instrumental music engaged regions of STG, 

especially the anterior planum polare and large temporal regions 

along the superior temporal sulcus that were involved more in 

singing [3]. Furthermore, familiar music correlated strongly with 

superior frontal gyrus (SFG) and thalamic neural activity, 

attributing to mind response of anticipating melodic rhythms as 

well as harmonic progression and lyric episodes in familiar songs 

[4]. And it had been confirmed that the STG, together with the 

supplementary/premotor areas were music-selective aside from 

scrambled stimuli, and different than the speech-selective regions in 

the medial temporal gyrus [5]. The supplementary motor area 

(SMA) was important in musical representation and execution for 

professional musicians, and sensorimotor network was enhanced 

during music listening and expertise enjoying [6, 7].  

 

This paragraph reviewed music influences on multiple brain circuits 

including motivation, emotion, pleasure, reward, attention and 

neuroplasticity. From the neurobiological perspective, orexin cell 

that was primarily located in brain hypothalamus regulated stress 

response and also played important role in motivation and reward 

cycle [8]. And it had recently been reported that orexin or oxytocin 

levels linked to human musicality with similar cognition and 

emotion effects such as relief and trust/empathy, in addition to 

therapeutic improvements [9]. Moreover, the fronto-limbic 

interaction, such as connectivity between ventromedial prefrontal 

cortex (vmPFC) and striatum, was sensitive to music appreciation 
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during the cognitive and emotion processing in addition to the 

spectral and temporal alterations of original music [10]. Also it had 

been proposed that the fronto-limbic and frontotemporal 

connectivity increments might form the basis for musical reward 

including possible emotional pleasure and motivation [11]. The 

musical effects on pleasure, reward and motivational learning had 

further been studied at various extensive neural centers, including 

the insula, thalamus, ventral striatum, ACC and temporal cortex 

such as STG [12-14]. Longitudinally, it had been reported that the 

insula, striatum and inferior frontal gyrus (IFG) activations 

increased over time during musical stimulus, possibly relating to 

long-term arts persistence and neuroplasticity exercises [15]. Brain 

local and global efficiencies including motor-auditory, executive 

and default mode networks (DMN) also presented alterations with 

different musical beats [16]. In addition, the structural connectivity 

from orbitofrontal cortex (OFC) (e.g., with striatum) was found to 

correlate with the music reward sensitivity individually [17]. 

Finally, connectivity between the insula and ACC network was 

increased in musicians and artists, resulting in better affective and 

empathic abilities as well as facilitative targeting attention (such as 

increased ACC activation in response to happy music) [18, 19]. 

1.2. Overview of Mathematics in Brain 

The intra-parietal sulcus (IPS) maps numerical symbols and 

corresponding quantities in order for educated person to perform 

number-based mathematical operation, an analog to the 

cytoarchitectonic reference and structural-functional link in modern 

connectome [20, 21]. It had been discovered for a long time that IPS 

played important role in basic number representation and numerical 

development, even early in evolution [22-24]. Different magnitude 

shared similar activation patterns in the IPS based on neuroimaging 

findings, although some other distinct magnitude mechanism might 
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exist [25]. In children, higher left IPS activity corresponded to better 

arithmetic scores; while IPS disorganization in early numerical 

development might cause lifelong arithmetic impairment [26, 27]. 

Also both counting and subitizing activated common network of IPS 

and middle occipital area [28]. And it was validated that 

professional mathematical reflection utilized IPS and ventral 

temporal region for elementary number sense [29]. 

 

In addition to IPS, prefrontal cortex (PFC) was used for mental 

calculation of numbers, and higher PFC activity was recruited for 

mathematical reasoning studies [30, 31]. Higher school grades such 

as 3rd grade compared to 2nd year had more PFC activation and 

hyper-connectivity between PFC and posterior brain regions [32]. 

One specific area, ACC, showed greater activation during the 

counting Stroop interference task, as well as increased connectivity 

with other frontal area during error monitoring of possible incorrect 

trials [33, 34]. The IPS and PFC together was considered as the core 

brain operation network for advanced mathematics in professional 

mathematicians and math-specific experts as well as for abstract 

problem solving in mental arithmetic [35-37]. The activity in the 

frontoparietal network (FPN) corresponded to numerical 

magnitude processing, and was the neural source for multiple 

demand tasks such as music, working memory and arithmetic [38, 

39]. Finally, children showed higher diffused IPS and IFG 

frontoparietal activity with more attentional and processing efforts 

than concordant activity observed in adults during arithmetic 

processing in brain, especially during numerical fact retrieval that 

shared similar neural basis as phonological processing in brain [40]. 

1.3. Overview of Episodic Memory and Brain Imaging 

Hippocampus served important role in re-experiencing episodic 

details from the recent, as well as activated for episodic condition in 
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declarative memory [41, 42]. And it had been confirmed that the 

hippocampus, an important memory structure, was associated with 

the actual recollection of an event (episodic memory) [43]. The 

significant role of hippocampus and its seven main subfields, such 

as cornu ammonis (CA) subfield 1 (CA1), CA2, CA3, CA4, dentate 

gyrus (DG) and subiculum, in brain memory and cognitive function 

has been investigated extensively [44-46]. Specifically, the 

volumetry of each subfield, function of each division and 

modification at dementia disease status have been studied with 

advanced in vivo imaging technique recently, such as high field 7T 

MRI for high-resolution structural localization, and functional 

mapping with fast fMRI technique for memory encoding and 

retrieval [47-48]. The hippocampal abnormalities in early dementia 

such as mild cognitive impairment had been identified including 

CA3 and DG subfields for pattern discrimination, memory 

formation and encoding, retrieval and consolidation with advanced 

neuroimaging techniques (e.g., morphological shape and size, 

functional activity and connectivity metrics, and molecular imaging 

such as FDG-glucose metabolism, amyloid accumulation and tau 

deposition) [49-51]. Integrated simultaneous PET/MRI and 

multiparametric neuroimaging technique are the current trends that 

could pinpoint the actual memory process with more 

complementary profile and higher spatiotemporal resolution, and 

finally help improve the diagnosis accuracy and disease treatment 

[52, 53]. In addition, the cortical ventro-lateral prefrontal area 

demonstrated activations for working-memory process of spatial, 

verbal and visuospatial information; and these regions were 

consistently reported in episodic memory retrieval studies and 

validated in brain-damaged patients [54-56]. 
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1.4. Objectives  

Taken together, the training and practicing benefits of music such as 

singing, mathematics such as counting and episodic memory recall 

in brain had been summarized briefly. The purposes of this study 

are to: 1. investigate further specific brain imaging features 

including functional connectivity, conductivity, activity and 

synchrony, inter-network correlations and dynamic regulation of 

these task conditions in addition to conventional resting state with 

available fMRI data using multiple advanced quantitative imaging 

methods as in chapter 1; and 2. compare the statistical differences 

between each of two task conditions such as between music and 

counting tasks or between task and resting state condition to 

illustrate distinctive and relative alterations in brain under different 

states.  

2. Methods and Data 

2.1. Participants and Imaging Acquisitions 

Imaging and phenotypic data were downloaded after approval from 

the website managed at the same NeuroImaging Tools & Resources 

Collaboratory (NITRC) database (www.nitrc.org) as in chapter 1. 

The fMRI dataset including structural and functional resting state as 

well as under three functional tasks were provided by the FIND lab 

(http://fcon_1000.projects.nitrc.org/indi/retro/find_stanford.html), 

as the INDI Prospective Data Sharing Samples hosted by NITRC 

(http://fcon_1000.projects.nitrc.org/indi/IndiPro.html). Three functional 

tasks were performed to the same participant together with the 

resting state acquisition using the counterbalanced order to study 

brain cognitive states [57]. These four conditions during each 

individual fMRI scan are listed as:  

a. Resting state: Subjects were asked to relax with eyes closed.  
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b. Music: Subjects were asked to sing their favorite songs in their 

heads. 

c. Counting by subtraction: Subjects were asked to count 

backwards from 5000 by 3s. 

d. Episodic memory: Subjects were asked to recall the events of 

the day, from the time when they awoke until the last minute 

before they lay down in the scanner. 

 

Thirteen participants including 8 women and 5 men, age range of 

18-29 years with average of 24.1±1.0 years old, were enrolled in this 

study. MRI experiments were performed using the 3T MRI scanner 

with standardized imaging protocols. The 3D MPRAGE sequence 

was run with matrix size=512 x 512 x 176, resolution=0.47 x 0.47 x 0.9 

mm3. For the resting-state (RS) and three task fMRI data acquired for 

each individual, same imaging protocol was applied with standard 

gradient-echo EPI sequence (TR/TE=2000/30 msec, flip angle=80°, 

number of volumes=300, spatial resolution=3.4 x 3.4 x 4.5 mm3) and 

total scan time of 10 minutes for each condition. 

2.2. Imaging Parameters and Post-Processing 

Similar MRI and fMRI image processing algorithms as in chapter 1 

were implemented with the in-house developed scripts, to derive 

the conventional VMHC, VBM, ICA-DR, resting-state functional 

connectivity (RSFC) and fractional ALFF (fALFF) maps, as described 

in details in our previous works [8, 44, 58]. Typical and novel 

dynamic dFNC connectogram as well as regional homogeneity 

(ReHo) map together with small-worldness analyses were 

performed to all the four conditions. The details of data processing 

were introduced previously and outlined in our recently published 

works [59-60].  
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Voxel-wise between-group comparisons including VMHC and ICA-

DR together with global mean statistical quantification including 

fALFF and small-worldness parameters were implemented among 

four conditions, such as between memory and resting-state, between 

music and counting conditions with both paired t-test and post-hoc 

statistical analysis. 

3. Results 

VMHC differences between each of three task conditions and resting 

state are demonstrated in Figure 1 for music, counting and memory 

respectively. VMHC reduction under music task condition (singing 

songs) compared to resting state (P<0.001) were mainly present in 

the visual, temporal, somatosensory and motor areas (Figure 1A). 

VMHC reduction under mathematical counting condition 

compared to resting state were found in similar regions as under 

music condition, but including more parietal regions with larger 

spatial spreading (Figure 1B). In Figure 1C, VMHC reduction under 

the episodic memory recall condition compared to resting state were 

observed in similar regions as to music condition, with slightly less 

statistical significance. The reductions of VMHC values in these task 

conditions were possibly due to the functional specialization of 

these regions for high-level cognitive process during expertise and 

science training, in contrast to the high inter-hemispheric correlation 

at resting state such as somatosensory/motor and occipital regions. 

For instance, the distinguishable activation only in IPS and SFG 

during counting task compared to resting state (deactivation of these 

regions) seemed to validate this hypothesis.  

 

Differences between each of two task conditions including between 

music and memory, between counting and memory, between music 

and counting conditions were illustrated in Figure 2 (all with 

P<0.01). Compared to memory task, music task activated more in the 
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medial and dorsolateral prefrontal cortices, anterior cingulate, 

striatum, superior temporal, occipital and cerebellum regions with 

higher VMHC values (Figure 2A). In contrast, the memory-related 

structure such as temporal cortex, posterior cingulate, frontal pole 

and parietal regions had higher conductivity at memory task 

compared to music condition. Moreover, frontoparietal regions 

including the intra-parietal sulcus and medial frontal region had 

higher VMHC at counting task compared to memory recall. Large 

areas of memory structure such as hippocampus, posterior 

cingulate, temporal lobe, DLPFC, visual cortex, somatomotor, 

parietal, thalamus, insular regions and basal ganglia demonstrated 

higher VMHC values at memory condition compared to counting 

condition (Figure 2B). Finally, Figure 2C showed higher VMHC 

values in the motor area/SMA, small clusters in the superior 

temporal segment, insular, visual cortex, amygdala, thalamus and 

anterior cingulate in music condition compared to counting 

situation. Similar to the counting-memory comparison, 

frontoparietal clusters, especially the intra-parietal sulcus and 

medial frontal region had higher VMHC at counting task condition 

compared to music task. 

 

Figure 3 illustrated the intra- and inters- network connectivity 

differences with ICA-DR algorithm comparing singing song 

condition to resting state. Higher connectivities of frontal-parietal 

(FPN), default mode network (DMN), thalamo-temporal, fronto-

visual, inter- salience (SN) and DMN were observed during music 

singing task compared to resting state (Figure 3, P<0.01). 

Furthermore, higher inter-network connectivities of SN-DMN, 

DMN-CEN, FPN, visuo-motor, temporal-DMN and frontal-DMN 

were found in the counting condition compared to resting state 

(Figure 4). Inter-network connectivity differences between memory 

and resting state in Figure 5 showed similar results as to counting 

comparison results in Figure 4, all with P<0.01.  
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Regarding the between-condition ICA-DR comparisons, Figure 6 

identified higher frontal-DMN, thalamocortical, DMN-motor, 

frontal-SN and temporal-FPN connectivities together with lower 

inter-network connectivities of DMN-FPN, SN-DMN, fronto-

temporal and fronto-visual circuits comparing music to counting 

conditions (P<0.01). Higher inter- and intra- DMN, SN-parietal, 

temporo-occipital, frontal and FPN connectivities were found in 

music condition compared to memory recall task; however, lower 

connectivities of FPN-DMN, frontotemporal, SN-temporal, 

thalamo-frontal, visual-DMN and motor-SN existed (Figure 7). 

Finally, ICA-DR differences comparing counting to memory 

conditions demonstrated higher network connectivities of intra- and 

inter- DMN, visual, thalamo-parietal, temporal and posterior FPN, 

DN-DMN and MN-FPN in counting condition compared to 

memory task (Figure 8). On the other hand, lower inter- DMN-FPN, 

temporal-FPN and thalamo-temporal connectivities existed 

comparing counting to memory conditions.  

 

Using dFNC analysis, Figure 9 demonstrated the connectogram of a 

representative state (S3) for four conditions. Strong dynamic 

connections of DMN-CEN in music, DMN-MN in counting, DMN-

MN/VN/CEN in memory and DMN-SN in resting conditions were 

observed. Overall, higher temporal dynamics at task conditions 

compared to resting state were observed, especially in the counting 

and music conditions (Figure 10). And longer mean dwell time in 

majorities of states were found under counting condition compared 

to three other conditions, possibly due to more active and attentional 

requirement of this specific task. Figure 11 presented similar 

distributions of mean dwell time distribution under both memory 

and resting state conditions. Lower mean dwell times were found 

under the music and memory conditions compared to resting state 

and counting condition, but no significant differences existed 

(Figure 12A). Relatively higher fractional frequencies in music and 
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memory conditions were observed, but no significant differences 

among four conditions either (Figure 12B).  

 

Slightly higher global but lower local efficiencies in counting and 

music conditions compared to resting state existed (Figure 13A). 

Relatively higher small-worldness factor in the memory condition 

compared to three other conditions were also observed (Figure 13B). 

Significantly lower VMHC (P=0.02) and fALFF (P<0.05, especially S5 

and conventional bands) were found in three task conditions 

compared to resting state (Figure 14; P=0.046). 

 

 

Figure 1. VMHC differences between task conditions and resting state. A: VMHC 

reduction in music task condition (singing familiar songs) compared to resting 

state (P<0.001) in mainly the visual, somatosensory, motor areas, insular and 

small temporal clusters including the hippocampus. B: VMHC reduction in 

mathematical counting condition compared to resting state in similar regions as in 
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A but including more parietal regions with wider spatial spreading; on the other 

hand, the intra-parietal sulcus and superior frontal region displayed higher VMHC 

during counting condition than resting state. C: VMHC reduction in the episodic 

memory recall condition compared to resting state in similar regions as to music 

condition as in A, including specific hippocampus and extra caudate regions.  

 

Figure 2. Differences between each of two task conditions such as between music 

and memory (A), between counting and memory (B), as well as between music and 

counting conditions (C). For instance, panel C of the differences between music 

and counting conditions showed higher VMHC values in the motor area/SMA, 

superior temporal segment, insular, visual cortex, amygdala, thalamus and 

anterior cingulate in music condition. On the other hand, frontal parietal clusters 

and medial frontal region, especially the intra-parietal sulcus and frontal pole area 

showed higher VMHC at counting task compared to music condition. And the 

memory-related structure such as temporal cortex, posterior cingulate, precuneus 

and parietal regions had higher conductivity during memory task compared to 

music and counting conditions. 
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Figure 3. Intra- and inter- network connectivity differences with ICA-DR 

algorithm comparing music singing condition to resting state. Higher 

connectivities of frontal-parietal, default mode network, thalamo-temporal fronto-

visual, inter- salience and default mode networks were observed in music condition 

compared to resting state (P<0.01). 
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Figure 4. Higher inter-network connectivities of SN-DMN, DMN-CEN, FPN, 

visuo-motor, temporal-DMN and frontal-DMN were found in the counting 

condition compared to resting state.  
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Figure 5. Inter-network connectivity differences between memory and resting 

state showed similar results as to differences between counting and resting state as 

in Figure 3.  
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Figure 6. Higher inter- frontal-DMN, thalamocortical, DMN-motor, frontal-SN, 

frontal-striatum and temporal-FPN network connectivities were found comparing 

music to counting conditions together with lower inter-network connectivities of 

DMN-FPN, SN-DMN, fronto-temporal and fronto-visual circuits (P<0.01).  
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Figure 7. Intra and inter-network connectivity differences between music and 

memory task conditions (P<0.01). Higher intra- and inter- DMN, SN-DMN, 

frontal, temporal, fronto-FPN connectivities were found at music task condition 

compared to memory task. On the other hand, higher network connectivities of 

frontal-thalamic, dorso-lateral prefrontal cortex (DLPFC)-DMN, frontotemporal, 

FPN-DMN, visual-DMN, temporal-SN circuits were identified at memory task 

compared to music condition as well.  
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Figure 8. Intra and inter-network connectivity differences between counting and 

memory task conditions (P<0.01). Higher intra- DMN, visual, thalamo-parietal, 

temporal and posterior FPN, SN-DMN and MN-FPN network connectivities in 

counting condition compared to memory task, together with lower inter- DMN-

FPN, temporal-FPN, thalamo-temporal connectivities existed.  
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Figure 9. Connectogram of a representative state (S3) of four conditions including 

panel A for music singing, B for mathematical counting, C for memory recall and 

D for resting state. Strong connections (dFNC) of DMN-CEN in music, DMN-

MN in counting, DMN-MN/VN/CEN in memory and DMN-SN in resting 

conditions were observed. 
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Figure 10. Overall, higher temporal dynamics at task conditions compared to 

resting state were observed, especially in the counting and music conditions. And 

longer mean dwell time in majorities of states were found in counting condition 

compared to three other conditions, possibly due to more active and attentional 

requirement of this specific task.  
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Figure 11. Similar distributions of mean dwell time distribution were found in 

both memory and resting state condition. 
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Figure 12. A: Lower mean dwell times were found in the music and memory 

conditions compared to resting state and counting condition but no significant 

differences among four conditions. B: Relatively higher fractional frequencies in 

music and memory conditions and no significant differences between task and 

control conditions. The boxes have lines at the lower and upper quartile values 

(horizontal blue lines) as well as median (horizontal red lines) for the data in the 

column. The whiskers are lines extending from each end of the box to show the 

extent of the data, with the outliers plotted individually as the red cross sign. 
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Figure 13. A: Slightly higher global but lower local efficiencies in counting and 

music conditions compared to resting state; and B: relatively higher small-

worldness factor in the memory condition compared to three other conditions were 

observed. 

 

 

Figure 14. Significantly lower global z-values of VMHC (P<0.02) and fALFF 

(especially sub-band S5 with P<0.05 and conventional band) were found in task 

conditions compared to resting state (P=0.046). Lower global ReHo and fALFF Z-

values existed under three task conditions, but no significant differences were 

found among four conditions.  
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4. Discussion 

4.1. Summary of Results 

In this study, we had performed all six conditional VMHC 

comparisons, including each of three task conditions in comparison 

to resting state, as well as between three-condition comparisons. 

Similar patterns with reduction of interhemispheric correlations in 

the visual, temporal, somatosensory and motor areas in 

music/counting/memory conditions compared to resting state were 

observed. The reductions of VMHC values in task condition were 

possibly due to the functional specialization of these regions at task 

condition, in contrast to the high inter-hemispheric correlation at 

resting state such as somatosensory/motor and occipital regions. 

Unique regional activation such as IPS and SFG during counting 

task condition compared to resting state (deactivation of these 

regions) and different spatial weighting of statistical significance in 

memory condition were revealed. Comparisons between each two 

of task conditions further demonstrated the distinct regional 

allocation of neural resources for each condition that imitated arts 

and science training program. Specifically, regions of medial 

prefrontal, anterior cingulate, insular, superior temporal, occipital, 

thalamus, cerebellum and motor/supplementary areas showed 

more interhemispheric correlations under singing songs condition, 

with larger differences comparing music to counting than memory 

recall tasks. The counting condition revealed more orbitofrontal 

interhemispheric correlation in addition to IPS and SFG compared 

to music/memory. And finally, clusters in the medial temporal lobe 

including hippocampus and parahippocampus, posterior cingulate, 

precuneus, DLPFC and superior parietal lobe maintained higher 

VMHC during episodic memory recall processing than music and 

counting tasks.  
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Functional connectivity based ICA-DR identified enhanced network 

connectivities of intra- DMN, FPN and SN during music singing 

condition compared to counting and memory recall tasks. On the 

other hand, lower inter-network connectivities including inter- 

DMN and FPN, frontotemporal network (FTN) were observed, 

possibly due to neural source shifting and deactivation. Higher 

intra- and inter- FPN, visual, FTN, VN-DMN and SN network 

connectivities in counting condition compared to music and 

memory tasks were discovered, consistent with the VMHC hyper-

connectivity findings of IPS/SFG/DLPFC for mathematical 

operation. Finally, as expected, more connection of intra- and inter- 

temporal, DMN-FPN, FTN and thalamo-cortical networks were 

present during episodic memory recall condition. 

 

The dFNC connectogram confirmed the higher temporal dynamics 

of six representative networks at task conditions compared to 

resting state, such as higher DMN-CEN-MN connections. And 

counting condition had longer mean dwell time in majorities of 

states than three other conditions, possibly due to more active and 

attentional requirement of this specific task. While global 

quantification identified relatively higher fractional frequencies in 

music and memory with relatively lower mean dwell times 

compared to counting and resting state. Small-worldness analysis 

revealed slightly higher global but lower local efficiencies in 

counting and music conditions together with relatively higher 

small-worldness weighting factor in the memory condition 

compared to resting state. Also global mean VMHC and fALFF 

including sub-band S5 values were significantly lower in three task 

conditions compared to resting conditions, indicating less global 

neural activity and circuits rerouting utilized in low frequency band 

in these tasks.  
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4.2. Comparison with Previous Findings  

4.2.1. Music and Neuroplasticity 

Brain has great capacity for new connections and optimistic 

pathways, while modern neuroimaging techniques enable 

functional studies related to professional scientific training and 

artistic performances. For instance, music listening could improve 

cognition and motor skills, and help brain recover after injury with 

music therapy as reported by many studies [61]. Right hemisphere 

was assumed to be associated more with music skill, performance 

coordination and three-dimensional visuospatial orientation; and 

particularly for perceiving pitch, melody, harmony and rhythm 

while sound frequency and intensity occurred more in the left 

hemisphere [62]. Specifically, the neural activity increased in several 

regions such as right STG, insular and IFG corresponding to 

complex tones for musicians compared to non-musicians [63]. 

During music practicing and training, structural volume changes of 

multiple brain regions and circuits including the posterior cingulate, 

insula and medial orbitofrontal cortex were exhibited [64]. These 

regions played important roles in executive function, memory, 

language and emotion regulation, and were consistent with our 

VMHC findings. A few typical large-scale networks showed 

stronger functional connectivity at resting state in professional 

musicians with more years of experience, including the SN, CEN, 

FTN and MN [65]. And several brain networks were recruited 

during musical creation such as DMN, CEN and MN in addition to 

SN for possible connection with STG [66]. Regional function 

specialization of music hierarchies had been suggested; for instance, 

STG was activated during melodic generation phase, while 

hippocampus and IFG for unexpected melodic sequences 

processing and FPN for possible violation prevention [67]. 

Furthermore, drum training induced long-term neuroplasticity 
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change in the cerebellum such as larger gray matter volume in the 

left VIIIa section, together with cortical thickness increment in the 

left paracentral and right precuneus as part of cerebellar-cortical 

pathway [68]. Finally, the inter-network connectivities between VN 

and DMN, VN and CEN, DMN and CEN were higher in 

improvisational musicians but higher functional connectivities 

between DMN and frontal pole for classical musicians, and both 

having more intra- DMN and CEN connectivities as well as higher 

local and global efficiencies than controls [69]. 

 

Early training in life also has effective impact on the striatal-cortical-

sensorimotor network for greater motor timing expertise; and 

music’s neuroplasticity enhancement during fetal to infants had 

been emphasized [70, 71]. Furthermore, musical training increased 

functional connectivity of sensorimotor network together with 

higher structural connectivity of the auditory-motor network; and 

both related to practice time in young adults [72, 73]. Also structural 

deformation-based morphometry analyses demonstrated gray 

matter density change in the ventral premotor cortex (vPMC), and 

correlated with auditory motor synchronization performance as 

well as with age that reached highest plasticity at age range of 6-9 

years old [74]. Moreover, singing modulated the experience-

dependent vocal-motor control in the right anterior insular and 

sensorimotor areas, and involved heteromodal sensory/motor 

processing and interaction [75, 76]. In musicians and dancers, 

complex motor coordination integrated multimodal processing 

including not only the sensorimotor system such as the primary and 

secondary sensory/motor areas, but also the lateral PFC and IPS for 

necessary whole-body coordination and control [77]. 
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4.2.2. Mental Mathematical Training and Neuroplasticity  

In addition to IPS, a few other regions had been implicated 

consistently in arithmetic problem solving and mental calculation; 

including the left angular gyrus activation for retrieval of arithmetic 

facts and knowledge mostly, as well as the left superior 

frontoparietal region (such as gray matter density) for mathematical 

expertise and better performance [78, 79]. The rostrolateral PFC 

(rlPFC) had higher ReHo imaging values in children trained with 

abacus-based mental calculation (AMC) program compared to non-

trained group, and tightly linked with improved inductive 

reasoning performance in these children [80]. Enhanced activation 

in the frontoparietal network (FPN) and visual cortex in the AMC 

group (in children especially) correlated with the arithmetical ability 

and visuospatial working memory (VSWM) neuroplasticity, a 

rapidly expanding developmental and cognitive science research 

field [81, 82]. Further AMC studies showed that enhanced bilateral 

superior parietal lobular functional coupling could lead to increased 

sustained FPN connectivity, through transferring effect to improve 

short-term working memory capacity [83, 84]. A few studies had 

validated improvement of cognitive/memory function and brain 

neural network with AMC training, including enhanced 

functional/anatomical FPN and occipitotemporal activation as well 

as increased micro-structural integrity in additional premotor areas 

[85, 86]. The association between neural plasticity in general training 

and cognitive improvements were further reported in trained young 

person with induced neuroplasticity [87]. Another abacus study 

reported increased functional connectivity between SMA and IFG, 

facilitating functional integration of visuospatial-attentional 

circuitry and high-level cognitive coordination [88]. Finally, 

memory function and systematic neuroimaging findings were 

reviewed in our recent work including multi-modal imaging 

elucidation of memory encoding/consolidation pathway together 
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with multiomic applications in early mild cognitive impairments 

with memory concerns [44, 59]. 

4.3. Conclusion 

In conclusion, we had reported brain functional and structural 

specialization at different task conditions including music, counting 

and memory. Distinct regional allocation of cognitive processing 

and network rerouting in three conditions were identified, including 

medial prefrontal, anterior cingulate, insular, superior temporal, 

occipital, thalamus, cerebellum and motor/supplementary areas for 

music singing; intra-parietal sulcus, superior frontal and 

orbitofrontal cortices for mathematical counting, medial temporal 

lobe and dorsolateral prefrontal cortex for episodic memory recall. 

The dFNC connectogram confirmed the higher temporal dynamics 

of six representative networks and neural source shifting at task 

conditions compared to resting state, such as higher DMN-CEN-MN 

connections. Our results were consistent with published findings for 

each separate condition, and provided extra imaging evidence of 

possible arts and scientific training-related neuroplasticity and 

dynamic modulation enhancement in brain. 
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Chapter 3 

Structural and Functional Neuroimaging 

Correlates of Emotion, Intelligence and 

Wisdom 

Abstract 

The objectives of this chapter were to investigate the brain changes such as 

neural activity and myelin-related functional correlation as well as 

morphological/ microstructural connectivity-based neuroplasticity 

improvements during college training with baseline and longitudinal 

imaging and phenotypic data. For the fALFF correlational results, several 

regions presented significantly positive correlations between fALFF neural 

activities and four aspects of emotional intelligence (EI) scores including 

insula, hypothalamus, cuneus and motor areas at all three time points. 

Longitudinally, increased associations between fALFF and EI scores were 

observed in the visuospatial regions and frontal medial/dorso-lateral 

portions. For trait association, fALFF neural activities in some similar 

regions such as frontal, motor/supplementary motor areas, thalamus, basal 

ganglia and temporoparietal regions also presented negative association 

with different aspects of the trait scores at three time points. For the ReHo 

associations, EI scores including all four aspects were positively associated 

with regional homogeneity in the parietal/superior temporal cluster and 

premotor/motor areas. During all the three time points, Raven’s CRT score 

was positively associated with ReHo values in the orbitofrontal and 

superior frontal, insular, superior temporal and motor/supplementary 

motor area. For the VMHC, significant longitudinal VMHC increments in 

the inferior temporal area, posterior cingulate and inferior parietal regions 

were observed. VMHC values in the cerebellum, temporal cortex including 

hippocampus/parahippocampus and superior segment, sensorimotor area 

and occipital/parietal lobes showed consistently negative associations with 

the depression/anxiety scores. 
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Significant positive correlations between gray matter density in the 

cerebellum, insular, orbitofrontal, fusiform, cuneus, posterior cingulate, 

medial prefrontal, subcortical caudate and putamen regions were observed 

with the EI scores of four domains including appraisal, monitoring, social 

ability and utilization at three time points. While cortical temporal regions 

including hippocampus and parahippocampus, orbitofrontal and superior 

frontal, visual and sensorimotor areas demonstrated significant 

correlations and predictions with depression and trait/state anxiety scores 

mainly. Associations between EI/trait scores and DTI FA/diffusivities in 

several tracts of the thalamic radiation, splenium of corpus callosum, 

internal capsule, cingulum, superior longitudinal fasciculus and cortico-

spinal tract were identified at all time points. Finally, significantly 

increased global and decreased local efficiencies longitudinally were 

identified, indicating a more optimal and efficient brain network topology 

at later time point after college training. In line with the results presented 

in previous Chapters 1 and 2, these brain regions showed improvements of 

neural activity, synchrony and integration, myelin-related conductivity, 

morphological and microstructural connectivity for better performance 

and achievement with skills training, emotional and social interaction as 

well as knowledge accumulation. 

 

Keywords: neuroplasticity, neurodevelopment, education, college life, 

longitudinal analysis, emotional intelligence, trait, anxiety, depression, 

combined Raven’s test, insular, orbitofrontal cortex, fusiform, cuneus, 

posterior cingulate, medial prefrontal cortex, social ability, diffusion tensor 

imaging, correlational test, phenotypic association, arts, science 

1. Introduction 

For well education, college life cultivates professional skills, 

improves social interaction and communication, broadens vision 

and expands mind, gains experience and expertise, and finally 

enriches knowledge and creativity. Emotional intelligence (EI) and 

general intelligence that were used for reasoning and analyzing to 

solve problems are usually emphasized for improvement during 

academic training. People with normal and high intelligence, 
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especially superior EI ability, could perform better in complicate 

environment and obtain more academic achievement with 

successful appraisal, monitoring and utilization of emotions and 

social skills [1]. Also positive effects of emotional regulation and 

facilitation in after-college life had showed promotions of creativity 

and mood with better working environment as well as enhanced 

interpersonal communication with excellent EI. In contrast, 

abnormal and deficient EI might lead to negative emotions, 

primarily depression and anxiety (both state and trait) that could 

affect life-time quality without proper handling and cure [2]. In the 

brain, neural correlates of emotion and intelligence had been studied 

extensively and remained as one of the most active research and 

educational fields. Imaging findings regarding different aspects of 

EI such as utilization/appraisal and their corresponding activations, 

cortical attachment of general intelligence and anxiety/depression 

traits will be reviewed in this section. General introduction of related 

specific results from the data used in this chapter and what remains 

to be discovered will be outlined in the end, with the hope to present 

another structural and functional neuroimaging application 

example in the educational and neurodevelopmental research area 

[3-6].  

 

Several gray matter structures had been associated with different EI 

aspects based on MRI voxel-wise morphometry for gray matter 

density (GMD) and gray matter volume (GMV) quantifications [7]. 

For instance, insular and orbitofrontal GMD correlated with monitor 

of emotions, parahippocampal GMV correlated with utilization of 

EI, and cerebellar vermis GMV related to social ability. GMVs of the 

supplementary motor area (SMA) and anterior cingulate cortex 

(ACC) were negatively associated with artistic creativity, while 

GMVs of medial prefrontal cortex (MPFC) and inferior occipital 

gyrus (IOG) were positively associated with scientific creativity [8]. 

And it had further been validated that the GMV of premotor cortex 
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(PMC) had significant positive correlation with the creative 

achievement and art scores, a region responsible for novel action 

creation and decision selection as well as motor inhibition that might 

be changed with training and practice with neuroplasticity 

characteristics [9]. Higher correlation slopes between ACC/MPFC 

and creative score measured with figural Torrance test of Creative 

thinking (TTCT-F) were reported in college students with art majors 

than non-art majors [10]. GMV and white matter volume (WMV) of 

another typical region, inferior frontal gyrus (IFG), were 

significantly related to the verbal creativity ability, and IFG was 

crucial for language production and comprehension as well as 

representation/expression [11]. And finally in the dorsolateral 

prefrontal cortex (DLPFC), link between GMV and visuospatial 

ability measured with Raven's Matrices reasoning capacity was 

greater in males than in females; while females had larger IFG GMV-

verbal reasoning ability correlation and higher MPFC GMV-

information binding score than males [12]. GMV of DLPFC together 

with ACC and ventral striatum (VST) were associated with self-

monitoring score [13]. Lastly, brain activity differed between 

adolescents and adults (i.e., aging effects) with distinct activity 

patterns in ACC and ventromedial prefrontal cortex (vmPFC) for 

attention and decision making, but not in VST [14]. The VST, on the 

other hand, functionally coupled to the IFG/insular and 

orbitofrontal cortex, changed connectivity according to the 

emotional context during inhibitory control [15]. 

 

 Furthermore, based on large scale connectome of effective causality 

analysis, effective connectivity of central executive network (CEN) 

and salience network (SN) played important roles in regulating and 

processing emotions that might serve as biomarker for EI neural 

mechanism [16]. And as reported previously, structural morphology 

of SN was involved in artistic creativity, while CEN and semantic 

processing was highly related to scientific innovation [8]. The 
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superior parietal lobe was linked to the EI as node of network 

topology for default mode network (DMN) in high EI scoring 

individuals, and possible the dorsal attentional network (DAN) in 

lower-score subjects [17]. Functional connectivity of vmPFC 

correlated with EI scores in depressed people, with reduced 

connectivity between anterior medial frontal and cingulate regions 

[18]. Moreover, GMV of parahippocampal gyrus (PHG) and 

fusiform together with the WMV of the superior temporal gyrus 

(STG) in right hemisphere were related to the depression severity 

measured with automatic thoughts questionnaire (ATQ) in 

preclinical depressed individuals [19]. In addition, the GMV of PHG 

correlated with ATQ score, and negative ATQ mediated correlation 

between PHG GMV and depression scale [20]. 

 

Some intra- and inter-network metrics such as within the MPFC-

precuneus resting-state functional connectivity (RSFC) were 

negatively correlated to the creativity score; however, positive 

relationship was discovered between left-right DLPFC RSFC and 

creativity scale [21]. The increased within-DMN and MPFC-medial 

temporal gyrus (MTG) RSFC contributed to the creativity after 

training of cognitive stimulation, reflecting creativity training-

induced changes in functional connectivity, especially in the low 

creativity individuals who had worse scores of TTCT [22]. 

Microstructural integrity measure such as fractional anisotropy (FA) 

with MRI diffusion tensor imaging (DTI) found FAs of superior 

longitudinal fasciculus and cortico-spinal tract were associated with 

EI appraisal score, and structural integrity of major forceps/uncinate 

fasciculus related to EI monitoring and managing [23]. FA of the 

anterior cingulum correlated negatively with self-monitoring score, 

and FA in the inferior parietal lobe and STG correlated with 

empathizing quotient (EQ) in females with opposite effects in males 

[13, 24]. After controlling for age and gender, FA values of several 

tracts including inferior fronto-occipital fasciculus and uncinate 
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fasciculus that linked to broad cortical networks, were correlated 

negatively with composite creative index consistently in a large data 

cohort [25]. 

 

Results of other metrics such as regional coherence (ReHo) had been 

reported including positive correlation between ReHo of 

frontoparietal network (FPN) and intelligence, in addition to the 

multiple lower network-complexities of motor, attention, emotion, 

CEN and DMN for elderly adults [26, 27]. And ReHo within the 

DMN system reflecting synchronous activities, correlated with the 

perceived social support [28]. The intrinsic neural activity measured 

with fractional amplitude of low frequency fluctuation (fALFF) and 

ReHo values in the expected vmPFC and ACC regions were 

significantly associated with the trait anxiety, while changes of 

neural activity predicted state anxiety score variability over 9-month 

interval [29]. Correlation between ALFF neural activity and negative 

affectivity were different between depressed and control groups, 

and higher MPFC ALFF might be a resilience biomarker to 

depression in the elderly adults. On the other hand, lower neural 

activity in the regions of amygdala, vmPFC and posterior cingulate 

cortex (PCC) indicated successful emotion regulation in never-

depressed individuals with high negative affection [30]. And 

amygdala was usually highlighted in individuals with mood 

disorder, together with lower activity in ACC/parietal cortex for 

emotional regulation that indicated attentional allocation deficits of 

anxiety disorder [31]. Also reflective wisdom might contribute to the 

healthier ego-identity formation as part of the social ability with 

significant correlations between two measures [32]. Biological 

factors including age and gender as well as educational level and 

social interactions influenced intelligence test results such as Mayer-

Salovey-Caruso-Emotional-Intelligence-Test (MSCEIT) slightly, 

with higher education level and excellent social interactions 

correlating positively to EI [33, 34]. Moreover, it was generally 
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accepted that main EI function and capability help protect against 

depression, especially for elderly adults [35]. And brain reserve, 

particularly the neuroplasticity gains over lifetime intellectual 

activities/experience, could preserve healthy cognitive-emotional 

structure at aging and remain less vulnerable to functional 

impairments of age-related diseases such as metabolic syndrome 

and dementia [36]. 

 

Investigation of full-spectrum intelligence, cognition and brain 

function with quantitative imaging evidence plays important role in 

elucidating both training and learning effects of college education 

that could advance further understanding of neurodevelopmental 

improvements during this crucial life-time period. The objectives of 

this chapter were to investigate the brain changes such as neural 

activity and myelin-related functional correlations as well as 

morphological/microstructural connectivity-based neuroplasticity 

enhancement during college training with longitudinal imaging and 

phenotypic data. Specifically, correlations between multiparametric 

imaging quantification including fALFF/ReHo/VMHC/GMD/FA 

and four aspects of EI including appraisal, monitoring/utilization of 

emotions and social ability as well as fluid intelligence and 

depression/anxiety scores at both cross-sectional and longitudinal 

scales were examined thoroughly with statistical analyses, 

comparisons and correlations.  

2. Methods 

2.1. Participants 

This set of imaging and phenotypic data was downloaded after 

approval from the website managed at the NITRC database 

(www.nitrc.org). The multi-model MRI dataset including 

functional/structural/microstructural levels from a large cohort of 
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adult lifespan sample was provided by the Southwest University at 

Chongqing City in China and College of Psychology (https://fcon_ 

1000.projects.nitrc.org/indi/retro/sald.html), known as Southwest 

University Longitudinal Imaging Multimodal (SLIM) project. The 

main purpose of the SLIM project was to uncover the developmental 

trajectory of the human brain and understand the changes 

associated with aging, with the ultimate goal of discovering the 

causes of nervous system diseases related to aging. SLIM dataset of 

brain and phenotypic information with duration of three and a half 

years (acquired during years of 2011-2015) also included rich 

samples of behavior-related demographic, cognitive and emotional 

assessments [1, 3]. 

 

Participants were recruited from the Southwest University with the 

campus network and consisted of college students mainly. Each 

individual was screened to be healthy and no MRI 

contraindications, with exclusion criteria such as history of 

psychiatric disorder, cognitive disability or substance abuse. 

Demographic information of participants for available fMRI 

fALFF/ReHo/VMHC and structural VBM data are listed in Table 1 

for initial time point 1 (TP1), intermediate follow-up time point 2 

(TP2) and later time point (TP3). The mean age of 138 participants 

(83 women and 55 men) was 19.0 ± 0.6 years at initial TP1, and 

average follow-up of 1.1 ± 0.2 years at TP2 as well as 2.6 ± 0.3 years 

interval at TP3 from TP1. For the DTI, 564 participants with baseline 

age of 20.0 ± 1.0 years and two similar follow-up time points (1-3 

years) were processed and compared.  
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  Phenotypic Information Scan Time 1 Scan Time 2 Scan Time 3 

Age (years) 18.99 ± 0.62 20.22 ± 0.49 21.71 ± 0.41 

Follow-up Time (years) - 1.10 ± 0.23 2.59 ± 0.26 

  Intelligence Scale 

Appraisal of Emotion 36.31 ± 3.31 - - 

Monitor of Emotions 27.47 ± 2.25 - - 

Social Ability 21.06 ± 1.92 - - 

Utilization of Emotions 26.10 ± 2.29 - - 

Raven’s CRT Score 62.08 ± 2.97 - - 

  Neuropsychological Test Score 

Depression (BDI) 3.18 ± 1.27 8.23 ± 6.82 3.47 ± 1.96 

State Anxiety (SAN) 28.00 ± 4.08 36.39 ± 9.82 21.94 ± 0.93 

Trait Anxiety (TAN) 31.65 ± 5.11 39.59 ± 9.51 33.50 ± 4.87 

Table 1. Demographic information including age (19.0 ± 0.6 years at initial scan 

time 1), gender (83 women and 55 men with total of 138 participants and 60% 

women), mean follow-up time as well as phenotypic data including emotional 

intelligence (EI) scores of four aspects, combined Raven’s Matrices test (CRT) 

score and neuropsychological measures including Beck’s depression inventory 

(BDI), state anxiety (SAN) and trait anxiety (TAN) tests at three times 

 

Phenotypic data including emotional intelligence (EI) scores of four 

aspects, combined Raven’s Matrices test (CRT) score and 

neuropsychological measures including Beck’s depression 

inventory (BDI), state anxiety (SAN) and trait anxiety (TAN) tests at 

initial time point, and neuropsychological tests including anxiety/ 

depression scores at two follow-up times (Table 1) were also 

collected for correlational analysis [37, 38]. 

2.2. Imaging Parameters and Data Processing 

MRI experiments were performed using the 3T scanner with 

standardized imaging protocols. The 3D MPRAGE sequence was 

run with TR/TI/TE=1900/900/2.52 ms, flip angle=9°, matrix size=256 
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x 256 x 176, resolution=1 x 1x 1 mm3 for reference image used in 

resting-state (RS)-fMRI connectivity/conductivity maps, as well as 

for structural voxel-based morphometry (VBM) analysis. For the 

resting-state (RS)-fMRI data acquired under relaxing condition, a 

standard gradient-echo EPI sequence (TR/TE=2000/30 msec, flip 

angle=90°, number of volumes=242, spatial resolution=3.44 x 3.44 x 

4 mm3) was utilized. DTI data was obtained with standard spin-echo 

EPI sequence (TR/TE=11000/98 msec, flip angle=90°, number of 

diffusion directions=30, three repetitions, b-value=1000 s/mm2, 

spatial resolution=2 x 2 x 2 mm3). 

 

The MRI and fMRI images were processed with the in-house 

developed scripts to derive the VMHC, VBM, ICA-DR, resting-state 

functional connectivity (RSFC) and fractional ALFF (fALFF) maps, 

as described in details in our previous chapters. Graph theory based 

small-worldness systematic analysis was computed to the functional 

connectivity of MRI (fcMRI) data with correlation matrix generated 

from 116 seeds-based RSFC, and comparisons between patients and 

controls were performed. In addition, regional homogeneity (ReHo) 

map was generated to reflect spatially local synchrony of 

spontaneous neuronal activities, after preprocessing the fMRI data 

such as motion correction and low-pass filtering [39, 40].  

 

DTI data were first pre-processed with the Diffusion Toolkit toolbox 

(http://tractvis.org) to obtain the fractional anisotropy (FA) and 

three diffusivity metrics such as axial diffusivity (AD), radial 

diffusivity (RD) and mean diffusivity (MD) values in original B0 

space. For the FA/RD/AD/MD quantification, the FSL tract-based 

spatial statistics (TBSS) toolbox steps 1–2 (i.e. preprocessing, brain 

mask extraction with FA>0.1 and normalization) were used for 

registration of all participants’ FA into the FSL 1-mm white matter 

skeleton template. Statistical comparisons between each of three 

time points were performed to the voxel-wise whole brain and 20 
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tract-based FA/AD/RD/MD data. Both voxel-wise, regional 

functional and structural/micro-structural imaging quantification 

and longitudinal comparisons were also performed to examine any 

alterations during 3-4 year college training periods.  

 

Correlational analysis between imaging quantifications and 

phenotypic data were performed with FSL toolbox including EI, 

aging effects and depression/anxiety scores. And statistical 

longitudinal comparisons as well as causal prediction of later 

neuropsychological measures with imaging data at earlier time 

points were also implemented for all the fMRI fALFF/ReHo/VMHC 

and structural VBM together with DTI metrics using the whole-

brain voxel-wise analyses. Regional and tract-specific quantification 

of DTI metrics and correlations with phenotypic data were also 

performed together with the graph-theory based small-worldness 

efficiency analysis based on the multi-regional fMRI functional 

connectivity data at each time point [41, 42]. 

3. Results 

Significant correlations between fALFF images and EI scores were 

illustrated in Figure 1 as A-C at three time points (TP) respectively 

(P<0.05). Increased EI associations in the visuospatial, medial and 

dorso-lateral frontal regions were observed from TP1 to TP2 and 

TP3; especially the positive correlations between the 

occipital/precuneal/cuneal/ cerebellar/motor neural activities and 

four EI sub-scores but negative correlations between 

orbitofrontal/medial/superior frontal (including ACC)/insular/ 

posterior cingulate neural fluctuation in low-frequency and EI 

metrics. Several regions including insula, basal ganglia, 

hypothalamus, thalamus, superior temporal region, posterior 

cingulate, cuneus, motor and supplementary motor areas also 

presented links between neural activity and four different aspects of 
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EI scores such as social ability and utilization at TP2 with small 

hypothalamus/insular neural activities relating to the EI at initial 

TP1. And initially, negative associations were only seen in scattered 

small regions of motor/supplementary motor and superior temporal 

areas between fALFF and EI metrics. As for trait associations, 

significant correlations between fALFF images and depression/ 

anxiety traits scores (also including Raven’s CRT metric) at three 

time points were displayed in Figure 2 with P<0.05 and A-C for TP1-

TP3 respectively. Multiple regional associations were observed; for 

instance, positive correlation between orbitofrontal fALFF and BDI 

score as well as negative correlations between superior temporal 

fALFF and BDI score at TP1. Some similar regions as in EI 

association such as visuofrontal, motor/supplementary motor areas, 

thalamus and basal ganglia, posterior cingulate and temporoparietal 

regions also presented negative correlations with different aspects 

of the traits scores at three time points. Especially, correlational 

orbitofrontal and motor fALFF at TP1 and occipital fALFF with trait 

anxiety at TP3; insular/subcortical caudate fALFF with state anxiety 

at TP2, association between fALFF in the default mode nodes such 

as medial prefrontal and posterior cingulate as well as in the motor 

area with Raven’s CRT score were observed. Figure 3 showed the 

fALFF prediction of trait scores including fALFF at TP1 and trait 

scores at TP2, fALFF at TP1 and trait scores at TP3, as well as fALFF 

at TP2 and trait scores at TP3 as in A-C respectively. Trait anxiety 

scores at later time TP2 and TP3 could be predicted by fALFF (neural 

activity) in the orbitofrontal, medial frontal and parietal/premotor 

areas at earlier TP1 and TP2 respectively with expected negative 

correlations. Superior temporal fALFF at earlier TP1 and TP2 

predicted depression score at TP2 and TP3, and neural activity at 

TP1 in the motor/supplementary area also predicted depression 

score at TP2. In summary, neural activity in the regions of OFC and 

basal ganglia/thalamus predicted depression score longitudinally, 
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and superior temporal fALFF predicted state and trait anxiety 

scores.  

 

Significant correlations between ReHo images and EI scores at three 

time points (TP) respectively as A for TP1, B for TP2 and C for TP3 

(P<0.05) were illustrated in Figure 4. Regions of orbitofrontal, 

ventral striatum, insula, hippocampus and superior frontal gyrus 

presented negative association between regional homogeneity 

(ReHo) and EI appraisal score at TP1, with more associated regions 

in the superior frontal regions and parahippocampus at TP3. 

Regions of scattered parietal clusters and premotor/motor areas also 

presented positive link between ReHo and EI monitoring and 

appraisal/social ability scores at TP2 primarily; on the other hand, 

ReHo of regions in the superior temporal cortex including insular 

and small dorsolateral frontal cluster correlated positively with the 

EI social ability score at TP2. Finally, ReHo at TP3 in the posterior 

cingulate, inferior temporal region including the fusiform together 

with anterior cingulate related positively to EI appraisal and 

utilization scores, and noticeably ReHo in the motor/premotor and 

superior temporal clusters correlated (also positive) with all four 

aspects of EI scores as well. Significant correlations between ReHo 

images and depression/anxiety traits scores (also including Raven’s 

CRT metric) at three time points (TP) were displayed in Figure 5 A-

C respectively (P<0.05). Regions of orbitofrontal and posterior 

cingulate presented positive associations with trait anxiety and 

depression scores at TP1, but with negative association found 

mainly in the cerebellum, superior temporal and insular regions. 

Orbito, medial and superior frontal regions presented positive link 

between ReHo and Raven’s CRT score, but negative in the temporal 

cortex and cerebellum at TP1. At TP2, regions of scattered 

frontoparietal clusters and premotor/motor areas also presented 

negative link between ReHo and anxiety/depression trait scores. 

While insular/supplementary motor ReHo presented positive 
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association with Raven’s CRT score, but occipito-parietal ReHo 

correlated negatively with Raven’s score at TP2 mostly. Finally at 

TP3, positive associations between ReHo values in the 

motor/premotor and small superior frontal/temporal regions with 

trait/state anxiety scores were exhibited. However, small clusters in 

the orbito-, medial and superior portions of frontal cortex showed 

negative associations between ReHo and trait anxiety score. ReHo 

in the superior temporal/insular/motor/supplementary motor areas 

showed positive correlation with Raven’s CRT score, while negative 

in the frontal/ hippocampal/striatal clusters with Raven’s score.  

 

ReHo prediction of trait scores as ReHo metric at TP1 and trait scores 

at TP2, ReHo at TP1 and trait scores at TP3 as well as ReHo at TP2 

and trait scores at TP3 were displayed in Figure 6 A-C. Longitudinal, 

ReHo prediction showed some similarity as cross-sectional 

correlations such as negative correlations between ReHo at TP1 in 

motor/parietal areas and TS metrics such as depression score at TP2, 

as well as between superior temporal/insular ReHo at TP1 and 

depression score at TP1. Also ReHo in precuneus, frontal pole and 

superior frontal region at TP1 related to depression scores at TP2 

and TP3, while ReHo in the inferior parietal and superior temporo-

occipital regions (left side mostly) predicted trait anxiety score at 

TP3. Finally, ReHo in the occipito-parietal region at TP2 predicted 

depression and state anxiety score at TP3. 

  

Figure 7 presented longitudinal VMHC differences between TP2 

and TP1 in the inferior temporal area, and between TP3 and TP1 in 

the posterior cingulate and inferior parietal regions. No other 

longitudinal changes of functional images such as fALFF/ 

ReHo/ICA-DR network connectivities were found comparing TP2 to 

TP1 or TP3 to TP2/TP1 time points. Correlation maps between 

VMHC and EI/TS scores were displayed in Figure 8 (P<0.05), for 

both cross-sectional and longitudinal predictions. At TP1, significant 
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positive correlations between VMHC in the posterior 

cingulate/striatum regions and the depression scale existed, and 

posterior cingulate VMHC also linked to the state anxiety score. 

Additionally, occipital/precuneus/superior parietal VMHC values 

were associated with the trait anxiety score positively but negatively 

in the cerebellum and medial temporal lobe including 

parahippocampus. Also VMHC in large areas including the 

orbitofrontal, IFG, MPFC, superior temporal, posterior cingulate, 

occipital, supplementary motor regions and cerebellum were 

correlated positively with the Raven’s CRT score. No significant 

correlations between VMHC and other EI scores were found at TP1 

(Figure 8). At TP2, VMHC of small regions in the anterior cingulate, 

occipital/orbitofrontal and cerebellum correlated positively with the 

EI utilization score. Furthermore, VMHC in the cerebellum, 

temporal cortex including amygdala/hippocampus/parahippocampus 

and superior segment, sensorimotor area and occipital lobe showed 

consistently negative associations with the depression/anxiety 

scores at TP2. Moreover, cerebellar/occipital/orbitofrontal and 

superior frontal VMHC were linked to the Raven’s CRT score 

negatively. Finally at TP3, parietal/temporal VMHC correlated with 

depression and anxiety scores negatively; on the other hand, 

orbitofrontal/striatal/supplementary motor VMHC related 

positively to the depression/trait anxiety scores but negatively to the 

Raven’s CRT score. In addition, Figure 9 showed correlation maps 

between earlier VMHC and predicted later trait scores (P<0.05), and 

age correlations of three functional images at initial time point were 

also demonstrated. Interhemispheric correlations (Figure 9 A-C) in 

the temporal cortex including amygdala/hippocampus/parahippo-

campus/superior temporal segments, occipital, posterior cingulate, 

somatomotor and supplementary motor areas, insular, striatum, 

basal ganglia and cerebellum at earlier time points (TP1 & TP2) 

could predict the depression/anxiety scores with negative 

correlations at later time points (TP2 & TP3). As for age correlations 
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with functional quantifications, superior frontal/posterior 

occipital/striatal VMHC showed aging effect with positive 

association (Figure 9D). And ReHo values in the visual cortex 

including the lingual, cuneus and lateral occipital regions in 

addition to the small posterior cingulate/precuneus clusters also 

showed positive aging effect, while negative association found in 

the left superior temporal/insular region. Finally, occipital/ 

cerebellar fALFF linked positively to age, and right 

sensorimotor/motor fALFF related negatively to participant’s age.  

 

Significant correlations between VBM images for gray matter 

density and EI scores at three time points were demonstrated in 

Figure 10 (P<0.05). Strong positive correlations between gray matter 

density in the cerebellum, insular, orbitofrontal, fusiform, cuneus, 

posterior cingulate, medial prefrontal, subcortical caudate and 

putamen regions were observed with the EI scores of four domains 

including appraisal, monitoring, social ability and utilization at 

three time points. Gray matter density in regions of superior 

temporal, dorsolateral prefrontal, motor and supplementary motor 

areas presented negative association with EI scores in four sub-

domains as well. Significant correlations between VBM images and 

trait scores at three time points were present in Figure 11 (P<0.05). 

Cortical temporal regions including hippocampus and 

parahippocampus, orbitofrontal and superior frontal, visual and 

sensorimotor areas demonstrated significant correlations with 

depression and trait/state anxiety scores mainly. Correlations at each 

time point and for different traits were spatially close with mild 

variations such as in the middle temporal, occipital and dorso-lateral 

frontal lobes. Interestingly, cuneal gray matter density correlated 

positively with Raven’s CRT score but negatively with depression 

scale at all three time points, especially at TP1 and TP3. And finally, 

Figure 12 showed gray matter density prediction of trait scores 

(P<0.05). Similar regions such as the middle temporal cortex 
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including amygdala, hippocampus, occipital, orbitofrontal, dorso-

lateral prefrontal (DLPFC) and motor/supplementary motor areas as 

to the cross-sectional correlation results in Figure 11 were observed 

with less spatial spread; but more correlations were present in state 

anxiety prediction. Finally, no significant longitudinal changes of 

gray matter density at later time points (TP2 or TP3) compared to 

earlier time points (TP1 or TP2) were observed (P>0.05) with VBM 

results. 

 

Figure 13 showed significant correlations between FA images and EI 

scores at three time points (P<0.05). Associations between EI 

appraisal score and FA in a few tracts including the thalamic 

radiation, splenium of corpus callosum, internal capsule, cingulum, 

superior longitudinal fasciculus and cortico-spinal tract were 

identified at both time points. No significant correlations between 

FA and EI at initial time point were found, and no longitudinal 

changes of FA values at later time points (TP2 & TP3) were observed 

either (P>0.05). Strong correlations between FA images and 

depression/anxiety traits scores (also including Raven’s CRT score) 

at three time points were displayed in Figure 14 with P<0.05. 

Multiple regional associations were observed; for instance, positive 

correlation between fronto-occipital fasciculus and depression/state 

anxiety scores at TP1 but negative correlation at TP2. Positive 

correlations between cortico-spinal tract and depression score, as 

well as between cingulum/superior longitudinal fasciculus and state 

anxiety were also present at TP3. Moreover, stronger correlations 

between Raven’s CRT score and tracts of cingulum, hippocampus, 

thalamic radiation, internal capsule, uncinate fasciculus were 

observed at TP3 compared to TP2 and TP1. Figure 15 showed FA 

prediction of trait scores (P<0.05), and the microstructural integrity 

of superior longitudinal fasciculus, cingulum, corpus callosum, 

inferior longitudinal fasciculus and cortico-spinal tracts at earlier 
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time (TP1 and TP2) could predict anxiety/depression traits at later 

time (TP2 and TP3).  

 

Significant correlations (P≤0.006) between DTI FA/AD/RD/MD 

tract-specific metrics and EI/TS cognitive scores at initial time point 

(TP1) were displayed in Figure 16. Diffusivities in the tracts of 

cingulum, inferior fronto-occipital fasciculus, inferior longitudinal 

fasciculus, uncinate fasciculus and minor forceps for memory, 

executive function and emotion regulation were tightly and 

negatively associated with the EI and TS phenotypic scores of 

emotion and intelligence. Figure 17 showed strong correlations 

(P≤0.05) between DTI FA/AD/RD/MD tract-specific metrics and 

EI/TS cognitive scores at time point 2 (TP2). Correlations at TP2 

included similar tracts as to TP1 such as cingulum and superior 

longitudinal fasciculus (SLF), but with new cortico-spinal tract that 

linked to Raven’s CRT score as well as major forceps that was related 

to the social ability. Furthermore, Figure 18 presented the significant 

correlations (P≤0.05) between DTI FA/AD/RD/MD tract-specific 

metrics and EI/TS cognitive scores at TP3. Diffusivities in the tracts 

of cingulum, superior longitudinal fasciculus, cortico-spinal tract, 

uncinate fasciculus and major forceps were related to the 

depression/trait anxiety/social ability and utilization of emotion 

scores at later TP3. Quantitative correlational results between tract-

specific FA/diffusivity metrics and EI/traits are listed in Table 2 a-c 

for TP1-TP3 respectively.  

 

Age correlation of DTI axial diffusivity (AD) and mean diffusivity 

(MD) were displayed in Figure 19A and gray matter density with 

VBM in Figure 19B (P<0.05) respectively. Negative associations were 

found between AD/MD with age in several brain tracts including 

inferior longitudinal fasciculus, cortico-spinal tract, thalamic 

radiation, inferior fronto-occipital fasciculus, cingulum and 

uncinate fasciculus. On the other hand, positive age correlation was 
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found in the internal capsule with both limbs and cortico-spinal 

tract. Gray matter densities increased in the hippocampus, 

amygdala, ventral striatum, orbitofrontal, dorso-lateral frontal, 

inferior parietal and scattered occipital regions over time. Decreased 

gray matter density was also seen in the temporal, insular and 

cuneal regions with age.  

 

Tract Name Phenotypic Data DTI r P 

Inferior fronto-

occipital fasciculus L  

EI Appraisal of 

Emotions 

RD -0.166 0.0025 

MD -0.161 0.0032 

Inferior fronto-

occipital fasciculus L  EI Social Ability 

RD -0.172 0.0017 

MD -0.172 0.0017 

Uncinate fasciculus R RD -0.161 0.0032 

Inferior fronto-

occipital fasciculus L  
EI Utilization of 

Emotions 
RD -0.154 0.0049 

Uncinate fasciculus R  -0.169 0.0020 

Cingulum L  

BDI MD 

-0.136 0.0043 

Inferior fronto-

occipital fasciculus L  -0.132 0.0053 

Superior longitudinal 

fasciculus L  -0.131 0.0057 

Superior longitudinal 

fasciculus L  

SAN 

RD 
-0.140 0.0020 

Forceps minor  

AD 

-0.140 0.0020 

Inferior longitudinal 

fasciculus L  -0.144 0.0014 

Superior longitudinal 

fasciculus L  -0.126 0.0053 

Forceps minor  

MD 

-0.138 0.0023 

Superior longitudinal 

fasciculus L  -0.146 0.0013 
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Tract Name Phenotypic Data DTI r P 

 

Superior longitudinal 

fasciculus L  

TAN 

AD -0.118 0.0059 

MD 
-0.123 0.0041 

Table 2a. Significant correlations (P<0.01) between phenotypic data (EI/trait 

scores) and DTI tracts with four metrics of DTI (FA, MD, AD and RD) and 20 

tracts in at initial TP1. L=left, R=right. Expected correlation directions were 

highlighted in bold. 

 

Figure 20 identified significantly increased global efficiency and 

decreased local efficiency (both relative and absolute) at time point 

3 (TP3) compared to time point 2 (TP2), with P<0.0001 for all four 

metrics. The small-worldness normalization factor was also 

decreased, indicating a more optimal and efficient brain network 

topology at later time point after college training. Enhanced results 

were found comparing TP3 to time point 1 (TP1) with both increased 

global absolute/relative and local absolute efficiencies (P<0.0001), 

while local relative efficiency and small-worldness factors were 

relatively close between two time points. Only global relative 

(Lamda) and local absolute (CCFS) efficiencies reached significance 

(P<0.05) comparing TP2 to TP1 with higher local but lower global 

efficiencies and increased small-worldness factor at TP2. 
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Tract Name 
Phenotypic 

Data 
DTI r P 

Superior longitudinal 

fasciculus (tem) L 

EI Appraisal 

of Emotions 

FA 
-0.158 0.0500 

Cingulum R  

AD 

0.241 0.0025 

Superior longitudinal 

fasciculus R  0.200 0.0128 

Cingulum R  
MD 

0.220 0.0059 

Cingulum (hippocampus) R  0.214 0.0076 

Cingulum R  

EI Monitor of 

Emotions 

AD 

0.229 0.0042 

Superior longitudinal 

fasciculus R  0.188 0.0194 

Cingulum R  
MD 

0.225 0.0048 

Cingulum (hippocampus) R  0.202 0.0117 

Forceps major  

EI Social 

Ability 

FA -0.169 0.0358 

Cingulum R  

AD 

0.223 0.0054 

Superior longitudinal 

fasciculus R  0.226 0.0049 

Cingulum (hippocampus) R  

EI Utilization 

of Emotions 

MD 0.159 0.0485 

Cingulum R  

AD 

0.204 0.0110 

Superior longitudinal 

fasciculus R  0.232 0.0039 

Cortico-spinal tract L  
Raven’s CRT AD 

-0.143 0.0489 

Cingulum R  0.172 0.0175 

Table 2b. Significant correlations (P<0.01) between phenotypic data and DTI 

tracts with four metrics of DTI (FA, MD, AD and RD) and 20 tracts in at TP2. 

L=left, R=right. tem=temporal part. Expected correlation directions were 

highlighted in bold.  
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Tract Name Phenotypic Data DTI r P 

Cingulum L  

EI Social Ability 

RD -0.201 0.0217 

Cortico-spinal tract L  
AD 

-0.174 0.0474 

Cortico-spinal tract R  -0.196 0.0256 

Superior longitudinal 

fasciculus L  

MD -0.228 0.0091 

AD -0.202 0.0212 

Cingulum L  
EI Utilization of 

Emotions 

AD -0.192 0.0289 

Superior longitudinal 

fasciculus L  

RD -0.222 0.0110 

AD -0.188 0.0322 

Forceps major  

BDI 

RD 
-0.214 0.0169 

Uncinate fasciculus R  -0.200 0.0259 

Cingulum 

(hippocampus) L  
AD 

0.239 0.0074 

Cingulum 

(hippocampus) R  0.243 0.0065 

Forceps major  
MD 

-0.213 0.0173 

Uncinate fasciculus R  -0.187 0.0373 

Superior longitudinal 

fasciculus L  

TAN 

RD -0.155 0.0201 

AD -0.167 0.0122 

Cingulum 

(hippocampus) R  
MD 

0.132 0.0480 

Superior longitudinal 

fasciculus L  -0.169 0.0113 

Table 2c. Significant correlations (P<0.01) between phenotypic data (EI/trait 

scores) and DTI tracts with four metrics of DTI (FA, MD, AD and RD) and 20 

tracts in at TP3. L=left, R=right.  
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Figure 1. Significant correlations between fALFF images and EI scores at three 

time points (TP) respectively as A for time point 1 (TP1), B for TP2 and C for TP3 

(P<0.05). Increased EI associations in the visuospatial and medial and dorso-lateral 

frontal regions were observed from TP1 to TP2 and TP3; especially the positive 

correlations between the occipital/precuneal/cuneal/cerebellar/motor neural 

activities and four EI sub-scores (red/yellow/green/x-rain colors in C) but negative 

correlations between orbitofrontal/medial/superior frontal (including ACC)/ 

insular/posterior cingulate neural connectivity and EI metrics (violet, gold, cyan 

and x-hot colors in B and C). Several regions including insula, basal ganglia, 

hypothalamus, thalamus, superior temporal region, posterior cingulate, cuneus, 

motor and supplementary motor areas also presented positive links between neural 

activity and four different aspects of EI scores such as social ability and utilization 

at time point 2 (red/yellow/green/x-rain colors in B) with small hypothalamus/ 

insular neural activities relating to the EI at initial time point 1 (yellow/green/x-

rain colors in A). Also initially, negative associations were only seen in scattered 

small regions of motor/supplementary motor and superior temporal areas between 

fALFF and EI metrics (violet, gold, cyan and x-hot colors in A).  
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Figure 2. Significant correlations between fALFF images and depression/anxiety 

traits scores (also including Raven’s CRT metric) at three time points (TP) 

respectively as A for TP1, B for TP2 and C for TP3 (P<0.05). Multiple regional 

associations were observed; for instance, positive correlation between orbitofrontal 

fALFF and BDI score; negative correlations between superior temporal fALFF and 

BDI score at time point 1. Some similar regions as in Figure 1 including frontal, 

motor/supplementary motor areas, thalamus, basal ganglia, and temporoparietal 

regions also presented negative association with different aspects of the traits scores 

at three time points. Especially, correlational orbitofrontal and motor fALFF at 

TP1 and occipital fALFF with trait scores at TP3; insular/subcortical caudate 

fALFF with state anxiety at TP2 were observed. And positive association of 

Raven’s CRT score and fALFF in the occipital, inferior and medial temporal, 

DLPFC, small caudate and thalamus were observed at three time points, in 

addition to the negative association between fALFF in the DMN such as medial 

prefrontal, superior frontal and posterior cingulate, parietal, premotor and motor 

areas.  
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Figure 3. fALFF prediction of trait scores as fALFF at time point 1 (fALFF1) and 

trait scores at time point 2 (TS2) in A; fALFF1 and TS3 in B as well as fALFF at 

time point 2 (fALFF2) and trait TS3 in C. Trait anxiety scores at time point 2 and 

3 could be predicted by fALFF (neural activity) in the orbitofrontal, medial frontal 

and parietal/premotor areas at time point 1 (TP1) and 2 (TP2) respectively (green-

cyan color). Superior temporal fALFF at time point1 and 2 predicted depression 

score at time point 2 and 3 (violet color), and neural activity at time point 1 in the 

motor/supplementary area linked to depression score at time point 2. Generally, 

neural activity in the regions of orbitofrontal and basal ganglia/thalamus predicted 

depression scores longitudinally, and superior temporal /motor/cuneus/inferior 

parietal fALFF predicted state anxiety score. 



102 Structural and Functional Neuroimaging Correlates of Emotion 
 

 

Figure 4. Significant correlations between ReHo images and EI scores at three 

time points (TP) respectively as A for TP1, B for TP2 and C for TP3 (P<0.05). 

Regions of orbitofrontal and ventral striatum, insular, hippocampus and superior 

frontal gyrus presented negative association between regional homogeneity and EI 

appraisal score at time point 1 and more regions in the superior frontal regions and 

parahippocampus at time point 3 (violet color in A & C). Regions of scattered 

parietal clusters and premotor/motor areas also presented positive link between 

ReHo and EI monitoring and appraisal/social ability scores at time point 2 

primarily (yellow, red, green and combined colors in B); and ReHo of regions in 

the superior temporal cortex including insular and small dorsolateral frontal 

cluster correlated positively with the EI social ability score (green color in B) at TP 

2. Finally, at time point 3, ReHo in the posterior cingulate, inferior temporal region 

including the fusiform together with anterior cingulate related positively to EI 

appraisal and utilization scores (orange-red hot color in C), and noticeably 

motor/premotor and superior temporal clusters correlated positively with all four 

aspects of EI scores (mixed red, green, yellow and X-rain colors as X-rain color in 

C).  

 

 



Integrative Imaging in Neurplasticity, Wisdom and Neuropsychiatry       103 

 

 

Figure 5. Significant correlations between ReHo images and depression/anxiety 

traits scores (also including Raven’s CRT metric) at three time points (TP) 

respectively as A for TP1, B for TP2 and C for TP3 (corrected, P<0.05). Regions of 

orbitofrontal and posterior cingulate presented positive associations with trait 

anxiety and depression scores at TP1 (red and x-rain color); however, negative 

correlations were found mainly in the cerebellum, superior temporal and insular 

regions (violet). Orbito, medial and superior frontal regions presented positive link 

between ReHo and Raven’s CRT score (yellow), but negative in the temporal cortex 

and cerebellum at TP1 (gold). At TP2, Regions of scattered frontoparietal clusters 

and premotor/motor areas also presented negative link between ReHo and 

anxiety/depression scales (violet and x-hot colors). While insular/supplementary 

motor ReHo presented positive association with Raven’s CRT score (yellow), but 

occipito-parietal ReHo correlated negatively with Raven’s score at TP2 (gold). 

Finally at TP3, positive associations between ReHo values in the motor/premotor 

and small superior frontal/temporal regions with trait/state anxiety scores were 

exhibited (red, green and x-rain colors). However, small cluster in the frontal 

regions of the orbito, medial and superior portions showed negative associations 

between ReHo and trait anxiety score (x-hot color). ReHo in the superior 

temporal/insular/motor/supplementary motor areas showed positive correlation 

with Raven’s CRT score (yellow), while negative in the frontal/hippo-

campal/striatal clusters with Raven’s score (gold).  
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Figure 6. ReHo prediction of trait scores as ReHo metric at time point 1 (ReHo1) 

and trait scores at time point 2 (TS2) for A together with ReHo at time point 1 

(ReHo1) and trait scores at time point 3 (TS3) in B as well as ReHo at time point 

2 (ReHo2) and trait scores at time point 3 in C. Longitudinal ReHo prediction 

showed some similarity as cross-sectional correlations such as correlations between 

ReHo1 in motor/parietal areas and TS metrics such as depression score at time 

point 2 (red color in C), as well as between superior temporal and insular ReHo1 

and TS2/TS3 measuring depression and anxiety at time points 2 and 3 (negative 

violet, gold and cyan color in A and B). Also ReHo1 in precuneus, frontal pole and 

superior frontal region at time point 1 related to depression score at time points 2 

and 3 (TS2 & TS3) (red color in A&B); and ReHo1 in the inferior parietal and 

temporo-occipital regions (left side mostly) correlated negatively with trait anxiety 

score at time point 3 (cyan color in B). Finally, ReHo2 in the cerebellar, occipito-

parietal, superior temporal and insular and cuneus regions at time point 2 

predicted depression and state anxiety scores at time point 3 (violet and gold colors, 

negative correlations in C).   
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Figure 7. Longitudinal VMHC differences (Diff.) between time point 2 (TP2) and 

time point 1 (TP1) in the inferior temporal area shown with violet color (P<0.05), 

and between time point 3 (TP3) and time point 1 (TP1) in the posterior cingulate 

and inferior parietal regions (yellow color).  
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Figure 8. Correlation maps between VMHC and EI/TS scores (P<0.05). A for 

correlation at TP1 between VMHC and traits score (TS1); B for VMHC at TP2 

and EI score (EI2); C for VMHC images at time point 2 (TP2) and traits score 

(TS2); and D for VMHC at time point 3 (TP3) and traits score (TS3). At time 

point 1 (TP1) in A, significant correlations between VMHC in the posterior 

cingulate/striatum regions related positively to the depression scale (red color) and 

posterior cingulate VMHC also linked to the state anxiety score (green color). 

VMHC of large areas including the orbitofrontal, IFG, MPFC, superior temporal 

including parahippocampus, posterior cingulate, occipital, supplementary motor 

and cerebellum correlated to the Raven’s CRT score (bright yellow color in A). No 

significant correlations between VMHC and other EI scores were found at TP1. At 

time point2, VMHC of small regions in the anterior cingulate, occipital/ 

orbitofrontal and cerebellum correlated with the EI utilization score (x-rain color 

in B). Also VMHC in the cerebellum, temporal cortex including amygdala/ 

hippocampus/parahippocampus and superior segment, sensorimotor area and 

occipital lobe showed consistently negative associations with the depression/ 

anxiety scores (violet, cyan and x-hot colors in C) at TP2. Moreover, 

cerebellar/occipital/orbitofrontal and superior frontal VMHC was linked to the 

Raven’s CRT negatively (orange color). Finally at time point 3 in D, parietal/ 
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temporal/ cerebellar VMHC correlated with depression and anxiety scores 

negatively as well (violet, cyan and x-rain colors); on the other hand, 

orbitofrontal/striatal/supplementary motor/occipital VMHC related positively to 

the depression/trait anxiety scores (red and x-hot colors) but negatively to the 

Raven’s CRT score (orange color).  

 

Figure 9. Correlation maps between VMHC and trait scores (P<0.05). A for 

VMHC at time point 1 (TP1) and traits score at TP2 (TS2); B for VMHC at time 

point 1 (TP1) and traits score at TP3 (TS3); C for VMHC images at time point 2 

(TP2) and traits score at TP3 (TS3). Age correlations of three functional images at 

initial time point 1 were demonstrated in D, including fALFF (red), ReHo (violet) 

and VMHC (green). Interhemispheric correlations (A-C) in the temporal cortex 

including amygdala/ hippocampus/parahippocampus/superior temporal segment, 

occipital, posterior cingulate, somatomotor and supplementary motor areas, 

insular, striatum, basal ganglia and cerebellum at earlier time points (TP1 & TP2) 

could predict the depression/anxiety scores at later time points (TP2 & TP3 with 

x-rain, violet and gold colors). The prediction of VMHC for trait scores increased 

longitudinally from TP1 to TP2, and more tightly linked with larger spatial spread 

at later time. Small clusters in the posterior cingulate/cuneus and lateral occipital 
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regions presented positive correlations between VMHC and depression/state 

anxiety scale (red and green colors in A&B). D: As for age correlations with 

functional quantifications, posterior occipital/striatal VMHC showed aging effects 

(green color) with positive association. And ReHo values in the visual cortex 

including the lingual, cuneus and lateral occipital regions together with small 

clusters of posterior cingulate/precuneus also showed positive aging effect (orange 

color) but negative association in the left superior temporal/insular region. Finally, 

occipital/cerebellar fALFF linked positively to age (red color), while right 

sensorimotor/motor fALFF was negatively correlated with participant’s age (x-

rain color).  

 

Figure 10. Significant correlations between VBM images for gray matter density 

and EI scores at three time points (TP) respectively as A for TP1, B for TP2 and C 

for TP3 (P<0.05). Significant positive correlations between gray matter density in 

the cerebellum, insular, orbitofrontal, fusiform, cuneus, posterior cingulate, medial 

prefrontal, subcortical caudate and putamen regions were observed with the EI 

scores of four domains including appraisal, monitoring, social ability and 

utilization at three time points (red, yellow, green and mixed x-hot color). Gray 

matter density in regions of superior temporal, dorsolateral prefrontal, motor and 

supplementary motor areas presented negative association with EI scores in four 

sub-domains as well (violet, gold, cyan and mixed hot colors).  
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Figure 11. Significant correlations between gray matter density (GBM) images 

from VBM algorithm and trait scores at three time points (TP) respectively as A 

for TP1, B for TP2 and C for TP3 (P<0.05). Cortical temporal including 

hippocampus and parahippocampus, orbitofrontal and superior frontal, visual and 

sensorimotor areas demonstrated significant correlations with depression and 

trait/state anxiety scores mainly. Correlations at each time point and for different 

traits were spatially close with mild variations such as in the middle temporal, 

occipital and dorso-lateral frontal lobes. Interestingly, cuneal gray matter density 

correlated positively with Raven’s CRT score (yellow color) but negatively with 

depression scale (violet) at all three time points, especially TP1 and TP3. 
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Figure 12. Gray matter density prediction of trait scores: significant longitudinal 

correlations between VBM metric at time point 1 (VBM1) and trait scores at time 

point 2 (TS2) for A; VBM1 and trait scores at time point 3 (TS3) in B as well as 

VBM at time point 2 (VBM2) and TS3 in C (P<0.05). Similar to the cross-sectional 

correlation in Figure 11, regions in the middle temporal including amygdala, 

hippocampus, occipital, orbitofrontal, dorso-lateral prefrontal (DLPFC) and 

motor/supplementary motor areas exhibited GMD prediction for traits, with less 

spatial spread and more correlations present in state anxiety prediction (yellow and 

gold colors).  
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Figure 13. Significant correlations between FA images and EI scores at three time 

points (TP) as A for TP2 and B for TP3 (P<0.05). No significant correlations 

between FA and EI at initial time point 1 (TP1) were found, and no longitudinal 

changes of FA at later time points were observed either (P>0.05). Associations 

between EI appraisal score/social ability/utilization and FA in a few tracts 

including the thalamic radiation, splenium of corpus callosum, internal capsule, 

cingulum, superior longitudinal fasciculus and cortico-spinal tract were identified 

at both later time points of TP2 and TP3. 

 

 

Figure 14. Significant correlations between FA images and depression/anxiety 

traits scores (also including Raven’s CRT metric) at three time points (TP) 

respectively as A for TP1, B for TP2 and C for TP3 (P<0.05) respectively. Multiple 

regional associations were observed; for instance, positive correlation between 
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fronto-occipital tracts and BDI state anxiety score at time point 1; but negative 

correlations at time point 2. Positive correlations between cortico-spinal tract and 

depression score, as well as between cingulum/superior longitudinal fasciculus and 

state anxiety with interleaved positive and negative associations along the tracts 

were also present at time point 3. Stronger correlations between Raven’s CRT score 

and tracts of cingulum, hippocampus, thalamic radiation, internal capsule, 

uncinate fasciculus were observed at TP3 compared to TP2 and TP1. 

 

Figure 15. FA prediction of trait scores: significant longitudinal correlations 

between FA at time point 1 (FA1) and trait scores at time point 2 (TS2) for A; FA1 

and trait scores at time point 3 (TS3) in B as well as FA at time point 2 (FA2) and 

TS3 in C (P<0.05). Integrity of superior longitudinal fasciculus, cingulum, corpus 

callosum, inferior longitudinal fasciculus and cortico-spinal tracts at earlier time 

(TP1 and TP2) could predict anxiety/depression traits at later time (TP2 and TP3).  
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Figure 16. Significant correlations (P≤0.006) between DTI FA/AD/RD/MD 

tract-specific metrics and EI/TS cognitive scores at initial time point 1 (TP1). 

IFOF=Inferior fronto-occipital fasciculus; SLF=Superior longitudinal fasciculus; 

ILF=Inferior longitudinal fasciculus; L=Left, R=Right. Diffusivities in the tracts of 

cingulum, inferior fronto-occipital fasciculus, inferior longitudinal fasciculus, 

uncinate fasciculus and minor forceps for memory, executive function and emotion 

were strongly and negatively associated with the EI such as social ability and 

appraisal/utilization of emotions, as well as TS phenotypic scores of emotion and 

intelligence.  
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Figure 17. Significant correlations (P≤0.05) between DTI FA/AD/RD/MD tract-

specific metrics and EI/TS cognitive scores at middle time point 2 (TP2). 

SLF=Superior longitudinal fasciculus; CST=cortico-spinal tract; 

hippo.=hippocampus; L=Left, R=Right. Correlations at TP2 including similar 

tracts as to initial TP1 such as between cingulum and SLF, as well as new links 

between cortico-spinal tract and Raven’s CRT score, between major forceps and 

the EI social ability score.  
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Figure 18. Significant correlations (P≤0.05) between DTI FA/AD/RD/MD tract-

specific metrics and EI/TS cognitive scores at later time point 3 (TP3). 

SLF=Superior longitudinal fasciculus; CST=cortico-spinal tract; 

hippo.=hippocampus; L=Left, R=Right. Diffusivities in the tracts of cingulum, 

superior longitudinal fasciculus, cortico-spinal tract, uncinate fasciculus and 

major forceps were related to the depression/trait anxiety/social ability and 

utilization of emotion scores at later TP3. 

 

Figure 19. Age correlation of DTI axial diffusivity (AD) and mean diffusivity 

(MD) in A and gray matter density with VBM in B (P<0.05). Negative 

associations were present between axial and mean diffusivities (AD and MD) and 
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age in several brain tracts including inferior longitudinal fasciculus, cortico-spinal 

tract, thalamic radiation, inferior fronto-occipital fasciculus, cingulum and 

uncinate fasciculus (violet and yellow colors in A). On the other hand, positive age 

correlations were found in small clusters in the internal capsule with both limbs 

and cortico-spinal tract (red and green colors in A). Gray matter density increased 

in the hippocampus, amygdala, ventral striatum, orbitofrontal, dorso-lateral 

frontal, inferior parietal and scattered occipital regions (green and x-rain colors in 

B) with slightly elderly age. Decreased gray matter densities were also seen in the 

temporal, insular and cuneus regions in older individuals as negative correlation 

shown in x-hot color.  

 

 

Figure 20. Significantly increased global efficiency and decreased local efficiency 

(both relative and absolute) at time point 3 (TP3) compared to time point 2 (TP2), 

with P<0.0001 for all four metrics in A and decreased small-worldness 

normalization factor in B. Enhanced results were found comparing TP3 to time 

point 1 (TP1) with both increased global absolute/relative and local absolute 

efficiencies (P<0.0001), while local relative efficiency and small-worldness factors 

were relatively close between two time points. Only global relative (Lamda) and 

local absolute (CCFS) efficiencies reached significance (P<0.05) comparing TP2 to 

TP1 with higher local but lower global efficiencies and increased small-worldness 

factor at TP2. 

A BA B
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4. Discussion 

4.1. Summary of Results 

For the fALFF correlational results, several regions presented 

significantly positive correlations between fALFF neural activities 

and four aspects of EI scores including insula, hypothalamus, 

cuneus and motor areas at all three time points. Longitudinally, 

increased associations between fALFF and EI scores were observed 

in the visuospatial regions, medial and dorso-lateral prefrontal 

portions. Negative associations were also present in a few clusters 

such as the orbitofrontal cortex, posterior cingulate and superior 

frontal regions. For trait association, fALFF neural activities in some 

similar regions such as frontal, motor/supplementary motor areas, 

thalamus, basal ganglia and temporoparietal regions also revealed 

negative associations with different aspects of the traits scores at 

three time points. A few other regions including the orbitofrontal 

and occipital fALFF correlated positively with trait anxiety and 

depression scores. And fALFF in the occipital, inferior and medial 

temporal, DLPFC, small caudate and thalamus presented positive 

association with Raven’s CRT score. However, some negative 

associations in the DMN, premotor and motor areas also existed, 

possibly due to the conventional compensation role of these 

negative associated regions. In terms of prediction, fALFF (neural 

activity) in the orbitofrontal, medial frontal and parietal/premotor 

areas at earlier TP1 and TP2 related to trait anxiety scores at later 

time of TP2 and TP3, while superior temporal /motor/cuneus/ 

inferior parietal fALFF predicted state anxiety score. Furthermore, 

neural activity values in the regions of orbitofrontal and basal 

ganglia/thalamus at earlier time points were positively associated 

with depression scores at later time, and superior temporal/ 

motor/supplementary motor fALFF predicted depression with 

negative association.  
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For the ReHo associations, EI scores including all four aspects were 

positively associated with regional homogeneity in the 

parietal/superior temporal cluster and premotor/motor areas during 

especially later time point 3 (TP3) and earlier TP2. While further 

regions of posterior cingulate, inferior temporal cortex including the 

fusiform together with anterior cingulate related positively to EI 

appraisal and utilization scores at TP3. Regarding the trait 

association, negative association was found mainly in the superior 

frontal and insular region. Regions of scattered frontoparietal 

clusters and premotor/motor areas also presented negative link 

between ReHo and anxiety/depression scores at TP2. During all the 

three time points, Raven’s CRT score was positively associated with 

ReHo values in the orbitofrontal and superior frontal, insular, 

superior temporal and motor/supplementary motor areas. For the 

trait prediction, similar correlation results as to the cross-sectional 

findings were found, including negative correlations between 

earlier ReHo values in motor/parietal/temporo-occipital regions and 

later trait metrics such as depression and anxiety scores. 

 

For the VMHC, significant longitudinal increments in the inferior 

temporal area at TP2 compared to TP1 were observed, together with 

the posterior cingulate and inferior parietal regions comparing TP3 

to TP1 time points. Also VMHC correlated negatively with the trait 

scores in the cerebellum and medial temporal lobe at TP1, while 

parietal/temporal VMHC correlated with depression and anxiety 

scores at TP3. Moreover, VMHC of large areas including the 

orbitofrontal, IFG, MPFC, superior temporal including 

parahippocampus, posterior cingulate, occipital, supplementary 

motor and cerebellum correlated to the Raven’s CRT score at TP1. 

At TP2, VMHC values in the cerebellum, temporal cortex including 

hippocampus/parahippocampus and superior segment, 

sensorimotor area and occipital lobe showed consistently negative 

associations with the depression/anxiety scores. For the prediction, 
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VMHC in the temporal cortex including hippocampus/parahippo-

campus/ superior temporal segment, occipital, posterior cingulate, 

somatomotor and supplementary motor areas, insular, striatum, 

basal ganglia and cerebellum at earlier time point had been revealed 

to predict trait scores at later time. The prediction of VMHC for trait 

scores increased longitudinally from TP1 to TP2, and more tightly 

linked with larger spatial spread at later time as well as enhanced 

negative associations for depression and state anxiety especially. 

VMHC only correlated with EI scores at TP2, including 

interhemispheric correlations of small regions in the anterior 

cingulate, occipital/orbitofrontal and cerebellum association with 

the EI utilization score. As for aging effects, ReHo values in the left 

superior temporal/insular region and fALFF values in the right 

sensorimotor/motor area showed negative correlation, while 

VMHC/fALFF/ReHo in large areas of occipital lobe showed positive 

correlation with participant’s age. 

 

On the other hand, structural gray matter density and white matter 

fractional anisotropy showed fewer correlations with the EI and 

traits scores compared to functional imaging metrics. Particularly, 

significantly positive correlations between gray matter density in 

small clusters of the cerebellum, insular, orbitofrontal, fusiform, 

cuneus, posterior cingulate, medial prefrontal, subcortical caudate 

and putamen regions were observed with the EI scores of four 

domains at three time points. While cortical temporal regions 

including hippocampus and parahippocampus, orbitofrontal and 

superior frontal, visual and sensorimotor areas demonstrated 

significant correlations and predictions with depression and 

trait/state anxiety scores mainly. Associations between EI appraisal 

score and FA in a few tracts including the thalamic radiation, 

splenium of corpus callosum, internal capsule, cingulum, superior 

longitudinal fasciculus and cortico-spinal tract were identified at 

later time points TP2 and TP3. Correlations between cortico-spinal 
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tract and depression score, as well as between cingulum/superior 

longitudinal fasciculus and state anxiety with interleaved positive 

and negative associations were discovered. Finally, diffusivities 

metrics including AD and RD from several tracts including 

cingulum, superior longitudinal fasciculus, cortico-spinal tract, 

uncinate fasciculus and major forceps showed expected correlations 

with EI and traits scores. Age-related gray matter density decreases 

were also observed in small temporal, insular and cuneus regions in 

individuals at initial time point, and axial/mean diffusivity values 

increased with age in small clusters in the internal capsule with both 

limbs and cortico-spinal tract. Also axial and mean diffusivities (AD 

and MD) were negatively associated with age in several brain tracts 

including inferior longitudinal fasciculus, cortico-spinal tract, 

thalamic radiation, inferior fronto-occipital fasciculus, cingulum 

and uncinate fasciculus. And significantly increased global 

efficiency and decreased local efficiency at later TP3 compared to 

TP2 and TP1 were identified, indicating a more optimal and efficient 

brain network topology at later time point after college training. 

 

Given the population of this study that was college students with 

follow-up times of one-year and three-year educational experience, 

the quantitative results in this chapter were most likely reflecting the 

training and learning benefits for important qualify of life 

improvements in several aspects including knowledge of arts and 

science, characteristics, creativity, emotional regulation, vision, 

intelligence and social abilities. Further after-college follow-ups and 

correlation with other phenotypic profile such as creativity and 

quality-of-life index will be explored in the future studies. 

4.2. Relating to Other Published Works 

EI had been found to modulate the neural mechanism underlying 

the cognitive control tasks, and could be predicted by the working 
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memory updating for emotional stimuli in females [43, 44]. The FPN 

together with the anterior insular and MPFC were activated for 

sustained emotional feelings in participants, aside from the regions 

for emotional images and words [45]. In addition, the cerebellar 

functional network contributed to all intrinsic networks via 

multiple, interdigitated (i.e., internal modeled) and spatially 

ordered mode to monitor and synchronize main cortical networks 

of cognition and emotion [46]. Moreover, performance-based ability 

EI seemed to have higher emotional processing abilities, and was 

validated in another study for specific performance-based working 

memory capacity tests [47, 48]. Arts, especially performance arts 

such as music, painting and dancing could stimulate brain and gain 

neuroplasticity, posing positive therapeutic effects to brain 

neurological injuries [49].  

 

A common model of cognition (CMC) had been proposed based on 

the human connectome data analysis with a shared architectural 

artificial intelligence principle that subserved brain function across 

multiple cognitive domains [50]. Simultaneous activations of several 

large-scale neuronal networks such as DMN, CEN and SN, all 

consisting of frontal and parietal regions, were the characteristics of 

highly creative and innovative individuals [51]. Interactions among 

several neural systems of the creative cognition and drive as well as 

associated neuromodulatory systems could be further integrated to 

elucidate the creativity, motivation, mood and states that shaped 

human mind and idea production process [52]. For instance, it had 

been reported that DMN and CEN were cooperated dynamically to 

support complex cognitive processes including goal-directed self-

reference [53]. Increased functional connectivity between bilateral 

inferior parietal cortex and dorsolateral prefrontal cortex was found 

in high-creativity group, suggesting greater cooperation between 

cognitive control and imaginative processes in brain [54]. Further 

longitudinal analysis revealed that slower rate of gray matter 
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atrophy in the left frontoparietal and right frontotemporal clusters 

enhanced creativity, and right DLPFC was the most robust predictor 

of future creativity ability in young adults over follow-up interval of 

three years [55]. Also age-specific changes in productivity-related 

functional connectivity network were present in several typical 

networks such as DMN, CEN, FPN, SN, VN and cerebellum, with 

more spatial spread in younger compared to older adults [56].  

4.3. Conclusion 

In this chapter, we had investigated neural correlates of emotional 

intelligence and depression/anxiety traits at both cross-sectional and 

two longitudinal time points for a representative college-based 

population. For instance, fALFF/ReHo/VMHC in inferior parietal, 

motor/premotor and frontal regions including orbitofrontal and 

superior frontal segments as well as temporal cortex such as 

hippocampus were correlated with intelligence scores and trait 

metrics. In line with the results presented in previous two chapters, 

these regions showed improvements of neural activity, synchrony 

and integration, myelin-related conductivity, morphological and 

microstructural connectivity for better performance during skills 

training and knowledge accumulation. Also significantly increased 

global efficiency and decreased local efficiency at later time point 

TP3 compared to earlier time points TP2 and TP1 were identified, 

indicating a more optimal, ordered and efficient brain network 

topology at later time point after college training. Reviews of 

emotional and general intelligence as well as anxiety/depression 

neuroimaging findings together with related topics such as cortical 

mapping and CMC for arts/science and creativity provided further 

validation and confirmation. Consistent with reported findings, our 

integrative functional and structural results indicated expected and 

quantitative brain neuroplasticity enhancement during 3-4 year 
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college education and learning periods that might gain long-term 

wisdom/creativity and could help protect against disease challenge. 
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Chapter 4 

Brain Changes Associated with Movies 

and Pictures 

Abstract 

The purpose of this chapter was to investigate both longitudinal session 

and conditional effects of fMRI paradigm including movie and flankers 

stimulation on brain, as well as the associated phenotypical correlations. 

With ICA-DR algorithm, both session and conditional effects were 

observed. For instance, during movie-watching, session-differences were 

reflected in the regions of medial orbitofrontal cortex, medial and superior 

frontal cortex, middle temporal gyrus, inferior parietal lobe, angular gyrus, 

motor/premotor area and visual cortex including subregions V1-V5, 

precuneus, cuneus, lingual, intracalcarine and occipital pole. Conditional 

network-based connectivity alterations such as movie vs. resting and 

inscape vs. resting comparisons involved mostly precuneus and inferior 

parietal gyrus. These dynamic network-based correlational changes 

indicated significant and specific visuo-motion enhancement of 

emotion/creativity/social communications that were related to the movie 

contents and brain cognitive processing. Significant functional network 

topological property with increased local and global network efficiencies 

(absolute) at later compared to earlier sessions for all conditions including 

movie and resting state were identified.  

 

Significantly higher global VMHC Z-value during inscape stimulation 

compared to rest (P=0.02) and movie conditions (P=0.01) were observed. 

Global functional activity/conductivity z-value variations of each condition 

and session were exhibited additionally, such as relatively higher 

movie/inscape fALFF neural activity compared to rest/flankers conditions. 

Phenotypic associations were also revealed with fMRI metrics, including 

positive correlation between fALFF during movie watching condition and 

internal-state of hunger score as well as negative correlation between 

fALFF/VMHC global z-values during inscape stimulus and internal 
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hunger/full scores. With dFNC connectogram analysis, similar distribution 

of mean dwell time of all six states in several sessions were observed with 

significantly lower mean dwell time in later session compared to baseline. 

Consistent with previous findings, our quantitative and multiparametric 

imaging results remained relatively consistent for different types of visual 

stimulations and tasks, suggesting temporal or long-term neuroplasticity 

and brain connectogram improvement from artistic and training paradigm 

such as movie and flankers. 

 

Keywords: neuroplasticity, movie, inscape, flankers, task fMRI, movie 

paradigm, between-session variability, between-condition differences, 

visual cortex, arts perception, aesthetic, internal state, training effects, 

dynamic functional network connectivity, temporal dynamics, 

connectogram, dwell time, frequency, occupancy, visual cortex, angular 

gyrus, precuneus, cuneus, lingual, intracalcarine, occipital pole, medial 

orbitofrontal cortex, medial prefrontal cortex, superior frontal gyrus, 

emotion, creativity, social communications, brain network topology, long-

term neuroplasticity 

1. Introduction 

Watching movie paradigm with fMRI could be used to improve 

brain function and characterize individual variation due to different 

contents, culture, background and environment [1]. Several issues 

had been addressed regarding the specific length and focused 

smooth activation patterns of movie fMRI, for the applications in 

neuroscience and neuropsychiatry. As an example, for the four 

conditions including movie/inscape/flankers/resting scanned over 

12 times, across-session functional connectivity variation based on 

intraclass correlation coefficient metric was found to be greater than 

between-condition differences [2]. In other words, condition 

reliability or repeatability was high in frontoparietal and default 

mode networks (FPN and DMN), and comparable but slightly lower 

for between-session repeatability. The consistencies of different 

movie-watching functional connectivity patterns were further 
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validated and connectivity results were predicted to be 

generalizable [3]. Also neural activity measured directly from 

magnetoencephalography (MEG) and reflected from blood oxygen-

level dependent (BOLD) fMRI responses during movie viewing 

were in agreement mostly for the occipital cortex that also had 

strongest stimulus-dependent associations for each modality 

separately, followed by temporal and frontal lobes [4]. As for brain 

activation during video clip with naturalistic viewings, brain 

regions in the superior frontal area (BA6), inferior/superior parietal 

lobe together with DMN and insular/rolandic operculum were co-

activated [5]. And during smooth pursuit in free movie viewing 

compared to saccades, middle cingulate extending to precuneus and 

temporoparietal junction had higher neural activities; while the 

superior temporal sulcus, inferior precuneus and supplementary 

eye field responded more to the background motion. These 

visuospatial capabilities suggested detectable prominent eye 

movements such as smooth pursuit besides saccade that involved 

more visual subregion V2 in the complex dynamic picture/movie 

watching situation [6]. Neural correlates of movie-enhanced 

emotional states such as surprise were exhibited in the DMN as 

high-level error monitoring center including the medial prefrontal 

node, in addition to the hippocampus and ventral striatum [7]. Also 

the sensorimotor cortex dynamic signal was specific to the 

temporally varying sensory events in a fine-grained manner, even 

during passive observation of movie [8]. Moreover, engagement 

with video stimuli such as preference and recall indicated neural 

similarity at temporal lobe and cerebellum that might be related to 

sensory integration and emotional processing [9]. Finally, 

classification accuracy including input imaging features from large 

regions of interest corresponding to visual naturalistic movie stimuli 

was higher and could be used to assess natural cognitive processing 

effects during movie watching [10]. 
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The condition-specific functional connectivity fluctuations in the 

occipital and temporal regions during movie-watching were 

revealed, and reorganized more to the frontal and less to the parietal 

lobes based on dynamic and principle component analyses [11]. 

Also using synchronous fluctuation quantification, high inter-

subject similarity coincided with lower network modularity and 

higher inter-network connectivity that were possibly due to more 

network integration and less segregation [12]. Dynamic functional 

connectivity increased in both ventral and dorsal visual streams 

with high stability during naturalistic movie watching together with 

the DMN (not the sensory-motor network) at resting state, while 

primary visual cortex stability was decreased under movie 

condition [13]. Distinguishable brain regions were involved 

regarding to different contents of the movie; for instance, medial and 

lateral prefrontal regions, frontal pole and posterior-inferior 

temporal/parietal/cingulate gyri as well as conventional amygdala 

exhibited lower activity, while longer frontal pole activation pattern 

existed for processing humor and novelty of the comedic events [14]. 

 

Viewing comedy movies in schizophrenia patients presented lower 

synchronous activity in the temporal, supramarginal and inferior 

parietal regions compared to controls, and clinical symptom 

correlated with the lower frontoparietal activity for humor 

processing in brain [15]. Also increased insular and attentional 

effective connectivity between cortical regions involved in attention 

and interoception as well as possible state switching disruption in 

melancholia during emotional film viewing had been reported [16]. 

Furthermore, adolescents with greater depressive symptoms 

presented atypical fMRI response such as dissimilarity to the rest of 

the group during movie viewing but similar item-level depressive 

profile including comparable corresponding brain activation 

patterns, while these changes were not present in depressive 

children [17].  
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The purpose of this chapter was to investigate both longitudinal 

session and conditional effects of fMRI paradigm including movie 

and flankers stimulation on brain together with associated 

phenotypical correlations. Inter-session differences of functional 

connectivity of typical networks and quantitative VMHC/ 

ReHo/fALFF/topological efficiencies for neural activity/network 

correlation/conductivity were further examined, especially during 

movie-watching condition and were linked to the internal state 

behavioral scores.  

2. Methods 

2.1. Participants and Imaging Data 

Imaging and phenotypic data were downloaded after approval from 

the website managed at NITRC and healthy brain network serial 

scanning initiative (HBN SSI) (http://fcon_1000.projects.nitrc. 

org/indi/IndiPro. html). Further information and some other DTI 

related and full-movie data were also available from the Child Mind 

Institute Healthy Brain Network (CMI-HBN), which shared the 

open science large-scale multimodal connectomics-based imaging 

dataset focusing on child and adolescent mental health and learning 

disorders [18-21]. Imaging data of 13 healthy adults (age range: 21-

42, mean of 30.3 years) were scanned at 3T MRI repeatedly for 12 

sessions acquired over 2 month periods, and four conditions were 

applied for each session. These four conditions included 10 minutes 

each of resting state (RS), naturalistic viewing of Inscape that 

consisted of moving abstract shapes with varying field-of-views, 

naturalistic viewing of movie clips from “Raiders of the Lost Arc” 

(Movie) and finally Flanker task. The orders of four conditions 

during each session were randomized and counter-balanced across 

the 12 sessions. MR data acquired with different orders were sorted 

and analyzed separately for each condition at each session to 
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compare the differences and also evaluate test-retest reliabilities of 

fMRI data [22, 23]. 

2.2. Imaging Parameters and Data Processing 

Four MRI experiments were performed using the 1.5T MRI scanner 

with standardized imaging protocols. The 3D MPRAGE sequence 

was run with TR/TI/TE=2730/1000/1.64 ms, flip angle=9°, matrix 

size=256 x 256 x 176, resolution=1 x 1x 1 mm3 for reference image 

used in RS-fMRI activity/connectivity/conductivity maps, as well as 

for structural morphological analysis. For the resting-state 

(RS)-fMRI data acquired, a standard gradient-echo EPI sequence 

(TR/TE=1450/40 msec, number of volumes=420, spatial 

resolution=2.5 x 2.5 x 2.5 mm3) was utilized [2].  

 

The MRI and fMRI images at baseline and four longitudinal sessions 

with equal intervals including session numbers of 2, 6 10 and 14 

acquired over 2 month periods were re-ordered and post-processed 

with the in-house developed scripts to derive the VMHC, VBM, 

ICA-DR, ReHo map, graph theory based small-worldness 

systematic analysis and dFNC, using the similar methods described 

in previous chapters and our recent works [24]. Correlations 

between functional quantitative MRI metrics such as 

fALFF/VMHC/ReHo and phenotypic data such as internal state 

questionnaire of hungry, thirst and full scales before and after scan 

(ISQ and ISQ2 respectively) were also performed to examine the 

associations between imaging and behavior/neural cognitive 

metrics under four conditions including movie watching. 

3. Results 

Significant between-session differences (with total of four) in movie-

related network connectivity were presented in Figure 1 A-C 
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(P<0.001), with relatively larger between-session differences 

compared to between-condition results. Regions in the medial 

orbitofrontal cortex, medial and superior frontal cortex, middle 

temporal gyrus, inferior parietal lobe, angular gyrus, 

motor/premotor area, primary visual cortex subregions V1-V5, 

lateral occipital clusters including precuneus, cuneus, lingual, 

intracalcarine and occipital pole showed significant and specific 

longitudinal visuo-motion enhancement and emotion/creativity/ 

social interaction network connections during movie watching. 

Figure 1D showed differences between conditions such as movie vs. 

resting and inscape vs. resting comparisons, with mostly precuneus 

and inferior parietal gyrus involved. Figure 2 presented functional 

network topological property changes during movie watching with 

increased local and global network efficiencies (absolute) at later 

compared to earlier sessions. Similar functional network topological 

property changes during resting condition were observed including 

higher local and global network efficiencies (absolute) at later 

sessions as shown in Figure 3. Network sparsity level increased 

compared movie to resting conditions, possibly due to slightly 

higher local efficiency with movie watching stimulation (Figure 3). 

In contrast to the between-session differences, functional network 

topological properties under four conditions were almost identical 

for all sessions, and representative early session 2 (SSV2) was 

illustrated in Figure 4. Also Figure 5 illustrated close functional 

network topological properties under four conditions at end session 

14 (SSV14).  

 

Evaluations of global quantitative fALFF Z-values and sub-bands 

S4/S5 changes during four different conditions (Rest, Inscape, Movie 

and Flankers in Figure 6A) at different sessions (SSV2-SSV14 in 

Figure 6B) were performed. Variations of each condition and session 

could be observed, such as relatively higher movie/inscape fALFF 

neural activity compared to rest/flankers conditions and relatively 
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higher activity at sessions SSV6 and SSV10. There were no 

significant statistical differences between sessions and conditions for 

all global fALFF comparisons. Figure 7 showed comparison of 

VMHC global Z-values during four types of conditions (Rest, 

Inscape, Movie and Flankers) at different sessions (SSV2-SSV14) as 

well. Significantly higher VMHC Z-value during inscape 

stimulation compared to both rest (P=0.02) and movie (P=0.01) were 

discovered for the between-condition difference comparisons. 

Larger VMHC values at later sessions were also observed compared 

to early ones, including both inscape stimulation (SSV14 vs. SSV10, 

P=0.01) and movie condition (P=0.01 comparing session SSV6 to 

SSV2; P=0.002 comparing SSV14 to SSV2 and P=0.04 comparing 

SSV14 to SSV10). No other significant voxel-wise VMHC or fALFF 

or ReHo differences between-condition or between session were 

found with P>0.05.  

 

Significant correlations (|r|>0.62, P<0.05) between fMRI 

fALFF/VMHC global Z-values and phenotypic score of ISQ 

measuring full, hunger and thirst states were displayed in Figure 8. 

Strong associations between global Z-value of fALFF (full band and 

lower band S5) during movie watching condition and ISQ/ISQ2 

hunger score were observed. On the other hand, only negative 

associations between fALFF/VMHC global z-values during inscape 

and ISQ/ISQ2 hunger or full scores existed as well. Quantitative 

results between two metrics are listed as:  

1). Movie fALFF S4 and ISQ2 Hunger, r=-0.7205, P=0.0285; 

2). Inscape fALFF S4 and ISQ2 Full, r=-0.6925, P=0.0264; 

3). Inscape fALFF S4 and ISQ Hunger, r=-0.6382, P=0.0471; 

4). Movie fALFF S5 and ISQ Hunger, r=0.6865, P=0.0411; 

5). Inscape fALFF S5 and ISQ Full, r=-0.7260, P=0.0414; 

6). Movie fALFF S5 and ISQ2 Full, r=-0.6322, P=0.0499; 

7). Movie fALFF and ISQ Hunger, r=0.7973, P=0.0178; 

8). Movie fALFF and ISQ2 Hunger, r=0.7185, P=0.0446; 
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9). Inscape VMHC and ISQ2 Hunger, r=-0.6216, P=0.041. 

Figure 9 demonstrated the distribution of dynamic dwell time in 

each of the six states for four longitudinal sessions based on the 

dFNC analysis, with evenly distribution of number of occurrences 

at each state in session SSV10 and slightly less dynamics at end 

session. Bar plots of mean dwell time and fractional occupancy of six 

states in different sessions showed significantly lower mean dwell 

time in session SSV10 compared to baseline SSV1 with P=0.037 

(Figure 10). Similar distributions of dwell time of all six states in 

three sessions of SSV1, SSV2 and SSV6 were indicated in Figure 11. 

The distribution pattern of mean dwell time in SSV14 was different 

than all the previous sessions with bi-modal peaks compared to the 

single peak distribution of all earlier four sessions including baseline 

(Figure 12).  
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Figure 1. Significant session (A-C) and stimulus effects in movie-related intra- 

and inter-network connectivity (P<0.001) including the DMN, frontal CEN, MN, 

VN and FPN. Regions in the medial orbitofrontal cortex, medial and superior 

frontal cortex, middle temporal gyrus, inferior parietal lobe, angular gyrus, 

motor/premotor area, visual cortex subregions V1-V5, occipital lobe including 

precuneus, cuneus, lingual, intracalcarine and occipital pole showed significant 

and specific visuo-motion enhancement and emotion/creativity/social interaction 

network connections during movie watching at latter sessions. Panel D showed 

differences between conditions such as movie vs. resting and inscape vs. resting, 

with mostly precuneus and inferior parietal gyrus involved. 
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Figure 2. Functional network topological property changes during movie 

watching: increased local and global network efficiencies (absolute) at later sessions 

compared to earlier ones.  

 

Figure 3. Similar functional network topological property changes during resting 

condition (condition R): increased local and global network efficiencies (absolute) 

at later sessions. Compared movie to resting conditions, network sparsity level 

increased, possibly due to slightly higher local efficiency during movie watching 

stimulation.  



142 Brain Changes Associated with Movies and Pictures 
 

 

Figure 4. Close functional network topological properties under four conditions at 

initial session SSV2.  

 

Figure 5. Close functional network topological properties under four conditions at 

end session SSV14.  
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Figure 6. Evaluation of fALFF and sub-bands S4/S5 changes (panel 1-3 

respectively) during four different conditions (Rest, Inscape, Movie and Flankers 

in A) at different sessions (SSV2-SSV14 in B). Variations of each condition and 

session could be observed, such as relatively higher movie/inscape fALFF neural 

activity compared to rest/flankers conditions and relatively higher activity at 

session SSV6 and SSV10. There were no significant statistical differences between 

sessions and conditions for all six subplot comparisons.  
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Figure 7. A: Comparison of VMHC global Z-values during four different 

conditions (Rest, Inscape, Movie and Flankers) at different sessions (SSV2-

SSV14). Significantly higher between-condition VMHC Z-value during inscape 

stimulation compared to rest (P=0.02) and higher VMHC compared inscape to 

movie conditions as well (P=0.01) were observed. B: Significantly higher between-

session VMHC at later sessions compared to early ones during inscape (SSV10 vs. 

SSV14, P=0.01) and movie condition (P=0.01 comparing SSV6 to SSV2; P=0.002 

comparing SSV14 to SSV2 and P=0.04 comparing SSV14 to SSV10).  
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Figure 8. Significant correlations (|r|>0.62, P<0.05) between fMRI 

fALFF/VMHC global Z-values and phenotypic score of internal state 

questionnaire ISQ & ISQ2 measuring full, hunger and thirst. Strong positive 

associations between fALFF (full band and lower band S5) global Z-value of movie 

watching condition and ISQ hunger score were observed. On the other hand, 

negative associations between fALFF and VMHC global z-values during inscape 

and ISQ hunger or full scores existed as well.  
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Figure 9. Distribution of dynamic dwell time in each of the six states for four 

longitudinal sessions based on the dFNC analysis. Evenly distributions for number 

of occurrences at each state (in the range of 13%-20%) in session SSV10 were 

observed, with slightly less dynamics at end session.  
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Figure 10. Barplots of mean dwell time and fractional occupancy of six states in 

different sessions. Significantly lower mean dwell time in session SSV10 compared 

to baseline SSV1 with P=0.037. No other between-session differences of mean dwell 

time or frequency existed with P>0.05.  

 

Figure 11. Similar distribution of mean dwell time of all six states in three sessions 

SSV1, SSV2 and SSV6.  
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Figure 12. The distribution of mean dwell time in SSV14 was different than all 

the previous sessions with bi-modal peaks compared to the single peak distribution 

of all earlier four sampled sessions. Pattern of dwell time in SSV10 was similar to 

previous SSV1-SSV6 patterns in Figure 11.  

4. Discussion 

4.1. Summary of Results 

With ICA-DR algorithm, both session and conditional effects were 

observed for multiple intra- and inter- network connectivities and 

relatively larger between-session difference compared to between-

condition variation were revealed. For instance, session-differences 

during movie-watching were reflected in the regions of medial 

orbitofrontal cortex, medial and superior frontal cortex, middle 

temporal gyrus, inferior parietal lobe, angular gyrus, motor/ 
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premotor area, visual cortex including V1-V5, occipital clusters 

including precuneus, cuneus, lingual, intracalcarine and occipital 

pole. Conditional network-based connectivity alterations such as 

movie vs. resting and inscape vs. resting comparisons involved 

mostly precuneus and inferior parietal gyrus. These dynamic 

network-based correlational changes indicated significant and 

specific visuo-motion enhancement and emotion/creativity/ 

social interactions that were possibly related to the movie contents 

and brain cognitive processing. Based on graph theory implemented 

to the functional connectivity data, detectable between-session 

differences could also be observed but with quite close between-

condition parameters. Furthermore, significant functional network 

topological property with increased local and global network 

efficiencies (absolute) at later sessions compared to earlier sessions 

in all four conditions including movie and resting state were 

identified.  

 

For global functional quantification, significantly higher VMHC Z-

value during inscape stimulation compared to rest (P=0.02) and 

movie conditions (P=0.01) were observed. No other significant 

between-condition or between-session differences of VMHC were 

found with P>0.05. For ReHo and fALFF, there were no significant 

statistical differences between sessions and conditions. Slight 

variations of fALFF/ReHo metrics among different condition and 

session could be observed, such as relatively higher movie/inscape 

fALFF neural activity compared to rest/flankers conditions and 

relatively higher activity at middle sessions of SSV6 and SSV10. 

Phenotypic associations were observed between fMRI metrics, 

including positive correlation between fALFF during movie 

watching condition and ISQ hunger score before and after scans as 

well as negative correlation between fALFF/VMHC global z-values 

during inscape stimulus and ISQ hunger/full scores.  
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With dFNC connectogram analysis, similar distribution of mean 

dwell time of all six states in three sessions of SSV1, SSV2 and SSV6 

were observed. Significantly lower mean dwell time in session 

SSV10 compared to baseline SSV1 existed, and the distribution of 

dwell time in SSV14 was different than all the previous sessions with 

bi-modal peaks compared to the single peak distribution of all 

earlier four sessions. 

4.2. Summary of Related Imaging Findings 

4.2.1 Visual Perception and Pathway in Brain 

The inferior parietal sulcus (IPS) activation for object-motion 

isolation and perceptual integration processing were found to 

modulate the early visual area responses by fast global template 

extraction and efficient visual inputs direction for the first 

impression such as within the early 100 ms [25, 26]. As expected, the 

visual attention areas in response to the natural scene viewing (such 

as painting or passively watching movie) for object localization were 

enhanced along the visuospatial attention-salient elements pathway 

for projection and information allocation [27]. And the primary 

visual cortex V1 and V2 areas played important roles in both 

elementary visual features and fine representations of natural scene 

that were joined and represented further in the higher-level visual 

processing including V4 for color mapping and V3/V5 for global 

motion detection and pattern integration [28, 29]. The low and mid-

level or intermediate stages corresponding to visual scene 

perception, pattern information and initial semantic processing 

utilized multimodal analysis such as both visual and auditory 

contribution that occurred more in the posterior ventral temporal 

cortex in addition to the early visual areas and multi-layer visual 

regions as well as occipitotemporal junction [30]. Moreover, the 

neural activity pattern in the hippocampus differentiated between 
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episodic elements including people, locations and narrative contents 

such as stories, forming the spatial map encoding for short-term 

narrative-context representation and memory consolidation [31]. 

And the dorsomedial prefrontal cortex (DMPFC) was found to be 

involved in social interactions between playing characters, while the 

co-varied regions including inferior parietal and temporal areas 

were specifically tuned to faces and actions [32]. The brain basis for 

these complex social communications shared similar consciousness 

state and inter-subject neural synchronization [33]. 

4.2.2 Visual Arts including Writing/Calligraphy/Painting Related 

Neuroimaging Findings 

Writing-specific regions including superior/middle frontal gyri, 

intra-parietal sulcus/superior parietal area and cerebellum in 

addition to the general motor functional areas such as 

sensorimotor/supplementary motor/motor and subcortical 

striatum were discovered during handwriting experiment with 

neuroimaging techniques [34]. Also visual perception of complexity 

for artistic images and mathematical fractals centered more within 

the relatively high alpha and beta bands in the occipitoparietal 

regions, and the parietal alpha power reflected neural substrates for 

complex stimuli [35]. Gray matter volume in the right precuneus and 

posterior cingulate cortex for long-term Chinese calligraphic 

handwriting (CCH) was reduced, and was associated with attention 

and meditation [36]. Moreover, the executive control network from 

resting-state functional connectivity and corresponding cognitive 

function of inhibition and updating were improved with long-term 

CCH [37]. The global and local efficiencies of brain network 

topological configuration in the frontoparietal network, basal 

ganglia, subcortical thalamus and limbic system were increased in 

the CCH group compared to controls [38]. Further, enhanced 

activations for possible aesthetic experience in the superior parietal 
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lobe, anterior cingulate and insula were identified comparing 

conditions of watching the creation of calligraphy image to no 

observation [39]. Also increased activations of premotor/motor areas 

as well as orbitofrontal and prefrontal areas were reported during 

observation of abstract paintings, possibly for detailed cortical 

appreciation of static meaningless art and reward perception [40]. 

Using effective connectivity analysis, the ventral striatum was 

driven by the visual signal when viewing art but not by non-art 

images, regardless of individual esthetic preferences [41]. Increased 

connectivity between visual cortex sub-region V4 and ventro-lateral 

prefrontal cortex during color naming as well as higher gray matter 

activation were discovered in painting-major individuals compared 

to non-majors [42]. In addition, narrative comprehension linked 

brain networks such as DMN for simulating features and behavior 

dynamically, as well as the somatomotor, visual and ventral 

attention functional connectivity systems that were sensitive to 

movie and intermediate low-demand pattern video such as inscape 

conditions compared to resting state [43, 44]. Taken together, 

viewing painting arts engaged several systems such as occipital and 

temporal lobes for visual representation and object/scene 

recognition, ventral striatum and orbitofrontal cortex/hypothalamus 

for reward perception as well as posterior cingulate cortex in the 

DMN and insular structure for emotional experience and 

internalized cognitions [45]. 

4.2.3 Aesthetic Perception Related Findings 

Several brain regions and systems were related to the aesthetic 

perception or artistic work assessments, including the dorsolateral 

prefrontal cortex (DLPFC), medial orbitofrontal cortex (mOFC) and 

insula. For instance, anterior insula was reported to be activated for 

aesthetic appraisal of artworks for the social needs and 

psychological satisfaction, and the prefrontal white matter 
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neuroplasticity change reflected creativity gain in the art students 

compared to non-art controls [46, 47]. Also the mOFC activity was 

enhanced during the experience of musical and visual beauty, while 

the DLPFC played critical role for aesthetic appreciation of paintings 

and photographs [48, 49]. In addition to the valuation modulation of 

ventromedial prefrontal cortex (vmPFC), DLPFC had also been 

revealed to control cognitive and emotion responses by removing 

the monetary favors (executive function and appreciation role 

against other judgment bias) in response to the art-viewing task with 

reward incentive paradigm [50]. Greater functional integration of 

the DMN as well as environmentally driven attention control of the 

salience and attentional neural networks (SN) during movie 

watching in adulthood predicted the fluid intelligence in the way 

that stronger expression of communication profile with essential 

element variability and information related to higher intelligence 

[51]. 

4.2.4 Movie and Arts Therapy 

In children with autism compared to typically developed children, 

less synchrony in the social cognition regions (related to theory of 

mind) such as mOFC, temporoparietal junction and lateral 

prefrontal cortex were reported, together with the abnormal 

functional integration and segregation during movie-watching [52, 

53]. Applications of fMRI in several major psychiatric disorders had 

achieved great success and involved several advanced topics such 

as fine experiment paradigm and improved disease classifications 

together with integrative protocol of genetic, phenotypic and 

multiomic data for better pathophysiological interpretation [54]. 

Specifically, functional connectome for intra- and inter- network 

correlational quantification identified hyper-connectivity between 

DMN, salience and attentional networks (SN) in youth with 

attention-deficit and hyperactivity disorder (ADHD) [55]. In 
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schizophrenia, distributed network alterations with functionally 

disconnected star nodes in brain were in agreement with the 

psychosis hypothesis based on computational connectomics [56]. 

And in first-episode psychosis patients, less correlation between 

precuneal function and movie fantasy contents was found compared 

to controls with ~80% disease classification accuracy including 

positive symptom score [57]. Moreover, several studies had also 

investigated the contribution from movie paradigm of social 

cognition for better understanding of neural mechanisms in anxiety 

and autism disorders, as well as applying advanced connectome-

based models to predict participant’s phenotypic assessments such 

as processing speed, memory and attention in aging [58]. The fMRI 

inter-subject correlations (ISC) were higher in the DMN for ADHD 

but weaker in attentional network compared to controls, during the 

post-scan recall of a multi-talker film with auditory background 

distraction [59]. Aside from ISC, revealing network interactions 

during complex naturalistic conditions and dynamic longitudinal 

connectome alteration to quantify movie-watching connectivity 

changes relative to resting state and conventional tasks hold certain 

potentials in pediatric and neurodevelopmental disorder 

applications [60].  

4.3. Conclusion 

In conclusion, both session and condition effects were observed such 

as watching inscape and movie; including relatively larger between-

session differences in distinct visual areas such as V1-V5 as well as 

lingual and precuneus for significant and specific longitudinal 

visuo-motion enhancement of emotion/creativity/ social 

communication that were in response to the movie contents, visual 

perception and cognitive processing. Functional global 

quantification of neural activity and interhemispheric correlation 

values were associated with internal state scores of hungry and full 
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scale before and after scans. Increased local and global efficiencies of 

later session compared to earlier ones for all four conditions 

indicated improvement of neural resource utilization after training 

and knowledge buildup. Our multiparametric imaging 

quantification results were consistent with previously reported 

findings, and emphasized the fine detailed and specific brain 

regional activations in visual arts and aesthetic evaluation as well as 

visual insight profits during movie/picture viewing. And these 

results remained relatively consistent for different types of visual 

stimulations and tasks, suggesting temporal or long-term 

neuroplasticity and brain connectogram improvement from artistic 

and training fMRI paradigms. 
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Chapter 5 

Integrative Imaging Applications in 

Attention-Deficit and Hyperactivity Disorder  

Abstract 

The purposes of this chapter were to investigate further brain structural 

and functional changes in Attention-deficit and hyperactivity disorder 

(ADHD) including both combined (AC) and inattention (AI) subtypes 

compared to typically developed (TD) children with available structural 

and functional MRI data using multiple advanced imaging methods. For 

both structural gray matter density (GMD) and interhemispheric 

correlation, AC group presented significantly larger GMD and VMHC 

values compared to TD and AI, and relatively close values between AI and 

TD were found. Specifically, medial orbitofrontal cortex, temporal pole, 

anterior cingulate, cuneus and supplementary motor area presented both 

higher values of GDM and VMHC in AC group that might be related to the 

hyperactivity and attentional deficits in ADHD. Small clusters in the 

cerebellum, temporal and dorsolateral regions also showed atrophy in AI 

group compared to TD.  

 

For functional connectivity differences with ICA-DR algorithm, reduced 

intra- and inter-network connectivities of posterior DMN, visuo-temporal, 

thalamic-occipital and fronto-temporal networks were observed in AC 

group compared to TD and AI. However, increased network connectivities 

in the visual, frontal, anterior DMN, thalamo-temporal and anterior 

cingulate-FPN regions were found in AC group. Both relative local 

efficiency and small-worldness weighting factor were lowest in the AC 

group but highest in the AI group, while the absolute local and global 

efficiencies were abnormally highest in AC but lowest in AI group. Based 

on dFNC analysis, reversal dFNC connectogram patterns for most states 

were revealed in AC compared to TD. The mean dwell time was lower in 

AC compared to TD, and was significantly lower in the AI patients 

compared to TD group. Our quantitative multiparametric imaging results 
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showed reliable and rigorous brain changes in ADHD and subtypes 

compared to TD controls. 

 

Keywords: attention-deficit and hyperactivity disorder, ADHD-inattentive 

subtype, combined ADHD, typically-developed controls, hyperactivity, 

attentional deficits, medial orbitofrontal cortex, striatum, insula, cuneus, 

temporal pole, ventral striatum, hypothalamus, default mode network, 

frontoparietal network, salience network, motor network, visual network, 

central executive network, resting state, reversal pattern, functional 

connectivity, gray matter density, thalamo-cortical network, efficiency, 

multiparametric imaging, ICA-DR, VMHC, neural correlates, clinical 

symptom 

1. Introduction 

1.1. Overview 

Attention-deficit and hyperactivity disorder (ADHD) is a relatively 

high prevalent neurodevelopmental disease, having about 6.3% 

prevalence rate worldwide based on the Diagnostic and Statistical 

Manual of mental disorders (DSM-IV) criteria [1, 2]. It had been 

reported that age and family socioeconomic status affected the 

prevalence of ADHD in children and adolescents, with more 

comorbid symptoms such as less impulsivity additionally in adults 

[1, 3]. ADHD could be classified into the primarily combined ADHD 

(ADHC-C or AC) and ADHD-inattentive (ADHC-I or AI) subtypes 

from the typically-developed (TD) controls [4]. Disruptions of brain 

anatomical and functional networks together with abnormal 

network topology and connectivity patterns had been reported in 

ADHD with neuroimaging data recently [3, 5-7]. The purposes of 

this section are to review the brief findings of ADHD-related 

imaging studies and subtypes including impairments of 

attentional/reward/motor networks, and outline the objectives of 

our comprehensive investigation for this chapter. 
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For instance, it had been reported that both intra- and inter- network 

hyper-connectivities were observed in ADHD (especially AC and 

not AI) group compared to TD, including higher within-anterior 

DMN, inter- CEN-SN, subcortical-VN and DMN-SN connections in 

patients compared to TD children [5]. On the other hand, lower 

large-scale network modularity was also present in AC (not in the 

AI) subtype in addition to greater loss of network segregation, and 

was associated with the behavioral and internalization phenotypic 

scores in these abnormal children. With 8-week brain computer 

interface-based intervention, the hyper-connectivity between task-

positive networks (such as SN, CEN and MN) and task-negative 

networks (such as anterior DMN) were reduced, with less associated 

inattentive/internalizing problems through renormalization of 

functional network processing such as SN [8]. Moreover, the 

function connectivity of MRI (fcMRI) between DMN and SN 

correlated with ADHD symptomatic total score, and inter- MN-CEN 

fcMRI correlated with hyperactivity index in ADHD children while 

inter- DMN and limbic network impairments were exhibited more 

in the adult patients [3]. Abnormal structural and functional 

connectivities of DMN, MN and cerebellum together with 

deterioration of fronto-striato-thalamic tract in ADHD-C as well as 

FPN and VN disruption in ADHD-I subtypes were consistently 

implicated, highlighting network organization differences in two 

sub-types and from controls [9]. Additionally, ADHD-I patients had 

higher nodal degree (functional connectivity strength) in the 

hippocampus compared to both AC and TD groups, also higher in 

the supramarginal gyrus/calcarine and superior occipital cortex than 

AC as well as higher amygdala degree than TD. And ADHD-C 

group had further lower nodal degree in the rolandic operculum 

and middle temporal pole than TD controls, although higher in the 

subcortical putamen and anterior cingulate [10]. Lower nodal 

efficiency and functional connectivities in the DMN and MN in AC 

compared to TD groups were validated in another study, and 
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correlated with dimensional ADHD clinical scores [11]. Also 

combinations of fcMRI with ReHo and fALFF utilizing abnormal 

functional activity and connectivity patterns could reach high 

classification specificity (85%) for identifying ADHD patients from 

controls [12]. Classifiers incorporating multiple impaired networks 

in ADHD such as intra-DMN and inter- SN-DMN/CEN 

connectivities in both children and adults could reach 84% accuracy 

of ADHD-healthy controls (HC) classification in children and 81% 

in adults [12]. 

 

Furthermore, the functional dysconnectivities of these specific 

networks including DMN, FPN, SN and MN (e.g., hyper inter- FPN-

DMN and FPN-CEN but hypo FPN-SN and FPN-VN connections) 

altered attention and sensory functions of multimodal integration as 

well as high cognitive-level processes such as reward enforcement 

and response inhibition in ADHD [13, 14]. Further reduced 

activation in the fronto-striatal regions including multiple frontal 

clusters, striatal caudate and globus pallidus in response inhibition 

task were demonstrated in ADHD children, in addition to the less 

intensity of superior parietal lobe (sensorimotor area) in the selective 

attention task in ADHD compared to controls [15]. The neural 

hypofunction in the frontostriatal and FPN circuits were replicated 

in other response inhibition tasks in ADHD with more recent studies 

and through utilization of advanced statistical analysis methods 

[16]. Interestingly, the inattention symptomatic level modulated the 

fcMRI between DMN and FPN, while the cortico-subcortical 

networks such as SN determined the reward processing in ADHD 

[17]. The reinforcement such as monetary incentive delayed task 

improved reward responsiveness that was selectively associated 

with SN in ADHD patients, together with compensatory visual 

network [18]. Lower intra-sensory as well as inter- sensory and 

DMN stepwise functional connectivities were identified, and were 

inversely correlated with the ADHD clinical severity scale [19]. In 
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addition to the conventional fcMRI, novel dynamic functional 

network correlation (dFNC) revealed disrupted dynamics such as 

more dwell time in the hyper-connected states but less in the 

segregated network states in ADHD [20]. Also connectomics 

method with maturational lag analysis observed significant 

dynamic correlation differences between DMN and FPN/SN (two 

task-positive networks), that might underlie the pathophysiology of 

attentional dysfunction in ADHD [21]. 

1.2. Objectives 

Brain functional connectivity and activity changes had been 

reported in ADHD and subtypes, especially inter- and intra- 

network modulations. The purposes of this chapter are to 

investigate further brain structural and functional changes in ADHD 

combined and inattention subtypes compared to typically 

developed children with available structural and functional MRI 

data using multiple advanced imaging methods. ICA-DR and dFNC 

were further implemented in addition to conventional VBM/VMHC 

analyses with the hope to reveal the underlying disease mechanism 

of ADHD and provide therapeutic guidance with thorough detailed 

review and discussion.  

2. Methods 

2.1. Participants 

From a large cohort of ADHD-200 samples (http://fcon_1000. 

projects.nitrc.org/indi/adhd200/index.html), 25 TD children, 7 

ADHD-AC and 9 ADHD-AI child patients were selected to study 

ADHD-related brain changes from TD and subtype differentiation 

including AI. Imaging data were downloaded after approval from 

the website managed at NITRC and provided by the Peking 
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University in Beijing, China. More information was available at the 

INDI Prospective Data Sharing Samples ADHD project hosted by 

NITRC [22-25].  

 

The participants were recruited for MRI scans with clinical diagnosis 

such as the ADHD Rating Scale (ADHD-RS) IV for measuring 

ADHD dimensional symptoms, and participants also met the 

following criteria: right-handedness and full scale Wechsler 

Intelligence Scale for Chinese Children-Revised (WISCC-R) score of 

greater than 80, no lifetime history of head trauma with loss of 

consciousness, no history of neurological disease and no diagnosis 

of either schizophrenia, affective disorder, pervasive development 

disorder or substance abuse. Psychostimulant medications were 

withheld at least 48 hours prior to scanning, and study was 

approved by the Research Ethics Review Board at Institute of Mental 

Health of the Peking University [26-29].  

2.2. Imaging Parameters and Data Processing 

MRI experiments were performed using the 3T scanner with 

standardized imaging protocols. The 3D MPRAGE sequence was 

run with TR/TI/TE=2530/1100/3.39 ms, flip angle=9°, matrix size=256 

x 208 x 176, resolution=1 x 1x 1 mm3 for reference image used in RS-

fMRI activity/connectivity/conductivity maps, as well as for 

structural voxel-based morphometry (VBM) analysis. For the 

resting-state (RS)-fMRI data acquired under relaxing condition, a 

standard gradient-echo EPI sequence (TR/TE=2000/30 msec, flip 

angle=90°, number of volumes=236, spatial resolution=3.13 x 3.13 x 

3.6 mm3) was utilized.  

 

The MRI and fMRI images were processed with in-house developed 

scripts to derive the VMHC, VBM, ICA-DR, resting-state functional 

connectivity (RSFC) and fractional ALFF (fALFF) maps, as described 
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in details in previous chapters and our recent works [30-32]. 

Between-group comparisons of quantitative post-processed images 

were performed with advanced statistical tools using AFNI package 

and FMRIB Software Library (FSL, http://www.fmrib.ox.ac.uk/fsl) 

toolbox. Graph theory based small-worldness systematic analysis 

was computed to the functional connectivity of MRI (fcMRI) data 

with correlation matrix generated from 116 seeds-based resting state 

functional connectivity (RSFC), and comparisons between patients 

and controls were performed. 

 

Relatively new dynamic dFNC connectogram and regional 

homogeneity (ReHo) map together with typical VMHC, ICA-DR, 

fALFF, and small-worldness analyses were performed to the data 

cohorts. Six typical and important functional networks were used 

for dFNC analysis as in previous chapter, including default mode 

network (DMN), frontoparietal network (FPN), salience network 

(SN), motor network (MN), visual network (VN) and central 

executive network (CEN or EN). In addition, regional homogeneity 

(ReHo) map was generated to reflect spatially local synchrony of 

spontaneous neuronal activities, after preprocessing the fMRI data 

such as motion correction and low-pass filtering using Analysis of 

Functional NeuroImages (AFNI, http://afni.nimh.nih.gov) 3dReHo 

command. The coefficient of concordance between time series of 

center and neighborhood voxels was computed (e.g., 27 voxels were 

used as default values including the face, edge and node-wise 

spatial neighbors) for each voxel of the 4D fMRI data, and Z-score 

was derived for voxel-wise between-group comparison and global 

mean statistical quantification [33-35]. 

3. Results 

Significant gray matter density differences among three groups 

using VBM with P<0.01 were displayed in Figure 1. Comparing 
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ADHD-C group to TD participants, higher gray matter densities 

were observed in the medial orbitofrontal cortex, anterior cingulate, 

DMN including posterior cingulate and medial prefrontal cortex 

(MPFC), cuneus, superior temporal region and small clusters in the 

supplementary motor area in AC group (Figure 1A). Comparing AC 

to AI groups, higher gray matter densities with similar pattern as in 

A with less significant level was present, together with additional 

somatosensory and motor areas in AC (Figure 1B). Gray matter 

atrophies in the subcortical caudate/putamen, amygdala and 

cerebellum were identified in AC group compared to AI on the other 

hand. Small clusters in the cerebellum, temporal and caudate regions 

also showed higher GMD in AI group compared to TD (Figure 1C), 

but atrophies in scattered visual, insular and motor areas.  

 

Figure 2 demonstrated VMHC differences among three groups 

(P<0.001). Higher interhemispheric correlations were identified in 

large areas of occipital cortex, cerebellum and thalamus, scattered 

regions of anterior temporal, striatum, basal ganglia, amygdala, 

cuneus, orbitofrontal, anterior cingulate and supplementary motor 

areas for the AC group compared to TD participants. Slightly lower 

VMHC in the cuneus was found in AC group as well. Comparing 

AC to AI group, similar difference pattern was identified, including 

higher VMHC in the occipital, temporal, insula, anterior cingulate 

and orbitofrontal regions in AC. Small clusters in the rectus, 

amygdala, hippocampus and supplementary motor area showed 

higher VMHC in AI group compared to TD, but VMHC was lower 

in the superior temporal and lingual regions in the AI group.  

 

ICA-DR algorithm identified intra- and inter-network connectivity 

differences comparing AC to TD groups (Figure 3, P<0.01). For 

instance, lower visuo-temporal, posterior DMN, thalamic-occipital, 

FPN-VN and fronto-temporal network connectivities were observed 

in AC group compared to TD. On the other hand, increased intra- 
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and inter- visual, thalamo-temporal, visuomotor, CEN-DMN, 

frontal, temporal and FPN-CEN connectivities were also present in 

AC group, possibly for compensation and re-routing. Figure 4 

showed the ICA-DR based intra- and inter-network connectivity 

differences comparing AC to AI groups (P<0.01) with some common 

network changes as in Figure 3 with slight differences. Lower VN-

SN, VN-MN, thalamic-occipital, frontal-DMN, SN-temporal and 

fronto-temporal inter-network connectivities were observed in AC 

group compared to AI. However, increased intra- and inter- visual, 

frontal, thalamo-temporal, VN-DMN, CEN-SN, SN-FPN, frontal-

SN, temporo-occipital and CEN-FPN network connectivities were 

also present in AC group.  

 

Small clusters in the insula, posterior cingulate and somatosensory 

cortices showed lower connectivities in AI compared to TD groups, 

but higher in small inferior parietal region, cerebellum, caudate and 

MPFC (Figure 5, P<0.01). Small-worldness analysis with the 

functional connectivity data identified lowest relative local 

efficiency and small-worldness configuration factor in AC group, 

but highest in the AI group. Similar global efficiencies were present 

in three groups, with lowest absolute local efficiency in AI but 

highest in AC groups (Figure 6).  

 

Frequency and mean dwell time of all 6 six states were demonstrated 

in Figure 7 (A&C for ADHD-AC subtype B&D for AI respectively). 

Compared to AI group, AC group tended to stay in lower dwell time 

states more often, presenting a less optimal distribution of brain 

dynamic states. The mean dwell time was lower in AI and AC 

patients compared to TD group, with significant differences 

between AI and TD (P=0.025) and a trend (P=0.07) in AC compared 

to TD groups (Figure 8A). However, no significant differences of 

fractional occupancy between groups existed (Figure 8B). 

Connectogram of six states in TD children and ADHD-AC group 
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were displayed in Figure 9 A and B respectively. Reversal dFNC 

pattern in AC for most states (S1-6 except state 4) was revealed 

compared to TD. Group mean functional fALFF and ReHo images 

presented no significant statistical differences among three groups. 

Slightly lower frontal neural activity but higher in the cerebellum of 

ADHD-C compared to TD were identified (Figure 10). On the other 

hand, higher synchrony in the motor and visual areas primarily but 

lower subcortical putamen and cerebellum ReHo in AC were 

revealed as well. 

 

Figure 1. Significant gray matter density differences among three groups using 

VBM with P<0.01. A: Comparing ADHD-C (AC) group to TD participants: 

higher gray matter densities (GMD) were observed in the medial orbitofrontal 

cortex, anterior cingulate, posterior cingulate, cuneus, superior temporal region 

and small clusters in the supplementary motor area in AC group (red color). B: 

Comparing AC to AI groups, higher GMD with similar pattern as in A were 

present, together with additional somatosensory areas and motor areas. Gray 
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matter atrophies in the subcortical caudate/putamen, amygdala and cerebellum 

were identified in AC group on the other hand (blue). C: Small clusters in the 

cerebellum, temporal, caudate regions also showed higher GMD in AI group 

compared to TD, but atrophies in scattered regions of the visual, insular and motor 

areas existed for AI as well.  

 

 

Figure 2. VMHC differences among three groups (P<0.001). A: Higher 

interhemispheric correlations were identified in large areas of occipital cortex, 

cerebellum and thalamus, scattered regions of anterior temporal, striatum, basal 

ganglia, amygdala, cuneus, orbitofrontal, anterior cingulate and supplementary 

motor areas for the AC group compared to TD participants. Slightly lower VMHC 

in the cuneus were found in AD group as well. B: Comparing AC to AI group, 

similar pattern as in A were found in AC group, including higher VMHC in the 

occipital, temporal, insula, anterior cingulate and orbitofrontal regions. C: Small 

clusters in the rectus, amygdala, hippocampus and supplementary motor area 

showed higher VMHC in AI group compared to TD, but VMHC were lower in the 

superior temporal and lingual regions in the AI group.  
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Figure 3. ICA-DR algorithm identified intra- and inter-network connectivity 

differences comparing AC to TD groups (P<0.01). Lower visuo-temporal, posterior 

DMN, thalamic-occipital, temporal-SN, VN-FPN and occipito-frontal network 

connectivities were observed in AC group compared to TD (blue color). On the 

other hand, increased intra- and inter- visual, thalamo-temporal, visuomotor, VN-

DMN, CEN-SN, FPN-CEN connectivities were also present in AC group (red 

color), possibly for compensation and normal regulation.  
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Figure 4. ICA-DR based intra- and inter-network connectivity differences 

comparing AC to AI groups (P<0.01) identified some common network changes as 

in Figure 3 with sight differences. Lower VN-SN, VN-MN, thalamic-occipital, 

frontal-DMN, SN-temporal and fronto-temporal inter-network connectivities 

were observed in AC group compared to AI (blue color). However, increased intra- 

and inter- visual, frontal, thalamo-temporal, VN-DMN, CEN-SN, SN-FPN, 

temporo-occipital and FPN-CEN network connectivities were also present in AC 

group (red color), similarly as in Figure 3.  
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Figure 5. Small clusters in the insula, posterior cingulate and somatosensory 

showed lower connectivities in AI compared to TD groups, but higher in small 

inferior parietal, cerebellum, caudate and medial frontal regions (P<0.01).  
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Figure 6. Small-worldness analysis with the functional connectivity data 

presented lowest relative local efficiency and small-worldness configuration factor 

in AC group, but highest in the AI group. Similar global efficiencies were present 

in three groups, with lowest absolute local and global efficiencies in AI but highest 

in AC groups.  
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Figure 7. Frequency and mean dwell time of all 6 six states in ADHD-C (A&C) 

and ADHD-I (AI, B&D). Compared to AI group, AC group tended to stay in lower 

dwell time states more often, with a less optimal distribution of brain dynamic 

states.  

 

Figure 8. A: The mean dwell time was lower in AI & AC patients compared to TD 

group, with significant differences between AI and TD (P=0.025) and a trend 

(P=0.07) in AC compared to TD groups. B: No significant differences of fractional 

occupancy between groups. 
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Figure 9. Connectogram of six states in TD children (A) and ADHD-AC group 

(B). Reversal dFNC patterns of majorities of inter-network connections in AC for 

most states (S1-S6 except S4) such as S1 and S5 listed as in the left-most and 

middle-bottom panels were revealed compared to TD group. 
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Figure 10. Group mean functional fALFF and ReHo images without significant 

statistical differences. Slightly lower frontal neural activity (red in AC vs. violet 

color in TD) but higher in the cerebellum in ADHD-AC compared to TD were 

identified. On the other hand, higher synchrony in the motor and visual areas 

primarily but lower subcortical putamen and cerebellum ReHo in AC were 

revealed as well (green in AC vs. gold color in TD groups).  
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4. Summary and Discussion 

4.1. Summary of Results 

For both structural gray matter density (GMD) and interhemispheric 

correlation, ADHD-AC group presented significantly larger GMD 

(such as in DMN and MN) and VMHC (such as in occipital/ 

thalamus/cerebellum) values compared to TD and AI, and relatively 

close values between AI and TD were observed additionally. For 

instance, medial orbitofrontal cortex, temporal pole, anterior 

cingulate cortex, cuneus and supplementary motor area presented 

both higher values of GDM and VMHC in AC group that might be 

related to the hyperactivity and attentional deficits. Small clusters in 

the cerebellum, temporal and dorsolateral regions also showed 

atrophy in AI group compared to TD. And extra-large areas in the 

occipital lobe, cerebellum and thalamus also presented higher 

VMHC in AC compared to AI and AD groups. Moreover, small 

clusters in the rectus, amygdala, hippocampus and supplementary 

motor area showed higher gray matter density in AI group 

compared to TD. 

 

For functional connectivity differences with ICA-DR algorithm, 

reduced intra- and inter-network connectivities of VN-SN, thalamic-

occipital, MN-VN and CEN-SN networks were observed in AC 

group compared to TD and AI. However, increased intra- and inter-

network connectivities of the VN, anterior DMN, oribitofrontal, 

thalamo-temporal, and CEN-FPN regions were found in AC group. 

Consistent with reported findings, affected typical networks of 

DMN, CEN, FPN, SN, MN, VN connections implicated disruption 

of internalized cognitive state integration, motivation, motor, 

visuospatial ability, executive control and inhibitory functions. 

Small clusters in the posterior cingulate and somatosensory cortices 

showed lower connectivities in AI compared to TD groups, but 
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higher in small regions of cerebellum, caudate, inferior parietal and 

medial frontal cortices. Both relative local efficiency and small-

worldness weighting factor were lowest in the AC group, but 

highest in the AI group, while the absolute local and global 

efficiencies were abnormally highest in AC but lowest in AI group. 

The higher efficiency values in AI group might indicate the 

intermediate stage and possible protective mechanism in patients. 

Based on dFNC analysis, reversal dFNC connectogram patterns in 

AC compared to TD for most states (five out of all six) were revealed. 

Similar to the epilepsy patient results [35], AC group tended to stay 

in lower dwell time states more often, with a less optimal 

distribution of brain dynamic states. The mean dwell time was lower 

in AC compared to TD, and reached significance in the AI patients 

in comparison to TD group. Taken together, our multiparametric 

functional connectivity/activity results were consistent with the 

typical imaging deficits in ADHD, with additional dynamic 

connectogram and high-level inter-network modulation as well as 

conductivity/structural abnormality confirmations.  

4.2. Comparison with Previous Multimodal Findings 

Lower white matter fractional anisotropy (FA) values were observed 

in the corona radiata, longitudinal fasciculus, thalamic radiation, 

internal capsule and the sagittal striatum in adults with childhood 

ADHD [36]. Increased axial but decreased radial diffusivity values 

as an indicator of demyelination were also found in the posterior 

cingulum bundle for the children and adolescents with ADHD 

compared to controls. And increased FA in the cingulum was related 

to the executive function score [37]. FA of the superior longitudinal 

fasciculus was correlated with the ADHD symptoms, while the 

inferior fronto-occipital fasciculus FA together with the attentional 

network fcMRI correlated with the phenotypic and genetic data [38]. 

Out of the multi-modal imaging features including gray matter 
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volume/thickness and functional/structural connectivities as well as 

global small-worldness topological quantifications, inferior frontal 

gyrus (IFG) nodal efficiency, MFC-inferior parietal lobe (IPL) fcMRI 

and amygdala volume (all on the right side) contributed 

significantly to the differentiation between ADHD probands and 

controls with a relatively high accuracy of 0.9 [39]. In addition, 

higher MPFC nodal efficiency was associated with the inattentive 

and hyperactive/impulsive remission symptom, while higher MFC-

IPL fcMRI was linked to symptom persistence in adults with 

childhood ADHD. Two distinct white matter functional network 

patterns in ADHD were identified; namely, the hyperactivity-

related hot network such as DMN and MN as well as the inattention-

related cold network including attentional networks such as SN and 

CEN [40]. Furthermore, multimodal deficits in both networks were 

related to more symptoms in ADHD and gray matter atrophy 

corresponded to the abnormal white matter indices in the prefrontal 

cortex [41]. 

4.3 Neural correlates of ADHD Clinical Symptoms  

For functional connectivity metric, the abnormal and atypical values 

of connections between sensorimotor and basal ganglia/ 

cerebellum/anterior cingulate cortex (ACC)/supplementary motor 

area (SMA) were associated with motor function and visuospatial 

processing deficits in ADHD with developmental coordination 

disorder [42]. Furthermore, age-related aberrant brain network 

changes in the IFG/insula and middle temporal gyrus (MTL) were 

related to the cognitive function deficits in ADHD [43]. And less 

neural activity in the ACC and IFG was associated with poorer rapid 

visual processing test while activation in the superior parietal lobule 

was associated with pattern recognition and memory correct 

response percentage in ADHD youths using the counting Stroop 

task fMRI paradigm [44]. In addition, functional activities in the 
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sensory network and DMN were correlated to the ADHD symptom 

such as inattention and hyperactivity burden that had distinct 

pattern across the executive function domains [45].  

For gray matter volumetry, cortical atrophy in the superior temporal 

gyrus (STG) and ACC on the left side was identified in ADHD 

children, and STG volume correlated with working memory tests 

[46]. Also gray matter atrophy in the frontal/parietal/temporal lobes 

together with larger volume in the calcarine and occipitotemporal 

region were found to be related to the worse symptom severity [47]. 

The IFG and insular/superior frontal gray matter reduction were 

associated with working memory and inattention, suggesting 

important role of these regions in ADHD remission across 

adolescence and adulthood [48]. And gray matter global network 

organization was altered with higher local subcortical nodal degree 

such as in the amygdala but lower in the cortical regions including 

ACC/posterior cingulate cortex (PCC) and MTL, indicating loss of 

inhibitory and regulation abilities in ADHD [49]. Moreover, higher 

intra-class correlation of PCC and ventral precuneus were likely to 

reflect underlying the pathophysiology and heterogeneity of ADHD 

[50]. Finally, gray matter atrophy and white matter dysconnectivity 

in frontal regions and functional disconnection in the DMN and FPN 

patterns co-occurred in ADHD children, while reduced fronto-

striatal gray matter volume and disrupted inter-connected white 

matter integrity consolidated the robust imaging findings [47, 51].  

4.4 Therapeutic Effects in ADHD 

After the brain-computer-interface (CBI) training, degree centrality 

and clustering coefficient in brain networks such as SN and DMN 

were reduced and linked to less inattentive/internalizing problems 

with more random and renormalized network reconfiguration in 

ADHD children [52]. With the deep transcranial magnetic 

stimulation (tTMS) treatment, increased activations in the DLPFC, 
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parietal cortex and insula/IFG during working-memory tests were 

detected that also correlated with inattention/memory symptom 

improvements [53]. Furthermore, treated participants showed less 

brain structural changes of volume reductions in the basal ganglia, 

ACC and amygdala from child to adulthood compared to non-

treated populations [54]. Alternative treatment of Chinese medicine, 

Baicalin (Huanqin, Scutellaria) significantly increased dopamine 

abundance level in the striatum compared to saline sham treatment, 

and similarly for the conventional methylphenidate that increased 

dopamine in both DLPFC and striatum regions [55]. And both 

medicine demonstrated therapeutic effects of lower hyperactivity 

and less spatial learning and memory deficits in treated patients. 

Some tailored clinical interventions for ADHD had been tested 

including the neuro-stimulation therapy that could enhance key 

network response to rectify individual brain dynamics with better 

clinical symptom such as more stable emotion based on the whole-

brain connectome model [56]. Further genetic factors had also been 

investigated; for instance, lower local gyrification index scores were 

found in the ADHD with prenatal alcohol exposure in several brain 

regions including prefrontal, insula, cingulate, temporal and 

parietal cortices, and correlated with the worse clinical-behavioral 

performance such as lower intelligence test, higher 

hyperactivity/impulsivity and poor behavioral regulation scores 

[57]. Integration of cell and animal model, bioinformatics, genetics 

and multimodal imaging to explore biological and multiomics 

pathways for correcting ADHD were proposed and could interact 

with the brain structural and functional changes to reveal the 

underlying biological complexity and disease mechanism [58, 59]. 

Multi-center trials with vitamin A and D supplementation on 

ADHD children treatment, long-acting combination therapy 

together with some optimal patient and caregiver management tools 

such as telehealth service model for reducing distress had also been 

evaluated and implemented for better therapeutic outcome [60-62]. 
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4.5. Conclusion 

Consistent gray matter density and interhemispheric correlation 

deficits were observed in ADHD-Combined type compared to AI 

and TD groups, with abnormally higher values in the DMN, medial 

orbitofrontal cortex, temporal pole, anterior cingulate, cuneus and 

supplementary motor areas. Furthermore, reduced intra- and inter-

network connectivities of VN-SN, VN-FPN, DMN-VN, thalamic-

occipital and fronto-temporal networks were observed in AC group 

compared to TD and AI, in addition to the increased inter-network 

connectivities of visual, anterior DMN, frontal-SN including 

orbitofrontal and CEN, thalamo-temporal and CEN-FPN. Both 

relative local efficiency and small-worldness weighting factor were 

lowest in the AC group but highest in the AI group, while the 

absolute local and global efficiencies were abnormally highest in AC 

but lowest in AI group. The higher efficiency values in AI group 

might indicate the intermediate stage and possible protective 

mechanism in patients. Reversal dFNC connectogram patterns in 

AC compared to TD for most states were revealed. Also similar to 

the epilepsy patients results in our previous work [35] and consistent 

with the relatively high comorbidity (~30-40%) of ADHD in epilepsy 

for children [63], AC group tended to stay in lower dwell time states 

more often with a less optimal distribution of brain dynamic states. 

Our quantitative multiparametric imaging results showed reliable 

and rigorous brain changes such as reduced connectivity pattern of 

task positive networks including CEN, SN and FPN in addition to 

abnormally higher inter- DMN-CEN and DMN-SN connections 

together with attentional/memory and inhibitory functional deficits 

in ADHD and subtypes compared to TD group.  
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Chapter 6 

Neuroimaging Application in 

Drug Dependence 

Abstract 

The purposes of this chapter were to identify brain neural correlates of 

clinical data including drug dependence, with advanced multiparametric 

imaging quantification including fALFF/ReHo/VMHC, ICA-DR and dFNC 

methods. Significant negative associations between functional imaging 

metrics (including fALFF/ReHo/VMHC as well as intra-/inter- network 

functional connectivities identified with ICA-DR algorithms) and 

phenotypic data (such as dependence and time of use) were identified in 

multiple brain regions, including the ventral striatum, insular, cerebellum, 

temporal cortex and orbitofrontal cortex together with hypothalamus and 

ventromedial prefrontal cortex. Education and handcraft experience 

showed some neuroprotection effects in several regions including the 

orbitofrontal, ventral striatum, hypothalamus, superior frontal and 

temporal amygdala/hippocampus areas. Graph-theory based centrality 

showed significant correlations between binarized/weighted centrality 

degree and number of cigarettes per day as well as between weighted local 

degree centrality and number of cigarettes. Based on dFNC analysis, 

abnormally hyper-connectivities of connectograms in several states were 

identified including abnormally higher between-network dynamic 

correlations (close to 1) of state S4 for all the intra- and inter-network 

connections. The number of occurrence was relatively evenly distributed 

with close to mean value of 16% for all states (similar to the chess control 

group as in Chapter 1), while the distribution patterns of frequency and 

dwell time were similar to those of ADHD-AC type as illustrated in 

Chapter 5. Therapeutic strategies that target strengthening typical brain 

circuits in addiction such as CEN, DMN, SN and FPN/MN as well as 

thalamo-cortical connections might be effective for better brain inter-
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network modulation and dynamic facilitations with more regular behavior 

and better emotion/cognitive control.  

 

Keywords: education, handedness score, neuroprotection, amygdala, 

thalamocortical network, centrality, number of cigarettes per day, drug 

dependence, time of use, therapeutic evaluation, multimodal imaging, 

multiparametric quantification, ventral striatum, insular, cerebellum, 

temporal cortex, orbitofrontal cortex, hypothalamus, ventromedial 

prefrontal cortex, graph theory, degree, centrality, hyper-connectivities, 

connectogram, state, therapeutic strategy, addiction, typical brain 

networks 

1. Introduction 

1.1. Overview 

Numerous studies have been performed to investigate brain 

changes associated with drug addiction for better therapeutic and 

recovery effects. As an example, higher neural activity measured 

with fALFF in the striatum correlated with the age and duration of 

abstinent methamphetamine (MA) use that also had lower fALFF in 

the inferior frontal gyrus (IFG). ReHo values were lower in the 

striatum and additional regions of anterior cingulate cortex (ACC), 

sensorimotor area and precuneus in MA users compared to controls 

[1]. These regions with lower ReHo and fALFF including ACC, 

striatal caudate together with orbitofrontal cortex (OFC), 

ventrolateral prefrontal cortex (vlPFC) and ventromedial prefrontal 

cortex (vmPFC) also showed neural reactivity following the reward-

related cues in cocaine withdrawal participants [2]. Moreover, the 

activation in the IFG correlated negatively with lifetime alcohol use 

episodes during the breathing load and activation in the 

parahippocampus gyrus (PHG) correlated with cannabis and 

alcohol use, possibly for negative reinforcements in the adolescents 

with substance use [3]. The cannabis use disorders (CUD) showed 
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disrupted hyper-activations in several regions involving craving 

and reward; for instance, increased activations in the ventral 

striatum, pallidum and putamen, anterior insular cortex, 

supplementary motor area (SMA), angular gyrus and superior 

frontal gyrus (SFG) were indicated with the cannabis odor cues. 

While in the CUD group, these activations in specific regions of 

insula, ACC and occipital cortex related to the self-reported craving 

scores [4]. Based on connectome, dynamic functional connectivity 

between central executive network (CEN) and ventral striatum was 

increased during the cannabis cue exposure task, and was also 

strongly associated with subjective craving score [5]. The 

dysregulation in frontostriatal circuit for cognitive process and 

reward response with dissociable contributions in subjects during 

even short duration of use might explain the substance-specific 

behaviors and high sensitivities of these neural alterations in 

substance users such as CUD [6]. Some of the frontal networks were 

also involved in the general cost and risky decision making 

procedure including the insula and vmPFC circuits, while the 

subcortical striatum co-activated with the temporal amygdala and 

hippocampus regions as part of the memory/emotion/planning 

evaluation progress [7, 8].  

 

Exposure to cannabis-cues may trigger cravings in regular CUD and 

elicit greater than normal functional activations in several key 

regions, including the aforementioned striatum and frontal cortex 

such as ACC, and additional parietal cortex, temporal 

hippocampus/amygdala, thalamus and occipital region [9]. 

Especially for the long-term CUD, hyper-responsivity and 

specificity in the ACC/striatum/OFC and ventral tegmental area 

(VTA) were demonstrated for natural reward cue in comparison to 

controls, indicating disrupted natural-reward processes and 

sensitization loss of mesocorticolimbic circuit following drug use 

[10, 11]. The motor–related regions including the precentral gyrus 
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(PCG) and SMA as well as insula (relating to sensorimotor function, 

olfactory stimuli, attention and salience processing in addition to 

social emotion) showed abnormally higher activation in the strong 

incentive win vs. neutral conditions, and correlated positively with 

cocaine craving questionnaire (CCQ) score [12, 13]. Also the 

cannabis cue-related activity in the insula and ACC was associated 

with CCQ while medial OFC activity was related to the years of use, 

together with the usual high activities in the ventral striatum and 

insula/amygdala [14]. Dynamic functional connectivity based 

classification identified connectivities of visual network (VN), 

CEN/DMN, sensorimotor cortex, insula and amygdala as the most 

significant imaging features with 95% accuracy [15]. Compared to 

non-dependent cannabis users, dependent users showed functional 

connectivity changes in the reward network seeded from the ventral 

striatum that followed neural response in the hippocampus and 

ACC during repeated cannabis exposure [16]. Investigation of 

heroin maintenance treatment identified lower connectivity 

between amygdala and fusiform as well as between amygdala and 

OFC, and the inter-regional amygdala functional alterations 

correlated with stress response and levels of craving [17]. 

Furthermore, during inhibitory control task, smoking abstinence 

showed less right insula and putamen activation [18]. Also weaker 

connectivity between posterior insula and primary sensorimotor 

was associated with relapse vulnerability, while insula functional 

connectivity linked to smoking cessation likelihood [19]. 

 

In the substance-dependent brain, large-scale network 

communication efficiency was lower via small-worldness analysis, 

indicating loss of inter-regional topology and also loss of inhibition 

as one of the drug seeking behaviors [20]. Also during acute nicotine 

abstinence, using the time varying functional connectivity (TVFC) 

analysis, both between-network modulation (temporal flexibility) 

and within-network variability (spatiotemporal diversity) were 
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decreased, and these deficits related to clinical behavior symptoms 

[21]. In addition, based on graph theoretical metrics, the temporal 

flexibility was diminished together with compensated increased 

spatiotemporal diversity in majorities of neural networks in CUD 

such as CEN and DMN [22]. At the inter-network connectivity level, 

decreased functional connectivity between SN and FPN in smokers 

compared to nonsmokers was reported with additional 

corticocerebellar and subcortical-cerebellar smoke state-dependent 

network differences [23]. Moreover, inverse coupling between DMN 

and CEN was increased after nicotine replacement pharma-

cotherapy, and these inter- and intra- network changes including 

additional CEN and reward systems were associated with the 

withdrawal symptom improvement [24]. Also negative coupling 

between FPN and prefrontal-limbic circuitry was associated with 

better self-control and delayed substance use onset in adolescents 

based on fMRI independent component analysis (ICA) method [25]. 

Typical network reconfiguration was reported such as among DMN, 

FPN, SN and VN that were transient and related to the addiction 

vulnerability and risky decision trait including reward dysfunction 

in alcoholism studies [26]. 

1.2. Objectives 

Several types of drug dependence and their neural manifestation 

had been reviewed including abnormal brain circuits related to the 

reward, decision making and emotional control. The purposes of 

this chapter were to identify possible systematic brain neural 

correspondences for clinical data of drug dependence, with 

advanced multiparametric imaging quantification including 

fALFF/ReHo/VMHC, ICA-DR and dFNC. 
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2. Methods 

2.1. Participants 

Imaging data of 29 cocaine dependence individuals were provided 

by the New York University and downloaded with approval from 

the NITRC database (http://fcon_1000.projects.nitrc.org/indi/retro/ 

nyuCocaine.html). All cocaine-dependent participants met the 

DSM-IV criteria (also within 1 year period of imaging study 

participation), with abstaining for longer than 2 weeks and screened 

at the time of MRI scan [27]. Demographic information of 

participants included: age of 37.2±9.5 years, 3 females (10%), 

education level of 4.0±0.9 (college level), handedness score of 

81.3±27.4, number of cigarettes per day was 14.6±9.4 with 17 

smokers, estimated years since first use of 13.3±9.5 and years of drug 

dependence was 6.8±6.5. 

2.2. Iaging Parameters and Data Processing 

MRI experiments were performed using the 3T scanner with 

standardized imaging protocols. The 3D MPRAGE sequence was 

run with TR/TI/TE=2530/1100/3.25 ms, flip angle=7°, matrix size=256 

x 256 x 128, resolution=1 x 1.3 x 1.3 mm3. For the resting-state (RS)-

fMRI data acquired under relaxing condition, a conventional 

gradient-echo EPI sequence (TR/TE=2000/15 msec, flip angle=90°, 

number of volumes=180, spatial resolution=3 x 3 x 4 mm3) was 

utilized.  

 

The processed MRI and fMRI images including fALFF, ReHo, 

VMHC ICA-DR, and graph-theory based degree centrality metrics 

were downloaded. The 20 ICA-DR components (DR0-DR19) 

included typical functional neural networks such as DMN, SN, MN, 

VN, FPN, CEN and thalamocortical connection patterns. Relatively 

new dFNC algorithm was implemented to the preprocessed fMRI 
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data for deriving the connectograms, dynamic dwell time and 

frequency/occupancy parameters. Quantitative correlations 

between functional as well as structural together with structural/ 

micro-structural imaging results and phenotypic scales were also 

performed to examine the associations of cognitive/behavior tests 

with neural activity/connectivity/network metrics [28-30]. 

3. Results 

Significant functional imaging correlations with phenotypic data 

including fALFF, ReHo and VMHC fMRI metrics were present in 

Figure 1. Strong negative correlations (P<0.05) between frontal 

fALFF and cigarettes per day as well as between posterior 

parietal/cerebellar VMHC and cigarettes per day were found (Figure 

1A). However, positive correlations between thalamo-

cerebellar/insular ReHo and cigarettes per day existed on the other 

hand. Significant negative correlation between temporal fALFF and 

estimated years of dependence was revealed, together with the 

negative association between cerebellar/temporal/hippocampal/ 

lateral occipital VMHC and years of dependence (Figure 1B). On the 

other hand, positive associations with dependence also existed for 

the orbitofrontal including olfactory ReHo synchrony and 

frontoparietal/motor fALFF neural activity. Negative associations 

were observed between temporal/occipital/basal ganglia VMHC 

and estimated years since first use, as well as for the cerebellar 

VMHC/ ReHo/ fALFF values (Figure 1C).  

 

Strong associations of functional images of fALFF/ReHo/VMHC and 

age in years, education level and handedness score were displayed 

in Figure 2 A-C respectively. Negative correlations between age and 

VMHC in the cerebellum, temporal cortex including hippocampus/ 

parahippocampal gyrus/amygdala/ middle temporal gyrus/ 

superior temporal regions, inferior parietal area, visual cortex 
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including calcarine, lingual, precuneus and cuneus, subcortical 

putamen and pallidum, anterior thalamus were observed in Figure 

2A. In addition, negative correlations between age and ReHo in the 

cerebellum but positive correlations between fALFF in the 

orbitofrontal cortex including olfactory tract and frontal pole as well 

as left motor area and age also existed. On the other hand, negative 

correlations between fALFF in the cerebellum, inferior/superior 

temporal/calcarine regions and subject age were also presented. 

Positive correlations between education levels and fALFF neural 

activity in several regions including the orbitofrontal cortex, 

cerebellum, thalamus, amygdala, putamen, insula and basal ganglia 

are shown in Figure 2B, while negative associations between 

education level and fALFF in the distributed regions of motor, 

parietal and superior frontal region were found as well. Negative 

correlations between education level and ReHo in the insular, 

inferior frontal and motor areas existed additionally. Figure 2C 

showed the positive associations between handedness score and 

ReHo values in the orbitofrontal, medial prefrontal and superior 

frontal regions. In contrast, negative associations between 

handedness score and ReHo values in the superior temporal, small 

motor and supplementary motor areas, posterior visual and 

cerebellum regions were exhibited. Further positive relationship 

between handedness score and fALFF in the orbitofrontal and 

superior frontal regions were observed. While negative correlations 

between handedness score and fALFF activity in small distributed 

clusters of insular, hippocampus/parahippocampus and calcarine 

were found as well. And negative associations were also found 

between handedness score and VMHC values in the visual, 

subcallosal cortex, anterior putamen and insula, rolandic operculum 

and orbitofrontal regions. 

  

Negative associations between ICA-DR components (earlier 

components of 0-10) and cigarettes per day were presented in Figure 
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3a. For instance, negative associations were found between number 

of cigarettes per day and fMRI-based inter- and intra- network 

connectivities of the ventral striatum, hypothalamus, orbitofrontal 

cortex, anterior insula and visual circuits. Positive correlations 

existed for the small clusters in the cerebellum, thalamus and 

medial/superior frontal area as illustrated in Figure 3a. For the later 

ICA-DR components, negative associations were further found 

between number of cigarettes per day and network connectivity of 

the anterior temporal, striatum and medial orbitofrontal region as 

well as the supplementary motor/parietal areas and superior frontal 

clusters (Figure 3b). Positive correlations also existed for the small 

clusters in the cerebellum, posterior temporal segment and visual 

cortex.  

 

Figure 4a showed negative associations between ICA-DR 

components (earlier components of 0-11) and estimated years since 

first use. For instance, negative associations between years since first 

use and network connectivity of the cerebellum, left orbitofrontal 

cortex, medial and middle temporal, occipital and insular regions 

were identified. Positive correlations existed for the small clusters in 

the hypothalamus/ subcallosal cortex and superior temporal/frontal 

areas. And Figure 4b illustrated the negative associations between 

ICA-DR later components of 12-19 and years since first use; 

especially for the network connectivity of cerebellum, right insular 

and parietal region. Positive correlations existed for the 

orbitofrontal, right media frontal, superior frontal and inferior 

parietal regions as well.  

 

Then Figure 5a showed negative associations between ICA-DR 

components (earlier components of 0-10) and estimated years of 

dependence. For instance, negative associations were present 

between years of dependence and network connectivity of the 

medial orbitofrontal cortex, frontal pole, olfactory cortex, striatum 
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including ventral striatum and left caudate, cerebellum and small 

basal ganglia areas together with the primary visual regions. Figure 

5b displayed negative associations between ICA-DR components 

(later components of 11-18) and years of dependence. For instance, 

negative associations between years of dependence and network 

connectivity of cerebellum, right insula, ventromedial orbitofrontal 

cortex including the subcallosal cortex and temporal/lateral occipital 

regions were identified. And network connectivities of the ventral 

striatum, middle frontal cluster, hypothalamus and inferior parietal 

regions correlated positively with years of dependence.  

 

Significant correlations between number of cigarettes per day and 

metrics of centrality based on graph theory analysis were 

discovered, including the binarized weighted centrality degree 

(R=0.67 and P=0.02) and weighted local functional connectivity 

degree (R=0.60, P=0.04) (Figure 6). Compared to conventional 

normal connectogram, hyper-connectivities in several states 

including S4, S3 and S6 were exhibited in Figure 7. Finally, the 

correlation map also showed abnormally higher correlations; for 

instance, close to 1 pattern for all inter-network correlation 

coefficiencies of state S4 were identified. Number of occurrence with 

bootstrap statistics showed relatively evenly distributed values for 

all states (15-22% for each state, lower in states 4-6 and highest in S3 

in Figure 8A), similar to the control group in Chapter 1 Figure 4. 

Mean frequency and dwell time of six states were displayed in 

Figure 8B, with relatively higher dwell time in S1, S4 and S5 and 

lower in S3 and S6. The distribution pattern of dwell time was 

similar to that of ADHD-AC type as illustrated in Chapter 5 Figure 

7. 
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Figure 1. Significant functional imaging correlations with phenotypic data 

including fALFF, ReHo and VMHC fMRI metrics. A: Strong negative correlations 

(P<0.05) between frontal fALFF and cigarettes per day (green x-rain color) as well 

as between VMHC posterior parietal/cerebellar and cigarettes per day (red/yellow 

x-hot color) were identified. However, positive correlations between thalamo-

cerebellar/insular ReHo and cigarettes per day existed (purple NIH-ice color). B: 

Significant negative correlations between temporal fALFF and estimated years of 

dependence were revealed as well as between cerebella/temporal/hippocampal 

/lateral occipital VMHC and years of dependence, but positive associations also 

existed between years of dependence and orbitofrontal including olfactory ReHo as 

well as frontoparietal/motor fALFF. C: Negative associations between 

temporal/occipital/basal ganglia VMHC and estimated years since first use were 

observed, as well as with the cerebellar VMHC/ ReHo/ fALFF.  
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Figure 2. Significant correlations between functional image z-scores of 

fALFF/ReHo/VMHC and age in years (A), education level (B) and handedness 

score (C). Negative associations of VMHC in the cerebellum, temporal regions 

including hippocampus/parahippocampal gyrus/amygdala/middle temporal 

gyrus/superior temporal region, inferior parietal area, visual cortex including 

calcarine, lingual, precuneus and cuneus, subcortical putamen and pallidum, 

anterior thalamus with age were observed as in A (x-hot color). Positive 

correlations between education levels and fALFF neural activity in several regions 

including the orbitofrontal cortex, cerebellum, thalamus, amygdala, putamen, 

insula and basal ganglia were found as in B (orange color). C. Positive associations 

were exhibited between handedness score and ReHo values in the orbitofrontal, 

medial prefrontal and superior frontal regions (purple color). In contrast, negative 

associations between handedness score and ReHo values in the superior temporal, 

small motor and supplementary motor areas, posterior visual and cerebellum 
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regions existed (violet color). Further positive relationship between handedness 

score and fALFF values in the orbitofrontal and superior frontal regions were also 

observed (orange color).  

 

Figure 3a. Negative associations between ICA-DR components (earlier 

components of 0-10) and cigarettes per day. For instance, negative associations 

were found between number of cigarettes per day and fMRI-based inter- and intra- 

network connectivities of the ventral striatum, hypothalamus, orbitofrontal cortex, 

anterior insula and visual circuits (x-rain and x-hot colors). Positive correlations 

existed for the small clusters in the cerebellum, thalamus and medial/superior 

frontal area (orange and purple colors).  
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Figure 3b. Negative associations between ICA-DR components (later components 

of 11-19) and cigarettes per day. For instance, negative associations were identified 

between number of cigarettes per day and network connectivity of the anterior 

temporal, striatum and medial orbitofrontal region as well as the supplementary 

motor/parietal areas and superior frontal clusters (x-rain, x-hot and violet colors). 

Positive correlations existed for the small clusters in the cerebellum, posterior 

temporal and visual cortex (orange color).  
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Figure 4a. Negative associations between ICA-DR components (earlier 

components of 0-11) and estimated years since first use. For instance, negative 

associations between years since first use and network connectivities of the 

cerebellum, left orbitofrontal cortex, medial and middle temporal, occipital and 

insular regions were observed (x-rain and x-hot colors). Positive correlations 

existed for the small clusters in the hypothalamus/subcallosal cortex and superior 

temporal/frontal areas (orange and purple colors). 
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Figure 4b. Negative associations between ICA-DR components (later components 

of 12-19) and years since first use. Negative associations between years since first 

use and network connectivity of cerebellum, right insular and parietal region were 

revealed (x-rain color). Positive correlations existed for the orbitofrontal, right 

media frontal, superior frontal and inferior parietal regions (orange and dark green 

colors in B).  
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Figure 5a. Negative associations between ICA-DR components (earlier 

components of 0-10) and estimated years of dependence. The negative associations 

between years of dependence and network connectivities of the medial orbitofrontal 

cortex, frontal pole, olfactory cortex, striatum including ventral striatum and left 

caudate, cerebellum and small basal ganglia areas together with the primary visual 

regions were found (x-rain, x-hot and violet colors).  
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Figure 5b. Negative associations between ICA-DR components (later components 

of 11-18) and years of dependence. Negative associations between years of 

dependence and network connectivity of cerebellum, right insula, ventromedial 

orbitofrontal including the subcallosal cortex and temporal/lateral occipital regions 

were identified (x-rain, x-hot and violet colors). Positive correlations existed for the 

ventral striatum, middle frontal cluster, hypothalamus and inferior parietal 

regions (orange and purple colors).  



Integrative Imaging in Neurplasticity, Wisdom and Neuropsychiatry       215 

 

 

Figure 6. Significant correlations between metrics of centrality and number of 

cigarettes per day (NCPD), including R=0.67 and P=0.02 between 

binarized/weighted centrality degree and NCPD as well as R=0.60, P=0.04 

between weighted local functional connectivity degree (lfcd) centrality and NCPD.  

 

Figure 7. Dynamic connectogram of six typical networks and inter-correlations 

from six states. Compared to conventional normal connectogram, hyper-

connectivities in several states including S4, S3 and S6 were exhibited. As an 

example, the correlation map on the right top panel also showed abnormally higher 

correlations (close to 1) of state S4 for all the inter-network connections.  
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Figure 8. A: Number of occurrence with bootstrap statistics showed relatively 

evenly distributed values for all states (15-22% for each state, lower in states 4-6 

and highest in S3). Mean frequency (as in A), and mean dwell time of six states 

were displayed in panel B, with relatively higher dwell time in S1, S4 and S5 and 

lower in S3 and S6.  

4. Discussion 

4.1. Summary of Results 

Significant and expected negative associations between functional 

imaging such as fALFF/ReHo/VMHC and phenotypic data 

included: 1. Cigarettes per day correlated with frontal fALFF and 

posterior parietal/cerebellar VMHC; 2. Years of dependence correlated 

with temporal fALFF and cerebellar/temporal/hippocampal/lateral 

occipital VMHC; and 3. Estimated years since first use linked to 

temporal/occipital VMHC and cerebellar VMHC/ ReHo/ fALFF. 

And significant associations between functional imaging such as 

fALFF/ReHo/VMHC values with behavioral data (age/education 

level/handedness score) included: 1. Age correlated negatively with 

VMHC in the cerebellum, temporal regions including hippocampus/ 

parahippocampal gyrus/amygdala/middle temporal gyrus/superior 
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temporal gyrus/inferior parietal area, visual cortex including 

calcarine, lingual, precuneus and cuneus, subcortical putamen and 

pallidum and anterior thalamus; indicating age-related memory and 

visuospaital abilities decline in drug users. 2. Education level 

correlated positively with fALFF neural activity in several regions 

including the orbitofrontal cortex, cerebellum, thalamus, amygdala, 

putamen, insula and basal ganglia; while these regions played 

important roles in reward perception, social values, motor function 

and internal emotion control. 3. Handedness score correlated 

positively with ReHo values in the all frontal regions including 

orbitofrontal/medial and superior segments as well as with fALFF 

in the orbitofrontal and superior frontal regions, indicating possible 

neural activity, synchrony and integration functionality 

improvement with more handcraft skills and practice. 

 

Negative associations between intra-/inter- network functional 

connectivities identified with ICA-DR algorithms and phenotypic 

data included: 1. between number of cigarettes per day and network 

connectivities of ventral striatum, hypothalamus, orbitofrontal 

cortex, anterior insula and visual circuits as well as additional 

anterior temporal, striatum and medial orbitofrontal region, 

supplementary motor/parietal areas and superior frontal clusters; 2. 

between estimated years since first use and network connectivities of the 

cerebellum, left orbitofrontal cortex, medial and middle temporal, 

occipital and insular regions as well as additional parietal region; 3. 

between years of dependence and network connectivity of the medial 

orbitofrontal cortex, frontal pole, olfactory cortex, striatum 

including ventral striatum and left caudate, cerebellum and small 

basal ganglia areas together with primary visual regions as well as 

additional insula, ventromedial orbitofrontal cortex including the 

subcallosal cortex and temporal/lateral occipital regions. These 

typical regions including orbitofrontal cortex, ventral striatum, 

insular, temporal amygdala/hippocampus and hypothalamus with 
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strong relationships to dosage of addiction and severity effects were 

in agreement with published neuroimaging findings of reward 

circuit and emotion-memory pathway.  

Graph-theory based centrality showed significant correlations 

between number of cigarettes per day and binarized weighted local 

and centrality degrees. Based on dFNC analysis, abnormally hyper-

connectivities of connectograms in several states were identified 

including abnormally higher correlations (close to 1) of state S4 for 

all the connections. The numbers of occurrence were relatively 

evenly distributed with close to mean value of 16% for all states 

(similar to the chess control group as in Chapter 1), while the 

distribution patterns of frequency and mean dwell time were similar 

to those of ADHD-AC type as illustrated in Chapter 5. The 

hyperconnectivity and dynamic state shifting disturbance indicated 

possible loss of reward sensitivity, drug craving and seeking 

behavior, addiction-trapped and risky decision-making problems in 

drug users. 

4.2 Multimodal Imaging Findings 

Neuroimaging studies including MRI and PET for drug cue 

reactivity modulation mapping and associated addiction severity 

prediction as well as treatment effects evaluation had been 

performed for better design of treatment and prevention [31]. For 

instance, gray matter volume (GMV) was reduced in several areas 

including lateral frontal, parietal, occipital cortices and cerebellum 

in the active cocaine users compared to controls, and linked to the 

impulsivity and delayed reward measures in frontal and posterior 

parietal cortices [32]. Structural volume asymmetry of the ventral 

striatum was associated with the dependence level that was 

disrupted in the substance users such as alcohol and nicotine [33]. 

The neural correlates of visually-cued cannabis craving were further 

investigated with results showing significant correlations between 
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activations in the limbic (amygdala and hippocampus) and 

paralimbic (superior temporal pole) systems as well as between 

visual cortex activity and craving score [34]. The genetic rs10799590 

allele was a robustly protective CNIH3 SNP in opioid dependence, 

and displayed significant amygdala habituation to threat-related 

facial expression [35]. In addition, higher activation of 

hypothalamus was reported in response to both cocaine and food 

cues, and correlated with the CCQ and days of cocaine use in prior 

month [36]. Finally, cortical thickness increased in the marijuana 

users compared to controls in the entorhinal cortex, and was related 

to the starting years of use. While cortical thickness in the frontal and 

temporal regions linked negatively to lifetime marijuana use [37]. 

4.3. Review of Therapeutic Effects and Related Findings  

Brain function improvement that could adjust and improve goal-

directed control behavior in regions including frontal cortex to 

reduce drug craving and use dependence as well as normalization 

of striatal reward function with deep brain stimulation are some 

targeted therapeutic interventions for opioid and metham-

phetamine use disorders [38]. Reduced learning rate that led to poor 

instrument learning performance was revealed in CUD patients, as 

indicated with disrupted striatal and temporal functional activation 

and structural connectivity deterioration in the goal-directed control 

network [39]. Perfusion-based cerebral blood flow metric identified 

several addiction-related regions including the DMN, CEN, 

contextual memory and behavioral control, with acceptable 

accuracy for distinguishing cocaine-dependent participants from 

controls [40]. Brain hypoactivity was exhibited in cocaine addiction 

with the compulsive use behavior but not the amount consumed, 

and might be used for distinguishing nonaddict-like from addict-

like CUD subgroups in rats model [41]. Also lipidomic phospholipid 

abundance level was lower in the hippocampus region of rat brain, 
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indicating possible cocaine-induced lipid remodeling and 

homeostasis regulation [42]. And emotional network connectivity 

seeding from the amygdala was increased in the prenatal cocaine 

exposure aged group, but decreased in the control group compared 

to younger age [43]. Additionally, during cannabis approach 

avoidance training (CAAT) as a cognitive bias modification 

intervention, decreased activities in the amygdala and medial 

prefrontal cortex were identified compared to CAAT-sham [44]. 

Furthermore, some traditional Chinese medicine such as approved 

Fukang tablet as well as herbs including Rhizoma corydalis 

(Yanhusuo) and Radix Ginseng had been effective for reinforcing 

energy and removing toxicity [45]. Another traditional Chinese 

herb, Uncaria rhynchophylla (Goteng) together with Gastrodin were 

neuroprotective and inhibitory of drug dependence, and could help 

maintaining internal homeostasis integrity and further improved 

neuroregeneration and neuroplasticity [46]. 

4.4 Conclusion 

In conclusion, significant associations between phenotypic data such 

as dependence/dosage and quantitative imaging metrics including 

neural activity and connectivity in typical orbitofrontal, ventral 

striatum, insula, hypothalamus, temporal cortex and cerebellum 

were revealed in this chapter. Abnormally higher centrality and 

hyper-connectivities of dynamic network regulation were also 

observed, that might be related to the severity of addiction and loss 

of inhibition in substance users as reflected by strong association 

with number of cigarettes per day. Our previous chapters 1-4 had 

demonstrated the beneficial effects of arts and science in 

professionals and experts such as chess masters, music/ 

mathematical practice, early college learning experience, daily skills 

and culture-based exercise on brain function facilitation, including 

neuroplasticity gain and enhancements of memory and attention, 
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reward perception, emotion regulation and social values as well as 

intelligent decision making and efficient coordination systems. 

 

Summary of imaging differences and phenotypic correlational 

results of all six chapters are listed in Table 1 and Table 2 

respectively. As always emphasized, higher education level and 

better handcraft skills might help improve brain neural activity and 

temporal synchrony/integration in the mesocorticolimbic regions 

including orbitofrontal cortex, ventral striatum, amygdala/ 

hippocampus, superior frontal and visual cortex, and thus reduce 

relapse vulnerability as well as correct systematic reward and 

decision disruption in drug users. Therapeutic strategies that target 

strengthening brain circuits of addicted individuals such as CEN, 

DMN, SN and FPN/MN together with thalamo-cortical connections 

might be effective for better brain inter-network modulation and 

dynamic functionality optimization with more regular behavior and 

enhanced emotion/cognitive control.  
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Summary Table 2. Statistical imaging correlational (Corr.) results in Chapter 3 

(EI and TS), chapter 4 (four conditions of movie, inscape, flankers and resting 

state) and chapter 6 (addiction). EI=emotional intelligence; TS=trait score; 

SFG=superior frontal gyrus; OFC=orbitofrontal cortex; MA=motor area; 

SMA=supplementary motor area; ACC=anterior cingulate; MPFC=medial frontal 

cortex; DLPFC=dorsolateral prefrontal cortex; IPS=intra-parietal sulcus; 

PCC=posterior cingulate; IPL=inferior parietal lobe; SLF=superior longitudinal 

fasciculus; CST=cortico-spinal tract 
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