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Preface

Neuroimaging is one of the main topics in radiology and neuroscience for probing 
normal brain physiology and disease alterations. In vivo brain neuroimaging with 
new technologies of multiple imaging modalities including MRI, PET, CT, and 
EEG/MEG has achieved great success with high spatial and temporal resolutions. 
Earlier identification of key pathological signatures of disease with advanced 
imaging techniques is critical for effective treatment and disease prevention. 
Revealing underlying pathophysiological mechanisms and utilization of ultra-fast 
and superior high-resolution imaging methodologies in large patient cohorts has 
broadened the neuroimaging field to the new horizon of precise and personal 
medicine. Multimodal neuroimaging metrics for clinical research such as functional 
and structural MRI, EEG activity, blood flow, and metabolism, together with the 
network management of nationwide clinical trial centers, are of vital importance 
and could play significant roles in improving disease diagnosis and treatment.

The first section of the book refers to the neurobiology of the central nervous system 
including neuroinflammation and fatigue perspectives. Chapter 1 “Targeting 
Neuroglial Sodium Channels in Neuroinflammatory Diseases” highlights the 
physiological and pathological roles of voltage-gated sodium channels (VGSCs) and 
their therapeutic implications for neuroinflammatory diseases. Neuroglial sodium 
channels such as microglial, astroglial, and oligodendroglial channels as well as 
their implications in brain diseases including multiple sclerosis, epilepsy, and 
Alzheimer’s disease are described in detail, respectively. The thorough review of the 
central role of glia in central nervous system health and disease could help further 
our understanding of the underlying disease physiology and molecular pathways, 
and therefore possibly facilitate novel therapeutic developments. Chapter 2 
“Hypothalamic-Pituitary-Adrenal (HPA) Axis and Chronic Fatigue Syndrome in 
Older Adults: The Rehabilitation Perspectives” outlines the correlations between 
chronic fatigue symptoms (CSF) and hypothalamic–pituitary–adrenal (HPA) 
activity, the underlying physiological causes of CSF, and various affecting factors. 
After introducing the neuroimaging findings and clinical relationship between CFS 
and HPA, the chapter presents a randomized control trial examining the effective-
ness of Activity Scheduling (AS) on individuals with CFS. The results found a 
positive effect of AS on improvements of activity participation in older adults with 
CFS, consistent with previous studies on depression. Revealing the biopsychosocial 
associations, this study provides insightful clues to the evaluation, management, 
and rehabilitation service for CFS.

The second section of the book covers the multimodal applications of neuroim-
aging including MRI, EEG, and NIRS. Chapter 3 “Neuroimaging Findings for 
Developmental Coordination Disorder (DCD) in Adults: Critical Evaluation and 
Future Directions” evaluates neuroimaging findings of DCD based on published 
literature. First, the chapter introduces definitions, prevalence, and symptoms of 
DCD. Then it presents detailed results including specific findings using each neu-
roimaging technique, providing insightful and perspective clues to the multimodal 
imaging evidence of DCD. These multiple imaging findings including functional 
MRI, diffusion-weighted MRI, transcranial magnetic stimulation (TMS), and 
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functional transcranial Doppler ultrasound could provide a more comprehensive 
and complementary picture of the disease’s functional abnormalities. Future 
directions including cutting-edge imaging methods and integration, longitudinal 
studies with more imaging metrics in addition to genetics are addressed accordingly 
with the hope of more groundbreaking discoveries in DCD research. Chapter 4 
“Electroencephalogram-Based Biomarkers for Detection of Alzheimer’s Disease” 
presents the application of electroencephalography (EEG) for Alzheimer’s dis-
ease (AD) detection. This chapter illustrates research and development of EEG 
biomarkers that could detect abnormal AD brain activities based on quantitative 
analysis results of the temporal waves. Specific results including the slowing wave 
of the EEG and reduction in complexity are found in AD patients in comparison to 
controls. Similar to information-processing activities, three complexity measures 
extracted from the EEG frequency bands by TsEn, HFD, and LZC are signifi-
cantly lower and remain consistently in AD, proving to be a robust and effective 
biomarker. Chapter 5 “Measurement and Evaluation of Brain Activity for Train 
Drivers Using Wearable NIRS” introduces near-infrared spectroscopy (NIRS) 
instrumentation for measuring brain activity during train driving tasks. It compares 
and assesses the blood oxygenation signal and oxygen saturation percentage change 
along the resting-task repetition paradigm and the real driving task. The brain 
activity of prior notice and increased attention could be reflected from the NIRS 
signal using the wavelet processing method. The results confirm that there exists 
difference in brain activity with and without prior notice.

The third section of the book introduces the Clinical Trials Network and imaging-
related informatics. Chapter 6 “Imaging and Neuro-Oncology Clinical Trials of the 
National Clinical Trials Network (NCTN)” overviews and discusses many large data 
topics including clinical center imaging, radiation oncology, and data management 
of NCTN. It also evaluates the history, importance, and connections of imaging 
applications, neuro-oncology analyses portfolio, and cancer imaging archive. This 
informative and illustrative review chapter could serve as a good example in the 
field of imaging informatics’ application in the era of large-size data mining for 
significant clinical and public applications.

Yongxia Zhou, Ph.D.
University of Southern California and Columbia University,

Los Angeles, California, USA
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Chapter 1

Targeting Neuroglial Sodium 
Channels in Neuroinflammatory 
Diseases
Yu Yao, Xiaoli Wang, Shuzhang Zhang, Zhiping Zhang, 
Wei Wang, Yudan Zhu, Jiwei Cheng, Guoyi Li and Jie Tao

Abstract

The Hodgkin-Huxley model, at its 66th anniversary, remains a footing stone of 
neuroscience, which describes how the action potential (AP) is generated. As the 
core player of AP initiation, voltage-gated sodium channels (VGSCs) are always 
considered to be required for electrogenesis in excitable cells. Cells which are not 
traditionally been considered to be excitable, including glial cells, also express 
VGSCs in physiological as well as pathological conditions. The dysfunction of 
glial VGSCs is seemingly not related to abnormal excitation of neurons, but of 
importance in the astrogliosis and M1 polarization of microglia, which could induce 
refractory neuroinflammatory diseases, such as multiple sclerosis, stroke, epilepsy, 
and Alzheimer’s and Parkinson’s diseases. Therefore, in this chapter, we aim to 
describe the physiological and pathological roles of VGSCs contributing to the 
activity of glial cells and discuss whether VGSC subtypes could be used as a novel 
drug target, with an eye toward therapeutic implications for neuroinflammatory 
diseases.

Keywords: glial VGSCs, neuroinflammatory diseases, astrocytes, microglial cells, 
oligodendrocytes, gliosis

1. Introduction

So far, the pathogenesis of neuroinflammatory diseases, including multiple 
sclerosis (MS), epilepsy, Parkinson’s disease (PD), Alzheimer’s disease (AD), etc., 
is still unclear, of which therapeutic effects are not satisfactory, bringing great 
challenges to public health care. The pathological processes of these diseases are 
often accompanied by the production of neuroinflammation that cause a series of 
bad effects such as firing pro-inflammatory signaling pathways and even neuron 
pyroptosis, as well as cell death. The accumulated data show that neuroinflam-
mation is characterized by the activation of glial cells and production of inflam-
matory mediators in the central nervous system (CNS) and peripheral nervous 
system (PNS) [1].

Activated glial cells, triggering neuroinflammation, include Schwann cells as 
well as satellite glial cells in PNS and microglia, astrocytes, and oligodendrocytes 
in CNS [2]. Glial cells are of importance for critical responses to neurological 
diseases and injuries, including active tissue remodeling, phagocytosis, etc. [3]. 
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What’s more, glial cells often acting as double-edged swords not only evoke the 
neuronal damage but also promote tissue repair [4]. Under pathological conditions, 
microglial cells, as one kind of resident immune cells in CNS [5], could secrete a 
large number of cellular inflammatory factors, increase oxidative stress of neurons, 
and induce apoptosis or pyroptosis of neurons. At the same time, M2 microglia 
secrete various neurotrophic factors and anti-inflammatory factors such as IL-4 and 
IL-3, which play a neuroprotective role in cerebral ischemia and hypoxia [6, 7].

Astrocytes are widely distributed in the nervous system, showing its func-
tion by providing nutrition and support to adjoining neurons [8]. Therefore, the 
excitability of neurons could be regulated by the neurotransmitters secreted from 
astrocytes. At the same time, it could synthesize and release a variety of immune 
factors to participate in the neuronal immune response. Oligodendrocytes are the 
unique neuroglial cells that form the myelin sheath, which is the key structure for 
neurons to propagate APs. CNS myelin hypoplasia or demyelinating changes are the 
pathogenic factors of neuroinflammatory diseases [9].

In the mid-twentieth century, after the discovery of AP, Hodgkin and Huxley, 
who firstly proposed the concept of ion channels, record sodium currents by using 
voltage clamp technology [10, 11]. Traditionally, glial cells were considered as non-
excitatory cells, but with the development of research in this field, sodium channels 
have been found also to play crucial roles in physiological and pathological function 
of these cells [12, 13].

The activation of sodium channel is triggered by membrane depolarization, 
which produces transient sodium current and AP [14]. In neurons, sodium channels 
are composed of a single α-subunit, which forms ion-selective and voltage-sensitive 
pores, and one or two auxiliary β-subunits, which seems to affect channel gating 
and expression [15].

These channels drive electrical generation in neurons (Nav1.1, Nav1.2, Nav1.3, 
Nav1.6, Nav1.7, and Nav1.8), muscle cells (Nav1.4), and myocardial cells (Nav1.5). 
The typical role of Nav channels has been widely studied [16]. The dysfunction of 
sodium channels could result in neurological diseases, including neuropathic pain 
[17–19], peripheral neuropathy [20], epilepsy [21], and MS [22, 23].

However, the dysfunction of glial VGSCs is seemingly not related to abnormal 
excitation of neurons, but of importance in the astrogliosis and M1 polarization of 
microglia, which could induce refractory neuroinflammatory diseases. Glial sodium 
channels are closely related to phagocytosis, secretion of cytokines (IL-α, TNF-α), 
and migration. Then, glial cells are activated after tissue damage or disturbance, 
accompanied by morphological changes, enhanced migration, phagocytosis, secre-
tion of inflammatory molecules (such as cytokines and nitric oxide), and antigen 
presentation [24].

Although glial cells do not produce AP under physiological conditions, they can 
show excitability through ion flux, especially in the form of [Ca2+]i oscillation. Ca2+ 
kinetics is involved in microglial activation and regulation of many effector func-
tions, including cell migration [25, 26] and release of chemokines/cytokines and 
nitric oxide [27].

The Na+/Ca2+ exchanger (NCX) operates in a forward mode, transmits Na+ ions 
down the concentration gradient to the cell, and then returns to output Ca2+, or if the 
electrochemical gradient of Na+ decreases or the cell depolarizes, the operation realizes 
the reverse mode by outputting Na+ ions in exchange for Ca2+ [28]. Therefore, sodium 
channel activity has the ability to increase [Ca2+]i through the reverse mode of NCX.

The research shows that Nav1.6 can generate continuous sodium current [29], 
drive the reverse operation of NCX, and generate the inlet. Ca2+ enters the cyto-
plasm. In this respect, like all eukaryotic cells, the intracellular free Ca2+ level is 
strictly regulated, which is crucial in the signal transduction pathway of microglia. 
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Studies have shown that Nav1.1 and Nav1.6 were persistently reduced during 
epileptogenesis [30]. Under the MS pathological condition, the results showed that 
the removal of Nav1.5 from astrocytes could significantly worsen the clinical out-
come of experimental autoimmune encephalomyelitis (EAE) [31] and the sodium 
channel Nav1.2 is expressed by scar and reactive astrocytes in plaque [32]. Studies 
have shown that under PD pathological conditions, Nav1.1 [33] in hippocampal 
astrocytes is significantly increased, and Nav1.6 is highly expressed in activated 
microglia [34].

There is a close relationship between the structure and the function of sodium 
channels (Figure 1). Therefore, in this chapter, we aim to describe the physiological 
and pathological roles of VGSCs contributing to the activity of glial cells and discuss 
whether VGSC subtypes could be used as a novel drug target, with an eye toward 
therapeutic implications for neuroinflammatory diseases.

2. Neuroglial sodium channels in multiple sclerosis

MS, a chronic inflammatory disease of the CNS, is characterized by demyelin-
ation, axonal injury, neuronal loss, and progressive inflammatory responses in the 
brain and spinal cord [35]. EAE is a classic model of MS, of which the pathological 
progress is very similar to MS. Under pathological conditions, glial cells (microglia, 
astrocytes, oligodendrocytes, glial stem cells) can act as regulators, effectors, and 
even targets of inflammatory response, not only causing tissue damage but also 
promoting tissue repair [4]. Glial cells are essential for critical responses to neuro-
logical diseases and injuries, including active tissue remodeling and phagocytosis 
[3]. Studies have shown that sodium channels are not only traditionally associated 
with the generation and transmission of neuronal APs, but also can be expressed 
in electrically inexcitable cell types including astrocytes [36, 37], oligodendrocyte 
precursor cells [38–40], Schwann cells [41], microglia [42, 43], and cancer cells 
[44–46]. The regulation of glial function by sodium channels is of special signifi-
cance for the response of reactive glial to CNS diseases and insults [14].

2.1 Microglial sodium channels in multiple sclerosis

Microglial cells are the resident immune cells of the CNS. Under physiologi-
cal conditions, microglial cells are usually highly branched cells with dynamic 

Figure 1. 
Structure of Nav channels. Schematic representation of Nav channel subunits. The Nav channel α subunit is 
often illustrated together with auxiliary subunits β1 and β2; extracellular domains of the β subunits are shown 
as immunoglobulin-like folds (shown in blue), interacting with the extracellular loops of α subunits. Roman 
numerals indicate the domains of the α subunit; segments 5 and 6 (shown in purple) are considered as pore-
lining segments, and S4 helices (green) make up the voltage sensors. The yellow circle in the intracellular loop 
of domains III and IV represents the inactivation gating ball, IFM motif.
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Figure 1. 
Structure of Nav channels. Schematic representation of Nav channel subunits. The Nav channel α subunit is 
often illustrated together with auxiliary subunits β1 and β2; extracellular domains of the β subunits are shown 
as immunoglobulin-like folds (shown in blue), interacting with the extracellular loops of α subunits. Roman 
numerals indicate the domains of the α subunit; segments 5 and 6 (shown in purple) are considered as pore-
lining segments, and S4 helices (green) make up the voltage sensors. The yellow circle in the intracellular loop 
of domains III and IV represents the inactivation gating ball, IFM motif.
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processes that can actively monitor the microenvironment of the CNS to protect 
nerve homeostasis [47]. However, under pathological conditions such as MS, 
microglia cells could be activated and recruited [48]. Microglial cells undergo sig-
nificant immunophenotype and cellular and morphological plasticity in response to 
damage in the activation pathway [49]. The activation of microglial cells is related 
to the pathological conditions of the CNS. In addition, migration of microglial cells 
to damaged cells and pathogens plays an important role in microglial-mediated CNS 
injury and infection [50].

Microglial cells activated in EAE and MS are widely distributed and promote 
disease processes through a variety of mechanisms, including inducing effector 
T cell proliferation [51], production of pro-inflammatory cytokines [52], and 
phagocytosis of myelin. Moreover, studies have found that microglial cells acti-
vated in newly formed MS lesions are thought to be the main cell type that triggers 
the neuroinflammatory cascade after oligodendrocyte apoptosis [53]. Increased 
intracellular calcium and subsequent stimulation of the signaling cascade have been 
shown to be central events in the regulation of the function of activated microglial 
cells [54]. Studies by Matthew et al. have demonstrated that activation of microglial 
cells as well as macrophages is accompanied by upregulation of sodium channel 
Nav1.6 in EAE and MS [13]. In both the Nav1.6 blocker model and the Nav1.6 
knockout model, the extent of inflammatory infiltration in EAE and the phago-
cytosis of activated microglia cells were effectively reduced, thus confirming that 
Nav1.6 was a key contributor to the activation and pathophysiological function of 
microglial cells [13, 55].

In another important pathological manifestation, migration of microglial cells to 
lesions of the CNS is a complex and highly coordinated process involving multiple 
intersecting cellular pathways such as membrane adhesion and retraction, cellular 
polarization, and receptors transducing external migratory signals [56]. One of the 
preliminary structural events in chemotaxis is the formation of membrane protru-
sions and high enrichment in the aggregated F-actin network [57]. In addition, 
actin-binding protein, calmodulin, and GTP-binding signaling protein Rac also are 
located at the protrusions [58–60]. The activity of MAP kinase and the reorganiza-
tion of actin filament also play important roles in cell migration [61]. Importantly, 
Ca2+ signaling seems to have an effect on protrusions and movement [62], as 
intracellular Ca2+ levels can regulate cell migration, and the activity of a variety of 
migration-related effector molecules including Rac and MAP kinase is modulated 
by the levels of intracellular Ca2+ [63–65]. Studies support the contribution of the 
sodium channel Nav1.6 in a pathway that controls the extension of lamellipodial 
protrusion at the initial stage of cell migration [66, 67]. Sodium channels regulate 
Ca2+ transients in ATP-stimulated microglia and play a role in the activation of two 
key migrating proteins, Rac1 and ERK1/2 [48] (Figure 2).

In summary, Nav1.6 sodium channel is involved in the activation and functional 
regulation of microglia in EAE and MS and has potential value as a therapeu-
tic target.

2.2 Astroglial sodium channels in multiple sclerosis

Astrocytes participate in ionic homeostasis, neuronal metabolic support, and 
the formation and maintenance of the blood–brain barrier in the normal CNS and 
react to form glial scars when injured [8]. With the deepening understanding of 
the importance of astrocytes in CNS pathology, it has been proven that astrocytes 
play a key immunoregulatory role in damaged CNS [68–70]. Though astrocytes 
have traditionally been considered to be electrically unexcitable, studies have 
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demonstrated that these cells express VGSCs [71, 72], including the subtype Nav1.5 
[73, 74]. It is worth noting that the expression of astrocyte sodium channels in 
rodents is not a static process, but a dynamic process that changes with the age of 
astrocytes, exposure to extracellular factors, and damage [75, 76]. The voltage-
gated sodium channel Nav1.5 is less expressed in astrocytes in non-pathological 
human brain but shows a strong upregulation of Nav1.5 in both acute and chronic 
MS lesions [71].

Different from excitable neurons, astrocytes exhibit their excitability by mainly 
in the form of [Ca2+]i oscillations. Cytoplasmic Ca2+ levels in astrocytes come from 
multiple regions, including the endoplasmic reticulum [77], mitochondrial sodium-
calcium exchange [78], and extracellular space [79]. The [Ca2+]i flux of astrocytes 
not only regulates neuronal synaptic transmission, but is also important for many 
steady-state cell functions, including migration and proliferation, of astrocytes 
[78, 80, 81]. An important mechanism by which [Ca2+]i is regulated in astrocytes 
is the reverse (Ca2+ import) activity of the NCX [82]. The positive pattern of NCX 
is to transport Na+ to the cell and then return Ca2+ to the cell [28]. When the Na+ 
electrochemical gradient is reduced or the cell depolarizes, NCX outputs Na + in 
exchange for Ca2+ by running in reverse mode [82, 83]. Therefore, sodium channel 
activity has the ability to increase [Ca2+]i through the reverse pattern of NCX [82]. 
Interestingly, mechanical strain injury increases intracellular Na+, causing NCX to 
operate in a reverse mode in cortical astrocytes, increasing the level of [Ca2+]i [84].

Recent studies have shown that Nav1.5 plays an important role in in vitro mod-
els of glial injury by triggering the reverse mode operation of the NCX [71, 74]. 
Laura et al. confirmed that in the conditional knockout Nav1.5 model in astrocytes, 
the absence of Nav1.5 leads to a significant deterioration in the clinical outcome of 
EAE and an increase in inflammatory infiltration [31]. While the previous studies 
of MS in vivo models have shown that a variety of voltage-gated sodium channel 
blockers, including phenytoin [85], lamotrigine [86], carbamazepine [85], and 
safinamide and flecainide (Nav1.5 blocker) [87], could improve the clinical status 
and axonal damage, this suggests that Nav1.5 and NCX may be potential targets 
for the treatment of MS by acting on [Ca2+]i to regulate astrocyte proliferation 
(Figure 2).

Figure 2. 
Neuroglial Nav channels evoking Ca2+ signaling pathway. Schematic of putative cell signaling of Nav channel 
contribution to intracellular Ca2+ levels and downstream pathways. Depolarization of neuroglial membrane 
leads to activation of VGSCs (Nav) allowing influx of Na+. Increased [Na+]i causes reverse operation of 
NCX, which contribute to the level of Ca2+. The Ca2+ signaling initiates downstream effects on neuroglial cell 
functions.
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2.3 Oligodentroglial sodium channels in multiple sclerosis

During the development of CNS, oligodendrocytes (NG2 cells) originating 
in different regions of the brain migrate to their destinations to participate in 
the development [88, 89]. The directed migration of these glial progenitor cells 
is critical not only for the formation of myelin in the developing brain, but also 
for the repair of myelin after injury [90, 91]. Although NG2 cells express VGSC, 
they only trigger transient depolarization and fail to produce typical APs [92, 93]. 
Studies have found that intracellular Na+ and Ca2+ levels, membrane depolarization, 
and migration ability of NG2 cells increased after the application of GABA [93]. 
While in the siRNA knockdown or blocking sodium channel model, the increasing 
tendency of [Na+]i and [Ca2+]i was significantly reduced, and cell migration was 
suppressed [93]. Moreover, a similar reduced [Ca2+]i and decreased cell migration 
were also shown in the NCX siRNA knockdown and blocker models [93].

In general, GABA induced the depolarization of the NG2 cells and activated 
the sustained Na+ current, which reverted the activity of type I Na+/Ca2+ exchang-
ers (NCX1) to evoke the increase of [Ca2+]i [93]. Significantly, further evidence 
suggests that this unique pathway is associated with NG2 cell migration [93, 94]. 
Therefore, the important role of non-inactivated Na+ channels and NCXs in the 
development and function of NG2 glial cells in the brain suggests its potential 
values in myelin repair.

3. Neuroglial sodium channels in epilepsy

Epilepsy is a kind of chronic brain dysfunction syndrome caused by abnormal 
firing of neurons, which has been listed as one of the five major neuropsychiatric 
diseases by the World Health Organization (WHO). At present, the number of 
epilepsy patients has reached 65 million worldwide [95], and especially the develop-
ing countries account for four fifths of this number [96], bringing serious economic 
burden to the patients’ families and their country.

The previous studies on epilepsy were focused on clarifying the mechanisms of 
neuron dysfunction as well as neural network. In recent years, the researches on 
glial cells regulating neuron activity have surfaced with increasing frequency, which 
provide sufficient evidence for the involvement of glial cells in inducing epilepsy 
[95]. Glial hyperplasia is an important hallmark in the course of epilepsy; it refers to 
a spectrum of physicochemical and physiological changes in glial cells, particularly 
in astrocytes and microglia. The activation of astrocytes after epileptic seizure may 
be beneficial to the recovery of extracellular homeostasis [97]. However, more and 
more evidence proved that reactive glial cells could induce neuroinflammation by 
releasing the cytokines, chemokines, and other molecules, which is likely to cause 
neuron death, tissue damage, and microglial hyperplasia [98]. Unrestrained reactive 
gliosis might also cause hippocampal sclerosis, disturbing the normal physiological 
regulation function and promoting the epileptic seizure [99].

Glial cells express several types of ion channels. The Cl−, K+, H+, and Ca2+ chan-
nels have been found to express in microglia, and the Kir [100] and Na+ channels are 
highly expressed in astrocytes, which have been implicated in multiple functions of 
these cells [101]. These channels of different subtypes can be involved in regulating 
the membrane potential, migration, phagocytosis, intracellular ion concentration, 
and secretion of various cytokines and chemokines in glial cells [102].

Genetic studies have shown that the mutations associated with epilepsy mainly 
occur in genes encoding sodium channels [103]. VGSCs are a class of voltage-
dependent ion channels that are highly expressed not only in excitable cells [104], 
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but also in non-excited cells, such as astrocytes, oligodendrocytes, microglial cells, 
etc. [105]. Recently, it has been found that sodium channel plays an important role 
in the activation of glial cells and may become a new target for antiepileptic drugs.

3.1 Astroglial sodium channels in epilepsy

Neuronal excitability is closely related to the movement of sodium or potassium 
across the extracellular space (ECS). Because of the narrow volume of this space, 
the extremely small fluxes could also evoke significant changes in anion concentra-
tion [95]. Normally, a single AP can increase the extracellular K+ concentration 
by nearly 1 mM. However, at the epileptic seizure period, the continuous neuron 
firing could raise the potassium concentration from the normal level ~3 mM to 
12 mM [106]. In normal brain, neurons rapidly regulate K+ concentration to 3 mM 
through Na+/K+ ATPase, and Na+ activates Na+/K+ ATPase activity through VGSCs 
in astrocytes, providing an important feedback pathway for regulating K+ level in 
extracellular space and maintaining stability of the central nervous system [106].

Thus far more and more reports have mentioned that sodium channel subtypes 
are widely distributed in most CNS glial cells [72, 107], including the TTX-S sodium 
channel Nav1.3 and Nav1.6 as well as TTX-R sodium channel Nav1.5 [14]. In the 
post-status epilepticus (SE) model induced by kainic acid (KA) intrahippocampal 
injection, the expression of Nav1.6 in ipsilateral hippocampal peaked at 21 days 
in astrocytes. On the contrary, there was no change in the expression of astrocyte 
Nav1.6 in the PTZ-induced epileptic seizure models, indicating that astrocyte 
Nav1.6 played a crucial role in promoting the epileptic process, but not in seizure 
period [108].

It is known to all that the voltage-gated sodium channel is composed of one 
α subunit and two auxiliary β subunits [109]. Co-expressed with α subunits, β 
subunits could significantly increase the current density of sodium channels, which 
is partly due to the enhancement effects of β subunits on the expression of sodium 
channels [110]. In the chronic epilepsy model induced by electrical stimulation, 
sodium channel β1 subunits are colocalized with the reactive astrocytes, and the 
number of positive cells significantly enhanced a week after SE, so it is speculated 
that the β1 subunits could interact with extracellular matrix, promoting the net-
work of intercellular synapses in the process of epilepsy [111].

3.2 Microglial sodium channels in epilepsy

Microglia, as resident cells in the CNS, provide continuous immunosurveillance 
for the brain as well as the spinal cord [47]. When the body is invaded by exogenous 
substances, microglial cells respond to ATP or other cell signals, activated rapidly so 
as to provide immune defense. However, microglia cells can produce inflammatory 
factors in pathological conditions, causing damage to the body [49]. Microglial cells 
always express a large number of ion channels and surface receptors, which can 
induce relevant signaling pathways to convert extracellular changes into intracel-
lular responses.

VGSCs are also distributed in microglial cells. Studies have shown that microglia 
not only express the TTX sensitivity sodium channels (Nav1.6 [13] and Nav1.1 
[14]), but also express the Nav1.5 [14] (a TTX-resistant sodium channel) [14]. The 
blockade sodium channels of TTX and phenytoin could significantly weaken a vari-
ety of functions of activated microglia cells [12], such as the release of inflamma-
tory cytokines [12, 102]. After a week of spontaneous epilepsy induced by electrical 
stimulation, the sodium channel subtypes were found to be highly expressed in 
microglial cells [112]. The Nax channel encoded by the SCN7A gene was observed 
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always express a large number of ion channels and surface receptors, which can 
induce relevant signaling pathways to convert extracellular changes into intracel-
lular responses.

VGSCs are also distributed in microglial cells. Studies have shown that microglia 
not only express the TTX sensitivity sodium channels (Nav1.6 [13] and Nav1.1 
[14]), but also express the Nav1.5 [14] (a TTX-resistant sodium channel) [14]. The 
blockade sodium channels of TTX and phenytoin could significantly weaken a vari-
ety of functions of activated microglia cells [12], such as the release of inflamma-
tory cytokines [12, 102]. After a week of spontaneous epilepsy induced by electrical 
stimulation, the sodium channel subtypes were found to be highly expressed in 
microglial cells [112]. The Nax channel encoded by the SCN7A gene was observed 
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to be significantly increased during the onset and development of epilepsy, and 
especially the high expression of Nax was detected in hippocampal sclerosis tissues 
from drug-resistant patients [113].

Ocasepine, as a clinical drug that targeted on VGSCs, is often used to suppress 
the epileptic seizure clinically. This drug has been found that it could significantly 
reduce the number of activated astrocytes as well as microglial cells in the hip-
pocampus CA1 region in cerebral ischemia model, which also reduce the neuron 
death in the hippocampus caused by ischemia [14]. It implies that sodium channels 
are involved in microglia activation, which could also promote the progression of 
neuroinflammatory disease, such as epileptogenesis.

4. Neuroglial sodium channels in neurodegenerative diseases

4.1 Neuroglial sodium channels in Alzheimer’s disease

AD is the most common progressive neurodegenerative disease, which is charac-
terized by dystrophic neurites, neurofibrillary tangles, brain atrophy amyloid plaques, 
and loss of neurons and synapses [114]. In addition, AD is the cause of dementia and 
seriously affects the quality of life of the elderly [115]. Accumulated data show that 
the genetic mechanism of AD is mainly the accumulation of Aβ peptides and their 
aggregation in and deposition in amyloid plaques [116, 117]. The human genetics of 
familial AD also suggested that excessive production of amyloidogenic Aβ is a cause 
of early-onset AD; mutations in amyloid precursor protein (APP) or in its processing 
enzyme result in increased β-site cleavage of APP or favored production of longer, 
aggregation-prone variants of Aβ peptide [118]. In recent years, however, many 
studies found that microglia play an important role in the pathogenesis of AD. The 
reactive gliosis of AD histopathology revealed the abnormal morphology and prolif-
eration of microglia [119, 120]. Several reports have linked microglia dysfunctions to 
AD, by showing microglial motility impairment in AD mice models [121]. Recently, it 
was recognized that microglia express voltage-gated ion channels, including Nav1.1, 
Nav1.5, and Nav1.6 [122, 123]. Furthermore, pharmacological block of the sodium 
channels has been attempted as a symptomatic treatment of epileptic features often 
associated with AD, as well as a relief to detrimental behavioral and psychological 
symptoms of dementia [124]. An interesting debate is if sodium channel activators 
could just be enough to compensate microglial dysfunctions to altered physiological 
properties of dysfunctional neuronal networks in AD patients [125].

4.2 Neuroglial sodium channels in Parkinson’s disease

PD is the second most common age-related disabling neurodegenerative dis-
order, estimated to affect over 10 million people worldwide, which PD presents 
clinically as bradykinesia, muscular rigidity, arresting tremor, and postural stability 
[126–128]. In addition, PD is characterized by dopamine depletion and the loss of 
dopaminergic (DA) neurons with accompanying neuroinflammation. The potential 
causes of PD remain uncertain, but recent studies suggest neuroinflammation and 
microglia activation play important roles in PD pathogenesis [129, 130]. However, 
persistent activation of microglia can mediate neuronal death and neurodegen-
eration by increasing the secretion of inflammatory molecules and cytokines, 
including tumor necrosis factor alpha (TNF-α) and reactive oxygen species (ROS) 
[131, 132]. Microglia express a number of ion channels, including sodium channels 
that regulate various aspects of inflammatory process, providing a potential target 
for intervention [14, 133]. Several studies demonstrated that VGSC can regulate a 
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number of cellular functions such as morphological transformation, migration, and 
phagocytosis of microglia [12, 35]. This also indicates the well potential immuno-
modulatory properties of VGSC. 6-Hydroxydopamine (6-OHDA)-induced PD rat 
model found that the expressions of Nav1.1, Nav1.3, and Nav1.6 in the hippocampus 
were dynamically increased at different time points after dopamine depletion. 
Furthermore, cognitive deficits were effectively improved by phenytoin (sodium 
channel blocker) that has inhibitory effects on VGSCs in the brain [33]. Other 
study suggested that zonisamide, targeting VGSCs, may reduce neuroinflammation 
through the downregulation of microglial Nav 1.6 [134]. Those studies may contrib-
ute to its reported neuroprotective role in preclinical models of PD.

5. Application of neuroimaging in studying neuroglial sodium channels

Electrophysiological patch clamp is a classic technique for traditionally record-
ing neuronal sodium channels. Neuroglial cells are non-excitable cells, of which 
the cell membrane depolarization is not obvious. The bioproperties of neuroglial 
sodium channels evoked by high voltage in patch clamp recordings might be differ-
ent from the actual situation in vivo. Therefore, this method has certain limitations 
in the process of studying neuroglial cells. With the development of ion probes, 
especially the recent discovery of visible light sodium ion probes as well as calcium 
ion probes, which could provide more intuitive results (such as higher resolution, 
better observation) for the functional study of glial cell Nav channels and Nav-NCX 
complexes [14]. The combined use of ion probes and patch clamping will make the 
experimental results both more abundant and accurate.

In addition, the invention of the miniature two-photon microscope in 2017 [135] 
provided a powerful means for the functional research of nerve cells as well as glial 
cells. During studying brain activities and the development of neuroinflammatory 
diseases, glial cells could be labeled by GCaMP6 or dTomato to explore the function of 
the glial Nav-NCX complex. Two-photon imaging combined with EEG could not only 
explain the relationship between glial cell activity and EEG frequency more effec-
tively, but also elucidate the important role of glial cells in neurological disorders, such 
as epilepsy. By using the miniature two-photon microscope, the conditional knockout 
mice could be applied to study the role of glial sodium channels in regulating the func-
tion of glial cells or the interaction between glial cells and neurons, including pruning 
of neuron synapses by microglial cells or regulating the neuroexcitability in vivo.

6. Conclusion

In view of the central role of glia in CNS health and disease, it is necessary to 
further understand the physiological correlation of glial sodium channels and char-
acterize the molecular pathways that control the function of sodium channels in 
these cells. There has been much work performed in cell culture, but further in vivo 
studies are of crucial importance for determination of the therapeutic implications 
of targeting glial sodium channels in neurological disorders. Therefore, novel neu-
roimaging techniques are of importance for studying the roles of neuroglial sodium 
channels in neuroinflammatory diseases. Meanwhile, with the heightened focus 
on developing sodium channel specific blockers, it is increasingly relevant to assess 
the roles of individual sodium channel isoforms in neuroglia cells (e.g., Nav1.6 in 
microglial cells, Nav1.5 in astrocytes). Further understanding of the signaling 
cascade linking sodium channel activity to glial effector function will facilitate the 
development of specific therapeutic targets for neurological diseases.
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Hypothalamic-Pituitary-Adrenal 
(HPA) Axis and Chronic Fatigue 
Syndrome in Older Adults: The 
Rehabilitation Perspectives
Frank Ho-Yin Lai, Maria Uscinska and Elaine Wai-hung Yan

Abstract

Chronic fatigue syndrome (CFS) is a long-term and debilitating condition 
that regards as a neurological disease. Its symptoms include profound physical 
and mental fatigue (characteristically made worse by exertion), muscle and joint 
pain, disturbed sleep, and both concentration and memory problems. CFS is a 
kind of human stress-related disorders that are characterized by alterations in 
hypothalamic-pituitary-adrenal (HPA) axis activity. Investigation of abnormal 
activity of the HPA axis in various neurological and neuropsychiatric disorders can 
date back at least 60 years, and its relation to CFS had been reported in the early 
1990s. This chapter further disseminated updated evidence for disruption of HPA 
function in CFS, with the explanation on the relationship between cytokines and 
HPA activities. Moreover, very limited literature had addressed the importance of 
rehabilitation to them . This chapter addresses this gap by sharing a pilot rehabilita-
tion outcome on a single-blinded randomized control trial with a parallel group 
experimental design in the application of activity scheduling (AS) program of occu-
pational therapy for a group of community-dwelling older adults with CFS. The 
primary objective is to study the outcome of physical functioning of individual 
participants. The second objective is to study the outcome of AS on impact of caring 
role through assessing individual caregivers’ perceived burden in care. The third 
objective is to study the time that needed in taking care; individuals’ perception 
of enjoyment and achievement in their participated activities will be evaluated. 
There was a significant effect of AS on the physical functioning of participants as 
measured by Functional Independence Measure (FIM), as the primary outcome 
measure, in experimental group, with Wilk’s λ = 0.72, F (2,57) = 18.75, p < 0.001. 
Moreover, in secondary outcome measures, there is a significant decrease in the 
impact of caring role as reflected by their perceived burden as measured by the 
Chinese Zarit Burden Interview (CZBI) in caring for experimental group, with 
Wilk’s λ = 0.72, F (2,97) = 18.75, p < 0.001. Another study set out to examine the 
effect of time on caring activities for those recruited couples in AS group. There was 
significant effect of AS on caring activities with Wilk’s λ = 0.71, F (2,97) = 12.47,  
p < 0.001. With proper coaching and regular facilitation regarding AS, activity 
participation in older adults with CFS can be greatly enhanced. Behavioral interven-
tion, such as AS, can supplement therapeutic treatment or may lead to decline in 
CFS symptoms.
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1. Introduction

There are two perspectives in developing this chapter [1–3]. The first perspective 
is to provide an up-to-date and intensive literature search in analyzing the physi-
ological, neurological, and molecular factors that lead to chronic fatigue syndrome 
(CFS). This part will provide the reader with background information on the 
importance of neuroimaging, clinical relationship between CFS and hypothalamic-
pituitary-adrenal (HPA) axis, and its physiological causes with different cytokines. 
The second perspective addresses the impact of CFS to individuals’ life role 
through the behavioral intervention by activity scheduling (AS). Its effectiveness 
was examined by a single-blinded randomized control trial with a parallel group 
experimental design.

CFS is a complex illness characterized by a broad range of physiological, cogni-
tive, neurological, and emotional symptoms [4]. The signs and symptoms of CFS 
include fatigue, loss of concentration, unexplained muscle or joint pain, headache, 
unrefreshing sleep, and extreme exhaustion [5]. It continues to evolve as a disabling 
phenomenon characterized by debilitating fatigue and consequential components 
that limit the functional ability of persons afflicted with the disease [6]. One impor-
tant theory in the cause of CFS is the deficits in the central nervous system and HPA 
in short [4, 7, 8].

1.1 Biomedical marker: neuroimaging

The proper diagnosis of CFS should come with specific biomedical markers, such 
as neuroimaging, in order to confirm with the subjective information, signs, and 
symptoms provided by the patient in order to make the proper clinical diagnosis with 
strong clinical definition of this syndrome [9]. Reported cognitive difficulties and 
complaints of headache can be scientifically reviewed by brain imaging [10]. Three 
neuroimaging approaches have been commonly used clinically. The first of these is 
the functional magnetic resonance imaging (fMRI), which allows researchers to look 
at where in the brain activation is associated with a task or an experience [11, 12]. 
The diffusion tensor imaging (DTI) enables researchers to look at the health of the 
brain’s white matter [13], and voxel-based morphometry (VBM) allows researchers to 
investigate structural changes in the brain [14, 15]. These three approaches were used 
to scientifically examine by imaging on how likely it was for the reported fatigue 
from patients. Moreover, a number of well-cited correlational studies between 
neuroimaging and clinical measurements showed the strong evidence in applying 
neuroimaging [16] and particularly for CFS [17]. There was a significant negative 
correlation between micro-structural integration, such as radial kurtosis, reflect-
ing biological microenvironment imaging metric in the hypothalamus [17, 18] and 
fatigue-related scale in traumatic patients [19].

1.2 Relationship between CFS and HPA

Symptoms of CFS include persistent fatigue, difficulty with memory and 
concentration, a disturbed sleep pattern, and severe musculoskeletal pain [20]. 
The symptoms displayed vary from individuals; some may need to remain bed 
rest for long periods of time [8], while others are able to manage their fatigue by 
maintaining their own activities of daily living [3]. CFS presents with symptoms 
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and abnormalities of HPA [21]. The HPA axis dysregulation may have a causal role 
in CFS [1, 19, 22]. Diagnosis is difficult because there is no diagnostic marker for 
the disease and no standard test; rather, a diagnosis is based on the description and 
duration of symptoms [2], degree of impairment [7], and clinical findings that 
rule out other diseases [23]. The effect on lifestyle and self-image are considerable 
because of significant changes in participation in activities, identity, and occupa-
tional issues [24].

Dysregulation of the biological systems which mediate the response to stress 
potentially has an important role in the etiopathogenesis of CFS [25, 26]. The 
neurobiological stress system comprises a range of networks that form intricate 
pathways; an important part of this is the HPA axis [27, 28] which is a self-regulated 
feedback system which contributes to the maintenance of homeostasis and which 
is impacted by multiple factors such as time of day and physical and psychological 
stressors [20]. CFS is a debilitating illness which was classified as a neurological 
disease [29]. Experimentally induced, or pathological, hypocortisolemia (as in 
Addison’s disease) is associated with symptoms typical of CFS, including fatigue, 
weakness, and abdominal pain, but it is also associated with a range of other 
features which are not typical of CFS [30]. Inactivity, sleep disturbance, psychiatric 
comorbidity, medication, and ongoing stress experienced by people with CFS will 
affect HPA axis function [1, 28, 31, 32], and the findings that HPA axis dysregula-
tion is more prominent in patients with a longer duration of illness suggest that the 
endocrine changes may be secondary [33, 34]. Researchers further supported that 
the individual variation in HPA axis regulation in patients with CFS argues for a 
heterogeneous and multifactorial bidirectional relationship between the endocrine 
disturbance and the disorder [35].

1.3 Physiological causes of CFS

Feelings of fatigue are common symptoms associated with infectious diseases 
and many other physical [36] and mental pathologic conditions [37]. Since the 
early 1990s, there has been a systematic study on changes in CFS that occur with 
infection or following microbial product-induced cytokine production in relation 
to CFS [38–40]. Moreover, research has shown a strong interaction between the 
HPA axis and the immune system [41, 42]. Some cytokines have stimulating effect 
on the HPA axis, whereas cortisol, the end product of the HPA axis, suppresses 
secretion. Elevated tumor necrosis factor α (TNFα), interleukin-2 (IL-2), and/or 
interleukin-6 (IL-6) levels may be the mediators of fatigue associated with primary 
or secondary adrenal insufficiency.

1.4 Tumor necrosis factor α

TNFα is an inflammatory cytokine that is predominantly produced by activated 
macrophages. In addition, TNFα is also expressed by other immune cells (lymphoid 
cells, mast cells, fibroblasts) as well as endothelial cells and nerve cells. TNFα is 
a key signaling molecule for cell death process (by activation of NF-κB and JNK-
MAPK pathways). Therefore, TNFα may indicate pathological mechanisms of 
numerous diseases, including neural degeneration common to neurocognitive disor-
ders. Indeed, TNFα has been associated with Alzheimer’s disease and mild cognitive 
impairments. Increased levels of TNFα have been found in serum and CSF [43], as 
well as postmortem brain tissues [44] of Alzheimer’s disease patients compared with 
control subjects. Moreover, the elevation in TNF was apparent before the emergence 
of overt cognitive deficits [44]. Its potential as an early marker therefore certainly 
warrants investigation, especially from a longitudinal perspective. TNFα secretion 
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in young adults showed a statistically significant circadian rhythm with a peak close 
to the offset of sleep [45]; such a rhythm was not present in older adults [46].

1.5 Interleukin-6

IL-6 is a pleiotropic cytokine released by a host of immune cells (T cells and 
monocytes) [47], and it plays a critical role in the regulation of the inflammatory 
responses in the host immune defense. Specifically, IL-6 stimulates B-cell differen-
tiation and antibody production. Higher levels of IL-6 are associated with various 
autoimmune and inflammatory diseases. The risk of a decline in Mini-Mental State 
Examination (MMSE) over a 10-year period is higher among people with higher 
IL-6 levels (odds ratio = 1.81, CI95%, 1.20, 2.71) [48]. The same study also showed 
that IL-6 levels predicted the magnitude of 10-year decline in reasoning (high IL-6, 
20.35; CI95%, 20.37, 20.33 vs. low IL-6, 20.29; CI95%, 20.31, 20.27). Through syner-
gistic interaction with other cytokines, IL-6 also regulates platelet production by 
bone marrow cells (via synergy with IL-3-regulated megakaryocyte development), 
secretion of acute-phase proteins by liver cells (via synergy with IL-1), and bone 
homeostasis (e.g., via RANKL-mediated mechanism) [48].

IL-6 in humans caused profound somnolence and fatigue [49]. Literature 
reviewed the decrease in overall secretion of IL-6 is associated with a good sleep 
that is associated with decreased exposure of tissues to the proinflammatory [50] 
and potentially detrimental actions of IL-6 on the cardiovascular system, insulin 
sensitivity, and bones [51–53].

1.6 Adrenal insufficiency

Adrenal insufficiency is associated also with chronic fatigue [4, 54]. Previous 
studies indicated that untreated patients with adrenal insufficiency demonstrated 
increased sleep fragmentation [55, 56], findings that may explain the patients’ 
fatigue. These sleep abnormalities were reversed following treatment with a 
replacement dose of hydrocortisone. These results suggest that cortisol secretion 
may be needed to facilitate both initiation and maintenance of REM sleep. It should 
be noted that in normal individuals, exogenous glucocorticoids have been found to 
reduce REM sleep [57]. Behaviorally, excessive daytime sleepiness is prominent in 
patients with secondary adrenal insufficiency [58].

1.7 Impact of CFS to individuals’ life roles

Fatigue, a poorly defined phenomenon and subjective in nature, was described 
by CFS sufferers as continuous, resulting in diminished engagement in activities 
[59]. It was found that most individuals with CFS actually underreported their 
disabilities [6]. Moreover, functional limitations consequently affect the successful 
completion of tasks and roles [3]. The loss or diminishment of these roles as provid-
ers, family members, and peers affects not only functional relationships but also the 
quality of life of their partners, family members, and significant others [60, 61].

1.8 Intervention

Because the etiology of CFS is unidentified, the relief of symptoms is the 
primary goal when treating this population. Previously, the effectiveness of many 
of the treatments was unproven (Berne, 2002). Nowadays, apart from pharma-
cological interventions [62, 63], some directions were shown to be effective, 
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like nutrition [64] and use of exercise [65–68] and cognitive behavioral therapy 
[69, 70]. The general consensus was that graded exercise therapy (GET), cognitive 
behavioral therapy (CBT), and “pacing” (energy conservation) showed the most 
positive results.

1.9 Consideration of rehabilitation for CFS

Literature has shown behavioral intervention can supplement therapeutic treat-
ment [71] or may lead to decline in CFS symptoms [72, 73]. Occupational therapy 
addresses problems for those individuals at risk or already experiencing problems 
in performing activities that affect functional independence, health, and wellbeing 
due to accident, illness, or delays [3]. As a holistic practice, occupational therapy 
addresses individuals’ physical, social, and psychological areas of life. Much has 
been contributed by occupational therapists to populations with chronic disease 
and populations with fatigue, loss of concentration, unexplained musculoskeletal 
pain, and amotivational symptoms that are similar to CFS [6]. The focus of occupa-
tional therapy is placed on individuals’ meaningful participation of activities [74]. 
This may act as structuring the engagement in activities of older adults need to do 
(self-care), enjoy doing (leisure), and do for progress (productivity) and help them 
to develop a sense of self-worth and wellbeing [75–78].

Activity scheduling is a tailor-made personalized activity that can be used as 
a media for behavioral activation [79, 80]. AS is the technique that compromise 
the advantages of GET, CBT, and energy conservation techniques. It has been 
established as a core component of evidence-based treatment for depression with 
equivalent outcomes to cognitive behavioral therapy [81], through introduc-
ing small and easily achievable changes, gradually building up levels of activity 
toward individualized short-term to long-term goals [80]. In their meta-analysis 
on randomized effect studies of AS, 16 studies with 780 subjects were included. 
The pooled effect size indicating the difference between AS intervention and 
control conditions yield a large effect size of 0.87 (95% CI, 0.60–1.15). Moreover, 
there was a robust association between AS during treatment and self-reported 
activity engagement as well as clinically significant improvements in depression 
[82, 83]. AS is an effective behavioral intervention that can address social isolation 
in older adults [83, 84]. Older adults can experience higher degrees of engagement 
in social activities, more chances to experience positive emotions [83], and a sense 
of not being negatively affected or neglected in their limited interactions with 
their environments [85]. Moreover, AS has been shown to be effective in enhanc-
ing individuals’ quality of life through increasing their active participation in 
activities [80, 82].

This study is a pioneer attempt to examine if AS would show its effectiveness in 
the management of older adults whom suffered from CFS. The primary objective is 
to study the outcome of physical functioning of individual participants. The second 
objective is to study the outcome on impact of caring role through assessing individ-
ual caregivers’ perceived burden in care. The third objective is to study the time that 
needed in taking care and individuals’ perception of enjoyment and achievement in 
their participated activities.

2. Methods

This 10-week longitudinal study was a single-blinded randomized control trial 
with a parallel group experimental design.
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sensitivity, and bones [51–53].
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studies indicated that untreated patients with adrenal insufficiency demonstrated 
increased sleep fragmentation [55, 56], findings that may explain the patients’ 
fatigue. These sleep abnormalities were reversed following treatment with a 
replacement dose of hydrocortisone. These results suggest that cortisol secretion 
may be needed to facilitate both initiation and maintenance of REM sleep. It should 
be noted that in normal individuals, exogenous glucocorticoids have been found to 
reduce REM sleep [57]. Behaviorally, excessive daytime sleepiness is prominent in 
patients with secondary adrenal insufficiency [58].

1.7 Impact of CFS to individuals’ life roles

Fatigue, a poorly defined phenomenon and subjective in nature, was described 
by CFS sufferers as continuous, resulting in diminished engagement in activities 
[59]. It was found that most individuals with CFS actually underreported their 
disabilities [6]. Moreover, functional limitations consequently affect the successful 
completion of tasks and roles [3]. The loss or diminishment of these roles as provid-
ers, family members, and peers affects not only functional relationships but also the 
quality of life of their partners, family members, and significant others [60, 61].
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primary goal when treating this population. Previously, the effectiveness of many 
of the treatments was unproven (Berne, 2002). Nowadays, apart from pharma-
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like nutrition [64] and use of exercise [65–68] and cognitive behavioral therapy 
[69, 70]. The general consensus was that graded exercise therapy (GET), cognitive 
behavioral therapy (CBT), and “pacing” (energy conservation) showed the most 
positive results.

1.9 Consideration of rehabilitation for CFS

Literature has shown behavioral intervention can supplement therapeutic treat-
ment [71] or may lead to decline in CFS symptoms [72, 73]. Occupational therapy 
addresses problems for those individuals at risk or already experiencing problems 
in performing activities that affect functional independence, health, and wellbeing 
due to accident, illness, or delays [3]. As a holistic practice, occupational therapy 
addresses individuals’ physical, social, and psychological areas of life. Much has 
been contributed by occupational therapists to populations with chronic disease 
and populations with fatigue, loss of concentration, unexplained musculoskeletal 
pain, and amotivational symptoms that are similar to CFS [6]. The focus of occupa-
tional therapy is placed on individuals’ meaningful participation of activities [74]. 
This may act as structuring the engagement in activities of older adults need to do 
(self-care), enjoy doing (leisure), and do for progress (productivity) and help them 
to develop a sense of self-worth and wellbeing [75–78].

Activity scheduling is a tailor-made personalized activity that can be used as 
a media for behavioral activation [79, 80]. AS is the technique that compromise 
the advantages of GET, CBT, and energy conservation techniques. It has been 
established as a core component of evidence-based treatment for depression with 
equivalent outcomes to cognitive behavioral therapy [81], through introduc-
ing small and easily achievable changes, gradually building up levels of activity 
toward individualized short-term to long-term goals [80]. In their meta-analysis 
on randomized effect studies of AS, 16 studies with 780 subjects were included. 
The pooled effect size indicating the difference between AS intervention and 
control conditions yield a large effect size of 0.87 (95% CI, 0.60–1.15). Moreover, 
there was a robust association between AS during treatment and self-reported 
activity engagement as well as clinically significant improvements in depression 
[82, 83]. AS is an effective behavioral intervention that can address social isolation 
in older adults [83, 84]. Older adults can experience higher degrees of engagement 
in social activities, more chances to experience positive emotions [83], and a sense 
of not being negatively affected or neglected in their limited interactions with 
their environments [85]. Moreover, AS has been shown to be effective in enhanc-
ing individuals’ quality of life through increasing their active participation in 
activities [80, 82].

This study is a pioneer attempt to examine if AS would show its effectiveness in 
the management of older adults whom suffered from CFS. The primary objective is 
to study the outcome of physical functioning of individual participants. The second 
objective is to study the outcome on impact of caring role through assessing individ-
ual caregivers’ perceived burden in care. The third objective is to study the time that 
needed in taking care and individuals’ perception of enjoyment and achievement in 
their participated activities.

2. Methods

This 10-week longitudinal study was a single-blinded randomized control trial 
with a parallel group experimental design.
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2.1 Participants

Older adults with CFS and their spouse caregivers would be recruited. Both of 
them should be age-ranged from 65 to 70 years. Participants with CFS should have 
a diagnosis in their medical history under the ICD-10 criteria which was diagnosed 
by a physician. Individuals’ cognitive function would be screened by the Montreal 
Cognitive Assessment Hong Kong Version (MoCA-HK) [86]. To ensure participants 
having intact cognitive function, both participants with CFS and their spouse 
caregivers would be screened with MoCA-HK and should have a score >26. After 
provision of clear verbal and written explanation on the purpose of this study, they 
will provide their consent with the presence of their social workers. Approval was 
given by the local research ethics committee, and the study was conducted according 
to the Declaration of Helsinki.

2.2 Interventions

Participants with CFS and their spouse caregivers in both groups received a health 
education program with weekly themed topics, such as the importance of exercise 
and healthy eating, sleep management, counseling, acceptance therapy, and commit-
ment therapy in the first and second weeks. For the following 8 weeks, they would be 
randomized and received one of the two interventions. Healthcare Education group, 
as control group, would receive eight weekly education sessions on health and physical 
care education offered by lecturers of occupational therapy from a local university. 
In experimental arm, Healthcare Education-Activity Scheduling (Healthcare ED-AS 
group) would receive the same health and physical care education program and AS 
training, focusing on pleasant activities and improving communication.

After receiving three-session training from two occupational therapists, AS 
became a caregiver-delivered intervention, and it involves five steps: (1) baseline 
assessment, (2) discussion, (3) homework, (4) enhancing motivation and encour-
agement, and (5) reassessment. Moreover, those two occupational therapists who 
conducted the training would provide weekly telephone follow-up for caregivers as 
the strategy in encouraging individuals’ completion of program.

In the baseline assessment, researcher interviewed each couple in their own 
home. The occupational therapist would document the activities pattern of older 
adults over the course of a week. For each activity, participants should rate their 
own sense of enjoyment (E) and achievement (A) between 0 and 10 (“0” = no sense 
of enjoyment or achievement and “10” = you enjoyed the activity very much or felt 
a strong sense of achievement). Participants would mark this immediately after 
completing the activity or at the end of the day. Moreover, measures on the amount 
of time in taking care and individuals’ perception of enjoyment and achievement 
in their participated activities would serve as the baseline reading of their current 
activity levels. In discussion, activities chosen in AS had to be related on what the 
participants had been avoiding and help them to act in accordance with their valued 
directions. Spouse caregivers were asked to monitor the mood when they partici-
pated in their scheduled activities. They would be evaluated whether or not what 
they did was in keeping with their goals and valued directions. They were encour-
aged to make notes, and the occupational therapist would provide regular support 
in regard to assessing areas that were still avoided and activities that are overused. 
In homework, spouse caregivers could use the activity achievement worksheet to 
indicate how they spent their time, as well as how the activities affected their mood. 
In enhancing motivation and encouragement, individuals’ adherence and compli-
ance to AS would be documented through this homework in reflecting their level of 
participation. Strategies on regular telephone follow-ups would be used to enhance 
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individuals’ motivation to complete the 8-week intervention. Depending on the 
couple’s progress, changing or adding activities might be appropriate. In reassess-
ment, the set of measurements as in the baseline measures would be reassessed.

2.3 Outcomes/instrument

The primary objective is to study the outcome of physical functioning of indi-
vidual participants. The second objective is to study the outcome of AS on impact of 
caring role through assessing individual caregivers’ perceived burden in care. The 
third objective is to study the time that needed in taking care; individuals’ percep-
tion of enjoyment and achievement in their participated activities will be evaluated.

The primary outcome on impact of physical functioning is measured by the 
Functional Independence Measure (FIM). It is an 18-item measurement tool that 
explores an individual’s physical, psychological, and social function [87]. The tool 
is used to assess a patient’s level of disability as well as change in patient status in 
response to rehabilitation [88, 89] or medical intervention [90]. FIM is comprised 
of 18 items, grouped into 2 subscales—motor and cognition. The motor subscale 
includes eating, grooming, bathing, dressing upper body; dressing lower body, 
toileting, bladder management, and bowel management; transfers, bed/ chair/
wheelchair; transfers, toilet; transfers, bath/shower; walk/wheelchair; and stairs. 
The cognition subscale includes comprehension, expression, social interaction, 
problem-solving, and memory. Each item is scored on a 7-point ordinal scale, 
ranging from a score of 1 to a score of 7. Score 1 is total assistance with helper, 2 is 
maximal assistance with helper, 3 is moderate assistance with helper, 4 is minimal 
assistance with helper, 5 is supervision or setup with helper, 6 is modified indepen-
dence with no helper, and 7 is complete independence with no helper. The higher 
the score, the more independent the patient is in performing the task associated 
with that item. The total score for the FIM motor subscale (the sum of the indi-
vidual motor subscale items) will be a value between 13 and 91. The total score for 
the FIM cognition subscale (the sum of the individual cognition subscale items) 
will be a value between 5 and 35. The total score for the FIM instrument (the sum of 
the motor and cognition subscale scores) will be a value between 18 and 126.

The secondary outcome is to study the caregiving burden. The 22-item Chinese 
Zarit Burden Interview (CZBI) [91, 92] would be used to measure individuals’ care 
burden. Scores range from 0 to 88 and higher scores indicate higher levels of burden.

The third outcome will be individuals’ record of time, and activities; their per-
ception of enjoyment and achievement will be recorded in the activity achievement 
worksheet (Figure 1) by the family caregivers. The activity achievement worksheet 
helps caregivers to plan activities for the week ahead that give opportunities for 

Figure 1. 
Activity achievement worksheet.
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will provide their consent with the presence of their social workers. Approval was 
given by the local research ethics committee, and the study was conducted according 
to the Declaration of Helsinki.
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as control group, would receive eight weekly education sessions on health and physical 
care education offered by lecturers of occupational therapy from a local university. 
In experimental arm, Healthcare Education-Activity Scheduling (Healthcare ED-AS 
group) would receive the same health and physical care education program and AS 
training, focusing on pleasant activities and improving communication.

After receiving three-session training from two occupational therapists, AS 
became a caregiver-delivered intervention, and it involves five steps: (1) baseline 
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activity levels. In discussion, activities chosen in AS had to be related on what the 
participants had been avoiding and help them to act in accordance with their valued 
directions. Spouse caregivers were asked to monitor the mood when they partici-
pated in their scheduled activities. They would be evaluated whether or not what 
they did was in keeping with their goals and valued directions. They were encour-
aged to make notes, and the occupational therapist would provide regular support 
in regard to assessing areas that were still avoided and activities that are overused. 
In homework, spouse caregivers could use the activity achievement worksheet to 
indicate how they spent their time, as well as how the activities affected their mood. 
In enhancing motivation and encouragement, individuals’ adherence and compli-
ance to AS would be documented through this homework in reflecting their level of 
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individuals’ motivation to complete the 8-week intervention. Depending on the 
couple’s progress, changing or adding activities might be appropriate. In reassess-
ment, the set of measurements as in the baseline measures would be reassessed.

2.3 Outcomes/instrument

The primary objective is to study the outcome of physical functioning of indi-
vidual participants. The second objective is to study the outcome of AS on impact of 
caring role through assessing individual caregivers’ perceived burden in care. The 
third objective is to study the time that needed in taking care; individuals’ percep-
tion of enjoyment and achievement in their participated activities will be evaluated.

The primary outcome on impact of physical functioning is measured by the 
Functional Independence Measure (FIM). It is an 18-item measurement tool that 
explores an individual’s physical, psychological, and social function [87]. The tool 
is used to assess a patient’s level of disability as well as change in patient status in 
response to rehabilitation [88, 89] or medical intervention [90]. FIM is comprised 
of 18 items, grouped into 2 subscales—motor and cognition. The motor subscale 
includes eating, grooming, bathing, dressing upper body; dressing lower body, 
toileting, bladder management, and bowel management; transfers, bed/ chair/
wheelchair; transfers, toilet; transfers, bath/shower; walk/wheelchair; and stairs. 
The cognition subscale includes comprehension, expression, social interaction, 
problem-solving, and memory. Each item is scored on a 7-point ordinal scale, 
ranging from a score of 1 to a score of 7. Score 1 is total assistance with helper, 2 is 
maximal assistance with helper, 3 is moderate assistance with helper, 4 is minimal 
assistance with helper, 5 is supervision or setup with helper, 6 is modified indepen-
dence with no helper, and 7 is complete independence with no helper. The higher 
the score, the more independent the patient is in performing the task associated 
with that item. The total score for the FIM motor subscale (the sum of the indi-
vidual motor subscale items) will be a value between 13 and 91. The total score for 
the FIM cognition subscale (the sum of the individual cognition subscale items) 
will be a value between 5 and 35. The total score for the FIM instrument (the sum of 
the motor and cognition subscale scores) will be a value between 18 and 126.

The secondary outcome is to study the caregiving burden. The 22-item Chinese 
Zarit Burden Interview (CZBI) [91, 92] would be used to measure individuals’ care 
burden. Scores range from 0 to 88 and higher scores indicate higher levels of burden.

The third outcome will be individuals’ record of time, and activities; their per-
ception of enjoyment and achievement will be recorded in the activity achievement 
worksheet (Figure 1) by the family caregivers. The activity achievement worksheet 
helps caregivers to plan activities for the week ahead that give opportunities for 

Figure 1. 
Activity achievement worksheet.
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social interaction, enjoyment, and social interaction with others. To ensure the 
measure of fidelity of the AS program, both experimental and control group will 
log their activities. With the presence of blinded assessor, these outcome measures 
would be administrated in baseline and after the 8-week program.

3. Results

From August 2014 to August 2018, a total of 64 community-dwelling couples, 
composed of older adults with CFS and their spouse caregivers, were recruited from 
two local day activity centers for older adults. Four participants failed to complete 
the consent due to language barrier. Of these couples, 30 were randomly assigned to 
control group and 30 were randomly allocated to experimental AS group. Two pairs 
of couples in control group defaulted their follow-up after the first week program. 
In the experimental group, one pair of couples defaulted follow-up and another one 
family caregiver passed away within the first two sessions of the study. Therefore, 
56 pairs of couples were resulted as shown in Figure 2.

3.1 Baseline data

The 28 pairs of couples in the Healthcare Education group comprised 14 males 
and 14 females with ages ranging from 66 to 82 years (mean age = 69.25, SD = 16.32) 
and educational levels from 3 to 13 years (mean = 7.82, SD = 4.29). Moreover, the 28 

Figure 2. 
Participant flow in CONSORT diagram.
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participants in the Healthcare Education-Activity Scheduling (Healthcare ED-AS 
group) were composed of 17 males and 11 females, with ages ranging from 67 to 
84 years (mean age = 70.23, SD = 12.34) and educational levels from 3.5 to 13.2 years 
(mean = 7.52, SD = 5.23). All recruited participants were home living. There were 
no significant differences between the two groups regarding age, years of educa-
tion, or cognitive ability at baseline, as determined by the MoCA score (as shown in 
Table 1), and outcome measures among these groups are depicted in Table 2.

There were no significant differences in the baseline measurements taken for 
primary outcome measure on individuals’ physical functioning as measured by 
FIM (with Cohen’s d ranged from 0.02 to 0.08, p > 0.05). Moreover, there were no 
significant differences in individuals’ impact of caring role (with Cohen’s d ranged 
from 0.02 to 0.08, p > 0.05) and no significant difference in the amount of time 
spent taking care of relatives with CFS (with Cohen’s d ranged from 0.03 to 0.06, 
p > 0.05).

After 8-week intervention, there were some changes in different outcome 
measures. For the primary outcome measure on individuals’ physical functioning, 
paired t-test revealed a significant improvement in motor-FIM score in experimen-
tal group (with t (59) = −0.38, p < 0.05, with Cohen’s d ranging from 0.30 to 0.44, 
95% CI, 0.25 to 0.78), but not in control groups (p > 05).

In secondary outcome measure on the impact of caring role that was assessed 
using the CZBI, paired t-test revealed a significant improvement in uncertainty, 
subjective feeling, negative emotion, dependency, feelings of inadequacy, and total 
burden of care in experimental group (with t (59) = −0.38, p < 0.05, with Cohen’s 
d ranging from 0.30 to 0.44, 95% CI, 0.25 to 0.78), but not in control groups 
(p > 0.05).

In the third outcome measure on caring activities, there was a significant 
decrease in reported caring activities on communication, use of transport,  dressing, 
eating, and looking for appearance with Cohen’s d ranging from 0.23 to 0.53. 

Healthcare Education group
(n = 28)

Healthcare Education-Activity 
Scheduling (Healthcare ED-AS 

group)
(n = 28)

Gender

Older adult with CFS Male: 14
Female: 14

Male: 17
Female: 11

Spouse caregivers Male: 14
Female: 14

Male: 11
Female: 17

Age

Older adult with CFS 69.25 ± 5.32 70.23 ± 5.32

Spouse caregivers 71.23 ± 4.68 71.49 ± 3.73

Education level of caregivers From 3 to 13 years 
(mean = 7.82 ± 2.18)

From 3.5 to 11 years 
(mean = 7.79 ± 2.06)

Cognitive function 
(Montreal Cognitive 
Assessment-HK version)

Older adults with CFS 18.16 ± 0.64 18.06 ± 0.52

Spouse caregivers 27.16 ± 0.58 28.06 ± 0.39

Table 1. 
Baseline demographics and clinical characteristics for each group.
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participants in the Healthcare Education-Activity Scheduling (Healthcare ED-AS 
group) were composed of 17 males and 11 females, with ages ranging from 67 to 
84 years (mean age = 70.23, SD = 12.34) and educational levels from 3.5 to 13.2 years 
(mean = 7.52, SD = 5.23). All recruited participants were home living. There were 
no significant differences between the two groups regarding age, years of educa-
tion, or cognitive ability at baseline, as determined by the MoCA score (as shown in 
Table 1), and outcome measures among these groups are depicted in Table 2.
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Healthcare Education group
(n = 28)

Healthcare Education-Activity 
Scheduling (Healthcare ED-AS 

group)
(n = 28)

Gender

Older adult with CFS Male: 14
Female: 14

Male: 17
Female: 11

Spouse caregivers Male: 14
Female: 14

Male: 11
Female: 17

Age

Older adult with CFS 69.25 ± 5.32 70.23 ± 5.32

Spouse caregivers 71.23 ± 4.68 71.49 ± 3.73

Education level of caregivers From 3 to 13 years 
(mean = 7.82 ± 2.18)

From 3.5 to 11 years 
(mean = 7.79 ± 2.06)

Cognitive function 
(Montreal Cognitive 
Assessment-HK version)

Older adults with CFS 18.16 ± 0.64 18.06 ± 0.52

Spouse caregivers 27.16 ± 0.58 28.06 ± 0.39

Table 1. 
Baseline demographics and clinical characteristics for each group.
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Moreover, there is a significant decrease in reported caring hour from 6.98 to 
5.98 hours (with t (59) = −0.89, p < 0.05, Cohen’s d = 0.53 with 95% CI, 0.51 to 
0.68) in the experimental AS group and no significant difference in caring hours in 
control group from 7.02 to 7.42 hours.

In the measurement of spouse caregivers’ subjective perception of enjoyment 
and achievement in activities they were instructed to complete an achievement 
worksheet. After 8-week intervention, the experimental group outperformed the 
control group in their number of activity participation (Cohen’s d = 0.90 with 95% 
CI = 0.68–0.95), level of enjoyment (Cohen’s d = 0.74 with 95% CI = 0.65–0.82), 
and sense of achievement (Cohen’s d = 0.55 with 95% CI = 0.49–0.71). Moreover, 
in experimental group, participants reported with more physical exercise (ranging 

Healthcare 
Education 

group
(n = 28)

Healthcare 
Education-

Activity 
Scheduling 
(Healthcare 

ED-AS group) 
(n = 28)

Healthcare 
Education group

(n = 28)

Healthcare 
Education-

Activity 
Scheduling 
(Healthcare 

ED-AS group)
(n = 28)

Before intervention After 8-week intervention

Primary outcome measure

Functional 
Independence 
Measure

Motor-FIM 48.07 ± 1.35 48.23 ± 1.37 51.97 ± 1.57 77.47 ± 1.71

Cognitive-FIM 18.07 ± 1.36 18.19± 1.31 21.87 ± 1.82 26.53 ± 1.68

Total-FIM 66.13 ± 4.56 67.25 ± 4.35 83.96 ± 2.82 102.63 ± 1.71

Secondary outcome measure

Caregiver 
burden

Uncertainty 8.07 ± 1.36 8.13 ± 1.31 7.97 ± 1.47 7.47 ± 1.71

Subjective 
feeling

22.80 ± 1.86 22.73 ± 1.74 22.70 ± 2.51 23.66 ± 2.45

Negative 
emotion

11.87 ± 2.22 11.70 ± 2.13 11.72 ± 3.70 10.37 ± 2.11

Dependency 9.47 ± 1.31 9.33 ± 1.30 9.48 ± 1.22 9.10 ± 1.30

Feeling of 
inadequacy

5.37 ± 1.40 5.40 ± 1.40 5.23 ± 1.34 4.70 ± 1.34

Total 57.56 ± 4.25 57.43 ± 4.05 57.21 ± 3.76 54.70 ± 4.46

Secondary outcome measure

Activity 
achievement 
worksheet

Number of 
activities

11.23 ± 2.61 11.26 ± 2.32 10.84 ± 2.87 12.24 ± 1.32

Enjoyment 4.65 ± 1.79 4.71 ± 1.89 4.67 ± 1.81 6.22 ± 2.19

Achievement 4.32 ± 1.79 4.45 ± 1.85 4.26 ± 1.97 5.32 ± 1.87

Table 2. 
Outcome measures for each group.
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from physical exercise to more leisurely exercise, such as walking, gardening, yoga, 
or hiking) in their later reported figures from week 5 onward than less active physi-
cal activities (including shopping, baking, attending community events, arts and 
crafts, singing, and tea or lunch with friends or family) as in their earlier reported 
activities. Moreover, gradually increasing levels of social interaction with others 
were noted in experimental group than in control group. On the contrary, control 
group showed some more passive activities (such as reading a newspaper, watch-
ing TV, listening to the radio, looking at photo albums, and writing in a journal) 
throughout the period of 8-week intervention.

3.2 Within-group difference

After 8-week intervention, there were significant differences in some measures 
within experimental group but not in control group. For the primary outcome 
measure on individuals’ physical functioning, paired t-test revealed a significant 
improvement in motor-FIM and total-FIM (with t (27) = 11.45, p < 0.05, with 
Cohen’s d ranging from 0.68 to 1.64, 95% CI, 0.38 to 1.78), but not in control groups 
(p > 0.05). The secondary outcome measures on the impact of caring role. Paired 
t-test revealed a significant improvement in uncertainty, subjective feeling, negative 
emotion, feelings of inadequacy, and total burden of care in experimental group 
(with t (27) = −0.45, p < 0.05, with Cohen’s d ranging from 0.43 to 0.64, 95% CI, 
0.38 to 0.78), but not in control groups (p > 0.05).

There was significant difference in spouse caregivers’ own subjective percep-
tion of enjoyment and achievement in activities within experimental group but not 
in control group. Following 8-week intervention, within the experimental group 
yielded the following results:  the number of activity participation (Cohen’s d = 
0.52 with 95% CI = 0.48–0.65), level of enjoyment (Cohen’s d = 0.74, 95% CI = 
0.65–0.81), and sense of achievement (Cohen’s d = 0.46 with 95% CI = 0.43–0.62).

3.3 Examine the improvement over time in intervention group

A two-group pretest-posttest ANOVA with repeated measures was conducted 
to compare the effect of time before and after the 8-week intervention. There was 
a significant effect of AS on the physical functioning of participants with CFS in 
experimental group, with Wilk’s λ = 0.72, F (2,57) = 18.75, p < 0.001. Moreover, 
there was a significant decrease in the impact of caring role as reflected by the 
perceived burden of caring in the experimental group, with Wilk’s λ = 0.72, F (2,97) 
= 18.75, p < 0.001. Furthermore, a study of the effect of time on caring activities 
for those recruited couples in AS group revealed a significant effect of AS on caring 
activities with Wilk’s λ = 0.71, F (2,97) = 12.47, p < 0.001.

4. Discussion

The present study revealed that there was a positive effect of AS on improve-
ments in activity participation in older adults with CFS. This finding echoes 
previous work on AS in regard to depression in older adults [82, 83]. Through 
this study, it became obvious that there were more activities that older adults 
with CFS and their spouse caregivers would like to and could participate than we 
expected. AS showed its advantages with the GET, CBT, and energy conservation 
techniques. This is very important topic as non-pharmacological interventions 
are needed for this hard to treat population. With the application of AS in experi-
mental group, there was more significant improvement regarding individuals’ 



Neuroimaging - Neurobiology, Multimodal and Network Applications

32
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with CFS and their spouse caregivers would like to and could participate than we 
expected. AS showed its advantages with the GET, CBT, and energy conservation 
techniques. This is very important topic as non-pharmacological interventions 
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physical functioning, as our primary outcome measure, in the experimental group. 
Moreover, there will be lighter perceived impact of caring role and significant 
reductions in uncertainty, dependency, and the feeling that caregivers were provid-
ing inadequate care. These positive changes can be partially explained by having 
proper channel in having more regular feedback and sharing on their caring with 
occupational therapists in the AS program. This channel had shown to be a strong 
form of support to caregivers in regard to caregiving [83, 93].

Moreover, in experimental group, AS training offered by occupational therapists 
focused on pleasant event scheduling and improving individuals’ communication. 
Results indicated individuals’ feelings of uncertainty and inadequacy can be greatly 
alleviated if they participate in activities together with the people for whom they care. 
The present findings echoed the effectiveness of this type of activity participation, 
and support had been well documented that can lower the impact of caring role in 
their daily lives [84, 94]. It is very important to note that not only CFS but also depres-
sion would affect people differently when it comes to their daily activities [95, 96]. It 
had been found that fatigue and depression had mutual interactions [97] and there 
can be some overlap between the two [98]. AS training showed its effectiveness in 
behavioral intervention for CFS. The application of AS and findings of this study can 
be applied to other common neuropsychological metrics such as in depression and for 
others with mild cognitive impairment. There were some studies that had documented 
its effectiveness in depression [80].

One of the most attractive assets of AS was its relatively straightforward and 
personalized metric in nature. With not much preparation and resources needed, it 
makes easy for different healthcare providers to adopt this approach in motivating 
our patients and their caregivers to have more activity participation. This easy-
operation intervention can bring benefits to various sociodemographic levels of our 
society.

This study provided insights on the importance of biopsychosocial approach in 
the evaluation and management for CFS. Moreover, in rehabilitation, it is funda-
mentally important to let the participants choose activities by themselves, in order 
to enhance their levels of participation in the activities [99]. There were gradually 
increases of enjoyment and achievement and levels of social interaction noted in 
their reported activity achievement worksheet. It is reasonable to believe that with 
proper coaching and regular facilitation regarding AS by occupational therapists, 
activity participation in older adults with CFS can be greatly enhanced, just as it 
can be for other older adult populations [82, 100, 101]. This study further echoed 
previous well-cited studies in indicating behavioral intervention can supplement 
therapeutic treatment or may lead to decline in CFS symptoms [71–73, 102].

The present study relied on self-report and completion of daily activity logs in 
reflecting individuals’ activity participation. This will limit the power of this study 
as social desirability bias and forgotten to complete the report would jeopardize the 
outcome of AS. A more standardized environment would much enhance the effi-
ciency in building events for AS.  Also, a well-cited experimental research in using 
neuroimaging to probe mechanisms of behavior change is needed [103]. Further 
resources should be solicited in making a correlation analyses with neuroimaging 
on justifying the effectiveness of this behavioral intervention.

Up till present, there was limited literature in showing the effectiveness of 
rehabilitation service for older adults with CFS. The effectiveness of AS can be 
further justified by conducting a study with larger group of participants and with 
longer-term follow-up. Regular telephone follow-ups had shown to be an effective 
method to maintain satisfactory compliance and adherence of caregivers; therefore, 
more resources should be prepared to work up closer on compliance and adherence 
of individuals’ participation in activity and their scheduling.
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Chapter 3

Neuroimaging Findings for
Developmental Coordination
Disorder (DCD) in Adults: Critical
Evaluation and Future Directions
Agnieszka Anna Reid

Abstract

Approximately 75% of those diagnosed with developmental coordination disorder
(DCD) exhibit motor problems in adulthood. Neuroimaging studies promise to reveal
the endophenotypes of mature brain systems affected by DCD. The aim here was to
review these publications. Bibliographic searches identified papers published before
June 2019. Neuroimaging results revealed: functional abnormalities in the prefrontal,
frontal and occipital regions, superior parietal lobe and cerebellum; structural white
matter abnormalities in the corticospinal tract, internal capsule and inferior and
superior longitudinal fasciculi; significantly reduced interhemispheric cortical inhibi-
tion within the primary motor cortex (hPMC); lack of increased hPMC activity
during a motor imagery task and a reduced leftwards brain asymmetry for speech.
These results suggest complex endophenotypes for adults with DCD (DCDAs).
However, the studies have shortcomings. For instance, all relied upon small and
unrepresentative samples. Gender and age were not tested systematically. The effects
of many co-occurring disorders were not controlled. Most studies relied on between
group comparisons, which, given the heterogeneity of DCD, may obscure the results
for underrepresented cases. Overall, the young field of neuroimaging studies of
DCDAs reported interesting results; however, there is an urgent need for investiga-
tions to address these shortcomings. Future research directions, including cutting-
edge neuroimaging techniques and imaging genetics, are discussed.

Keywords: developmental coordination disorder, DCD, dyspraxia, adults, review,
MRI, fMRI, DW-MRI, DTI, HARDI, CSD, SPECT, functional transcranial
Doppler (fTCD) ultrasound, neuroimaging, individual differences,
co-occurring neurodevelopmental disorders, comorbidity, genetics

1. Introduction

Developmental coordination disorder (DCD) is a common, but under-
recognised neuro-developmental disorder affecting the ability to acquire motor
skills, to plan motor actions and to perform actions in motor co-ordinated fashion.
According to the Diagnostic and Statistical Manual of Mental Disorders 5 (DSM-5)
[1], there are four diagnostic criteria for DCD. First, the impairment is characterised
by significantly lower than expected (given a person’s opportunity for learning and
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using a skill and chronological age), acquisition and execution of coordinated motor
skills. Second, this motor deficit significantly interferes with the activities of every-
day life, academic achievements and occupational and recreational activities. Third,
DCD symptoms have their onset in early development. Fourth, deficits in motor
skills are not better accounted for by intellectual or visual deficits, or neurological
impairments, such as degenerative disorder, cerebral palsy, muscular dystrophy,
multiple sclerosis or Parkinson’s disease, which affect movement.

Different prevalence rates of DCD have been reported; however, perhaps the
most reliable are the results from a large UK population study of 6990 7- to 8-year-
old children [2]. This study revealed a prevalence of 1.7%. An additional 3.2% of
children were identified as having ‘probable DCD’ by using broader cut-off criteria
on tests of motor coordination and activities of daily living. Males are more often
affected than females, with the male to female ratio ranging from 2:1 to 7:1 [1].

Until recently, motor-coordination difficulties in childhood were thought to be
typically outgrown in adulthood. However, it is estimated that approximately 75%
of those diagnosed with DCD will continue to exhibit motor problems into adult-
hood [3, 4]. Indeed, studies on DCDAs [5–18] demonstrate that they perform
significantly worse than control participants (CPs) on various motor tasks. If one
pauses for a moment and considers that the only way humans can affect the world
around them is through movement (except for sweating) [19], which is crucial for
communication, speech, gesture, sign-language, writing, walking, lifting, etc., it
becomes obvious that difficulties with movement will cause a particularly acute
deficit in a person who needs to interact with people and the surrounding world.
According to the Dyspraxia Foundation [20], the range of motor deficits in DCDAs
is wide, including fine motor difficulties (e.g. dressing, handwriting, sewing, put-
ting on make-up, shaving and DIY tasks), gross motor difficulties (e.g. riding a
bike, running, engaging in sports, driving a car and dancing), spatial awareness,
difficulties with balance and postural control, as well as difficulties with actions
which require precise timing, such as catching (e.g. a ball) and keeping up with
rhythm. DCDAs also exhibit executive functioning problems in everyday life, such
as difficulties organising, managing money, planning ahead and finding things in
their room [21]. A glimpse of the fact that DCD adversely affects many areas of
DCDA’s lives is portrayed below using quotes by DCDAs.

‘All my life I had assumed I was just “wrong” somehow. Maybe I was just stupid and
lazy but was too stupid to see it. Others seemed to be better at things and I was sick of
being laughed at or put up with and patronised. I hated being the one who would be
slowing others down or not acting how they thought I should act. I spent much of my
life just trying my best to physically catch up with other people… ’ Ruth [20].

‘My handwriting is dreadful and it takes ages to produce anything legible. It is part
of my massive problem in taking notes … ’ Aileen [20].

‘ … When I think of PE I think of being laughed at and being incredibly self-
conscious for the obvious reason that PE means moving in front of other people… ’

Mary [20].

‘I find it hard to hold my nephew comfortably for us both. I also get overwhelmed
when he plays up. [… ]. Spatial awareness is worse when he jumps on me and
demands to be swung around etc.’ Chris [20].

Impaired motor skills in DCDAs, crucial for daily activities, have been found to be
associated with lower quality of life satisfaction [22–24], difficulties with sleep, higher
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levels of fatigue, low self-esteem [25], depression [23, 25–27], higher anxiety [23, 26,
27], difficulties with interpersonal relationships [28], negative outcomes of education
and employment [28], low participation in daily life [24] and negative consequences,
but a greater ability to use coping strategies than earlier in life [29]. A need for early
identification and intervention to prevent the emergence of secondary consequences
was underscored [30]. Also increasing awareness of motor difficulties in DCDAs
prompted researchers to start developing screening tools for DCDAs [31, 32].

Behavioural genetic studies [33, 34] reported a high heritability estimate for
DCD of approximately 70%. A twin/sibling study [27] reported that approximately
0.5 of the variance in coordination difficulty in DCDAs is explained by genetic (and
shared environmental) influence. Fliers et al.’s study [35] of sibling pairs with motor
problems and ADHD reported a familial component of motor difficulties (compris-
ing genetic and environmental effects) of 0.47 (rated by parents) and of 0.22 (rated
by teachers). Moving on to findings from molecular genetics, a genome-wide asso-
ciation study (GWAS) [36] reported no significant findings. However, further
analysis showed enrichment of genes for motor neuropathy and genes involved in
neurite outgrowth and muscle functions. Among the highest ranked genes was
CHD6, causing motor coordination problems in mice. These findings are certainly
encouraging, but caution needs to be exercised here, because this study focused on
participants with ADHD, who also exhibited motor coordination problems; there-
fore, they may not necessarily hold for participants with DCD. A more recent
molecular genetics study [37] was the first to investigate the proportion of herita-
bility in DCD attributed to copy number variations (CNVs—the deletion and
duplication of genetic material; an increased burden of large CNVs is associated
with autism, intellectual disability and schizophrenia). The results (based on 82
Canadian children with DCD, categorised into four groups—(1) pure DCD, (2)
DCD + Reading Disorder, (3) DCD + ADHD, (4) DCD + ADHD + Reading Disorder
and 2988 CPs) revealed an increased rate of large and rare genic CNVs and an
enrichment of duplications spanning brain-expressed genes and genes previously
implicated in other neurodevelopmental disorders. Some cases had a de novo (pre-
sent for the first time) rare CNV, some inherited CNVs (64% of which came from a
parent who also had a neurodevelopmental disorder). These results underscore a
genetic basis for DCD and suggest that there may be shared susceptibility genes for
DCD and other neurodevelopmental disorders.

DCD, similar to other neurodevelopmental disorders, poses a public health con-
cern, but the neuropathological mechanisms underlying DCD are unknown. Analo-
gous to other developmental disorders (e.g. developmental dyslexia and ADHD),
DCD is a heterogeneous disorder [38, 39] with complex and varied manifestations.
Neuroimaging studies promise new insights into this disorder. Several reviews have
recently been published on neuroimaging studies on children with DCD [40–44],
but not on adults. Therefore, the aim of this communication is to review neuroim-
aging publications involving DCDAs with the hope that they will uncover the
endophenotypes of mature brain systems affected by DCD.

2. Method

Bibliographic searches of the PubMed and Web of Science databases were
conducted to identify papers published before June 2019. The search terms included
the following: ‘adults’, ‘developmental coordination disorder’, or ‘DCD’, or ‘devel-
opmental dyspraxia’, and either ‘neuroimaging’, ‘ERPs’, ‘TMS’, ‘DW-MRI’, ‘DTI’,
‘fMRI’, ‘MRS’, ‘VBM’, ‘MRI’, ‘SPECT’, ‘MEG’ and ‘PET’. A total of 7 studies met the
inclusion criteria (peer-reviewed studies published in English, adult participants
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(≥18 years old) with DCD or well defined probable DCD who met the DSM-5
criteria for DCD, usage of at least one neuroimaging method).

2.1 Neuroimaging techniques used in the reviewed studies

For clarity, a brief description of neuroimaging techniques used in the reviewed
studies is presented below.

The single-photon emission computed tomography (SPECT) imaging
technique relies on the delivery of a gamma-emitting radioisotope (usually through
injection to the bloodstream) into the participant. Blood flow in the capillaries of
the imaged brain regions are indicated by emissions from the radionuclide. SPECT is
limited by the lack of a direct measure of metabolism; however, cerebral perfusion
and metabolism are closely coupled under the majority of pathologic and normal
circumstances. The most common SPECT brain function measure is regional cerebral
blood flow (rCBF). Two classes of radiopharmaceuticals are used in SPECT imaging:
the diffusible tracers (e.g. 133Xe) and the static tracers (e.g. 99mTc-ECD). The spatial
and temporal resolution are better for the latter (7 mm and 20 s) than for the former
(12 mm and 2 min). As SPECT uses ionising radiation, it cannot be used for experi-
mental studies with children and for longitudinal designs, which are particularly
important when studying a developmental disorder, such as DCD.

Structural magnetic resonance imaging (MRI) produces high-resolution images
of the brain, with clearly distinguishable white and grey matter, fibre tracts and
ventricles. It is characterised by relatively good spatial resolution such that brain
structures, including subcortical structures much smaller than 1 mm, can be
resolved with this method. See also Section 4.4 for more details.

Functional magnetic resonance imaging (fMRI), similar to SPECT and PET, does
not directly measure neural events, but metabolic changes which are correlated
with neural activity. fMRI exploits the fact that when neurons become active in a
given brain area, an increase of the blood flowing to this region occurs. fMRI uses
magnetic resonance imaging to measure brain activity by measuring the ratio of
oxygenated to deoxygenated haemoglobin, and this value is referred to as the blood-
oxygen-level-dependent (BOLD) signal. In an experimental task, brain activity is
usually measured, relative to a control task. fMRI has a relatively good temporal
resolution of seconds to hundreds of milliseconds and spatial resolution of 4–5 mm.
See also Section 4.4 for more details.

Diffusion-weighted magnetic resonance imaging (DW-MRI) relies on the diffu-
sion of water molecules in vivo to generate a contrast in magnetic resonance images.
Molecular diffusion in tissues reflects interactions with membranes, macromole-
cules and fibres. Water molecule diffusion allows discovery of microscopic charac-
teristics of brain tissue in a diseased or normal state. Diffusion tensor imaging (DTI)
is a special type of DW-MRI. One set of questions which can be asked with DTI
relates to the microstructural properties of tissues which are hypothesised to be
altered in a given disease or developmental disorder. Important parameters here are
the parameters reflecting the total amount of diffusion (apparent diffusion coeffi-
cient, ADC) or the fractional anisotropy (FA), defined as a scalar value between one
and zero that specifies the degree of anisotropy of a diffusion process. ‘One’ means
that diffusion takes place exclusively along one axis and is completely restricted
along all other directions. ‘Zero’ denotes that diffusion is isotropic (unrestricted or
equally restricted) in all directions. Another measure commonly used in DTI studies
is mean diffusivity (MD), which is defined as a sum of the diffusivity along the
principal axis (axial diffusivity) and the diffusivities in the two minor axes, divided
by three. It needs to be pointed out that these measures are sensitive to many
different tissue properties, such as axonal density, degree of myelination and axonal
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ordering. Furthermore, these measures are not specific to any one of them and this
causes difficulties in interpretation of the results [45].

Although DTI is still most commonly used, it is characterised by serious limita-
tions (for more details see Section 3.5). Therefore, recent developments have
focused on the high angular resolution diffusion imaging (HARDI) data acquisition
strategy. HARDI data acquisition differs only from standard DTI acquisition in
which a larger number of unique diffusion-weighting gradient directions are
employed, possibly utilising a larger b-value than required for optimal DTI acquisi-
tion. Importantly, HARDI is a technique of DW-MRI data acquisition that is neces-
sary for methods, such as constrained spherical deconvolution (CSD) - the goal of
which is to resolve the problem of the presence of multiple fibres (crossing fibres)
in a single voxel (see Section 3.5, for more details).

It should be noted that structural MRI, fMRI and DW-MRI are all performed
using a MRI scanner which (in contrast to PET and SPECT) does not use ionising
radiation and can be used with children and in longitudinal designs.

Transcranial magnetic stimulation (TMS) is a neurophysiological technique used
to stimulate the brain rather than record electrical or metabolic activity. A special
coil is placed on the surface of the skull and the magnetic field passes through the
skin and scalp and induces a physiological current that causes firing of the neurons.
Placing a TMS coil over the hand area of the motor cortex causes (involuntary)
activation of the muscles of the fingers and wrist. TMS is also used to induce
temporary ‘virtual lesions’ by disrupting the sensory and cognitive processing of a
given brain area. The consequences of the stimulation are used to shed light on the
normal function of the ‘lesioned’ brain region, analogous to the logic of lesion
studies. TMS does not use ionising radiation. The primary activation can be limited
to approximately 1–1.5 cm3; however, downstream effects also occur.

Functional transcranial Doppler (fTCD) ultrasound is a method that allows the
non-invasive registration of intracranial blood flow parameters during the perfor-
mance of a cognitive task. It utilises pulse-wave Doppler technology for registering
blood flow velocities in the posterior, middle and anterior cerebral arteries. Analo-
gous to other neuroimaging techniques, it is based on the close coupling between
neural activation and regional cerebral blood flow changes. Because of a continuous
monitoring of blood flow velocity, fTCD has better temporal resolution than fMRI.

It needs to be pointed out that the neuroimagingmethods introduced above are
subject to gradual improvement,with regard to their temporal and spatial resolution, as
well as other characteristics. Formore details on neuroimaging techniques, see [46–50].

3. Results

The following studies are included in this review: a case study involving func-
tional and structural neuroimaging (MRI and 99mTc-ECD SPECT), four functional
imaging studies (one fMRI, two TMS and one functional transcranial Doppler
(fTCD) ultrasound) and two structural studies (based on DTI and HARDI with
CSD)). The results were statistically significant relative to CPs. The focus is first on
the case study, then on the functional imaging studies and finally on the papers on
structural imaging. See also Table 1 for the main characteristics of the reviewed
studies and Figure 1 for a summary of the imaging findings.

3.1 SPECT findings

A study using MRI and 99mTc-ECD SPECT [51] investigated a 19-year-old left-
handed woman who was diagnosed with DCD at the age of 14. She was also
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resolution of seconds to hundreds of milliseconds and spatial resolution of 4–5 mm.
See also Section 4.4 for more details.

Diffusion-weighted magnetic resonance imaging (DW-MRI) relies on the diffu-
sion of water molecules in vivo to generate a contrast in magnetic resonance images.
Molecular diffusion in tissues reflects interactions with membranes, macromole-
cules and fibres. Water molecule diffusion allows discovery of microscopic charac-
teristics of brain tissue in a diseased or normal state. Diffusion tensor imaging (DTI)
is a special type of DW-MRI. One set of questions which can be asked with DTI
relates to the microstructural properties of tissues which are hypothesised to be
altered in a given disease or developmental disorder. Important parameters here are
the parameters reflecting the total amount of diffusion (apparent diffusion coeffi-
cient, ADC) or the fractional anisotropy (FA), defined as a scalar value between one
and zero that specifies the degree of anisotropy of a diffusion process. ‘One’ means
that diffusion takes place exclusively along one axis and is completely restricted
along all other directions. ‘Zero’ denotes that diffusion is isotropic (unrestricted or
equally restricted) in all directions. Another measure commonly used in DTI studies
is mean diffusivity (MD), which is defined as a sum of the diffusivity along the
principal axis (axial diffusivity) and the diffusivities in the two minor axes, divided
by three. It needs to be pointed out that these measures are sensitive to many
different tissue properties, such as axonal density, degree of myelination and axonal
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ordering. Furthermore, these measures are not specific to any one of them and this
causes difficulties in interpretation of the results [45].

Although DTI is still most commonly used, it is characterised by serious limita-
tions (for more details see Section 3.5). Therefore, recent developments have
focused on the high angular resolution diffusion imaging (HARDI) data acquisition
strategy. HARDI data acquisition differs only from standard DTI acquisition in
which a larger number of unique diffusion-weighting gradient directions are
employed, possibly utilising a larger b-value than required for optimal DTI acquisi-
tion. Importantly, HARDI is a technique of DW-MRI data acquisition that is neces-
sary for methods, such as constrained spherical deconvolution (CSD) - the goal of
which is to resolve the problem of the presence of multiple fibres (crossing fibres)
in a single voxel (see Section 3.5, for more details).

It should be noted that structural MRI, fMRI and DW-MRI are all performed
using a MRI scanner which (in contrast to PET and SPECT) does not use ionising
radiation and can be used with children and in longitudinal designs.

Transcranial magnetic stimulation (TMS) is a neurophysiological technique used
to stimulate the brain rather than record electrical or metabolic activity. A special
coil is placed on the surface of the skull and the magnetic field passes through the
skin and scalp and induces a physiological current that causes firing of the neurons.
Placing a TMS coil over the hand area of the motor cortex causes (involuntary)
activation of the muscles of the fingers and wrist. TMS is also used to induce
temporary ‘virtual lesions’ by disrupting the sensory and cognitive processing of a
given brain area. The consequences of the stimulation are used to shed light on the
normal function of the ‘lesioned’ brain region, analogous to the logic of lesion
studies. TMS does not use ionising radiation. The primary activation can be limited
to approximately 1–1.5 cm3; however, downstream effects also occur.

Functional transcranial Doppler (fTCD) ultrasound is a method that allows the
non-invasive registration of intracranial blood flow parameters during the perfor-
mance of a cognitive task. It utilises pulse-wave Doppler technology for registering
blood flow velocities in the posterior, middle and anterior cerebral arteries. Analo-
gous to other neuroimaging techniques, it is based on the close coupling between
neural activation and regional cerebral blood flow changes. Because of a continuous
monitoring of blood flow velocity, fTCD has better temporal resolution than fMRI.

It needs to be pointed out that the neuroimagingmethods introduced above are
subject to gradual improvement,with regard to their temporal and spatial resolution, as
well as other characteristics. Formore details on neuroimaging techniques, see [46–50].

3. Results

The following studies are included in this review: a case study involving func-
tional and structural neuroimaging (MRI and 99mTc-ECD SPECT), four functional
imaging studies (one fMRI, two TMS and one functional transcranial Doppler
(fTCD) ultrasound) and two structural studies (based on DTI and HARDI with
CSD)). The results were statistically significant relative to CPs. The focus is first on
the case study, then on the functional imaging studies and finally on the papers on
structural imaging. See also Table 1 for the main characteristics of the reviewed
studies and Figure 1 for a summary of the imaging findings.

3.1 SPECT findings

A study using MRI and 99mTc-ECD SPECT [51] investigated a 19-year-old left-
handed woman who was diagnosed with DCD at the age of 14. She was also
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diagnosed with developmental apraxia of speech. At the age of 19 years, she still had
difficulties in establishing social contacts and was characterised by emotional insta-
bility and inability to maintain close relationships because of low self-esteem. Her
IQ was within the normal range, but she performed better on VIQ than on PIQ
(WAIS-III). She exhibited difficulties with block design (WAIS-III) and with copy-
ing the Rey-Osterrieth figure. She also had visual perception problems, distorted
visual-motor integration skills and visual-motor coordination, as well as impair-
ment of frontal planning and problem solving. There was no evidence of further
cognitive deficits. Cerebellar function was tested with the Brief Ataxia Rating Scale
(BARS) and revealed mild ataxia, tandem gait was not possible but was normal
naturally. Her performance on the lowering of the heel was executed in a continu-
ous axis but the movement was decomposed into several phases. Regarding the
finger to nose test, oscillating movements of the hand and arm without decomposi-
tion of the movement were recorded. A few articulation errors, oral diadochokinesis
and a laboured articulatory setting were noted during motor speech. The patient did
not exhibit oculomotor abnormalities.

A quantified 99mTc-ECD SPECT investigation showed a significant decrease of
perfusion in the right (R) cerebellar hemisphere and a hypoperfusion in the R
occipital area and left (L) medial prefrontal region. Decreased perfusion in the L
cerebellar hemisphere, the vermis, and the R medial prefrontal area only
approached significance. Furthermore, structural MRI showed a slight anterior/
superior asymmetry of vermal fissures which is in line with rostral vermis-dysplasia
(type 1a). It is not clear whether this anatomical abnormality was relevant to the
cerebellar functional deficit reported in SPECT examination. According to the
authors, cerebellar deficiency would affect the cerebello-cerebral network involved
in the execution of planned actions, visual-spatial cognition and affective regula-
tion. On the basis of these findings, the authors concluded that the cerebellum was
involved in the underlying causes of DCD.

3.2 fMRI findings

An fMRI mental rotation study by Kashuk and colleagues [52] aimed to ascertain
whether adults with probable DCD (pDCDAs; not formally diagnosed with DCD,
but who obtained scores on various DCD tests which indicate impairment), com-
pared to CPs, exhibit a reduced ability when engaging in implicit motor imagery,
which involves representing movements from an internal perspective, and whether
they would exhibit atypical patterns of neural activation. A total of 11 adult CPs and
12 pDCDAs took part in the study. The stimulus images were pictures of R and L
hands, shown so that the palm of the hand was facing the participants. They were
asked to try to imagine their hand in the position of the displayed hand and decide
(by pressing an appropriate button) whether they saw the R hand or L hand. Stimuli
were presented in four blocks based on difficulty (Baseline (0°), Easy (40–60°),
Medium (80–120°) and Hard (140–160°)). There were no significant between-
group differences on response accuracy and time. Therefore, the neuroimaging
results were not confounded by between-group differences on these variables. The
neuroimaging results revealed significantly lower BOLD signal for increasing angle
of rotation for pDCDAs than CPs in the parieto-frontal and occipito-parietal net-
works, including the R and L middle frontal gyrus, L superior parietal lobe, R and L
occipital lobe/cuneus and cerebellar lobule VI. The authors concluded that the
underactivation within the frontal, parietal and cerebellar areas may reflect defi-
cient connectivity between areas responsible for the prospective control of move-
ment and action planning. These results could also be interpreted as reflecting
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deficits within the underactivated areas, or even both interpretations may hold.
Further studies, using different neuroimaging techniques, such as voxel-based
morphometry (VBM that involves a voxel-wise comparison of the local concentra-
tion of grey matter between two groups of participants [58]), DTI (a technique
which, additionally to its features described above, allows for the investigation of
the anatomical structure of the axon tracts and can provide information on the
between-regional anatomical connectivity between different brain areas [48]),
or more sophisticated diffusion techniques, such as HARDI (with (CSD) [47]),
as well as fMRI, on the same sample of pDCDAs may be able to shed further
light here.

3.3 TMS findings

A study by He and colleagues [53] utilised TMS. The authors hypothesised that
difficulties found in DCD, such as poor surround inhibition, compromised motor

Figure 1.
Areas of non-typical brain involvement reported in neuroimaging studies of DCDAs vs. CPs displayed on the R
and L medial surfaces of the brain, the brain surface viewed from above and the horizontal section of the brain.
The numbers in the coloured rectangular shapes denote each neuroimaging study, as follows: 1 = Marien et al.
[51], 2 = Kashuk et al. [52]; 3 = He et al. [53], 4 = Hyde et al. [54], 5 = Hodgson et al. [55], 6 = Williams
et al. [56] and 7 = Hyde et al. [57]. See Table 1 for details; * denotes not a significant result, but a trend (with
medium-large effect size) for decreased tract volume of the R SLF; ** denotes significantly reduced LH
lateralisation in DCDAs vs. CPs.
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hands, shown so that the palm of the hand was facing the participants. They were
asked to try to imagine their hand in the position of the displayed hand and decide
(by pressing an appropriate button) whether they saw the R hand or L hand. Stimuli
were presented in four blocks based on difficulty (Baseline (0°), Easy (40–60°),
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deficits within the underactivated areas, or even both interpretations may hold.
Further studies, using different neuroimaging techniques, such as voxel-based
morphometry (VBM that involves a voxel-wise comparison of the local concentra-
tion of grey matter between two groups of participants [58]), DTI (a technique
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inhibition and presence of mirror movement, point to underlying problems with
the regulation of inhibition within the hPMC. The aim of their study, therefore,
was to test the integrity of intrahemispheric and interhemispheric cortical inhibi-
tion in the hPMC in DCDAs, as compared to CPs. A battery of single-pulse TMS
and paired-pulse TMS protocols, normally employed to measure interhemispheric
and intrahemispheric cortical inhibition, was used. Eight DCDAs and 10 CPs
participated in the study. The results showed that, in contrast to the predictions,
intrahemispheric cortical inhibition in the hPMC appeared to function normally in
DCDAs. There were no group differences on mean SICI ratios (short-interval
cortical inhibition—considered to activate fast-acting GABAA receptors), mean
LICI ratios (long-interval cortical inhibition—presumed to activate relatively
slower-acting GABAB receptors) and mean CSP ratios (cortical silent period—
thought to reflect GABA receptor activity). On the other hand, congruent with the
hypothesis, interhemispheric hPMC cortical inhibition was significantly reduced
in DCDAs, as compared to CPs. DCDAs exhibited significantly smaller mean ISP
ratios (ipsilateral silent periods—assumed to be dependent on GABAA and GABAB

receptor activity), compared to CPs. Furthermore, a significant correlation
between mean ISP ratios and performance on the BOT-2 manual dexterity subtest
across groups, was found, indicating that reduced interhemispheric cortical inhi-
bition in the DCDAs (and CPs) was associated with lower scores on subtests that
involve bimanual coordination. It is not clear why intrahemispheric cortical inhi-
bition in the hPMC appeared to function normally in DCDAs. A study by He and
colleagues [53] was the first to provide some evidence in support for a hypothesis
that regulation of GABAergic activity within the hPMC may be atypical in
DCDAs. The authors argued that whereas the above results suggest that the
GABAergic processes within the inactive contralateral hPMC may be preserved in
DCDAs, further investigations are needed to ascertain whether modulation of
these processes, flexibly, during movement, to support the suppression of
unwanted movement, is possible by DCDAs, as is observed in healthy adults.
Finally, as the authors focused on only the dominant (L) hemisphere, future work
is needed to test cortical inhibition of the non-dominant (R) hemisphere.

A study by Hyde et al. [54] also using TMS, focused on the hPMC and aimed to
test whether decreased ability in motor imagery (MI) in DCDAs, documented in
behavioural studies (e.g. [59]), was associated with atypical activation in the hPMC.
Single-pulse TMS was applied to the L hPMC under the assumption that changes in
the contralateral hand motor-evoked potentials (MEPs) reflect activity in the
hPMC. Six DCDAs and 15 CPs performed a novel adaptation of the classic hand
laterality task (HLT), where participants’ gaze is monitored by eye tracking and
they respond visually. Single-pulse TMS was administered to the hand node of the L
hPMC at three different time intervals, post stimulus presentation during the HLT.
MEPs were recorded from the R first dorsal interosseous (FDI) using electromyog-
raphy (a technique for registering the electrical activity produced by skeletal mus-
cles). The results showed that 75% of DCDAs and 71% of CPs engaged in MI during
the HLT and there was no significant difference between the groups; only these
participants were included in the analysis because modulation of the hPMC during
HLT performance is considered as being dependent on the MI strategy. MI users
with DCD were significantly less efficient than MI using CPs. In contrast to CPs, no
evidence of increased hPMC activity during MI was detected in DCDAs. The
authors concluded that their data were consistent with the hypothesis that ineffi-
cient MI in DCDAs may be due to underactivation of the hPMC. It would be of
importance to investigate the structural and functional characteristics of the hPMC
in DCD using structural MRI (with VBM) and functional imaging methods, such as
fMRI and MEG in the same sample of DCDAs. Furthermore, as pointed out by the
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authors, future work also needs to address the role of downstream mechanisms in
the deficient activity in the hPMC in DCDAs.

3.4 fTCD ultrasound findings

A study by Hodgson and colleagues [55] used fTCD ultrasound. Given research
evidence suggesting that the typical pattern of hemispheric specialisation is altered
in individuals with neurodevelopmental disorders, such as SLI and dyslexia, the
authors assessed whether DCDAs exhibit reduced L hemisphere lateralisation for
speech production compared to CPs [55]. Twelve DCDAs and 12 CPs performed a
covert word generation task while undergoing fTCD. All DCDAs had been diag-
nosed with DCD within the 10 years previous to the date of experimental examina-
tion. The results showed that DCDAs exhibited a significantly reduced L
lateralisation pattern for the speech production task, relative to CPs, with no
behavioural deficits for speech. Therefore, the fTCD results could not have been
confounded by behavioural speech deficits. Following the results of a study which
reported that CPs with the KIAA0319/TTRAP/THEM2 gene variants [60] (identi-
fied as increasing the risk of developmental dyslexia) exhibited a reduced L hemi-
spheric asymmetry of the superior temporal sulcus (during a reading task), it may
be possible in future research to link specific gene variants to the significantly
reduced L lateralisation pattern for speech production reported in DCDAs [55],
using an imaging genetic approach.

3.5 DW-MRI findings

A DTI study by Williams and colleagues [56] investigated whether white matter
microstructure alterations reported in children with DCD [61–63] were also present
in pDCDAs. Twelve pDCDAs and 11 CPs underwent DTI. The results revealed
that the pDCDAs (in comparison with CPs) exhibited significantly lower FA in the
superior longitudinal fasciculus (SLF) and the corticospinal tract (CST). Further-
more, pDCDAs (in comparison with CPs) had lower MD in the inferior longitudinal
fasciculus (ILF) and internal capsule. These results suggest that there were signifi-
cant (most likely persistent throughout the life span), neurobiological alterations in
the microstructural properties of the white matter in these white-matter structures
between pDCDAs and CPs. The result of reduced FA in the SLF is congruent with
the findings reported for children by Langevin and colleagues [62]. In contrast, the
finding of lower FA in the CST tract does not replicate previous findings for
children [63]. However, it has to be born in mind that given the considerable
heterogeneity of DCD, the results are not directly comparable because these studies
tested different individuals who also markedly differed in age range (18–40 years
[56] and 8–12 years [63]). As DTI (or (HARDI)) with (CSD) is not an invasive
method, and does not use ionising radiation, it would be desirable to clarify these
differences in a longitudinal study which starts in childhood and continues into
adulthood.

All studies on white matter organisation in DCD participants relied on DTI.
However, as DTI uses a single tensor to estimate fibre orientation within a voxel, it
is only able to resolve a single fibre orientation per voxel and cannot represent
multiple fibres in a single voxel (the ‘crossing fibre’ problem). Because fibres cross
in up to 90% of white matter voxels [64], DTI technique is prone to providing
incorrect reconstructions or spurious white matter tracts and therefore caution is
needed when interpreting DTI results [65]. Bearing in mind this criticism, Hyde
and colleagues [57] reported a pilot study, exploring CSD—a method robust to the
issue of ‘crossing fibres’ that calculates apparent fibre density (AFD)—a metric of
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reported that CPs with the KIAA0319/TTRAP/THEM2 gene variants [60] (identi-
fied as increasing the risk of developmental dyslexia) exhibited a reduced L hemi-
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using an imaging genetic approach.
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that the pDCDAs (in comparison with CPs) exhibited significantly lower FA in the
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fasciculus (ILF) and internal capsule. These results suggest that there were signifi-
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the microstructural properties of the white matter in these white-matter structures
between pDCDAs and CPs. The result of reduced FA in the SLF is congruent with
the findings reported for children by Langevin and colleagues [62]. In contrast, the
finding of lower FA in the CST tract does not replicate previous findings for
children [63]. However, it has to be born in mind that given the considerable
heterogeneity of DCD, the results are not directly comparable because these studies
tested different individuals who also markedly differed in age range (18–40 years
[56] and 8–12 years [63]). As DTI (or (HARDI)) with (CSD) is not an invasive
method, and does not use ionising radiation, it would be desirable to clarify these
differences in a longitudinal study which starts in childhood and continues into
adulthood.

All studies on white matter organisation in DCD participants relied on DTI.
However, as DTI uses a single tensor to estimate fibre orientation within a voxel, it
is only able to resolve a single fibre orientation per voxel and cannot represent
multiple fibres in a single voxel (the ‘crossing fibre’ problem). Because fibres cross
in up to 90% of white matter voxels [64], DTI technique is prone to providing
incorrect reconstructions or spurious white matter tracts and therefore caution is
needed when interpreting DTI results [65]. Bearing in mind this criticism, Hyde
and colleagues [57] reported a pilot study, exploring CSD—a method robust to the
issue of ‘crossing fibres’ that calculates apparent fibre density (AFD)—a metric of
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intra-axonal volume fraction [66], with higher values likely indicating greater axon
diameter or local axon count [67]. The white matter tissue organisation of the
sensorimotor tracts in DCDAs was examined using CSD. Seven DCDAs and 12 CPs
underwent HARDI. The R and L CST and SLF were delineated and all tracts were
then generated using both CSD and DTI tractography. DCDAs demonstrated sig-
nificantly decreased mean AFD in the L SLF relative to CPs and a trend for
decreased tract volume of the R SLF, on the basis of the CSDmodel. When using the
DTI model, no between group differences were found in SLF microstructure. Fur-
thermore, there were no between group differences in the bilateral CST micro-
structure regardless of the diffusion model. Finally, a significant moderate positive
correlation between mean AFD of the L SLF and total BOT-2 percentile score was
found, revealing a relationship between motor performance and diffusion metrics.
The authors interpreted the results as being consistent with the hypothesis
according to which the motor impairment observable in DCD may be due to white
matter abnormalities in sensorimotor tracts, especially in the SLF. More specifically,
they emphasised that their results suggest that DCDAs (in comparison to CPs) are
characterised by decreased axon diameter or decreased axon count in the L SLF and
in R SLF (a non-significant trend). As the authors pointed out, this is of interest
because smaller axonal diameter has been linked to slower axonal conduction. The
results from Hyde and colleagues’ study based on CSD seem very promising. How-
ever, the authors did not replicate the CST abnormality found in the study reported
by Williams and colleagues [56], and relied on a small sample of participants;
therefore, the results of Hyde and colleagues’ study need to be replicated with a
larger sample of DCDAs.

3.6 Summary and critique

Summarising, the neuroimaging results revealed functional abnormalities in the
R cerebellar hemisphere, L medial prefrontal hemisphere and R occipital region
[51], L superior parietal lobe, bilateral middle frontal gyrus, bilateral occipital lobe/
cuneus and L cerebellar Lobule VI [52]. Structural white matter abnormalities were
found in the R CST and L SLF, L internal capsule and R ILF [56] and in the L SLF
with a trend for abnormality in the R SLF, with no abnormality in the microstruc-
ture of the CST [57]. Furthermore, DCDAs exhibited significantly reduced
interhemispheric cortical inhibition within the hPMC [53], lack of evidence of
increased hPMC activity during a motor imagery task [54] and a reduced leftwards
brain asymmetry for speech [55]. These results suggest that, similar to neuroimag-
ing findings on children with DCD [40], DCD manifests as a complex neurodeve-
lopmental disorder in DCDAs. DCDAs’ unresolved motor problems from childhood
persist into adulthood and are associated with functional and structural brain
abnormalities.

However, a majority of reviewed studies have shortcomings. First, most of the
studies relied for convenience on small, unrepresentative and underpowered sam-
ples which are problematic, especially when dealing with a heterogeneous disorder,
such as DCD; Second, some studies relied on adults with probable DCD, rather than
adults with diagnosed DCD, and this may have added to the heterogeneity across
the samples. It should be mentioned here that according to the International Clinical
Practice Recommendations for DCD [68], presently there are no explicit diagnostic
criteria for DCD for adults. DSM-5 mentions adults and it has been interpreted that
the same criteria as for children, with small adaptations, may be used for adults
[68]. Furthermore, there are no standardised assessments for DCDAs, except for
BOT-2 (norms up to 21 years, but only for USA and Germany) and MAND (norms
for 18–35 years), but they are more than 20 years old. These factors make
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diagnosing DCD in adults difficult. Because the age of some adults with probable
DCD, included in the reviewed studies, lies outside the norms for BOT-2 and
MAND, the results must be interpreted with caution. Third, gender and age were
not tested systematically. These variables are important, because DCD seems to be a
disorder characterised by gender bias and important gender differences in DCD
were reported by, for instance, studies on environmental factors (see Section 4.5
below); also neuroimaging studies on other developmental disorders, e.g. dyslexia
have revealed gender-specific grey matter volume differences [69]. Furthermore,
crucial maturation processes take place in brain development in adolescence and
adulthood [70, 71]; therefore, age ranges that include young adults and middle-aged
adults, reported in more than a half of the reviewed studies, are not advisable cf.
[40]. Fourth, most studies have potential confounds because DCD co-occurs with
other neurodevelopmental disorders, such as dyslexia and ADHD and many others
(for more details see the Section 4.1 below), most of which were not controlled for
in the reviewed studies. Fifth, DCD is a heterogeneous disorder; hence, reliance on
between-group comparisons might obscure the results for underrepresented cases.
Sixth, prenatal and perinatal history (shown to impact neurological findings) was
not reported in any of the reviewed studies. Seventh, the studies usually only
provide a small number of DCDmeasures; however, it would be desirable that more
extensive testing of motor abilities were included, giving an in-depth description of
the nature and severity of the motor difficulties. As there is now growing evidence
of cerebellar deficit in DCD, it would also be advisable to test the cerebellar function
behaviourally in participants with DCD. Finally, as DCD is a developmental disor-
der, longitudinal studies are needed to understand the deficits in this disorder—it is
likely that manifestations of deficits in DCD will differ in different developmental
stages.

Overall, although the neuroimaging studies on DCDAs reviewed above, reported
interesting results, the small number of studies, small unrepresentative samples and
limited number of neuroimaging techniques indicate that, in comparison to neuro-
imaging studies on other developmental disorders, neuroimaging in DCDAs is a
very young field. Therefore, there is an urgent need for further neuroimaging
studies on DCD which would address the above-mentioned shortcomings. Future
directions for DCD research, including cutting-edge neuroimaging techniques and
imaging genetics, are discussed below.

4. Future directions

4.1 Studies on the underlying causes of DCD

Within the field of DCD research, there is an urgent need for studies which
focus on investigating the underlying causes of DCD. The current research indi-
cates that the co-occurrence of neurodevelopmental disorders is most likely more
common than cases of ‘pure’ disorders [72] with up to 70% of children meeting
the criteria for at least one other neurodevelopmental disorder [73]. Motor deficits
have been associated with a considerable number of developmental disorders,
although quite often it was considered to be part of a given disorder, rather than a
part of possibly co-occurring DCD [74]. There is growing evidence that DCD co-
occurs with many other disorders, such as ADHD (the most frequent co-occurring
disorder, in approximately 50% of cases), dyslexia, dysgraphia, speech and lan-
guage disorder, autism spectrum disorder, visual perception deficit, joint
hypermobility syndrome and disruptive and emotional behavioural problems [1].
Furthermore, co-occurrence with other disorders such as specific language
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common than cases of ‘pure’ disorders [72] with up to 70% of children meeting
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although quite often it was considered to be part of a given disorder, rather than a
part of possibly co-occurring DCD [74]. There is growing evidence that DCD co-
occurs with many other disorders, such as ADHD (the most frequent co-occurring
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impairment (SLI) [75], developmental apraxia of speech [51] and arithmetic and
working memory difficulties [76] was also noted. At present the relationship
between DCD and co-occurring disorders is not clear. It should be emphasised
here that although efforts were made to control the effects of some co-occurring
disorders (e.g. ADHD), the effects of many other potentially co-occurring disor-
ders were not controlled for in the reviewed studies. Therefore, there is an urgent
need for future research on the underlying causes of DCD to control for the effects
of these either by the exclusion of cases with such disorders or by collecting
appropriate data from cases with co-occurring disorders to be entered as
covariates in analyses. Otherwise the results would be confounded by the effect of
co-occurring developmental disorders and no claims could be made with regard to
the effects of DCD. For a similar argument regarding research on developmental
dyslexia see [77, 78].

An important issue in investigating the underlying causes of DCD is to use a
robust theoretical framework. A single deficit model has been dominant for many
years in the research on neurodevelopmental disorders. For instance, according
to the internal modelling deficit (IMD) hypothesis [79], the movement difficul-
ties in DCD are due to a deficit in the ability to engage predictive control during
planning and executing movements. This is concluded from the evidence on
participants with DCD (DCDPs) who, in comparison to CPs, exhibit deficient
motor imagery, a smaller amount of anticipatory postural adjustment when initi-
ating movement and slower adjustments to target perturbations during the action
of reaching [80]. However, a single deficit model, although parsimonious and
relatively easy to test, has limitations. For instance, as underscored byWilson and
colleagues [80], IMD hypothesis is supported, among other results, by
behavioural data on effector systems, but deficits were stronger on tasks that
involved higher complexity or required more endpoint precision. These indicate
that some other deficits may be involved. Furthermore, the results from neuro-
imaging studies reported that abnormalities in brain function and structure are
also present in areas that do not belong to IMD/MNS (mirror neuron system)
networks; for instance, in children with DCD (compared to CPs), significantly
lower BOLD in L superior frontal and lingual gyri was reported [81, 82]. There-
fore, it may be a fruitful way forward to consider a multiple deficit model
(MDM), similar for instance to that proposed for developmental dyslexia [83].
According to MDM, more than one deficit is necessary to cause a given develop-
mental disorder, such as DCD. In contrast to a single deficit model, MDM can
account for any more frequent than chance co-occurrence of the neurodeve-
lopmental disorder with another neurodevelopmental disorder.

Another model that needs to be considered here is the recently proposed hybrid
(multicomponent) model of motor skill development based on advances in cogni-
tive neuroscience and ecological systems theory [80]. It consists of three compo-
nents: individual, task and environment. The individual level is most complex and
consists of motor abilities, motor and cognitive processes and biological maturation
and genetics. Importantly, motor performance emerges from the interaction of
these three components (for more details see [80]). This model may prove particu-
larly valuable for longitudinal studies of DCD. Finally, the neural systems hypothe-
sis (NSH) [84] may also prove to be a useful framework for further DCD research.
According to this hypothesis, research on developmental disorders can be unified
by the claim that their underlying cause is a deficient procedural learning system.
The main underlying cause of DCD is classified by NSH as a motor-cortico-striatal
deficit. Participants with DCD, who also suffer from verbal dyspraxia (like the
person in the case study reported above [51]), might also be classified as having
language-cortico-striatal difficulties. It could not be stressed more that discovering
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the underlying causes of DCD is of vital importance, not only for gaining insight
into this neurodevelopmental disorder but also for designing appropriate
interventions.

4.2 Neuroimaging studies using longitudinal designs

The reviewed studies investigated DCD in adults. Such studies are undoubtedly
important because through them an insight into the neural correlates of DCD in a
mature system is gained. Furthermore, focus on adults with DCD allows one to
bypass a potential problem of the presence of the sub-group of children with DCD
who ‘grow out’ of their motor difficulties [56]. However, it is possible that the adult
neural system may have been partially or greatly altered due to compensatory
mechanisms, as a reaction to brain abnormalities. Furthermore, providing that
motor skills (gross and fine) are learned over a relatively protracted period of time,
it is likely that brain-based findings are going to be dynamic and change over time.
Therefore, as well as continuing research on adults with DCD, there is an urgent
need to develop longitudinal neuroimaging studies, starting with infants from fam-
ilies at risk of DCD, so that the developmental trajectory of deficits in DCD can be
tracked over time.

4.3 Focus on individual differences in DCDAs

The issue of individual differences is crucial in studying and understanding
heterogeneous developmental disorders; however, it is usually (with few excep-
tions, e.g. [77, 78]) neglected. As stated earlier in this chapter, DCD is a heteroge-
neous disorder, hence reliance on between-group comparisons (with a group
consisting of participants with DCD (DCDPs) being most likely heterogeneous)
might obscure the results for underrepresented or rarer cases. Furthermore, the
proportion of individuals with DCD having a different profile in a given sample can
vary across studies, resulting in non-congruent results. Therefore, a promising way
forward in DCD research would be to carry out multiple case studies that focus on
individual differences. Another fruitful and more powerful direction would be to
compile an extensive test battery to identify sub-groups of DCDPs, as homogeneous
as possible, and these in turn may then be compared on dependent variables to CPs
or to each other.

4.4 Extending the types of imaging tools used in DCD research

The reviewed studies used structural MRI, SPECT, fMRI, TMS, functional
transcranial Doppler (fTCD) ultrasound, DTI and HARDI. This is only a subset of
currently available neuroimaging tools, and usage of additional neuroimaging tech-
niques may shed new light on the DCD endophenotype. Given that interesting
findings from magnetic resonance spectroscopy (MRS) have been obtained for
developmental dyslexia [85] and ADHD [86], it seems promising to use this tech-
nique to investigate DCDPs. MRS is the only research tool that allows a non-
invasive in vivo assessment of neurochemical aspects of a given disorder without
using ionising radiation. It obtains a measure of the quality of brain tissues and
detects concentrations of specific neuro-metabolites in vivo, such as: N-
acetylaspartate (NAA), N-acetylaspartate plus N-acetyl-aspartyl-glutamate
(tNAA), choline (Cho), creatine (Cr), creatine plus phosphocreatine (Cr + PCr),
GABA, glutamate (Glu), glutamine (Gln), glutamate plus glutamine (Glx), myo-
inositol (mI), myo-inositol-containing compounds (Ino), freely mobile membrane
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phospholipid precursors (free-PME) and freely mobile membrane phospholipid
breakdown products (free-PDE). For more details on MRS, see [87].

Findings from investigations using DTI [56] and HARDI (with CSD model) [57]
on DCDAs and children with DCD [61–63] that suggest white matter abnormalities
and results from an MRS study which revealed that heightened levels of choline are
associated with abnormalities in white matter [88], prompt the important empirical
question of whether both deficits can be found with HARDI and MRS in the same
sample of DCDPs. Furthermore, findings by He et al. [53], discussed above, provide
the first evidence in support of a hypothesis that regulation of GABAergic activity
within the hPMC may be atypical in DCDAs. Therefore, it would be desirable to
explore concentrations of GABA in the hPMC in DCDAs using MRS.

Participants with DCD exhibit poor sensorimotor coordination, which among
other processes, involves precise timing and using feedback to respond to changes
in the environment [89]. Therefore, neuroimaging techniques with good temporal
resolution, such as EEG and MEG combined with rigorous scientific experimental
designs, may be able to shed new light on the endophenotypes of DCD. Such
investigations look even more promising due to recent developments in MEG where
new, advanced pre-processing techniques enable decomposition of the signal into
components with their origin inside and outside the head. This increases the signal-
to-noise ratio by approximately 100%, enabling therefore even one-trial measure-
ments with the standard MEG systems. Furthermore, a considerable increase of
MEG signal-to-noise ratio is now possible thanks to optically pumped magnetome-
ters that allow MEG sensors to get closer to the head [90].

There are emerging findings that neurodevelopmental disorders are associated
with structural and functional abnormality within the default mode network
(DMN). DMN is a large-scale brain network of interacting brain areas characterised
by highly correlated activity with each other. It is activated when individuals focus
on internal tasks such as retrieving memories, daydreaming and imagining the
future. It is distinct from other networks in the brain. Evidence points to disrup-
tions in the DMN of people with neurodevelopmental disorders, including ASD
[91, 92] and ADHD [92]. Therefore, it would be advisable to investigate whether
this is also the case for individuals with DCD. DMN seems well suited for usage with
participants with neurodevelopmental disorders, such as DCD, because it can be
measured with effortless and short resting-state scans and can be performed with
any population, including children, and may be used in studies with longitudinal
designs.

DMN is one of a number of resting-state conditions identified in the brain and
researched. Another line of investigation here is whole-brain resting-state func-
tional connectivity (rsfMRI), a technique used to measure intrinsically organised
patterns of spontaneous signal fluctuations across the whole brain. Interestingly, a
recent study [93] applied a multivariate data-driven approach (where diagnostic
categories were not used) to discover latent components linking a large set of
cognitive, clinical and personality measures to whole-brain resting-state functional
connectivity patterns across CPs and participants with ADHD, schizophrenia,
schizoaffective disorder or bipolar disorder. Three latent components—cognitive
dysfunction, general psychopathology and impulsivity were discovered. Remark-
ably, every component was characterised by connectivity alterations within the
somatosensory-motor network and in its connections to the cortical executive and
subcortical networks. These results identify three latent components as plausible
cross-diagnostic phenotypes, which account for comorbidity across disorders.
Interestingly, alterations within the somatosensory-motor network is of importance
to all the cross-diagnostic phenotypes. Such an approach should also be fruitful in
the investigation of DCD and the co-occurring disorders.

64

Neuroimaging - Neurobiology, Multimodal and Network Applications

There is growing evidence that DCDPs exhibit difficulties in interpersonal
interactions [20, 51]. Currently it is not clear whether this is due to pure DCD or to
co-occurrence with ADHD and/or ASD. Such difficulties can lead to social isolation
and later to depression. Until recently, there was no easy way to study social
interaction with neuroimaging. However, in 2009, a ‘two-person neuroscience’
(2PN), an approach to study the physiological basis of social interaction, was pro-
posed [94]. One of the main experimental goals of 2PN was to differentiate reactive
vs. interactive states of human social interaction by measuring simultaneously brain
signals from two participants. As natural social interaction involves exchange of
information between the participants at time intervals shorter than 100 ms, brain
imaging methods with good temporal resolution, such as MEG or EEG are indis-
pensable. Recently, a first set-up for simultaneous MEG-to-MEG recordings was
built [95]. The main strength of MEG over EEG in the simultaneous set up record-
ings is that the sources of the signals (e.g. brain rhythms modulation) can be
identified with higher accuracy. Instead of estimating connectivity between regions
of a given participant’s brain, hyperconnectivity, a measure of functional connec-
tivity between the brains of two participants, can be calculated. With data obtained
from two brains in a simultaneous recording, one can investigate the correlations
between the two sets of brain signals without explicit reference to the external
events [95]. 2PN certainly therefore seems to offer a promising way forward for
investigating participants with DCD where interpersonal relationships are affected.
However, it should be emphasised here that these are still early days and the data
analysis of 2PN is challenging.

Finally, advances in MRI and fMRI, such as multiband fMRI [96] and high-field
MRI [97], promise to increase the spatial and or temporal resolution of these neu-
roimaging methods, ensuring that they will continually serve as powerful neuroim-
aging tools for investigating the structure and function of the brain in DCD.

Given the heterogeneity of DCD, it is unlikely that one biomarker for this
disorder will be sufficient. Therefore, studies that employ more than one neuroim-
aging technique, for instance, VBM, HARDI (with CSD model) and fMRI with the
same sample of participants with DCD, as mentioned in the context of Kashuk
et al.’s [52] study, are urgently needed.

In summary, the advances discussed above offer many new possibilities in DCD
neuroimaging research. DCD endophenotypes can be investigated with higher spa-
tial and temporal resolution, their DMN and resting-state functional connectivity
can be tested, the concentration of metabolites, especially GABA can be determined
and utilising 2PN with simultaneous MEG-to-MEG recordings can shed new light
on the interacting DCD brain. Finally, using different neuroimaging techniques
with the same sample of DCDPs will allow for asking more precise questions. All of
these will increase the chances of elucidating the underlying causes of DCD and
reliable biomarkers for DCD.

4.5 Environmental factors in DCD

DCD is a multifactorial disorder in which genetic factors and environmental
factors as well as gene x environment interactions play a role. As described above,
some efforts were made to discover the genetic factors involved in DCD. The
research on the environmental factors that influence DCD is limited. The importance
of environmental factors was underscored in DSM-V by introducing the new exclu-
sion criterion for DCD, namely the lack of opportunity for skill learning and use. So
far, the following environmental factors have been identified as increasing the risk of
developing DCD: lower birthweight (less than 2500 g), being born before 37 weeks
of gestation and lower socioeconomic status [2], being born pre-term, being small
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for gestational age or being 15 months of age or more at walking attainment [98],
prenatal exposure to alcohol [1], Caesarean section, maternal pre-eclampsia and low
income [99]. Interestingly, gender differences have been reported. Lower than opti-
mal birthweight was associated with poorer motor outcomes in males, whereas,
smoking during early pregnancy and stress during later pregnancy were linked to
poorer motor development in females [99]. Future studies need to keep testing and
refining the knowledge of environmental risk factors in DCD. The research on the
underlying causes of DCD needs to collect data on risk factors for DCD and enter
them into the analyses to reduce the number of confounds.

4.6 Genetic research

Neuroimaging studies provide descriptions of endophenotypes, but do not
offer an explanation as to what is the underlying cause of a given disorder. For
this, researchers need to investigate the genetic basis of DCD. In comparison to
research on other developmental disorders, genetic research on DCD is lagging
behind. Nevertheless, some promising strides have been published, as described
in the introduction. An ultimate goal for future genetic research is to ascertain
which variants of which genes are risk factors for developing DCD. One way
forward here would be to develop high quality GWAS with large, representative
samples. The assumption of GWAS is that common variants underlie common
disorders and, therefore, they focus on sampling sites of known common genetic
variation. GWAS rely on ‘arrays’ and they only genotype the pre-defined sites of
variation and do not sequence every base. Therefore, GWAS cannot be used for
searching for rare or new variants within a genome [100]. As it is likely that both
common and rare genetic variations contribute to disorder risk in DCD, genome
sequencing technologies would be beneficial. This is because they record both
common and rare variants, as well as CNVs. However, it has to be born in mind
that this technology remains relatively expensive and, as large samples are neces-
sary, the collection of participants with DCD may need to involve international
collaboration.

It is very difficult to ascertain the functional impact of genetic variation; how-
ever, mouse models have the potential to make an impact on the understanding of
the underlying causes of neurodevelopmental disorders, such as DCD. Initial efforts
involving mouse models seem promising [101–103]. More recently, in research in
progress, the authors [104] used recombinant inbred lines of mice, 12 BXD strains
and parental strains C57BL/6J and DBA/2J to investigate DCD. BXD27 mice,
characterised by smaller cerebellar volume, showed motor impairments across dif-
ferent skills; the researchers also plan to collect data from brain imaging, so that
more light can be shed on the basis of poor motor learning and coordination in
BXD27 mice.

The significance of discovering the variants of genes which are genetic risk
factors for DCD cannot be emphasised strongly enough. This would open the door
to many further investigations, such as imaging genetics, which provides a bridge
between the brain and behaviour. For instance, imaging genetics will allow for
linking gene variants to the functional and structural abnormalities of grey matter
and structural abnormalities of white matter. Such research is more advanced
regarding other developmental disorders, e.g. ADHD and developmental dyslexia
[78]. Finally, it needs to be underscored that the biological complexity of DCD
cannot be disregarded and genome-wide measurements, together with investiga-
tions of individual genes and pathways, are crucial in ascertaining the underlying
mechanisms of neurodevelopmental disorders, such as DCD [105]. See also the
Sections 4.7 and 4.8 below.
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4.7 Neuroimaging intergenerational transmission of brain circuitry

Intergenerational neuroimaging is a relatively recent approach that uses neuro-
imaging to test the relationship of neural and cognitive phenotypes between parents
and their children. It is based on the fact that there is a transfer of traits from
parents to offspring which consists of both non-genetic and genetic influences. The
impact of prenatal effects (e.g. parent nutrition and in-utero environment), rearing
effects and other environmental factors could cause epigenetic changes (changes in
gene function in the absence of gene sequence changes) or behavioural changes in
the children, which are transmitted intergenerationally [106]. Intergenerational
neuroimaging may be a promising way forward in clarifying the ontogeny of com-
plex neurodevelopmental disorders, such as DCD. One way of disentangling
inherited factors from pre- and postnatal influences is by utilising the potential of
natural cross-fostering designs that take advantage of different types of in vitro
fertilisation (homologous surrogacy (mother is egg donor and birth mother), donor
egg pregnancy (mother is not egg donor but is birth mother) or heterologous
surrogacy (mother is egg donor but not birth mother)) [106]. Such designs hold
promise to address many crucial questions in DCD research. For instance, what are
the intergenerational effects on the brain structure and function, including those
involved in coordinated movement? What is the impact of gender-specific effects at
the prenatal stage (particularly important as DCD is more prevalent in males than
females [1]), including the effects of prenatal testosterone levels on brain develop-
ment, and gender-specific transmission patterns [107, 108] in movement-related
brain circuits in newborns.

4.8 Integrative neuroimaging

As discussed above, an inherent difficulty in the research on neurodeve-
lopmental disorders is their heterogeneity. Another stumbling block here is the fact
that neurodevelopmental disorders are characterised by pleiotropy [105]. These are
some of the most heritable disorders, but simultaneously they also are extremely
complex genetically. For instance, a dosage of CNV increases one’s risk for multiple
diagnosis and conversely, given a single diagnosis of developmental disorder, one
can reach it from multiple genetic starting points. Therefore, if one wants to find a
biomarker, for instance dyslexia, one immediately carries together a group of dif-
ferent genetic conditions, as defined by their genotype. Because of these obstacles,
an alternative approach has been proposed [109–111], namely trying to first under-
stand the biology of neurodevelopmental disorders with genetically defined groups,
such as those with sex chromosome aneuploidy (SCA) syndrome. This strategy can
be helpful because the genetic makeups in SCA syndrome are known. It should be
emphasised here that having additional sex chromosomes increases the risk for
diverse neurodevelopmental disorders, especially those that impact social function
and interaction, as well as language. The SCA model may be used to understand
how CNV can cause changes in brain systems relevant to neurodevelopmental
disorders. Therefore, the SCA syndrome has become the genetically defined risk
model for neurodevelopmental disorders [112].

Taking advantage of the growing number of publicly available molecular and
cellular maps available in the standard neuroimaging atlas space, such as the Allen
Brain Atlas [113] and BigBrain [114] and structural MRI, it has been reported that
patients with increasing X or Y chromosome dosage tend to have disproportionally
reduced size of cortical brain surface area, such as L posterior insula, L and R
anterior cingulate, L gyrus rectus, R anterior cingulate and R posterior orbital gyrus.
These patients also exhibit reduced size of cortical thickness of L and R superior
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for gestational age or being 15 months of age or more at walking attainment [98],
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4.7 Neuroimaging intergenerational transmission of brain circuitry
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temporal sulcus/medium temporal gyrus, increased cortical thickness of L medial
prefrontal cortex, L and R parahippocampal cortex and R orbitofrontal cortex, as
well as increased cortical surface area of L and R precuneus [110]. Furthermore,
meta-analysis of brain activation patterns across more than 5000 functional neuro-
imaging publications has revealed that these areas are involved in the detection and
processing of biological motion, language, autobiographical memory, reward, affect
and interoception [110]. These cognitive domains seem relevant to social function-
ing and language. It is important to mention that DCDPs exhibit, among other
things, difficulties with language and social functioning [20], but it is not clear
whether these are due to co-occurrence with other developmental disorders, such as
SLI and ASD. Young children (but not adults) with DCD exhibit a specific deficit in
coherence sensitivity to motion relative to form [115], but it has to be born in mind
that these data are from a cross-sectional study; a subset of children with dyslexia
and autism also exhibited a deficit on the motion coherence task [116]. Additionally,
after controlling for brain size, patients with increasing X or Y chromosome dosage
also tend to have a disproportionally reduced size of cerebellum, pallidum and
amygdala [117–119]. As discussed above, cerebellar abnormalities have been
reported in neuroimaging studies involving DCDAs [51, 52] and children with DCD
[82, 120, 121], but also other developmental disorders, such dyslexia [77, 78, 122]
and ADHD [123]. Furthermore, studies on children with DCD have revealed func-
tional abnormalities in the basal ganglia and pallidum [124, 125].

A question that has arisen here is why some brain regions get altered when a
patient has an additional sex chromosome and others do not. An answer to this
question may provide an insight into the disease mechanism. Recent studies suggest
a transcriptional vulnerability model, for the spatial targeting of brain, changes in
disease. Testing this required mapping anatomical change in neurodevelopmental
disorders and then aligning these maps with the Allen Institute Adult Human
Microarray Dataset [113]. The results showed that the spatial pattern of anatomical
change in each disorder is associated with the spatial expression profile for genes
found in the causal CNV region [126]. These results support the view that intrinsic
gradients of gene expression in the human brain, shape cortical vulnerability when
the gene dosage is altered. A subsequent question here was: what principles of
cortical organisation were determining these gene expression gradients? In the
search for an answer, the authors [126] collected a comprehensive set of single-cell
gene expression signatures and used post-mortem data to map expression gradients
for each canonical cell class in the human brain. The results revealed specific cell-
classes that expressed CNV genes and closely tracked the spatial pattern of cortical
disruption in each disorder, e.g. MAPK1-expressing inhibitory neurons in del22q11.
This line of research seems very promising and it is likely that it will provide
valuable insights into the underlying causes of neurodevelopmental disorders,
including DCD.

5. Conclusion

The results from the review of neuroimaging studies on DCDAs presented here,
have revealed that this research lags behind that for other developmental disorders.
The results suggest that DCDAs’ unresolved motor problems from childhood persist
into adulthood and are associated with functional and structural brain abnormali-
ties, revealing DCD as a complex developmental disorder with abnormalities across
different brain regions. In order to make significant progress in future, it is
suggested that further research would need to: (1) focus on a robust theoretical
framework; (2) investigate the underlying causes of DCD; (3) use neuroimaging
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studies based on longitudinal designs; (4) focus on individual differences among
DCDAs; (5) extend the types of imaging tools, as well as, if possible, use more than
one imaging technique with the same sample of participants with DCD; (6) refine
the understanding of environmental factors that increase the risk of DCD and
include them in the study design; (7) advance genetics findings on genes, the
variants of which increase the risk of developing DCD; (8) focus on neuroimaging
intergenerational transmission of brain circuitry; and (9) pursue research on inte-
grative neuroimaging. The current era of incredible technological progress within
the field of neuroimaging and molecular genetics must surely result in ground-
breaking discoveries in DCD research in the not too distant future.
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Abstract

Alzheimer’s disease (AD) is an age-related progressive and neurodegenerative 
disorder, which is characterized by loss of memory and cognitive decline. It is the 
main cause of disability among older people. The rapid increase in the number of 
people living with AD and other forms of dementia due to the aging population rep-
resents a major challenge to health and social care systems worldwide. Degeneration 
of brain cells due to AD starts many years before the clinical manifestations become 
clear. Early diagnosis of AD will contribute to the development of effective treat-
ments that could slow, stop, or prevent significant cognitive decline. Consequently, 
early diagnosis of AD may also be valuable in detecting patients with dementia 
who have not obtained a formal early diagnosis, and this may provide them with a 
chance to access suitable healthcare facilities. An early diagnosis biomarker capable 
of measuring brain cell degeneration due to AD would be valuable. Potentially, 
electroencephalogram (EEG) can play a valuable role in the early diagnosis of AD. 
EEG is noninvasive and low cost, and provides valuable information about brain 
dynamics in AD. Thus, EEG-based biomarkers may be used as a first-line decision-
support tool in AD diagnosis and could complement other AD biomarkers.

Keywords: EEG biomarkers, AD biomarkers, slowing of EEG, decrease in EEG 
coherence, reduction in EEG complexity, detection of Alzheimer’s disease

1. Introduction

Alzheimer’s disease (AD) is an age-related progressive neurodegenerative disor-
der characterized by cognitive impairment and memory loss [1, 2] and is the leading 
cause of elderly disability [3]. AD is categorized as the sixth major cause of death 
in the United States among older people [4]. Due to the aging population, the fast 
growth in the number of individuals living with AD and other kinds of dementia is 
a major challenge for health and social care systems around the world [5]. There are 
currently more than 46.8 million people with dementia around the world with an 
annual care cost estimated at US$ 818 billion and an annual cost of US$ 2 trillion is 
projected to reach 74.7 million by 2030 [6]. It is estimated that by 2050 the number 
of people with dementia around the world will exceed 131 million, which will have 
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an enormous financial. However, many dementia sufferers are not diagnosed early 
[7, 8]. It is estimated that up to 50% of individuals with dementia may not have been 
diagnosed formally [8, 9]. In 2011, 28 million people out of 36 million people with 
dementia were not diagnosed worldwide [10].

Degeneration of brain cells due to AD begins many years before clinical 
manifestations become noticeable [5, 11–15]. Early diagnosis of AD will help 
to the development of efficient treatments that could mitigate, stop, or prevent 
significant cognitive impairment [14, 16, 17]. Early diagnosis of AD may also be 
valuable in detecting patients with dementia who have not obtained a formal early 
diagnosis, and this may provide them with a chance to access suitable healthcare 
facilities [18–20].

An early diagnosis biomarker that can measure brain cell degeneration due to 
AD would be valuable [2, 21–23]. But this may involve dealing with an extremely 
large number of individuals, as up to 50% of individuals with dementia may not 
have been diagnosed formally. Therefore, Simple, non-invasive, low-cost and 
reliable biomarkers are necessary for early diagnosis that can be accessed in clinical 
practice [5, 24, 25]. Recent guidelines support the use of biomarkers for biochemi-
cal and neuroimaging to promote AD diagnosis. AD testing of cerebral spinal fluid 
(CSF) is not commonly used in clinical practice as it involves lumbar puncture, an 
invasive procedure [2, 26, 27]. Neuroimaging is expensive, accessible only in spe-
cialized centers [28], and may not be appropriate for patients with pacemakers or 
certain implants [29]. Blood-based biomarkers have shown promising results in the 
diagnosis of AD but are not yet fully developed and there are currently no low-cost 
biosensors available for the detection of AD biomarkers in the blood [2, 24, 30].

EEG can play a potential role in early diagnosis of AD [11, 19, 20, 23, 31–33] EEG 
is non-invasive, low-cost, has a high temporal resolution, and provides valuable 
information about brain dynamics in AD [19, 20, 32, 34, 35]. The essential utility of 
EEG in detecting brain signal changes has been proved even at the preclinical stage 
of the disease [32, 36, 37]. EEG biomarkers can, therefore, be used in the diagnosis 
of AD as a first-line decision support tool [11, 34] and could supplement other AD 
biomarkers [25].

As a consequence of brain cell damage that affects brain activity, AD is charac-
terized by memory loss and cognitive impairment [37]. AD leads changes in EEG 
characteristics [34, 37, 38] and EEG analysis may provide useful information about 
brain dynamics caused by AD [19, 20, 32, 34]. The most characteristic features in 
EEG caused by AD are slowing of EEG, a decrease in EEG coherence, and reduction 
in EEG complexity [32–34, 36–39]. These changes in the EEG can be quantified as 
a biomarker of AD. In order to quantify EEG changes as AD biomarkers, a range 
of linear and nonlinear techniques are being developed [40, 41]. AD biomarkers 
based on EEG slowing and reducing EEG coherence are often produced using linear 
methods of analysis (i.e. EEG signal spectral analysis) [36, 42, 43]. While biomark-
ers derived from the EEG complexity analysis are based on non-linear methods (e.g. 
entropy methods, fractal dimension, and Lempel-Ziv complexity) [44–47].

This chapter describes research into the development of EEG biomarkers that 
detect AD based on analysis of changes in the EEG. These changes can be quantified 
as a biomarker of AD. The most characteristic features in EEG caused by AD are 
slowing of EEG, a decrease in EEG coherence, and reduction in EEG complexity 
were reviewed in this chapter.

The chapter is arranged as follows. In Section 2, the EEG characteristic features 
of AD detection. In Section 3, the discussions are presented and the conclusions are 
presented in Section 4.
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2. EEG characteristic features of AD detection

The most characteristic features evident in an EEG that detects AD are slowing 
of the EEG, a reduction in EEG complexity, and a decrease in EEG coherence [32, 
34, 36–39]. These changes can thus be quantified as biomarkers of AD. EEG based 
biomarkers can therefore be divided into three main categories: the slowing of the 
EEG, reduction in complexity, and a decrease in the coherence between cortical 
regions [32–34, 36–39, 48]. The slowing of the EEG and reduction in complexity 
were reviewed in this chapter.

2.1 Reduction in EEG complexity

Approaches to EEG complexity showed promising results in the diagnosis of AD 
[11, 34, 49] and seemed suitable for the diagnosis of AD [37, 50, 51]. Complexity is a 
measure of how random the dynamic behavior of a particular sequence is [52]. The 
cortical regions of the brain are spontaneously fired, and this dynamic behavior 
is complex [53, 54]. AD causes a reduction in the neuronal activity of the brain 
[55] resulting in a decreased ability to process information [56–58] which may be 
reflected in EEG signals [55]. Several studies have investigated EEG complexity as 
a potential AD biomarker using whole EEG record with the objective of achiev-
ing a high performance. Given the association of EEG activities (e.g., alpha, delta 
activities) with AD, Al-nuaimi et al. [49] they proved that the derivation of EEG 
complexity based on EEG activities should lead to enhanced performance. This 
reduction can be measured using different methods e.g., Tsallis entropy (TsEn) [34, 
59, 60], Higuchi Fractal Dimension (HFD) [61], and Lempel Ziv Complexity (LZC) 
[41, 47]. Consequently, EEG complexity can potentially be a good biomarker for 
AD diagnosis [37] as AD patients exhibit a significant reduction in EEG complexity 
[37–39, 48, 55, 62, 63].

In particular, TsEn approach has been shown to be one of the most promising 
information-theoretic methods for quantifying EEG complexity [34, 59, 60, 64, 
65]. It has also been shown to be a reliable analysis tool to use with working memory 
tasks. Its capacity for rapid computation may serve as the basis for real-time deci-
sion support tools for diagnosing AD [34, 59, 65–67]. Sneddon et al. [68] analyzed 
EEG TsEn and found that it was capable of detecting mild dementia due to AD 
with 88% for sensitivity and 94% for specificity. De Bock et al. [60] concluded that 
EEG TsEn was an extremely promising potential diagnostic tool for mild cogni-
tive impairment (MCI) and early dementia with 82% for sensitivity and 73% for 
specificity. Al-Nuaimi et al. [34] discriminated AD patients with a sensitivity and 
specificity of 85.8 and 70.9% respectively from normal subjects using the TsEn 
method. Garn et al. [69] investigated the use of TsEn for the diagnosis of AD on the 
basis of an EEG analysis and obtained p-value <0.0036 for T7 and T8 channels for 
discrimination between AD patients and normal subjects.

HFD is a fast computing approach to obtain the fractal dimension of time series 
signals [70–72] even though there are very few data points available [70]. It can 
track changes in a biosignal from measuring its complexity [70, 71] and is appropri-
ate for capturing region-specific neural changes due to AD [43, 72]. Furthermore, 
HFD offers a precise measure of the complexity of the signal compared to other 
methods [44, 70, 73] and has been shown to be an effective approach to dis-
criminate between AD patients and normal subjects [30, 61]. HFD of the EEG is 
potentially a useful biomarker of AD diagnosis as it is significantly smaller in AD 
patients than in normal subjects [49, 61, 74]. Smits et al. [61] discovered that HFD 
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is sensitive to neural changes selectively related in patients with AD and normal 
subjects. Al-nuaimi et al. [49] analyzed HFD of EEG for AD detection and discov-
ered that HFD is a promising EEG biomarker that captures changes in brain areas 
thought to be first affected by AD and could be used to identify AD with sensitivity 
and specificity values of 100 and 80% respectively.

LZC is a nonparametric and nonlinear method that provides a powerful method 
for quantifying the complexity of finite length sequences [75, 76]. It has previously 
been used to analyze EEG complexity in patients with AD [41, 77]. The reduction 
of LZC values may therefore be a good biomarker for AD [41, 77, 78]. It is a simple 
and powerful approach used in a number of biomedical applications [76]. LZC 
relies on coarse-grain measurement processing [77], and can be directly applied 
to the physiological signal without pre-processing [78]. LZC has been extensively 
used to measure the complexity of discrete-time physiological signals in the analysis 
of biomedical signals (e.g. EEG) [75]. It is also used in patients with AD to analyze 
brain function, transmission of brain information, and EEG complexity in patients 
with AD [41]. The LZC method produces a good biomarker for AD detection [78, 
79]. Using LZC in AD patients, Hornero et al. [80] analyzed EEG and magnetoen-
cephalogram (MEG). They discovered that LZC provides a useful insight into the 
EEG background activity features and the changes related to AD. Hornero et al. [81] 
discovered that LZC values were smaller in AD patients and proposed that the most 
significant differences were in the posterior region. In addition, they proposed that 
a reduced degree of irregularity and complexity characterize the MEG activity of 
AD patients and that LZC measurements can be used to identify AD patients with a 
sensitivity and specificity of 65 and 76.2% respectively. McBride et al. [62] inves-
tigated the complexity of EEG based on LZC approach for discriminating between 
patients with early cognitive impairment (MCI), AD patients and normal subjects. 
They discovered EEG complexity characteristics to provide promising results in dis-
criminating between MCI, AD, and normal subjects for particular EEG frequency 
bands with regional electrical activity. The complexity of MEG in MCI patients, 
AD patients and normal subjects was investigated by Fernandez et al. [82] based 
on the LZC approach of discriminating between the three groups. They discovered 
that they could differentiate between AD patients and MCI patients with 94.4% for 
sensitivity and specificity by combining age and posterior LZC scores.

2.2 Slowing of EEG

The slowing of the EEG is one of the most consistent features relating to the 
detection of AD. Slowing may therefore be quantified as a biomarker of AD [11, 37, 
83]. It can be measured in several ways such as changes in EEG amplitude (ΔEEGA), 
zero-crossing intervals (ZCI) [11], and changes in the power spectrum (ΔPS) of the 
EEG signal [11, 32, 33, 37, 39, 84–91]. Al-nuaimi et al. [5] quantified slowing in EEG 
by measuring the ΔEEGA. Their results showed that ΔEEGA is a promising nonlin-
ear EEG marker in the time domain. It can be measured through changes in EEG 
amplitude and can track changes in the EEG over time [5]. Their results showed that 
a gradual change in EEG amplitude is a marker for the subsequent rate of cognitive 
and functional decline in AD patients [5]. The reduction of ZCI of an EEG signal 
has also been shown to be a promising biomarker of AD [11, 74]. The slowing of the 
EEG can also be quantified by the power of the EEG signal in different frequency 
bands (i.e., delta, theta, alpha, beta, and gamma) where slowing is manifest in a 
decrease in power of high-frequency bands (alpha and beta) and an increase in 
power of low-frequency bands (delta and theta). These changes can be used to 
distinguish AD patients from those with other types of dementia [11, 32, 33, 37, 39]. 
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An increase in the power ratio of the alpha/middle alpha bands is an indicator of 
mild cognitive impairment (MCI) in people who may go on to develop AD [87]. 
Conversely, an increase in the power ratio of theta/gamma bands has been associ-
ated with MCI patients who may not develop AD [92]. This increase was related to a 
decline in memory and can therefore be used to identify MCI patients in a cohort of 
normal people [36]. Numerous studies have shown that power changes in the EEG 
frequency bands are promising markers of AD [84–91].

2.3 Reduction in EEG coherence

AD causes changes in the cortical activity of the brain [93] which impacts the 
connectivity among cortical regions of the brain [37], which can be reflected in 
the EEG coherence. EEG coherence can be quantified by assessing the functional 
coupling between brain regions [37, 94]. Coherence measures depend on channel 
location and the frequency bands of the EEG signal [93, 95–98]. Studies have shown 
that AD patients have a significant reduction in the coherence in the alpha band 
especially in the temporo-parieto-occipital regions and an increase in the coher-
ence in the delta band [93]. Furthermore, AD patients have a significant increase 
in the high beta band and a decrease in the delta band [99]. AD patients have also 
a reduction in both the left temporal alpha band and interhemispheric theta band 
compared to normal [97]. In addition, a positive association has been shown in EEG 
coherence in the frontal region for delta and beta bands [96]. The EEG coherence 
has been shown to be a sensitive and selective method for assessing the integrity of 
structural connections between brain areas in AD patients [98].

3. Discussions

Damage to nerve cells/pathways in the brain due to AD causes changes in the 
information-processing activity of the brain. These changes are thought to be 
reflected in the information content of the EEG. Therefore, each analysis technique 
of EEG signal may capture a different characteristic e.g., complexity, slowing, 
and coherence of the EEG signal. However, for each technique, there are different 
analysis methods and each method may measure a different feature that related to 
cognitive decline in the brain due to AD. Therefore, each method has a different 
performance. High-performance result referring the used techniques and biomark-
ers were accurate enough, this provides an indicator for using them in the future 
studies, and may also be possible to test the candidate biomarkers and techniques in 
regular health checkup performed by clinicians.

Unlike previous researches, Al-Nuaimi et al. [48], concluded that the complexity 
measures extracted from the EEG frequency bands (i.e. delta, theta, alpha, beta, 
and gamma) provide significantly better efficiency in the detection of AD than 
those extracted from the entire EEG record. This is due to the significant differences 
between the complexity measurements for AD patients and normal subjects when 
extracted from the frequency bands compared to the entire record, which is the 
desirable property of a good biomarker. In particular, they discovered that the best 
performance was provided by the complexity measurements extracted from the 
delta and gamma bands for TsEn and HFD. Three EEG channels (T4, O1, and O2) 
have provided the best performance for the delta band. While F4 has provided the 
best performance for the theta band.

Similar results for the LZC’s complexity measures were achieved, except that C3 
was the best EEG channel for the theta band. This is consistent with the results of 
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other researches proposing that AD starts at the back of the brain and then gradu-
ally extends to other areas of the brain [5, 49, 83, 100, 101]. This means that AD can 
be detected using only a small number of EEG channels.

Their results suggest that the three EEG complexity measures, derived from the 
EEG frequency bands, can detect AD reliably (with sensitivity and specificity of 
>90%). Thus, EEG complexity measures could provide a basis for developing an 
accurate, low-cost and easy use tool to detect AD.

They found that AD patients have significantly lower complexity measures for 
specific EEG frequency bands and for specific EEG channels than normal subjects. 
This is consistent with findings of in previous studies [32–34, 36–39]. Thus, specific 
EEG channels and specific frequency bands can be identified which can provide the 
best biomarkers for the detection of AD. This can be used to achieve good perfor-
mance in situations where the number of channels available is limited (e.g. when 
portable EEG systems are used outside specialist centers).

Al-nuaimi et al. [5] developed a new approach for detecting AD based on 
analyzing changes in EEG amplitude (ΔEEGA). Their results suggested that ΔEEGA 
is a promising biomarker for AD. As AD subjects have significantly lower ΔEEGA 
values., this provides an effective way to discriminate between AD patients and 
normal subjects. The reduction in ΔEEGA values is thought to be due to the slowing 
in the EEG as a result of AD and this is in keeping with the finding in other  
studies [102].

The findings of their studies have a number of implications for research to 
develop new and robust techniques for the analysis of EEG to increase the contribu-
tions EEG makes to the diagnosis of AD.

Several biomarkers were developed for AD diagnosis. However, some of these 
studies investigated the rationality of combining multiple biomarkers in one 
diagnostic index [2, 103–105]. Poil et al. [104] investigated the performance of 
six EEG based biomarkers separately and they combined them in one diagnostic 
model. They found, combining multiple biomarkers could be more sensitive for 
early diagnosis of AD. Polikar et al. [106] combined EEG, MRI and PET biomark-
ers. They suggested the combination of different biomarkers could improve the 
diagnostic accuracy over any of the individual data sources. Walhovd et al. [107] 
found combining MR and CSF biomarkers can improve diagnostic classification of 
AD. Consequently, combining multiple biomarkers from different analysis methods 
in one diagnostic index may assist to increase the diagnostic performance.

AD is the most common form of dementia and many dementia sufferers do not 
receive an early diagnosis. Currently, no specific device is available to diagnose 
AD. Therefore, developing new biomarkers or combining multiple biomarkers to 
produce a new biomarker with high performance may contribute to the develop-
ment of robust diagnosis methods that can be used to develop a new specific 
application for AD diagnosis in its early stages. Furthermore, early diagnosis of AD 
will contribute to the development of effective treatments that could slow, stop or 
prevent significant cognitive decline.

4. Conclusions

AD causes changes in the EEG due to memory loss and cognitive impairment, 
and these changes are thought to be associated with functional disconnections 
between cortical regions caused by brain cell death [37]. EEG assessment can, 
therefore, provide useful information on brain dynamics in AD. AD causes a 
decrease in brain neuronal activity that can be reflected in EEG signals. Non-linear 

85

Electroencephalogram Based Biomarkers for Detection of Alzheimer’s Disease
DOI: http://dx.doi.org/10.5772/intechopen.90015

approaches based on EEG complexity methods showed promising results in the 
detected EEG changes that were thought to be due to AD [5, 34, 48, 49].

EEG based biomarkers can be used as the first line of decision making because 
these biomarkers are non-invasive, and low cost compared to others e.g., CSF, 
MRI or PET. However, EEG based biomarkers can complement other biomarkers 
[25, 106, 108].

EEG based biomarkers to detect AD have some limitations such as the size of 
samples were used in each study. Most of the EEG studies used a data sized between 
10 and 100 of samples [109], unlike the MRI biomarkers, have thousands of samples 
available with free access as shown in ADNI dataset [4]. Most of the used EEG 
samples are cross-section, not a longitudinal dataset, and not free access to EEG 
datasets of AD. To overcome those limitations, longitudinal EEG dataset of AD may 
assist to track the dynamic changes in the brain which caused by AD, a large number 
of EEG sample may help to add more reality to the results, and free access to EEG 
dataset of AD will minimize the burden that researchers spent in collecting the 
dataset.

In this study, we reviewed an important class of complexity measures, informa-
tion-theoretic methods, which offers a potentially powerful approach for quan-
tifying changes in the EEG due to AD [59]. Information-theoretic methods have 
emerged as a potentially useful complexity-based approach to derive robust EEG 
biomarkers of AD [50, 59, 60, 65, 110, 111]. They are attractive due to the potential 
natural connection between biomarkers based on information theory and brain 
changes induced by AD [59]. Conceptually, information-processing activities in the 
brain are considered to be reflected in the information content of the EEG.

As a result, EEG complexity can potentially be a useful biomarker for the 
diagnosis of AD. We examined the three complexity measures approached by TsEn, 
HFD, and LZC extracted from the EEG frequency bands. TsEn, HFD, and LZC 
values in AD patients were found to be significantly lower in AD patients than in 
normal subjects for specific EEG frequency bands and specific EEG channels.

This study demonstrates that the complexity measures can detect the abnormali-
ties induced by AD. However, other neurodegenerative diseases, such as other kinds 
of dementia, may cause similar changes. To improve the diagnostic usefulness of the 
methods, further development may be necessary to distinguish between dementias.

The slowing of the EEG was also reviewed. It is one of the most consistent 
features relating to the detection of AD. The slowing of EEG may therefore be quan-
tified as a biomarker of AD [11, 37, 83].
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Chapter 5

Measurement and Evaluation of
Brain Activity for Train Drivers
Using Wearable NIRS
Hitoshi Tsunashima and Keita Aibara

Abstract

Human errors of train drivers may cause serious damage. Therefore, research on
human error prevention has been conducted by many researchers. In this context,
brain activity measurement of train drivers using near-infrared spectroscopy
(NIRS) has been conducted to monitor the condition of train drivers. In this study,
we developed a compact wireless wearable NIRS that can be used in natural envi-
ronments. The wearable NIRS has been used to measure train drivers’ brain func-
tion using a train driving simulator. Experimental results showed that brain activity
of the dorsolateral prefrontal cortex (DLPFC) increased when the driver made
braking operation. The experiment for train driving with an accidental event was
carried out to evaluate the relation between drivers’ attention and the brain activity.
As a result, there was a difference in brain activity between with and without prior
notice. Results showed that the increased attention of the train driver can be shown
in the NIRS signal from the outer part of the prefrontal cortex.

Keywords: railway, train driver, human error, NIRS, condition monitoring

1. Introduction

Accidents due to human error while driving trains are rare but can cause severe
and extensive damage when they do occur. Human error for train drivers refers to
driving in an unusual condition, for example, when drowsy, exhausted, or in a
hurry, which may lead to ignoring signals or speeding. Signaling systems such as
automatic train protection (ATP) are used to prevent accidents caused by human
error, yet not all accidents can be avoided even when these signaling systems are in
place. Thus, research is being conducted to enable the monitoring of the status of
train drivers, the early detection of abnormalities, and the prevention of accidents.

Functional near-infrared spectroscopy (fNIRS) was used to measure subjects’
cerebral blood flow to investigate higher-order human brain function activity asso-
ciated with cognition and attention while operating a vehicle [1, 2]. Lohani et al.
provides a selective review of the psychophysiological measures that can be utilized
to assess cognitive states in real-world driving environments [3]. Brain activity of
train driver was measured using a 128-channel high-density electroencephalogram
(EEG) while participants drove in a train driving simulator [4]. Kojima et al. ana-
lyzed the characteristics of brain activity measured in the prefrontal area with
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Chapter 5

Measurement and Evaluation of
Brain Activity for Train Drivers
Using Wearable NIRS
Hitoshi Tsunashima and Keita Aibara

Abstract

Human errors of train drivers may cause serious damage. Therefore, research on
human error prevention has been conducted by many researchers. In this context,
brain activity measurement of train drivers using near-infrared spectroscopy
(NIRS) has been conducted to monitor the condition of train drivers. In this study,
we developed a compact wireless wearable NIRS that can be used in natural envi-
ronments. The wearable NIRS has been used to measure train drivers’ brain func-
tion using a train driving simulator. Experimental results showed that brain activity
of the dorsolateral prefrontal cortex (DLPFC) increased when the driver made
braking operation. The experiment for train driving with an accidental event was
carried out to evaluate the relation between drivers’ attention and the brain activity.
As a result, there was a difference in brain activity between with and without prior
notice. Results showed that the increased attention of the train driver can be shown
in the NIRS signal from the outer part of the prefrontal cortex.

Keywords: railway, train driver, human error, NIRS, condition monitoring

1. Introduction

Accidents due to human error while driving trains are rare but can cause severe
and extensive damage when they do occur. Human error for train drivers refers to
driving in an unusual condition, for example, when drowsy, exhausted, or in a
hurry, which may lead to ignoring signals or speeding. Signaling systems such as
automatic train protection (ATP) are used to prevent accidents caused by human
error, yet not all accidents can be avoided even when these signaling systems are in
place. Thus, research is being conducted to enable the monitoring of the status of
train drivers, the early detection of abnormalities, and the prevention of accidents.

Functional near-infrared spectroscopy (fNIRS) was used to measure subjects’
cerebral blood flow to investigate higher-order human brain function activity asso-
ciated with cognition and attention while operating a vehicle [1, 2]. Lohani et al.
provides a selective review of the psychophysiological measures that can be utilized
to assess cognitive states in real-world driving environments [3]. Brain activity of
train driver was measured using a 128-channel high-density electroencephalogram
(EEG) while participants drove in a train driving simulator [4]. Kojima et al. ana-
lyzed the characteristics of brain activity measured in the prefrontal area with
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functional near-infrared spectroscopy (fNIRS) [5, 6]. However, there are many
challenges to consider when applying these to the real world.

Conventional multichannel NIRS employs several cables to obtain readings.
Furthermore, the probes placed on the head are heavy and are not suited for long-
term monitoring. This has posed a problem for measuring brain activity in train
drivers in real time. Recently, a lightweight and wireless wearable NIRS device was
developed and has been used to measure brain function in car drivers. It is possible
that this NIRS technology can also be applied tomeasure brain activity in train drivers.

While a wearable NIRS device places only a small burden on participants, can be
used for assessment over long periods, and is applicable in the real world, it has
fewer channels and cannot create a brain functional image, and thus is not suitable
for the identification of activation areas. Meanwhile, multichannel NIRS device has
several channels and is suitable for such identification, but places a burden on
participants and is not a good match for measurement in the real world.

In this study, we first identified activation areas from a brain functional image
using multichannel NIRS (Spectratech, OEG-16 [7]). We then measured brain
activity in these areas using a wearable NIRS device (Astem, Hb131S [8]) and
examined brain activity measurements from the channel signals, including the
activation areas [9, 10].

This paper is an extended version of the published paper [11].

2. Principles of NIRS

NIRS is a method of measuring changes in hemoglobin concentration using near-
infrared light (wavelength: 700–900 nm) which can penetrate deep into the living
tissue. When nerve activity occurs, there is a local increase in blood flow and a
change in hemoglobin concentration in the blood. It is possible to measure changes
in concentration of oxygenated hemoglobin (oxy-Hb) and deoxygenated hemoglo-
bin (deoxy-Hb) from the transmitted near-infrared light and attenuation of the
diffused light [12, 13].

When measuring brain activity, near-infrared light is beamed from optical fibers
placed on the surface of the head. This light reaches the surface of the brain while
being absorbed and diffused by the scalp, cranium, and cerebrospinal fluid. The
amount of transmitted light that returns to the surface of the head is then measured
by the detector fibers, which can be used to calculate changes in the hemoglobin
concentration on the surface of the brain.

Brain activity accounts for roughly 5% of local intracerebral oxygen consump-
tion. In contrast, local intracerebral blood flow increases by 30–50%, far surpassing
consumption. Consequently, an area in which there is brain activity will typically
demonstrate an increase in oxy-Hb and a decrease in deoxy-Hb, and this change is
seen in the surrounding brain regions as well. Thus, evaluating the amount of
change in oxy-Hb makes it possible to understand the status of brain activity, and
this feature is used by NIRS devices as the parameter which best reflects brain
activation. In the present study, brain activity was analyzed using the amount of
oxy-Hb change as the primary evaluation criteria.

NIRS also includes a method of measurement known as spatial resolved spec-
troscopy (SRS). SRS is a method of measuring oxygen saturation (StO2), which
utilizes two detectors to measure two different optical path lengths. The wearable
NIRS (Hb131S) used in the present study is equipped with SRS, thereby enabling
the measurement of oxygen saturation, which is an effective indicator highly cor-
related with oxy-Hb and is not likely to be influenced by cutaneous blood flow.
However, its sensitivity is low compared to oxy-Hb, and there are presently a few
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cases in which it is used as a primary evaluation index for brain activity. Therefore,
deoxy-Hb and oxygen saturations were used as supplementary indicators to discern
the existence of artifacts Figure 1 shows a schematic of changes in hemoglobin
concentration and oxygen saturation due to neural activity.

3. Method

3.1 Experimental equipment

In this experiment, brain activity was measured while driving a train using
multichannel NIRS (OEG-16, Spectratech, 16ch, sampling rate: 0.66 s) and wear-
able NIRS (Hb131S, Astem, 4ch, sampling rate: 0.5 s). The multichannel NIRS was
fitted so that the lowest row of channels was 40 mm from the base of the nose. The
wearable NIRS was mounted so that 1ch corresponded to the vicinity of the
multichannel NIRS 13ch.

Figure 2 shows the NIRS channels for OEG-16 and Hb131S, while Figure 3
shows the Hb131S device. Fpz in 10–20 electrode system corresponds to the center
of the NIRS cap. The Hb131S is completely wireless and lightweight, meaning that it
can be used for measurement while driving a train without impeding operations.
Furthermore, in addition to oxy-Hb and deoxy-Hb, which can be measured by
normal NIRS, Hb131S is able to measure oxygen saturation.

The brain activity of train drivers was also measured using a train driving
simulator which records the driving position, speed, acceleration, and handle notch
position of master controller. Figure 4 shows the experimental setup. Figure 5
shows the handle notch position in the train driving simulator.

3.2 Station stopping task

Previous studies have confirmed increases in oxy-Hb in the DLPFC in areas in
which drivers performed a deceleration operation (hereafter referred to as a braking
area) with the goal of stopping [5, 6]. However, measurement using multichannel
fNIRS (OMM-3000, Shimadzu, 42ch) places a large burden on participants and is
difficult to use for long-term experiments. Therefore, we took measurements using a
multichannel NIRS device (OEG-16, Spectratech, 16ch), which is able to measure
more easily and has a smaller burden on participants when used to identify activation
areas. Next, we considered whether measurement was possible with the smaller
wearable NIRS which can be worn constantly, even in the real world.

Nine healthy men between the ages of 20 and 29 with an experience of driving a
car, and who gave informed consent, participated in the station stopping task. Brain
activity was measured during operation of the train driving simulator. In addition to
the wearable NIRS Hb131S, measurement of the entire prefrontal area was

Figure 1.
Schematic of changes in hemoglobin concentration and oxygen saturation due to neural activity.
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of the NIRS cap. The Hb131S is completely wireless and lightweight, meaning that it
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Nine healthy men between the ages of 20 and 29 with an experience of driving a
car, and who gave informed consent, participated in the station stopping task. Brain
activity was measured during operation of the train driving simulator. In addition to
the wearable NIRS Hb131S, measurement of the entire prefrontal area was
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conducted with the multichannel NIRS OEG-16 (16ch) for the station stopping task.
We investigated whether the brain activity of train drivers could be measured using
wearable NIRS technology through a comparison with the multichannel NIRS. In
this study, we particularly focused on the 1ch in wearable NIRS and 13ch in
multichannel NIRS, for which the channel positioning was the same.

Figure 2.
Channel placement of NIRS (Hb131S and OEG16) [11]. (a) Wearable NIRS (Hb 131-S). (b) Multi-
channel NIRS (OEG-16).

Figure 3.
Wearable NIRS: Hb131S [11].
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The experimental design for the station stopping task is shown in Figure 6. For
the rest of the periods during the station stopping task, participants rested for 30 s
with their eyes closed. For the task periods, participants were instructed to drive
from departure to designated stop, using only acceleration and deceleration and
following the speed limit on a roughly 940 m section. A total of four trials were
performed with one trial consisting of a rest period and a task period. The
experiment was performed with a 2-day interval between the respective devices.

3.3 Obstacle avoidance task

Nakagawa et al. assessed the brain activity of drivers when they were shown an
obstacle on the tracks in a train driving simulator using a 128-channel high-density
EEG [4]. Similarly, in this study we showed participants an obstacle on the tracks
and examined whether brain activity while driving could be evaluated from the
cerebral blood flow. In particular, we evaluated whether drivers could appropriately
process external environmental information while driving and maintain appropri-
ate driving behaviors when abnormalities appeared (hereafter referred to as atten-
tional state). Generally, individuals driving casually tend to have lower brain
activity than those paying appropriate attention to the external environment.

Figure 4.
Experimental setup using train driving simulator [11].

Figure 5.
Handle notch position in train driving simulator.

Figure 6.
Experimental design for train driving in normal condition [11].
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Eleven healthy men between the ages of 20 and 29 with an experience of driving
a car, and who gave informed consent, participated in the obstacle avoidance task.
We examined whether measurement of the attentional state was possible with
wearable NIRS during an accident event, which involved placing a car on the tracks
as the obstacle. The experimental design is shown in Figure 7.

The obstacle appearancewas positioned such that participants needed to apply the
emergency brake promptlywhen the obstaclewas discovered in order to safely stop the
train.One experiment inwhich the participantwasnot informed that an obstaclewould
appear and one in which theywere informedwere performedwith each participant.

The experiment with no advanced notice of the obstacle was performed four
times: the first three times were similar to the station stopping task, but on the
fourth trial, the obstacle was presented. The experiment with advanced notice of
the obstacle was performed next. For this experiment, participants were informed
in advance that an obstacle would appear in one of the four trials and that they
should promptly stop when the obstacle appeared during the task. In the task period
of the obstacle avoidance task, a driving distance of approximately 1400 m between
stations was selected. The rest periods lasted 60 s.

4. NIRS signal analysis method

NIRS signals include sounds from the body such as breathing and heartbeat. The
signals also include trends across the entire experiment when measured over long
periods. Therefore, signal processing was performed through multi-resolution anal-
ysis (MRA) [14, 15] using discrete wavelet transformation to extract only the brain
activity components relevant to the research design [16].

Wavelet transform expresses the local shape of the waveform to be analyzed,
S tð Þ, by shifting and dilating the waveform called the mother wavelet, ψ tð Þ, and
then analyzes the waveform:

ðþ∞

�∞
ψ tð Þdt ¼ 0 (1)

which is dilated with a scale parameter a and translated by b as

ψa,b tð Þ ¼ 1ffiffiffi
a

p ψ
t� b
a

� �
: (2)

The continuous wavelet transform of signal S tð Þ is computed with ψa,b tð Þ as

~S a, bð Þ ¼
ð∞
�∞

S tð Þψ ∗
a,b tð Þdt: (3)

Figure 7.
Experimental design for train driving with an accidental event [11].
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Here, ψ ∗ denotes the complex conjugate of ψ .
One can construct wavelets such that the dilated and translated function

ψm,n tð Þ ¼ 2�m=2ψ 2�mt� nð Þ (4)

is an orthonormal base.
Discrete wavelet transform can be computed by

Dm ¼
ð∞
�∞

S tð Þψm,n tð Þdt: (5)

In the continuous wavelet transform, information is duplicated, requiring many
calculations. Discrete wavelet transform handles a smaller volume of information
than continuous wavelet transform but is able to transform signals more efficiently.
Furthermore, the use of an orthonormal base facilitates complete reconstruction of
original signals without redundancy. The following section describes decomposition
and reconstruction of signals using MRA.

MRA decomposes signals into a tree structure using the discrete wavelet trans-
form. In the case of the object time series signals, S tð Þ, it decomposes the signals into
an approximated component (low-frequency component) and multiple detailed
components (high-frequency components).

A signal S tð Þ can be expressed as follows by discrete wavelet transform using an
orthonormal base ψm,n as

S tð Þ ¼
X∞
n¼�∞

Am0,nϕm0,n tð Þ þ
Xm0

m¼�∞

X∞
n¼�∞

Dm,nψm,n tð Þ (6)

Here, ϕm,n tð Þ is the scaling function as defined by the following equation:

ϕm,n tð Þ ¼ 2�m=2ϕ 2�mt� nð Þ: (7)

The coefficient of the approximated component is calculated by

Am,n ¼
ð∞
�∞

S tð Þϕm,n tð Þ: (8)

The detailed components of the signals on level m can be expressed by

dm ¼
X∞
n¼�∞

Dm,nψm,n tð Þ (9)

Thus, the signal S tð Þ can be expressed as

S tð Þ ¼ am0 þ
Xm0

m¼�∞
dm: (10)

Task-related components can thus be reconstructed from detailed components dm.
In the wavelet transform, the choice of a mother wavelet ψm,n is important. We

employed a Daubechies wavelet [17], which is an orthonormal base and is a com-
pactly supported wavelet. The vanishing moments of the Daubechies wavelet can be
changed by an index N. We decided to use a relatively high-order generating index,
N ¼ 7, based on the evaluation of reconstruction performance with the frequency
of task and sampling rate of NIRS signal. One example of the analysis performed in
this study is shown in Figure 8.

101

Measurement and Evaluation of Brain Activity for Train Drivers Using Wearable NIRS
DOI: http://dx.doi.org/10.5772/intechopen.90499



Eleven healthy men between the ages of 20 and 29 with an experience of driving
a car, and who gave informed consent, participated in the obstacle avoidance task.
We examined whether measurement of the attentional state was possible with
wearable NIRS during an accident event, which involved placing a car on the tracks
as the obstacle. The experimental design is shown in Figure 7.

The obstacle appearancewas positioned such that participants needed to apply the
emergency brake promptlywhen the obstaclewas discovered in order to safely stop the
train.One experiment inwhich the participantwasnot informed that an obstaclewould
appear and one in which theywere informedwere performedwith each participant.

The experiment with no advanced notice of the obstacle was performed four
times: the first three times were similar to the station stopping task, but on the
fourth trial, the obstacle was presented. The experiment with advanced notice of
the obstacle was performed next. For this experiment, participants were informed
in advance that an obstacle would appear in one of the four trials and that they
should promptly stop when the obstacle appeared during the task. In the task period
of the obstacle avoidance task, a driving distance of approximately 1400 m between
stations was selected. The rest periods lasted 60 s.

4. NIRS signal analysis method

NIRS signals include sounds from the body such as breathing and heartbeat. The
signals also include trends across the entire experiment when measured over long
periods. Therefore, signal processing was performed through multi-resolution anal-
ysis (MRA) [14, 15] using discrete wavelet transformation to extract only the brain
activity components relevant to the research design [16].

Wavelet transform expresses the local shape of the waveform to be analyzed,
S tð Þ, by shifting and dilating the waveform called the mother wavelet, ψ tð Þ, and
then analyzes the waveform:

ðþ∞

�∞
ψ tð Þdt ¼ 0 (1)

which is dilated with a scale parameter a and translated by b as

ψa,b tð Þ ¼ 1ffiffiffi
a

p ψ
t� b
a

� �
: (2)

The continuous wavelet transform of signal S tð Þ is computed with ψa,b tð Þ as

~S a, bð Þ ¼
ð∞
�∞

S tð Þψ ∗
a,b tð Þdt: (3)

Figure 7.
Experimental design for train driving with an accidental event [11].

100

Neuroimaging - Neurobiology, Multimodal and Network Applications

Here, ψ ∗ denotes the complex conjugate of ψ .
One can construct wavelets such that the dilated and translated function

ψm,n tð Þ ¼ 2�m=2ψ 2�mt� nð Þ (4)

is an orthonormal base.
Discrete wavelet transform can be computed by

Dm ¼
ð∞
�∞

S tð Þψm,n tð Þdt: (5)

In the continuous wavelet transform, information is duplicated, requiring many
calculations. Discrete wavelet transform handles a smaller volume of information
than continuous wavelet transform but is able to transform signals more efficiently.
Furthermore, the use of an orthonormal base facilitates complete reconstruction of
original signals without redundancy. The following section describes decomposition
and reconstruction of signals using MRA.

MRA decomposes signals into a tree structure using the discrete wavelet trans-
form. In the case of the object time series signals, S tð Þ, it decomposes the signals into
an approximated component (low-frequency component) and multiple detailed
components (high-frequency components).

A signal S tð Þ can be expressed as follows by discrete wavelet transform using an
orthonormal base ψm,n as

S tð Þ ¼
X∞
n¼�∞

Am0,nϕm0,n tð Þ þ
Xm0

m¼�∞

X∞
n¼�∞

Dm,nψm,n tð Þ (6)

Here, ϕm,n tð Þ is the scaling function as defined by the following equation:

ϕm,n tð Þ ¼ 2�m=2ϕ 2�mt� nð Þ: (7)

The coefficient of the approximated component is calculated by

Am,n ¼
ð∞
�∞

S tð Þϕm,n tð Þ: (8)

The detailed components of the signals on level m can be expressed by

dm ¼
X∞
n¼�∞

Dm,nψm,n tð Þ (9)

Thus, the signal S tð Þ can be expressed as

S tð Þ ¼ am0 þ
Xm0

m¼�∞
dm: (10)

Task-related components can thus be reconstructed from detailed components dm.
In the wavelet transform, the choice of a mother wavelet ψm,n is important. We

employed a Daubechies wavelet [17], which is an orthonormal base and is a com-
pactly supported wavelet. The vanishing moments of the Daubechies wavelet can be
changed by an index N. We decided to use a relatively high-order generating index,
N ¼ 7, based on the evaluation of reconstruction performance with the frequency
of task and sampling rate of NIRS signal. One example of the analysis performed in
this study is shown in Figure 8.

101

Measurement and Evaluation of Brain Activity for Train Drivers Using Wearable NIRS
DOI: http://dx.doi.org/10.5772/intechopen.90499



Further, NIRS signals can be used to measure the relative amount of change in
oxy-Hb and deoxy-Hb with the value at the start of measurement as the criteria.
However, with the relative amount of change, comparisons between participants
and statistical processing are difficult. As such, the data from oxy-Hb and deoxy-Hb
that had undergone multi-resolution analyses were, respectively, Z-scored such that
the mean would be 0 and the standard deviation would be 1, according to the
following equation:

Z ¼ X � μ

σ
: (11)

Here, X represents the oxy-Hb or deoxy-Hb signal after reconstruction, while μ
and σ refer to the mean and standard deviation, respectively.

The NIRS signals for each participant were resampled using linear interpolation
as there was a variation in the periods between driving, starting, and stopping
between the participants due to the nature of the experiment. Thereafter, time
series data was converted to distance data, allowing it to be directly compared with
the data obtained from the driving simulator. Furthermore, the arithmetic mean
was calculated for the NIRS signals which had been converted into distance data for
each participant and statistical processing performed.

5. Results

5.1 Station stopping task

Multi-resolution analysis and Z-scoring were performed for the multichannel
NIRS data for each of the 9 participants (9 males, aged 21–27 years (mean � SD ¼
22.4 � 1.7)).

Figure 9 shows the time course of 16 channels for OEG-16. It can be seen that
the neuronal activity in the braking task increases in the wide area of the prefrontal
cortex. This result is supposed to be due to the fact that all participants are not
familiar enough with train driving.

The arithmetic mean (n ¼ 9) results of the time series data converted into
distance data for each trial are shown in Figure 10. Figure 10(a) shows the speed
and notch data and Figure 10(b) the oxy-Hb and deoxy-Hb data of 13ch. Figure 10

Figure 8.
Original signal and reconstructed signal using discrete wavelet transform [11].
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(a) demonstrates that the notch value became negative when the participant started
braking in order to stop. Thus, Figure 10(b) confirmed that oxy-Hb signals tended
to increase once braking had commenced.

Figure 9.
Results of experiment for train driving in normal condition using OEG-16.

Figure 10.
Relation between speed, notch data, and oxy-Hb and deoxy-Hb of 13ch [11]. (a) Averaged result of speed and
handle notch (n=9). (b)Averaged result of brain activity (n=9).
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This further designated the areas that should be focused on with wearable NIRS
which has fewer channels. Therefore, brain functional images were created and
evaluated for when participants first rested with their eyes closed during the
experiment, during the acceleration operation (from the start of driving to the end
of acceleration), and during the deceleration operation (from the deceleration start
position to the stopping position), respectively. Figure 11(a) shows the functional
brain image when resting with the eyes closed, Figure 11(b) during the acceleration
operation, and Figure 11(c) during the deceleration operation.

Figure 11.
Results of functional brain imaging (the bottom picture indicates the functional brain imaging during braking
operation. It shows that outer portions of the prefrontal cortex are activated) [11]. (a) At rest. (b) During
accelerating operation. (c) During braking operation.
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Brain activation in the dorsolateral areas was confirmed from the multichannel
NIRS used in this study. Thus, for the wearable NIRS, analysis of the NIRS signals
for each participant was performed with a focus on these areas. The left lateral area
(1ch) of the wearable NIRS was analyzed in the same way as the multichannel NIRS.
These results are shown in Figure 12. The arithmetic mean (n ¼ 9) results for the
notch data and speed for each distance are shown in Figure 12(a). The arithmetic
mean (n ¼ 9) results for oxygen saturation and oxy-Hb and deoxy-Hb signals in the
left lateral area for each distance are shown in Figure 12(b).

In Figure 12(a), the position at which the notch value becomes negative and
deceleration begins was set as the deceleration start position. Figure 12(b) confirms
that oxy-Hb and oxygen saturation tended to increase between the deceleration
start position and stopping the train. The same trend was observed in the right
lateral area. This confirms that the measurement of the drivers’ brain activity using
wearable NIRS was successful.

5.2 Obstacle avoidance task

Like the station stopping task, multi-resolution analysis and Z-scoring were
performed for the wearable NIRS data for each of the 11 participants. Then the

Figure 12.
Results of experiment for train driving in normal condition using wearable NIRS: Hb131S, 1ch (left outer
portion) [11]. (a) Averaged result of speed and handle notch (n=9). (b)Averaged result of brain activity
(n=9).
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arithmetic mean (n ¼ 11) was calculated for each trial. The same analysis was
performed regardless of whether there was an advanced notice of the obstacle on
the tracks. In this manuscript, analyses were performed for the lateral area that had
been found to be activated during attention.

The notch, train speed, and position of the obstacle on the tracks for the trial in
which it was presented without advanced notice are shown in Figure 13(a). The
time history of NIRS signals (1ch) is shown in Figure 13(b). The obstacle car was
presented without prior notice for all participants. As a result, it was not possible to
quickly begin a deceleration operation and a collision with the obstacle occurred.
The participant who was able to stop closest to the obstacle on the tracks (at 965 m)
was used as a standard for the arithmetic mean.

Our finding that both oxy-Hb and StO2 decreased drastically when running a
train under normal conditions is an indication that there are few driving operations
required in such conditions, which cause a decline in concentration. We also con-
firmed that oxy-Hb and StO2 tended to increase when participants discovered an
obstacle and performed a drastic deceleration. This trend implies that brain activity
levels rose after detecting an obstacle on the tracks in order to be able to react to it.

Next, the average notch and average train speed for each participant in the trials
with advanced notice of the obstacles appearance are shown in Figure 14(a). The
averaged NIRS signals (1ch) from this time are shown in Figure 14(b). As with the

Figure 13.
Results of experiment for train driving with an accidental event using wearable NIRS: Hb131S, 1ch (left outer
portion without prior notice). (a) Averaged result of speed and handle notch (n=11). (b)Averaged result of
brain activity (n=11).
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experiment with advanced notice, the participant who stopped the nearest (865 m)
was used as the standard for analysis.

When drivers were informed before the appearance of the obstacle, it can be
concluded that they were focused and, therefore, were able to prevent a collision.
Furthermore, the results of the measurement of brain activity in Figure 13(b) show
that oxy-Hb and StO2 tended to decrease when accelerating. However, the change
in oxy-Hb was lower than for Figure 14(b) in which there was advanced notice.

A previous study by Sakai and Kato confirmed that oxy-Hb value tends to
increase when attention levels are high [18]. As such, it can be concluded that
participants were driving with higher attention during the obstacle avoidance task.
Furthermore, the measurement was regarded as successful and was not influenced
by artifacts due to the high correlation confirmed between oxygen saturation and
oxy-Hb.

6. Discussion

From the brain function images in Figure 11, no major changes in the brain are
visible while at rest in normal driving task. When driving, there was a monotone

Figure 14.
Results of experiment for train driving with an accidental event wearable NIRS: Hb131S, 1ch (left outer
portion with prior notice) [11]. (a) Averaged result of speed and handle notch (n=11). (b)Averaged result of
brain activity (n=11).
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decreasing trend in oxy-Hb only for the acceleration operation. The stopping
operation during the deceleration operation was particularly complex. Thus, it is
considered that there was bilateral activation of the lateral area due to learning the
operation.

In a previous study, it was confirmed that bilateral activation of the dorsolateral
prefrontal area is seen when learning an operation, while activation of the medial
area is not, in a large-scale multichannel NIRS study of train drivers [5]. The
increases of the neuronal activity in the dorsolateral prefrontal area can be related to
the connection between the dorsolateral prefrontal area and the cerebellum. In the
cerebellum, an internal model is constructed so that the brain manages driving
effectively. The evidence of this fact has been shown by the experiment of train
driving training for 6 months for a beginner driver. As the time goes by and driving
performance improved, the neuronal activity in the dorsolateral prefrontal area
decreased.

In the trial performed without advanced notice of the obstacle in the obstacle
avoidance task, no participant was able to safely stop the train after discovering the
obstacle. In contrast, all participants were able to stop directly before the obstacle
when given advanced notice, and oxy-Hb was higher in this situation. This is likely
because participants were on alert for the appearance of an obstacle, in addition to
normal driving operations. This trend was seen in all participants, which demon-
strates that the attentional state of train drivers can be evaluated using wearable
NIRS.

7. Field test

We investigated whether the wearable NIRS (Hb131S) can be applied in real
train operations. A field test was carried out at a train depot of a railway operator.
The maximum speed of the test line was 15 km/h. Figure 15 shows the train
operation in the test line.

Measured raw data using wearable NIRS (Hb131S) was obtained from a train
driver and is shown in Figure 16. The measured signals were processed to remove
high-frequency noise, and the baseline correction between the tasks was performed.
The signal processed oxy-Hb and handle notch position are shown in Figure 17.

It can be seen from Figure 16 that oxy-Hb and StO2 increase at braking area. As
we can see a good correlation between oxy-Hb and StO2, the measurement using
wearable NIRS (Hb131S) was successful. It should be noted from Figure 17 that

Figure 15.
Train operation in the test line.
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oxy-Hb increases when the train driver operates the handle notch for train speed
control particularly in the braking area.

8. Conclusion

This study aimed to examine the feasibility of monitoring the brain activity of
train drivers using wearable NIRS. We investigated whether their brain activity
could be measured using wearable NIRS, as well as whether their attentional states
could be evaluated.

First, a general train-stopping task was carried out and multichannel NIRS
compared to wearable NIRS. It was found that both NIRS devices confirmed eleva-
tion of oxy-Hb with a deceleration operation, which is consistent with earlier
research. The wearable NIRS also confirmed elevation in oxy-Hb and StO2. There-
fore, it was verified that the brain activity of train drivers can be measured using
wearable NIRS.

Next, we carried out an obstacle avoidance task using wearable NIRS. Brain
activity was measured in a condition with advanced notice of the obstacle and a
condition without advanced notice to examine whether the attentional state could
be evaluated. It was found that oxy-Hb was low prior to detecting an obstacle in the

Figure 17.
Signal processed oxy-Hb and handle notch position in train operation.

Figure 16.
Measurement data using wearable NIRS (Hb131S).
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condition without notice. Oxy-Hb was higher in the condition with advanced
notice. Therefore, it was proven possible to monitor attention levels from the brain
activity of drivers using wearable NIRS.

Finally, we investigated whether the wearable NIRS can be applied in real train
operations. A field test was carried out at a train depot of a railway operator. Field
test results showed that the wearable NIRS can be applicable for measuring train
drivers’ brain function in real world.

Most of the related studies have been carried out in laboratories using a train
driving simulator. The purpose of this study is to evaluate the applicability of
wearable NIRS for train drivers in real world. As the wearable NIRS system has been
recently developed, we need to collect many NIRS data in real train driving so that
we can evaluate the train drivers’ condition from NIRS data as our future work.
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Abstract

Imaging in neuro-oncology clinical trials can be used to validate patient eligibil-
ity, stage at presentation, response to therapy, and radiation therapy. A number 
of National Clinical Trials Network trials illustrating this are presented. Through 
the Imaging and Radiation Oncology Core’s quality assurance processes for data 
acquisition and review, there are uniform data and imaging sets for review. Once 
the trial endpoints have been analyzed and published, the clinical trial informa-
tion including pathology, imaging, and radiation therapy objects can be moved to 
a public archive for use by investigators interested in translational science and the 
application of new informatics tools for trial analysis.

Keywords: imaging, radiation therapy, clinical trials, targeted therapy,  
cancer treatment

1. Introduction

Over the past three decades, imaging has become an important component of 
successful execution and completion of clinical trials for the National Clinical Trials 
Network (NCTN) of the National Cancer Institute (NCI). Imaging used in clinical 
trials serves as a biomarker to validate patient eligibility, stage at presentation, and 
response to therapy. Once archived, imaging becomes an inexhaustible resource 
to compare response to historical standards and validate tools for analysis of trial 
outcome. The quality of the imaging archive is essential to the NCTN and clinical 
translational investigators. Data acquisition and management quality assurance 
processes are imbedded in trials to ensure that the required trial-specific imaging 
is collected and organized according to standards. Modern neuro-oncology clinical 
trials use anatomic and metabolic imaging with sequences and quality standards 
specific to each clinical trial charter. In this manuscript, we will review the history 
of imaging in clinical trials and the current status of neuro-oncology imaging in 
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the NCTN. Future initiatives and vision for image integration with subject-specific 
biomarkers in neuro-oncology trials will be presented.

2. History of imaging in the NCTN

There is a rich history of clinical trial development within the NCI’s clinical trials 
network. In the early development of the cooperative group clinical trials program, 
emphasis was placed on clinical protocols with onsite physician assessment of 
response and site-associated application of radiation therapy treatment objects. 
Even in trials that required radiation therapy, little information was made available 
to the clinical trial investigators concerning the abnormality defined on imaging, 
choice of area treated with radiation therapy, and dose to target. Because computa-
tional algorithms for dose calculation were varied and driven in part by individual 
institutional structure and process, the initial quality assurance processes in 
radiation oncology placed emphasis on creating uniformity of these processes with 
less emphasis on imaging and the application of imaging to target. By 1972, com-
mittees in the cooperative groups identified mechanisms to acquire information 
about targets treated. This included review of radiation therapy kilovoltage (kV) 
simulation images and megavoltage (MV) therapy portal images to confirm that 
what was intended to be delivered was treated. The trial-required information had 
to be forwarded to quality assurance centers as hard copies, where it was reviewed 
for trial compliance. These quality assurance reviews were performed largely in ret-
rospect, as trials reached closure, due to the cumbersome data submission process. 
As the data acquisition processes became more familiar to investigators, efforts were 
made to review hard copy objects early in the radiation treatment process to ensure 
that the treatment plan met study guidelines [1, 2].

By 1980, three-dimensional volumetric radiation therapy treatment planning 
was being introduced to clinical trials as well as using electronic media to transmit 
data. The initial effort in volumetric electronic data collected placed emphasis on 
prostate carcinoma; however, the importance of imaging in the quality review 
process for radiation oncology began to become more visible and prominent in 
multiple disease sites including lymphoma. In the Pediatric Oncology Group (POG) 
protocol 8725, the objectives of the study were to randomize the role of radiation 
therapy in what would be called intermediate to advanced stage subjects by modern 
standards. The subjects received eight cycles of hybrid chemotherapy and are then 
randomized to receive radiation therapy to all initial sites of disease or complete 
their care without radiation. In the initial publication of the trial, there was no 
added benefit to the addition of radiation therapy to this population of subjects. 
However, in a subset analysis, those subjects that were treated by study standards 
and had all sites of disease treated at presentation had a 10% statistically significant 
disease-free survival benefit [3]. In other words, excluding sites of original disease 
was detrimental to outcome. Imaging was essential to this interpretation as well 
as the application of diagnostic imaging to radiation therapy treatment execution. 
This was one of the first trials that acquired imaging both at baseline and at closure 
of chemotherapy as radiation therapy targets had to be designed to imaging param-
eters and sites of disease at presentation with response-adapted blocking applied to 
mediastinal disease. Without imaging submitted for trial review, this interpretation 
could not be made. Today the partnership between imaging and radiation therapy is 
synergistic, and radiation therapy is fully dependent on image-guided platforms for 
modern patient care [4, 5].

The next iteration of Hodgkin lymphoma studies evaluated both early stage 
and intermediate stage subjects with response-adapted treatment. Because of the 
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non-compliant radiation therapy issues in POG 8725, the imaging and the radiation 
therapy treatment objects, as based on the disease at presentation, were reviewed by 
the Quality Assurance Review Center (QARC) before the start of radiation therapy. 
Pre- and post-chemotherapy imaging were reviewed to assess radiation therapy 
compliance. Compliance to radiation therapy was achieved; however, retrospective 
analysis of imaging response to chemotherapy demonstrated that central review 
disagreed with site assessment on 50% of cases [6]. Therefore, in the next itera-
tion of trials evaluating intermediate risk subjects, imaging and radiation therapy 
objects were reviewed through a central mechanism in real-time pre-therapy, post 
two cycles of chemotherapy, post all chemotherapy, and pre-radiation therapy to 
ensure that response assessment was consistent with study objectives and radiation 
therapy was applied uniformly throughout the trial. Children’s Oncology Group 
(COG) trial AHOD0331 accrued more than 1700 subjects and demonstrated that 
both anatomic and metabolic imaging and radiation therapy objects could be 
reviewed in an electronic format in real time at multiple study endpoints and permit 
adaptive therapy based on response to treatment. This infrastructure provided 
a platform to emphasize the importance of imaging in clinical trials as well as a 
mechanism to use imaging as a validation vehicle for successful execution of clinical 
trials. Because imaging can be simultaneously reviewed by multiple individuals 
including site and study investigators in real time, consensus between investigators 
could reach closure in a timely manner. Subject-specific issues and optimization of 
clinical trial management were addressed in a uniform manner and as early as the 
subject was enrolled on the trial [5, 7, 8].

The informatics platform quickly matured to support imaging in all pediatric 
and adult oncology radiology and radiation therapy disease service areas including 
neuro-oncology with real-time review of imaging objects to ensure study compli-
ance. Protocols for standard risk medulloblastoma originating in the posterior 
fossa require no more than 1.5 cm3 of residual disease and no evidence of disease 
on spine imaging at presentation. These objects are reviewed immediately in real 
time prior to subject entry onto study to ensure that the subject has entered onto 
the appropriate study and staged in a manner consistent with study objectives. 
Studies have confirmed that high-risk medulloblastoma patients unintentionally 
entered on low-risk studies have a significantly worse outcome, thus obfuscat-
ing interpretation of the study when evaluated on an intent to treat basis [9]. 
Completeness of resection is reviewed in real time for patients with ependymoma 
to ensure that the sequence of care including second surgical procedure as required 
by study is consistent with study guidelines. These changes in process serve to 
improve the quality of the study and are adjudicated by imaging. Imaging is identi-
fied as an essential component to successful clinical trial execution and by 1996 
became well positioned to be recognized as a strong and independent discipline in 
the national clinical trials effort [3].

In 1997, Robert Wittes, MD, was the director of the Cancer Treatment Evaluation 
Program (CTEP) and recognized the need to develop an imaging program in clini-
cal trials to function at an enterprise level. The NCI established a cancer imaging 
program under the direction of Daniel Sullivan, MD. In September of 1998, the 
American College of Radiology Imaging Network (ACRIN) was established under 
the direction of Bruce Hillman, MD, and Constantine Gatsonis, PhD. ACRIN had 
significant initial success managing important cancer screening trials including 
the digital mammography imaging screening trial (DMIST) and the National 
Lung Screening Trial (NLST). ACRIN has significant influence in credentialing 
institutions for imaging clinical trial participation and data management of clinical 
trials in all oncology disease areas including neuro-oncology imaging. ACRIN also 
participates in clinical trials including cardiology, interventional radiology, and 
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advanced technology neurological imaging in non-oncology-related areas serving to 
further expand their portfolio and scope of service. ACRIN has partnered with the 
Eastern Clinical Oncology Group (ECOG) to bring its robust imaging infrastructure 
to support activities in a strong cooperative group with multiple disease commit-
tees. As ECOG-ACRIN, a strong standard is established for clinical trial interactions 
between clinical scientists and imaging partners. The imaging information for 
ECOG-ACRIN is managed by the Imaging and Radiation Oncology Core office in 
Philadelphia (IROC Philadelphia).

Of equal strength is the Wright Center of Innovation in Biomedical Imaging at 
the Ohio State University. Under the direction of Michael Knopp, MD, PhD, the 
Wright Center has obtained several major grant awards including a Frontier grant 
from the state of Ohio and a biomedical research and technology transfer award. 
The center houses expertise in microimaging, molecular imaging, animal imaging, 
as well as advanced technology imaging to support clinical trial processes. The 
Wright Center supports all the imaging needs including data management and 
real-time case review for the Alliance and SWOG clinical trial groups including 
significant expertise in neuroimaging and case evaluation. The Wright Center has 
developed processes to track compliance to anatomic and metabolic images acquired 
for clinical trials. The neuro-oncology committees are exceptionally strong, and 
neuro-oncology and neuroimaging are prominent disease-oriented committees in 
these important groups. Lawrence Schwartz, MD directs the imaging committees 
for Alliance and SWOG and works in close collaboration with the Wright Center 
for clinical trial execution. The office managing imaging information at the Wright 
Center for Alliance and SWOG is the Imaging and Radiation Oncology Core at Ohio 
(IROC Ohio).

Formerly known as Quality Assurance Review Center (QARC), the Imaging 
and Radiation Oncology Core center in Rhode Island (IROC RI) is responsible for 
imaging needs in COG. The imaging committee in COG became a formal discipline 
committee at the time of the merger between the Pediatric Oncology Group (POG) 
and Children’s Cancer Group (CCG). QARC worked with committee members to 
establish an informatics infrastructure required for digital image transfer. This 
was accomplished by Keith White, MD, in collaboration with the information 
technology group at QARC. Data acquisition tools were applied to the process that 
he used to acquire and display images for tumor board at his home institution. The 
acquisition process is now synergistic with the data acquisition for radiation therapy 
treatment objects, and these can now be displayed in the IROC RI database for 
remote review of objects in a side-by-side manner by site and study investigators. 
Clinical trial investigators in all clinical disciplines including imaging and radiation 
oncology can review study objects in a harmonized and single-session manner. 
Because clinical trials require real-time review of objects for response assessment-
adaptive clinical trials and the subsequent application of radiation therapy, each 
month, there are hundreds of study investigator logins to assure adaptive trial 
design is met and response/disease progression is noted and assessed in a uniform 
manner (Figure 1). Neuro-oncology imaging is essential to mission for COG as 
brain tumors comprise 25% of pediatric oncology. It is important that all image 
datasets including pre-/post-surgery/therapy and outcome imaging be available for 
review on a real-time basis as needed. The image library housed at IROC RI is the 
largest collection of pediatric oncology imaging in the world on patients treated 
on clinical trials with a complete portfolio of images on neuro-oncology patients 
treated on clinical protocols. The IROC Houston office (formerly the Radiological 
Physics Center (RPC)) works with all radiation oncology discipline committees of 
the NCTN and is the central resource for credentialing institutions for participation 
in clinical trials managed through the NCTN.
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IROC is a single grant with overarching administrative structure to four 
grant offices in Houston TX, Columbus OH, Philadelphia PA, and Lincoln 
RI. Administrative support is provided by the American College of Radiology 
(ACR). IROC provides credentialing and data management for the NCTN in imag-
ing and radiation oncology clinical trial participation (Figure 2). All offices that 
provide imaging data management services are involved in neuroimaging in NCTN 
clinical trials. The offices all collaborate with NCTN investigators to write uni-
form guidelines into all clinical trials involving the central nervous system (CNS) 
to ensure optimal clinical trial management and uniform response assessment. 
Modern guidelines include sequence acquisition requirements, slice thickness, 
and other acquisition parameters, which are written into every protocol by study 
investigators and IROC. The guidelines support both pediatric and adult clinical 
trials in neuro-oncology.

Figure 1. 
Number of remote NCTN reviewer logins to terminal servers 2007–2019. Image courtesy of QARC.

Figure 2. 
NCI National Clinical Trials Network Structure. IROC is within the NCTN centralized functions. Image 
courtesy of the National Cancer Institute.
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was accomplished by Keith White, MD, in collaboration with the information 
technology group at QARC. Data acquisition tools were applied to the process that 
he used to acquire and display images for tumor board at his home institution. The 
acquisition process is now synergistic with the data acquisition for radiation therapy 
treatment objects, and these can now be displayed in the IROC RI database for 
remote review of objects in a side-by-side manner by site and study investigators. 
Clinical trial investigators in all clinical disciplines including imaging and radiation 
oncology can review study objects in a harmonized and single-session manner. 
Because clinical trials require real-time review of objects for response assessment-
adaptive clinical trials and the subsequent application of radiation therapy, each 
month, there are hundreds of study investigator logins to assure adaptive trial 
design is met and response/disease progression is noted and assessed in a uniform 
manner (Figure 1). Neuro-oncology imaging is essential to mission for COG as 
brain tumors comprise 25% of pediatric oncology. It is important that all image 
datasets including pre-/post-surgery/therapy and outcome imaging be available for 
review on a real-time basis as needed. The image library housed at IROC RI is the 
largest collection of pediatric oncology imaging in the world on patients treated 
on clinical trials with a complete portfolio of images on neuro-oncology patients 
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the NCTN and is the central resource for credentialing institutions for participation 
in clinical trials managed through the NCTN.
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IROC is a single grant with overarching administrative structure to four 
grant offices in Houston TX, Columbus OH, Philadelphia PA, and Lincoln 
RI. Administrative support is provided by the American College of Radiology 
(ACR). IROC provides credentialing and data management for the NCTN in imag-
ing and radiation oncology clinical trial participation (Figure 2). All offices that 
provide imaging data management services are involved in neuroimaging in NCTN 
clinical trials. The offices all collaborate with NCTN investigators to write uni-
form guidelines into all clinical trials involving the central nervous system (CNS) 
to ensure optimal clinical trial management and uniform response assessment. 
Modern guidelines include sequence acquisition requirements, slice thickness, 
and other acquisition parameters, which are written into every protocol by study 
investigators and IROC. The guidelines support both pediatric and adult clinical 
trials in neuro-oncology.

Figure 1. 
Number of remote NCTN reviewer logins to terminal servers 2007–2019. Image courtesy of QARC.

Figure 2. 
NCI National Clinical Trials Network Structure. IROC is within the NCTN centralized functions. Image 
courtesy of the National Cancer Institute.
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3. The importance of imaging applications in radiation therapy

Imaging platforms have become essential to daily operation in radiation oncol-
ogy. From initial assessment of imaging for target definition to daily treatment 
alignment with cone beam computed tomography (CT), imaging has become an 
essential component of the infrastructure to successful delivery of daily radiation 
therapy. Imaging has likewise become essential for credentialing institutions to par-
ticipate in clinical trials involving the CNS including the use of phantom technology 
for CNS magnetic resonance imaging (MRI) and application of radiation therapy. 
In an early iteration of the use of imaging as a credentialing vehicle, institutions 
received a planning image with a right temporal target and were asked to develop a 
therapy plan using a vertex field. This evaluated the ability of the institution to use 
three-dimensional modeling for therapy planning. Most radiation therapy planning 
systems are based on CT obtained in the therapy position with the appropriate 
immobilization device. CT, however, has significant limitations in defining targets 
for radiation therapy for lesions in the CNS. For clinical trials involving stereotactic 
radiosurgery (SRS), a credentialing vehicle was constructed where an institution 
would receive a planning CT with SRS coordinates. The target lesion was not visible 
on CT. An MR with a visible single lesion was provided, and the institution had to 
fuse the images into the site radiation planning system and provide x, y, and z coor-
dinates for a stereotactic procedure [10]. The high-resolution and reality imaging 
registration processing evaluates both fusion tools and treatment planning capabili-
ties. Anthropomorphic phantom tools have been developed by the IROC Houston 
office that require image validation for target definition as part of the credentialing 
process. This cross-validation has been essential for both documentation of image 
and assessment of the site computational planning algorithms (Figure 3).

Because tumors of the central nervous system are better defined with advanced 
technology imaging including advanced MR sequences and spectroscopy, fusion 
of images in treatment planning CT is a great resource and significantly improves 
target definition and patient care. In current NCTN protocols, advanced MR 
sequences are integrated with new positron emission tomography tracers including 
amino acid imaging and spectroscopy to create multiple target volumes treated with 
dose painting to areas of sequence abnormality. This is of increasing importance. 
Historically, neurosurgeons would remove regions of contrast enhancement seen on 

Figure 3. 
Phantom tool developed by IROC Houston used in the RT site credentialing process. 1520 RT sites have passed at 
least one irradiation of this phantom. Image courtesy of IROC Houston.
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CT and limited MR signal changes. Radiation oncologists, even on study, often treat 
the surgical resection site with a margin. With more primitive anatomical imaging, 
radiation oncologists performed poorly in defining the target volume of interest 
and may have not treated the entire tumor volume at risk on historical studies. New 
imaging models including amino acid imaging are demonstrating regions of tumor 
proliferation and tumor DNA synthesis which have been less visible and as a result, 
undertreated by radiation oncology. In primary brain patients, Investigators have 
confirmed that disease can reside in regions of FLAIR enhancement, thus influenc-
ing the choice of radiation therapy field placement. Spectroscopy may likewise be 
helpful moving forward in better defining targets at risk, and this is currently under 
evaluation with dose painting clinical trials in glioblastoma. Several papers have 
interesting reviews evaluating patterns of failure [11, 12]. In patients whose disease 
abutted central structures including the corpus callosum, failure patterns followed 
major nerve pathways into the contralateral hemisphere. If the anatomic and 
metabolic tumor target could be more optimally defined at presentation, we would 
potentially treat the patient more effectively with radiation therapy, hence possibly 
improving outcomes, as there is a high index of suspicion that simply targeting 
the region of contrast enhancement with margin may be insufficient for radiation 
therapy. Current protocols are using advanced imaging tools for target definition 
and dose painting. The volumes treated between T2 and FLAIR imaging were very 
different. Accordingly, the radiation fields are larger than targeting areas of contrast 
enhancement, and it will be important to monitor toxicity and pattern of failure 
with biomarker analysis [13].

Outcome imaging is important in clinical trials and often requires central review 
of imaging objects to provide consistent interpretation of treatment effect and 
disease progression. This is essential as often changes seen on MRI post-therapy 
can mimic disease progression. The NCTN pediatric and adult oncology databases 
include subjects with disease of the CNS including spine. These databases store 
imaging at presentation, pre- and post-surgery, radiation therapy treatment objects, 
and post-therapy. Because these images were obtained on study, the sequences 
and time points of data acquisition post-therapy are uniform in acquisition. These 
become optimal datasets for the development of machine learning and artificial 
intelligence tools to better evaluate this dilemma. The databases are linked to 
outcome through the statistical centers of each of the network groups and therefore 
are an invaluable resource to the field of neuro-oncology [9].

4. Current portfolio for neuro-oncology analysis in IROC

The Imaging and Radiation Oncology Core (IROC) houses all diagnostic imag-
ing and radiation therapy treatment objects on subjects treated on clinical trials for 
the NCTN. The IROC office in RI works with the Children’s Oncology Group (COG) 
and houses objects on subjects treated on clinical trials for more than 35 years. IROC 
RI also houses radiation therapy treatment objects for SWOG, Alliance, and ECOG-
ACRIN. Trials include management of standard and high-risk medulloblastoma, 
ependymoma, primitive neuroendocrine tumors, germ cell tumors, and low-/
high-grade glioma. Trials have studied the addition of chemotherapy to radiation 
therapy in multiple disease sites, sequence of management, and drug X-ray dose 
titration/augmentation. Modern protocols have applied adaptive strategies to titrate 
therapy to younger population, limit radiation boost dose to lesions that undergo 
gross tumor resection, and alter therapeutic application to medulloblastoma 
relative to tumor gene expression profiles. The IROC Ohio office manages neuro-
oncology imaging for SWOG and Alliance. The Alliance group has an exceptionally 
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CT and limited MR signal changes. Radiation oncologists, even on study, often treat 
the surgical resection site with a margin. With more primitive anatomical imaging, 
radiation oncologists performed poorly in defining the target volume of interest 
and may have not treated the entire tumor volume at risk on historical studies. New 
imaging models including amino acid imaging are demonstrating regions of tumor 
proliferation and tumor DNA synthesis which have been less visible and as a result, 
undertreated by radiation oncology. In primary brain patients, Investigators have 
confirmed that disease can reside in regions of FLAIR enhancement, thus influenc-
ing the choice of radiation therapy field placement. Spectroscopy may likewise be 
helpful moving forward in better defining targets at risk, and this is currently under 
evaluation with dose painting clinical trials in glioblastoma. Several papers have 
interesting reviews evaluating patterns of failure [11, 12]. In patients whose disease 
abutted central structures including the corpus callosum, failure patterns followed 
major nerve pathways into the contralateral hemisphere. If the anatomic and 
metabolic tumor target could be more optimally defined at presentation, we would 
potentially treat the patient more effectively with radiation therapy, hence possibly 
improving outcomes, as there is a high index of suspicion that simply targeting 
the region of contrast enhancement with margin may be insufficient for radiation 
therapy. Current protocols are using advanced imaging tools for target definition 
and dose painting. The volumes treated between T2 and FLAIR imaging were very 
different. Accordingly, the radiation fields are larger than targeting areas of contrast 
enhancement, and it will be important to monitor toxicity and pattern of failure 
with biomarker analysis [13].

Outcome imaging is important in clinical trials and often requires central review 
of imaging objects to provide consistent interpretation of treatment effect and 
disease progression. This is essential as often changes seen on MRI post-therapy 
can mimic disease progression. The NCTN pediatric and adult oncology databases 
include subjects with disease of the CNS including spine. These databases store 
imaging at presentation, pre- and post-surgery, radiation therapy treatment objects, 
and post-therapy. Because these images were obtained on study, the sequences 
and time points of data acquisition post-therapy are uniform in acquisition. These 
become optimal datasets for the development of machine learning and artificial 
intelligence tools to better evaluate this dilemma. The databases are linked to 
outcome through the statistical centers of each of the network groups and therefore 
are an invaluable resource to the field of neuro-oncology [9].

4. Current portfolio for neuro-oncology analysis in IROC

The Imaging and Radiation Oncology Core (IROC) houses all diagnostic imag-
ing and radiation therapy treatment objects on subjects treated on clinical trials for 
the NCTN. The IROC office in RI works with the Children’s Oncology Group (COG) 
and houses objects on subjects treated on clinical trials for more than 35 years. IROC 
RI also houses radiation therapy treatment objects for SWOG, Alliance, and ECOG-
ACRIN. Trials include management of standard and high-risk medulloblastoma, 
ependymoma, primitive neuroendocrine tumors, germ cell tumors, and low-/
high-grade glioma. Trials have studied the addition of chemotherapy to radiation 
therapy in multiple disease sites, sequence of management, and drug X-ray dose 
titration/augmentation. Modern protocols have applied adaptive strategies to titrate 
therapy to younger population, limit radiation boost dose to lesions that undergo 
gross tumor resection, and alter therapeutic application to medulloblastoma 
relative to tumor gene expression profiles. The IROC Ohio office manages neuro-
oncology imaging for SWOG and Alliance. The Alliance group has an exceptionally 
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strong neuro-oncology committee with primary emphasis in developing clinical 
trials for adult glioblastoma including studies directed to new modalities of care 
integrated with modern genomics and gene expression profiles. The IROC office 
in Philadelphia integrates the imaging strengths of imaging with ACRIN and the 
radiation oncology strengths of NRG (former NSABP, RTOG, and GOG). The 
emphasis of these groups is in the application of modern radiation oncology tech-
nology coupled with biomarker-driven applied chemo/targeted therapy for adult 
glioblastoma. Currently, IROC RI houses information on 24 protocols with datasets 
on over 3000 patients including imaging at presentation, post-therapy, relapse, and 
radiation therapy treatment objects for pattern of failure analysis. These include 
studies on primitive neuroectodermal disease, germ cell disease, high-/low-grade 
glioma, atypical rhabdoid lesion, medulloblastoma, and ependymoma. IROC Ohio 
houses images on more than 2000 patients treated for glioblastoma as well as images 
on protocols treating meningioma. The protocols include patients treated with 
vaccine therapy, antiangiogenetic therapy, and poly ADP ribose polymerase (PARP) 
inhibitors in patients with O[6]-methylguanine-DNA methyltransferase (MGMT) 
promotor hypermethylation as well as studies evaluating anaplastic and/or low-
grade glioma treated with adjuvant PCV chemotherapy including those with 1p/19q 
co-deletions. IROC Philadelphia manages a similar volume of patients on study 
treated for glioblastoma with emphasis on radiation therapy target definition and 
technique. Each of the IROC centers manages advanced technology-driven imaging 
for radiosurgery for central nervous system metastatic disease. Neuro-oncology 
protocols managed by each of the IROC offices and available datasets are used for 
secondary clinical translational research objectives.

In the next generation of translational research for neuro-oncology, integration 
of biomarkers including genomics and applied gene expression profiles will need 
to be coupled with radiomics integrated with radiation therapy treatment plans. 
Ex vivo tissue unfortunately is an exhaustible resource and needs to be preserved 
for unanticipated biomarker evaluation in addition to current portfolios. Digital 
quantitative pathology will play an important role to integrate established and vali-
dated non-imaging biomarkers and biomarker processes with microscopy imaging 
signals to better predict outcome. Saltz and colleagues have integrated pathology 
biomarkers with imaging signals. Erickson and colleagues have identified radiomic 
signatures in glioblastoma patients that indicate and predict gene expression and 
methylation. Harmonization of this effort at an enterprise level will be the next step 
in developing improved tools for translational science [14–19].

5. The Cancer Imaging Archive (TCIA)

The Cancer Imaging Archive is a collaboration of many key investigators with 
Fred Prior, PhD (University of Arkansas), as the principal investigator. Processes 
within the NCTN clinical trial groups serve to protect all information of subjects 
participating on clinical trials including their tissue, imaging, and radiation therapy 
treatment objects. Once a trial has completed accrual and primary endpoints have 
been recognized and published, an important objective of the National Cancer 
Institute is to move study information to a public archive for use by all interested 
in translational science and application of new informatics tools for trial analysis. 
The objective is for all important material including tissue biomarkers and outcome 
information be available to investigators. TCIA has a strong infrastructure with 
expertise in informatics science, imaging, digital pathology, and clinical trial man-
agement. The archive currently houses a diverse portfolio of studies and is poised 
to function at an enterprise level to support translational science improvement. The 
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current portfolio of studies accessible through the TCIA includes studies involv-
ing low- and high-grade glioma with associated pathology. Over 1000 datasets are 
available on 11 studies. TCIA will be an invaluable resource for future translational 
science in neuro-oncology [20, 21]. Cancers of all disease types will be made avail-
able to investigators worldwide through this mechanism.

6. Conclusions

Neuro-oncology is an increasingly important component in the care of patients 
with cancer. Both primary lesions and metastatic disease affect a significant seg-
ment of the pediatric and adult populations. The care of these patients requires 
extended healthcare system resources for physician expertise and para health 
professionals for supportive and rehabilitative care. Progress will be made by opti-
mizing uniform applications of imaging both at disease presentation and response 
to therapy. Informatics processes are established in the NCTN and the TCIA to help 
move this forward for patients afflicted with CNS disease. Information from trials 
will be available in a public TCIA archive to help investigators perform translational 
research through this mechanism and accelerate progress in this field.
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