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Abstract 

Balance deficits in dementia are linked to increased falls risk, leading to injury, 

fear of falling, reduced activity, and loss of independence. Exercise based 

interventions can be useful in reducing falls risk as well as improving balance in 

older adults with cognitive impairments. The neural mechanisms involved in 

balance and exercise in this population are not well understood. The National 

Institute for Health Research (NIHR) funded Promoting Activity Independence 

and Stability in Early Dementia (PrAISED2) Randomised Controlled Trial (RCT), 

is trialling a tailored exercise programme aimed to promote activity, 

independence, and stability in older adults with Mild Cognitive Impairment 

(MCI) and mild dementia. This trial presented a unique opportunity to pilot a 

novel Virtual Reality (VR) based balance task and investigate the neural 

correlates of balance in older adults with MCI and dementia. To do this, I used 

functional Magnetic Resonance Imaging (fMRI) a non-invasive neuroimaging 

technique which detects haemodynamic changes associated with neural activity 

at rest or during experimental tasks.  

The aims of this PhD were 1) conduct a systematic review of the effects of 

exercise on fMRI outcomes in older adults with MCI and dementia 2) pilot a 

novel virtual reality-based balance fMRI task in both healthy adults and older 

adults with MCI or dementia 3) explore activation in response to task conditions 

and the relationship with balance performance in people with dementia 4) 

explore the relationship between resting state functional connectivity and 

balance performance.   
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Through the systematic review, I identified 12 papers from 6 studies that met the 

inclusion criteria. Intervention duration ranged from 21-24 weeks and included 

aerobic training, walking, dancing, and mind-body exercises. No study that 

included people with dementia was found. Exercise interventions appeared to 

decrease task-related connectivity and activity during motor, memory, attention, 

and inhibition task but increased connectivity of the dorsal attention network 

(DAN), hippocampus and posterior cingulate at rest. 

I then recruited healthy young adults aged 18-35 to take part in a pilot fMRI 

study of the VR balance task. Additionally, I piloted this task in a subset of 

participants recruited from the PrAISED RCT, who were all older adults aged 65 

and over with a diagnosis of MCI or dementia. Both groups completed the MRI 

tolerability questionnaire and provided feedback on task experience. Both 

healthy volunteers and older adults with dementia scored overall scanner 

experience as 4/5 for comfortableness. In both groups, I conducted exploratory 

whole-brain analyses exploring activation in response to each task condition 

(walking, obstacle navigation and postural instability) and differences in 

activation between the conditions. Healthy young adults displayed activation in 

the cerebellum, visual and motor areas. Older adults with cognitive impairments 

displayed activation in visual and motor cortices across the task conditions.  

In the pilot study with the PrAISED participants, I also explored the relationship 

between task-related activation in response to each condition (walking, obstacle 

navigation and postural instability) with performance on static and dynamic 

balance assessments. Static and dynamic balance performance was associated 
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with activation in motor regions during walking and instability conditions and 

the anterior cingulate cortex during the obstacle avoidance condition.  

In addition to the task fMRI sequence, the participants also underwent a resting 

state fMRI scan. For the resting state fMRI data, I used a data-driven approach to 

identify common resting state networks. I explored the relationship between 

both intra and inter network connectivity with balance performance. Intra 

network connectivity of the limbic network may be associated with poorer 

dynamic balance performance whilst inter network connectivity between the 

visual network and sensorimotor network may be associated with improved 

dynamic balance performance.  

Exercise can alter neural activity and connectivity in people with memory 

problems, however, future work needs to include people with more advanced 

dementia. Furthermore, future work should explore the optimal intensity and 

duration of exercise interventions to be of benefit to the patient. The work 

presented in this thesis has shown that participants with memory problems can 

engage with a VR-based task and scanning procedures in this population are well 

tolerated. VR based balance tasks are a promising technique to be able to 

improve our knowledge of the neural mechanisms involved in balance 

dysfunction in dementia, however further work is needed to ensure that the 

tasks are accessible to people with more severe cognitive impairments and 

functional limitations. Potential associations of intra and inter network 

functional connectivity with dynamic balance performance were noted, however, 

these did not reach statistical significance. Further investigation in larger 
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samples and study designs with participants with differing severity of cognitive 

impairments is warranted to explore these interactions further.   
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Part I: Introduction and Background 
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1. Introduction 

1.1 Background to the problem 

Developments in medicine and lifestyle have improved life expectancy across the 

world, with an average life expectancy of around 73.4 years (2). The World 

Health Organisation estimated that in 2020 there were around 1 billion people 

across the world aged 60 and over, projected to double by 2050 (3). In the UK 

the Office for National Statistics estimated that in 2015, 18% of the population 

were aged 65 and over, projecting that this will rise to 26% by 2041 (4). 

Factors influencing population ageing include increased life expectancy due to 

declining mortality rates, declining fertility rates and migration (4,5). We are 

now living longer but may not necessarily be living healthier,  as ageing is 

increase the risk of disease and disability (6,7). In England alone, Age UK 

estimates that around 7 million people aged 60 and over are living with two or 

more long-term conditions (8). Forty per cent of adults aged 65 and over have 

reported that their long-term conditions affect their abilities in activities of daily 

living and their quality of life (8). Long term conditions associated with ageing 

include hearing loss, cataracts, back pain, arthritis, chronic obstructive 

pulmonary disease (COPD), depression, diabetes, heart disease and 

neurodegenerative diseases (2). 

The biological mechanisms involved in ageing are complex.  As we age there is a 

gradual accumulation of molecular and cellular damage, while cell renewal rates 

slow leading to a general decline in organ function, health, and functional 

abilities (9–11). The biological changes due to ageing can underpin visual 
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impairments, hearing loss, memory deficits, slower information processing 

speed and musculoskeletal changes including decreased bone density, decreased 

muscle mass and changes in mobility; specifically, balance and gait (2). These 

age-related changes have been associated with an increased risk of falls and fall-

related consequences including fear of falling, reduced activity, loss of 

independence, falls related fractures and hospitalisation (2). 

Ageing is the biggest risk factor for cognitive decline, mild cognitive impairment 

(MCI) and dementia (12). MCI refers to the prodromal stage of dementia and is 

characterised by cognitive difficulties that are greater than expected for one’s 

age, but not severe enough to affect daily life (13,14). One or two in every 10 

people aged 65 and over in the UK may have MCI (15). MCI increases the risk of 

developing dementia with estimated progression rates of between 5-15% per 

annum (16). Dementia is a syndrome of progressive and irreversible loss of 

cognitive skills which affects daily activities (17). In addition to age, lifestyle 

factors and genetics can increase the risk of developing MCI and dementia 

(12,18).  

The World Health Organisation ranked Alzheimer’s disease and other dementias 

in the top ten causes of death globally in 2019 (19). In the UK it is estimated 

there are currently 944,000 people living with dementia (20). According to 

Alzheimer’s Research UK, one in fourteen people aged 65 is at risk of dementia 

and rising to one in six people in people aged 80 and over (21). The cost of 

dementia in the UK is estimated to be around £34.7 billion and the cost of unpaid 

care provided by family members or friends is estimated to be around £13.9 

billion (22). 
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People with MCI and dementia have an increased risk of falling compared to 

cognitively healthy older people (23,24) and consequently have a higher risk of 

fractures and poorer outcomes after fractures (25). Falls in older people with 

memory problems can also lead to loss of independence, fear of falling and a 

decrease in social, leisure and physical activities (24,26). The increased risk of 

falls is due to dementia-specific risk factors including type and severity of 

dementia, cognitive impairments, gait, and balance deficits (24). Falls cost the 

health service around £2.3 billion each year (27). 

1.2 Problem statement 

Current interventions aimed at improving balance dysfunction and prevention of 

falls in healthy older adults have been successful in improving balance and falls 

risk, however, these interventions appear to have mixed success for older adults 

with memory problems (28–33). Many of these studies used self-reported 

outcome measures which may not be sensitive enough to detect more subtle 

biological changes which may need to accumulate over time to be clinically 

relevant.  

Neuroimaging techniques, particularly functional MRI (fMRI), are non-invasive 

and able to detect and measure changes in the brain that may not be clinically 

evident (34). Functional MRI also has the potential to inform the development of 

disease and treatment-specific biomarkers, providing additional objective 

outcomes for evaluating the efficacy of complex rehabilitation interventions for 

people with cognitive impairments. 

To date little is known about how underlying brain activity involved in balance is 

altered in people with MCI and dementia. Research using fMRI tasks to study 
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neural correlates of balance and postural control in healthy populations, often 

use still images or get participants to physically do a task and then asks them to 

imagine it or use a screen to deliver a video (35,36). The tasks often involve 

complex instructions requiring an ability to retain and learn new information as 

well as recall instructions and tasks from memory. For older adults with 

cognitive impairments who may struggle to learn new information and have 

memory problems, such fMRI tasks are likely to be burdensome. To tackle this 

issue, a novel virtual reality (VR) based balance task, designed specifically for 

older adults with cognitive impairments was piloted. Additionally, research 

using resting-state fMRI investigating balance and exercise-related changes in 

connectivity in people with MCI and dementia is lacking. To address this 

knowledge gap, the evidence base for exercise related changes in functional 

connectivity in older adults with MCI and dementia was systematically reviewed. 

Resting-state fMRI was used to explore the relationship between the connectivity 

of resting state networks and balance in older adults with MCI and dementia.  

1.3 Aims and objectives 

The NIHR Programme Grants for Applied Research (PGfAR) funded Promoting 

Activity Independence and Stability in MCI and Early Dementia research 

programme has developed an exercise and functional activity-based 

intervention, specifically for older adults with cognitive impairments (37). This 

trial provided a unique opportunity to use functional MRI to study functional 

connectivity and activity related to balance and exercise in older adults with MCI 

and mild dementia. 
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The overarching aim of this thesis was to use the novel VR-based balance task 

and fMRI to explore the neural correlates of balance and review current evidence 

available about the neural correlates of exercise in older adults with MCI and 

dementia. To address this aim, the following objectives were proposed: 

1. Conduct a systematic review investigating the effects of exercise 

interventions on fMRI outcomes in older adults with MCI and Dementia. 

2. Trial a novel VR-based balance fMRI task in healthy young adults and 

older adults with MCI and Dementia. 

3. Investigate the relationship between inter and intra network connectivity 

and physical performance on static and dynamic balance assessments in 

people with MCI and dementia. 

1.4 Thesis structure 

This thesis comprises of three parts. Part 1 consists of introductory and 

background information chapters. Part 2 presents a systematic literature review 

and the empirical studies conducted along with the results. Part 3 includes a 

general discussion and key conclusions from the work presented in this thesis.  

1.4.1 Part I  

In this chapter the aims and objectives of this thesis have been presented and an 

overview of the thesis structure is provided below.  

Chapter 2 is split into three sections. Section 1 provides background information 

around the mechanics of postural control and discusses the evidence for the role 

of the cerebral cortex in maintaining postural control in various contexts and the 

limitation of some of the neuroimaging methods used. This section also looks at 
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the application of motor imagery and action observation tasks alongside fMRI to 

explore neural correlates of postural control and introduces virtual reality as an 

alternative, more accessible technique to explore cerebral activation involved in 

postural control in more life-like scenarios.   

Section 2 of chapter 2 presents key information around the prevalence, risk 

factors, neuropathology and symptoms of mild cognitive impairment and 

dementia. This section then focused on executive dysfunction in dementia and 

explores the link between executive function, postural instability and falls in this 

population. Finally, section 3 of chapter 2 describes the benefits of exercise in the 

general population, ageing and dementia. This section also discusses the 

potential neuroprotective effects of exercise in older populations with and 

without cognitive impairments. Finally, the section provides an overview of the 

PrAISED intervention and RCT, around which the work presented in this thesis 

was conducted.  

Chapter 3 describes the principles of the MR signal, fMRI, and fMRI task design. 

This chapter also discusses both clinical and research applications of MRI and 

fMRI in dementia.  

1.4.2 Part II 

Chapter 4 addresses objective 1. In this chapter systematic review methodology 

was used to identify research studies investigating the effects of exercise on task-

based or resting-state fMRI outcomes in older adults with MCI or dementia. 

Additionally, I conducted a narrative synthesis and presented the findings based 

on fMRI outcome type; resting state or task based.  
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Chapter 5 contributes toward addressing objective 2. This chapter referred to 

the pilot study of the VR balance task in healthy young adults. Survey data on 

MRI tolerability, task experience and fMRI data collected from piloting the fMRI 

task in this group is included here. 

Chapter 6 also contributes toward objective 2. This chapter comprised of a pilot 

study of the fMRI task in older adults with MCI and dementia, recruited from the 

PrAISED RCT. Survey data on MRI tolerability and task experience for this group 

is included here. Additionally, exploratory whole-brain analysis of task fMRI data 

collected from the PrAISED cohort is presented. Finally, in this chapter, the 

relationship between activation in balance related regions of interest and 

balance assessment performance, and whether executive function mediates this 

relationship is explored.  

Chapter 7 addresses objective 3. This chapter included resting state fMRI data 

collected from the PrAISED cohort. Independent Component Analysis (ICA) was 

used to identify components corresponding to large-scale networks. This chapter 

also explored the relationship between Intra and inter-network connectivity 

with balance assessment performance. 

1.4.3 Part III 

Chapter 8 provides an overview of the initial thesis aims and objectives, prior to 

the COVID-19 pandemic. This chapter also presents an overview of the COVID-19 

pandemic, related lockdowns, and restrictions in the UK, the impact on research 

more generally, the population of interest, as well as the impact on the PrAISED 

RCT and the initial objectives of this thesis. Recent findings on risk factors for 

COVID-19-related adverse outcomes, the disproportionate effect of the virus and 
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pandemic-related restrictions on the patient population of interest are presented 

and the impact of these on the initial thesis objectives is discussed. Adaptations 

made to the thesis considering the ongoing pandemic are described and the 

present thesis aims and objectives are summarised. The key findings from the 

previous chapters are summarised and the results are discussed. Finally, this 

chapter discusses the strengths and limitations of the studies included in this 

thesis, the recommendations for future research and summarises the key 

conclusions from this body of work.  
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2. Background 

2.1 The role of the cerebral cortex in postural control 

Over the last 15,000 years, human beings have evolved rapidly from hunter-

gatherers to building villages, towns, and cities and developing complex language 

systems and social structures. Though perhaps not one of the most glamorous, 

the most fundamental development of human evolution, beginning around 4 

million years ago, was that of bipedalism. Humans have evolved to use 

bipedalism as the primary form of movement, this involves standing upright, 

walking, and running (38–40). To execute these forms of movement, balance or 

postural control is required. Being able to regulate and maintain balance whilst 

standing, walking, or running is key to being able to engage in activities of daily 

living (40).  

The term balance is often used in association with postural control and stability. 

In line with Newton’s first law of motion, the mechanical definition of balance is 

the state of an object when the forces acting upon it are zero (41). The ability of 

an object to be able to balance in a static situation depends on the position of the 

centre of mass (COM) or centre of gravity (COG) and the area of the base of 

support (BOS). If the COG falls within the BOS, then the object is balanced. If the 

COG, falls outside of the BOS, then the object is unbalanced. Stability or instability 

is related to the amount of displacement of the COG or external force that can be 

applied before an object becomes unbalanced. If an object is unable to withstand 

greater displacements of COG or greater amounts of external force, then it is said 

to be unstable (41).  
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The human body has a relatively high COG and a very small BOS. When the COG 

falls outside of BOS, humans have an innate ability to anticipate or detect a threat 

to stability and use muscular activity to counteract the effects of gravity and 

prevent falling, this is referred to as postural control. Postural control is defined 

as one’s ability to maintain their centre of gravity within their base of support 

during quiet standing or movement (41). Static postural control involves 

maintaining COG over BOS during a fixed position such as sitting or standing 

(38). Dynamic postural control involves maintaining postural stability during 

movement such as walking or running by transferring the COG forward over the 

BOS with each step or anticipating and controlling brief moments of instability 

such as during running (42).  

2.1.1 Mechanical models of postural control 

Postural control can be divided into three main areas of activity: (i) maintenance 

of posture e.g., sitting or standing, (ii) voluntary movement between postures 

(going from sitting to standing) and (iii) reacting to external disturbance or 

perturbations (e.g. slips or trips) (41). Postural control strategies can be either 

predictive, reactive or a combination of both (40,41). Reactive strategies are 

employed in response to unexpected perturbations such as slip, trip, or push, 

whilst predictive strategies are employed when postural instability is anticipated 

or planned.  

There are two groups of movement strategies used to regain and maintain 

balance; fixed support strategies and change in support strategies (see Fig. 

2.1(43,44).) Fixed support strategies, refer to the ankle or hip strategy and 

involve keeping the feet in place. The former is based on the inverted pendulum 
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model which views the body as one large link that rotates around the ankle joint. 

The ankle strategy is employed to respond to a low level perturbation such as 

sway, which involves adjustments from ankle joints and muscles to bring COG 

back within the centre of the BOS. The latter, the hip strategy is employed for 

larger and faster perturbations. This strategy involves knee and hip joints and 

surrounding muscles to regain balance control and prevent a fall (43). Change in 

support strategies involves stepping or reaching to maintain balance. The 

stepping strategy is used when perturbation causes COG to be displaced from 

BOS. It involves stepping out to increase BOS so that the COG remains within the 

BOS and balance is restored. The reaching strategy involves reaching out to try 

and bring the COG back within the BOS (43). 

Biomechanical explanations of postural control such as the inverted pendulum 

model view the body as a single link and explain postural control as a series of 

reflexes in response to perturbations (38). This view is limited in its explanation 

of postural control during stance and locomotion and does not consider that a 

body moves more like a multi-link structure, where each component is able to 

move to some degree (45). It also fails to acknowledge the role of 

neurophysiological and multisensory systems.  

  



 
13 

 

 

 

 

 

 

 

 

2.1.2 Multisystem integration in postural control 

Postural control during static and dynamic movements can become more 

effective with practice (41), therefore postural control is not solely a reflex but is 

more of a motor skill involving the integration of multisensory (visual, 

vestibular, somatosensory) information to produce appropriate motor outputs in 

response to gravitational and environmental forces (43,46,47). The central 

nervous system (CNS), made up of the spinal cord and brain, acts as the central 

hub, integrating sensory input to assess postural stability and generate motor 

output to maintain, anticipate or react to threats to postural stability 

(40,42,46,48).  

2.1.3 Role of the cerebral cortex in postural control  

2.1.3.1 Indirect evidence 

Previously postural control was thought to be an automatic process or a reflex, 

controlled by the spinal cord, brainstem and subcortical structures (49). These 

explanations of postural control were based on animal studies which found 

Figure 2. 1 Diagram of support strategies from Maki and McIlroy (1997) 
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postural control reflexes to be intact in the presence of spinal and hindbrain 

injury (50). Humans are bipeds, walking and maintaining an upright posture, 

thus the animal models were not able to capture the complexity involved in 

human postural control and gait (51–53). 

Studies in humans with brain lesions or brain injury have shown that various 

cortical and subcortical regions play a key role in maintaining postural stability. 

Studies of patients with traumatic brain injury have observed altered postural 

control due to the injury (54,55). Repeated concussion has also been linked to 

postural control deficits (56,57). Studies of patients after a stroke provide 

further support for the role of the cerebral cortex in postural control (58,59). 

Researchers have also applied dual-tasking paradigms to investigate whether 

increasing cognitive load can alter postural stability in healthy, ageing and 

clinical populations (60). Dual tasking involves completing two tasks 

simultaneously, for example walking while talking or completing a cognitive task 

such as counting backwards in threes whilst walking. Dual or multi-tasking 

increases attentional demands as both tasks compete for resources. When the 

demand for resources outstrips available resources the performance of both 

tasks is impaired. This can manifest as walking more slowly, counting more 

slowly or making errors whilst counting (61,62). 

As we age our postural control abilities and the ability to switch our attention 

effectively to meet multiple task demands at the same time begins to decline. 

Studies exploring the effects of dual-tasking on postural stability have found 

altered postural control in healthy younger and older adults, as well as older 

adults with Parkinson’s disease, MCI and dementia (61,63,64).  In dual-tasking 
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situations that involved a mental and walking task, older adults displayed 

changes in various gait characteristics including gait speed and cadence (62,65). 

These studies indicated maintaining postural stability requires the integration of 

motor and cognitive networks, further evidencing the of role of cerebral cortex in 

postural control (66).  

Postural instability is a part of normal ageing and a common symptom in 

neurodegenerative diseases such as Parkinson’s disease and dementia. Ageing is 

associated with brain atrophy within the caudate, cerebellum, hippocampus and 

prefrontal areas (67). Neuropathology relating to neurodegenerative diseases 

such as dementia is also present across the cerebral cortex (68). A systematic 

review by Khaya et al. (69) explored brain activity during balance in age-related 

neurodegenerative conditions. They found older adults with and without 

neurodegenerative diseases displayed increased activation of the prefrontal 

cortex during dual tasking compared to younger adults. These findings provide 

further evidence that the cerebral cortex plays an important role in maintaining 

balance.  

2.1.3.2 Direct evidence  

The application of neuroimaging and neurophysiological techniques such as 

functional near-infrared spectroscopy (FNIRS) and electroencephalography 

(EEG) have provided direct evidence of cortical involvement in postural stability 

(70). Studies using balance tasks with differing degrees of complexity and 

postural control demand have found that as the task complexity or postural 

demands increase, activity within frontal, parietal, central and occipital regions is 

increased (71–73). Goel et al. (74) used transcranial magnetic stimulation (TMS) 
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to create a virtual lesion within the supplementary motor area and explore 

changes in balance abilities. They reported the group who underwent TMS 

showed increased low gamma activation in the anterior cingulate, cingulate 

gyrus and posterior parietal regions and the increased activation across these 

regions increased in line with task complexity. These findings indicate that the 

frontoparietal regions may be part of a network that is able to inform postural 

response strategies to perturbations or balance challenging tasks.  

FNIRS has been used to explore changes in haemodynamic activity during 

balance challenging tasks. Chen et al. (75) found increased haemodynamic 

activity within the prefrontal cortex during walking with and without obstacle 

navigation or walking while talking with and without obstacle navigation in 

older adults. Increased activity in PFC was noted during walking while talking, 

with and without obstacle navigation, compared to walking conditions. 

Additionally, older adults with slower gait showed increased PFC activity during 

both walking and walking while talking with obstacle navigation compared to 

without obstacle navigation (75). 

2.1.4 Exploring functional neural correlates of balance using action 

observation, motor imagery and fMRI 

2.1.4.1 Motor imagery 

Motor imagery is a mental task that involves imagining a motor-based movement 

or action, without physically engaging in the execution of a task (76–78). It can 

involve imagining a movement from memory or imagining the future execution 

of movements. Motor imagery involves activating brain regions involved in the 

planning and execution of a movement whilst voluntarily inhibiting motor 
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output. Mechanisms of motor imagery are explained by the motor simulation 

theory (78). According to this theory, actions are held in a covert stage where 

they are mentally simulated (76). Imagined and executed actions share motor 

representation of an intention to act, however in motor imagery the intention to 

act is not converted into motor output (76,77). Neuroimaging studies have found 

that motor imagery and motor execution share common neural pathways 

(36,79). Activation-likelihood estimation meta-analysis found that motor 

imagery recruits a frontoparietal network as well as subcortical (basal ganglia, 

putamen, pallidum) and cerebellar regions (80). A more recent systematic 

review and meta-analysis also found motor imagery recruited a frontoparietal 

network, and motor imagery tasks recruited more brain regions that are often 

involved in the actual movement (81).    

2.1.4.2 Action observation 

Action observation involves observing someone else perform an action or 

behaviour. The mirror neuron system plays a key role in action observation (82). 

Rizzolatti et al. (83), first discovered mirror neurons when investigating grasp 

response in macaques. They found the premotor cortex was activated both when 

performing a motor task and when observing the motor task being performed. 

The mirror neuron system is associated with understanding the actions and 

emotions of others, as this system can invoke similar responses internally to 

what the individual observes in others(82,83). Mirror neurons play a key role in 

observational learning and imitation(76,82). Similar to motor imagery, action 

observation tasks also recruit the frontal, parietal and motor regions (81,84,85). 
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2.1.4.3 Current applications of motor imagery and action observation 

Motor imagery and action observation have been applied to a variety of contexts 

including sports performance, Parkinson’s disease, and stroke rehabilitation 

(86–92). Motor imagery and action observation have been used to study neural 

activity during motor control tasks and whole-body movements such as walking, 

standing, running, and balancing/postural control using imaging techniques such 

as EEG and FNIRS (93).  FNIRS and EEG have enabled researchers to uncover the 

potential role of cerebral regions in maintaining balance. These neuroimaging 

techniques are portable and enable researchers to study near to real-time 

changes in cerebral blood flow and brain activity during balance tasks. However, 

these techniques have poor spatial resolution and can only measure activity a 

few centimetres deep into the cortex.  

In comparison, fMRI has superior spatial resolution and can acquire a whole 

brain volume image in under 2 seconds. However, fMRI is sensitive to movement 

and MRI scanners are not portable machines, which means it is not possible to 

use this type of imaging during actual movement or balance tasks. Task fMRI 

involves completing mental tasks such as the Stroop test whilst undergoing an 

fMRI scan and have been widely used to study brain activity involved in a range 

of cognitive processes. Task fMRI combined with motor imagery is one-way 

researchers can overcome movement limitation issues of MRI scanners (36).  

Researchers have begun to employ motor imagery and action observation 

principles to create balance and whole movement-based tasks that do not 

require motor output whilst in the MRI scanner, allowing the use of fMRI imaging 

to explore neural correlates of limb movements, whole body movements such as 
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gait and postural stability (35,94). Studies using these tasks often require 

participants to practice the task in real life prior to undergoing an MRI scan and 

then imagining themselves completing the same task whilst in the scanner 

(36,95,96). Some studies have combined these tasks with plantar simulation 

platforms, to enable the simulation of perturbations to challenge postural control 

(97,97–99). 

2.1.4.4 Limitations of motor imagery and action observation tasks 

Motor imagery tasks often involve recalling a complex movement from the 

memory of completing the task prior to the scan, or generally from memory of 

completing the task in day-to-day life. Action observation can often be used in 

conjunction with motor imagery and these tasks can involve observing an image 

or video prompt of the task and trying to recall it from memory. Motor imagery 

tasks are also combined with gait or balance simulation platforms. The types of 

tasks usually involve complex instructions that the participant needs to learn, 

retain, and recall when in the scanner. For older adults with memory problems, 

learning and retaining new information, combined with memory impairment 

means these types of tasks are likely to be not achievable and burdensome. 

Developing new types of tasks that are less burdensome for older adults with 

memory problems is needed to be able to explore the neural correlates of 

balance in a population where postural instability can lead to falls and falls 

related adverse outcomes. The use of virtual reality (VR) technology to create an 

immersive experience may be more accessible and engaging for people with 

memory problems and is discussed in more detail in the next section (see 2.1.6). 
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2.1.5 Virtual reality as an alternative to motor imagery and action observation 

2.1.5.1 What is virtual reality? 

VR is a popular technology amongst gamers and is becoming popular in 

medicine, healthcare education and research (100,101). VR involves interacting 

with a computer designed virtual reality environment. There are three types of 

virtual reality simulations, non-immersive, semi-immersive or fully immersive. 

Non-immersive VR environments involve interacting with a virtual environment 

whilst sitting in a physical space. Examples of non-immersive virtual reality 

include video games using consoles such as the PlayStation, Nintendo Wii, and 

Xbox. Semi-immersive virtual reality gives the users a perception of a different 

environment whilst they are still in their real-world surroundings. This type of 

VR is often used in education and training such as cockpit simulators used for 

pilot training. Fully immersive virtual reality is the most realistic simulation of a 

virtual environment of the three types of VR. It usually involves wearing goggles 

or a headset and headphones, to create a more immersive sensory experience, 

which transports the individual to the virtual environment in which they can 

interact with their virtual surroundings (102). 

2.1.5.2 Current applications of virtual reality  

VR is being trialled in medical education, to train surgeons and simulate real-life 

clinical experiences for medical students (100,101,103). VR is being applied in 

research environments to understand health, and behaviour and develop novel 

interventions for a range of conditions. VR has also been used to study pain 

perception. A recent study found that VR was able to alter pain perception in 

paediatric burns patients (104). VR has also been used in psychiatry practice and 
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research to treat a range of conditions including phobias, depression, eating 

disorders and post-traumatic stress disorder (102,105). 

VR based interventions have been trialled in rehabilitation settings for stroke 

and Parkinson’s disease. Stroke rehabilitation RCTs have reported 

improvements in upper limb function in response to VR based therapy 

(102,106). A meta-analysis of VR therapy for upper limb rehabilitation in stroke 

also reported significant improvements in recovery of upper limb function (107). 

VR training for cognitive rehabilitation in stroke has resulted in significant 

improvements across various cognitive domains, including memory, executive 

function, and visuospatial skills (108). In Parkinson’s disease, VR therapy has 

been successful in improving outcomes for balance and gait deficits (109). VR 

has also been used in cognitive training interventions to improve cognitive 

impairments in people with MCI and dementia (110,111)  

Neuroscience research is increasingly using VR to study neural correlates of 

behaviour, cognition and social interactions (112,113). VR can create virtual 

environments that are highly realistic while retaining high levels of experimental 

control (114). Furthermore, VR may simulate a brain response in the virtual 

environment that is like what would occur in the real world, while brain activity 

is being monitored via imaging methods such as fMRI (112,114,115). 

VR may be able to provide an alternative to motor imagery and action 

observation tasks (116). fMRI studies have found that VR tasks may engage more 

of the sensorimotor systems compared to simple stimuli and be able to 

overcome the issue of individual differences observed in motor imagery ability 

and neural activation (112,117). Additionally, for older adults with cognitive 
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impairments, VR tasks may be easier to comprehend and engage with compared 

to motor imagery and action observation tasks which often have complex 

instructions, requiring participants to rely on remembering task instructions and 

movements.   

2.2 Dementia, executive function, and postural control 

The term ‘dementia’ has its origins in Latin and means a ‘state out of mind’ (118). 

The notion of cognitive decline in the elderly and dementia has been around for 

centuries and was acknowledged within Ancient Egyptian, Greek and Roman 

civilisations (119). Dementia is a syndrome of chronic and progressive 

deterioration of cognitive abilities which interferes with daily life (120). There 

are estimated to be around 200 different types of dementia. In the UK the most 

common types of dementia are Alzheimer’s disease accounting for 60 to 70% of 

cases, vascular dementia accounting for 15 to 20% of the cases and mixed 

dementia (a combination of Alzheimer’s disease and vascular dementia) 

accounting for 10 to 15% of the cases (121).  

2.2.1 Risk factors for cognitive decline and dementia 

In addition to ageing, research has identified various risk factors which may 

increase one’s risk of developing dementia. Pre-existing health conditions such 

as heart disease, stroke and depression have been linked to an increased risk of 

dementia in later life (12,122). Specific cardiovascular risk factors such as 

hypertension, hyperlipidaemia, type 2 diabetes and obesity have also been 

shown to increase the risk of dementia (12,18,122). In addition to health, 

lifestyle factors may also contribute to dementia risk. Research has shown that 

poor diet, sedentary lifestyle, smoking, increased alcohol consumption, reduced 
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social engagement and level of education may all contribute to increased risk of 

cognitive decline and dementia (12,18,122). Genetics can also increase the risk of 

dementia. Several gene variants increase the risk of certain dementia subtypes. 

For instance, the Apolipoprotein (APOE) e4 allele has been associated with an 

increased risk for AD (18). Recent work has shown that area-level deprivation 

and ethnicity are also associated with dementia risk, with those from more 

deprived areas in the UK or from black or south Asian communities at higher risk 

of developing dementia compared to those from a white background (123). 

2.2.2 Preclinical dementia and MCI 

2.2.2.1 Preclinical dementia 

The preclinical stage of dementia is when disease pathology is present, but no 

symptoms are present or detectable. This stage of dementia is usually only 

identified and used in research settings to track disease progression. Some 

studies have highlighted that the preclinical stage of dementia can be detected up 

to 10 years before the onset of clinically measurable symptoms (124).   

2.2.2.2 Mild Cognitive Impairment 

Mild Cognitive Impairment is characterised by noticeable cognitive decline, 

worse than expected for the individuals’ age but not severe enough to disrupt 

activities of daily living (13,14,125). It is estimated between 5-15% of people 

living with MCI go on to develop dementia each year (16). There are two 

subtypes of MCI: amnestic and non-amnestic. For the former, memory deficits 

are a key feature, where this is the only complaint, it is often referred to as single 

domain amnestic MCI. Where the memory deficits are accompanied by other 

cognitive deficits such as executive dysfunction and attention, then it is referred 
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to as multiple domain amnestic MCI. For the latter, non-amnestic MCI, memory is 

usually preserved and cognitive decline is noted in one (single domain) or 

multiple (multiple domain) areas (14,126).  The underlying pathology of 

amnestic MCI is often due to Alzheimer’s disease, whereas vascular dementia, 

frontotemporal lobe dementia and dementia with Lewy bodies pathology may 

cause non-amnestic MCI (14,126). 

Mild cognitive impairment is sometimes referred to as pre-dementia or the 

prodromal stage of dementia. Though it is important to note that not all people 

diagnosed with MCI experience the progression to dementia. A cohort study 

followed a group of older adults with MCI over a 7 year period and found 53% of 

participants enrolled in the study had non-progressive MCI, whilst 35% of 

participants had reverted back to normal cognition (127). Studies using fMRI to 

explore differences in functional connectivity in progressive and non-

progressive MCI have noted differences in activation of dorsal and ventral 

pathways as well as altered connectivity in key regions such as temporal 

cortices, inferior parietal lobule and occipital gyrus in people with progressive 

MCI when compared to those with stable MCI (128,129). A more recent cross-

sectional study comparing functional connectivity in default mode network, 

frontoparietal network and sensorimotor network in those with progressive 

MCI, non-progressive MCI and healthy controls found reduced connectivity in 

default mode network and FPN in those with progressive MCI but not in non-

progressive MCI (130). These studies suggest that there may be differences in 

MCI neuropathology between those who go on to develop dementia and those 

who do not which may skew the outcomes of imaging studies and intervention 
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efficacy outcomes as those with non-progressive MCI may not possess the same 

underlying pathology and experience the same deterioration of symptoms as 

those with progressive MCI, 

2.2.3 Neuropathology 

2.2.3.1 Alzheimer’s disease 

Alois Alzheimer, a German Psychiatrist and Neuropathologist was the first to 

discover what we now call Alzheimer’s disease (AD). He conducted a post-

mortem histological examination of the brain of a woman with early-onset 

dementia and discovered microscopic lesions caused by plaques and 

neurofibrillary tangles (NFTs), widely recognised as hallmarks of Alzheimer’s 

disease (68,131). Since Alois Alzheimer’s discovery in the early 1900’s research 

has identified the formation of extracellular plaques as a result of pathological 

accumulation of beta-amyloid proteins and intracellular NFTs are a result of 

pathological accumulation of tau protein (68,131). These plaques and NFTs lead 

to the loss of neurons and synapses leading to structural changes and loss of 

functional connectivity. The structural, functional, and chemical changes 

occurring due to the accumulation of the proteins in the brain, give rise to the 

symptoms of cognitive and functional decline seen in AD (68,131).  

Braak and Braak (132,133) conducted a post-mortem study examining amyloid 

deposits and neurofibrillary changes in brains of individuals with and without 

dementia. Through this study, the researchers noted that the spread NFTs 

appeared to follow a predictable pattern, which led to the development of the 

Braak and Braak staging system of AD related changes (132,133).  In stages 1-2 

lesions are usually noted in the trans-entorhinal regions, including the 
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subcortical nuclei and locus coeruleus, extending out to the entorhinal regions. In 

stages 3-4, lesions from stage 2 become more severe and lesions begin to 

develop in the neocortex of the fusiform and lingual gyri. In stages 5-6 the spread 

of pathology is more diffused across frontal, superolateral and occipital regions, 

reaching primary and secondary neocortical areas (133,134) (see figure 1).   

 

 

 

 

2.2.3.2 Vascular dementia 

Vascular Dementia (VaD) is characterised by cerebrovascular lesions caused by a 

range of disorders and degeneration of blood vessels in the brain including 

atherosclerosis, small vessel disease, and cerebral amyloid angiopathy. 

Atherosclerosis is the degeneration of medium and larger cerebral arteries and 

can lead to a range of infarcts. Small vessel disease refers to the degeneration of 

small cerebral arteries and can lead to microbleeds. Cerebral amyloid angiopathy 

involves deposits of amyloid beta proteins in the blood vessel walls, affecting 

cerebral blood flow and causing ruptures of blood vessels, microbleeds and 

micro-infarcts (135). Risk factors for VaD include hypertension, high cholesterol, 

diabetes, obesity, and physical inactivity (135,136). 

Figure 2. 2 Braak and Braak staging of AD pathology from van Oostveen et al. 
(2021). 
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2.2.3.3 Fronto-temporal lobe dementia 

First described by Pick in 1982 and once referred to as Pick’s disease, fronto-

temporal dementia encompasses a spectrum of disorders including behavioural 

variant FTD, semantic and non-fluent primary progressive aphasia (137). In FTD, 

atrophy occurs in the frontal and temporal lobes, whereas in AD cerebral 

atrophy is more widespread (137). 

2.2.3.4 Dementia with Lewy bodies 

Key pathological features of dementia with Lewy bodies (DLB) include the 

accumulation of proteins forming Lewy bodies within brain cells and the 

discolouration and depigmentation of the substantia nigra and locus coeruleus 

(68). 

2.2.3.5 Diagnosing dementia type 

In the UK, to diagnose dementia, The National Institute for clinical excellence 

(NICE) guidelines advise that a full history of symptoms should be sought from 

the individual and someone close to the individual. Neuropsychological 

assessments should be administered to assess cognitive abilities and a 

neurological examination, and where appropriate, structural imaging (see 

section 3.3) should be used to rule out reversible causes of cognitive decline 

(138). NICE also advise that further testing to diagnose dementia subtype should 

only be considered when knowing the dementia subtype would affect disease 

management.  Further testing can include a verbal episodic memory assessment 

when Alzheimer’s disease is suspected. Cerebrospinal fluid testing for tau or 

amyloid beta can also be conducted to check for Alzheimer’s disease. 

Additionally, FDG-PET or perfusion SPECT imaging can be used to distinguish 
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between Alzheimer’s disease, fronto-temporal dementia and dementia with 

Lewy bodies (138). For vascular dementia, MRI should be used to support 

diagnosis (see section 3.3).  

2.2.4 Symptoms of dementia 

2.2.4.1 Non-cognitive symptoms 

Nearly all people living with dementia will experience behavioural and 

psychological symptoms to some degree during the course of the disease, 

however, symptom presentation will differ between individuals, type and 

severity of dementia (139,140). Behavioural and psychological symptoms of 

dementia or neuropsychiatric symptoms can include low mood, depression, 

anxiety, aggression, agitation, irritability, apathy, disinhibition, delusions, 

hallucinations and changes in sleep or appetite (140,141). These symptoms can 

increase distress and lead to a poorer quality of life for both the person with 

dementia and their carer and have been associated with increased carer burden 

(140,142).  

2.2.4.2 Cognitive symptoms 

Cognitive symptoms of dementia vary between individuals and dementia 

subtypes. Memory impairments are usually the first and the most commonly 

reported symptom and present as being unable to learn and retain new 

information, also referred to as episodic memory impairment (143). In addition 

to episodic memory, impairments have also been noted in working memory and 

semantic memory (143,144). Impairments in visuospatial skills have also been 

noted in dementia and can manifest as difficulties in the perception of objects in 

space or being able to navigate to a familiar location such as home (143,144).  
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Other symptoms of dementia include aphasia, apraxia, agnosia, and executive 

dysfunction (17). Poorer performance on executive function measures have been 

associated with poorer balance and slower gait speed in healthy older adults 

(145,146). Symptoms of executive dysfunction, a key feature of dementia, are of 

interest to the work presented in this thesis as research has found a link with 

increased postural instability (147). Research exploring the link between 

executive dysfunction and postural instability in dementia is discussed in more 

detail in the next section (see 2.2.6). 

2.2.5 Executive function 

2.2.5.1 What is executive function? 

Executive function (also referred to as executive control or cognitive control) 

refers to a set of top-down processes such as attention, problem-solving, 

planning, reasoning, organisation, emotion, and self-regulation. We rely on these 

skills every day to learn, work and manage daily life (148,149).  There are three 

core areas of executive function: working memory, cognitive flexibility and 

inhibitory control (148,149).  

2.2.5.2 Assessment of executive functions 

A wide range of neuropsychological tests have been developed to assess different 

cognitive abilities underpinning executive function and are routinely used in 

research and clinical practice. Tests such as the forward and backward digit span 

test, CORSI block test, and CANTAB spatial span test are used to assess working 

memory abilities (148,150). The Stroop task, Erickson flanker task and go-no-go 

tasks measure inhibitory control (148). Cognitive flexibility can involve ‘thinking 
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outside the box’ and can be assessed using verbal or semantic fluency tests, 

Wisconsin card sorting task and task switching tasks (148).  

2.2.5.3 Executive dysfunction in dementia 

Executive function undergoes rapid development during childhood, peaking in 

early adulthood and beginning to decline in later life (151). Working memory 

abilities, planning, cognitive flexibility and inhibitory control abilities begin to 

decline from 30-40 years of age and continue to decline with age (18,151–153). 

Changes in executive function abilities that are worse than expected for an 

individual’s age and severe enough to affect functional abilities are a core feature 

of dementia. Deficits in working memory, attention, response inhibition and task 

switching have been noted in older adults with MCI when compared with healthy 

controls (154–156). A systematic review and meta-analysis of executive function 

impairment in MCI found that cognitive flexibility and inhibitory control were 

impaired in older adults with MCI when compared with healthy controls (157).  

The pattern of executive dysfunction may differ based on MCI and dementia 

subtypes. Brandt et al. (155) investigated whether impairments in specific 

executive function domains were associated with specific subtypes of MCI. Multi-

domain MCI had more significant impairments in planning/problem solving and 

working memory compared to single-domain MCI participants. Working memory 

deficits appear to be a common feature of AD and vascular dementia (158). 

Impairments in attention, response inhibition and set shifting are common in 

FTD (159). fMRI has also been used to explore differences in neural activation 

during an attention-based task in patients with AD, DLB and Parkinson’s disease 

compared with healthy older adults. All groups recruited a fronto-parietal-
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occipital network during the task. The AD and DLB groups had slower reaction 

times during incongruent trials and greater activation of fronto-parietal-occipital 

network compared to those with Parkinson’s disease and healthy controls (160).  

2.2.5.4 Postural instability, falls and executive dysfunction in dementia 

Older adults with dementia are at an increased risk of falls and related adverse 

outcomes. The increased risk of falls is attributed to dementia specific risk 

factors including dementia type, severity and increased postural instability. Once 

thought to be a marker of advanced disease, accumulating evidence suggests the 

inverse; postural instability is likely to be an early marker of the disease 

(161,162). Reviews of falls risk factors in the early stages of dementia found 

impairments in standing balance and postural sway are associated with an 

increased risk of falls (147,163,164). 

Studies have explored the relationship between cognition and postural stability 

across the spectrum of normal ageing and cognitive impairment in later life. 

Older adults with MCI were found to display greater postural sway compared to 

healthy older adults (165). Increasing executive dysfunction and overall 

cognitive impairment have been associated with deterioration in all measures of 

balance (166). A prospective cohort study in older adults with mild and 

moderate cognitive impairment found greater executive dysfunction, increased 

postural sway and slower reaction times were significantly associated with 

increased falls risk (167). Those with greater executive dysfunction were 1.5 

times more likely to fall (167). Hunter et al. (168) explored the association 

between executive function, visual acuity and balance in young adults, older 

adults, and older adults with AD. They found executive function and balance 
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declined with age, especially in the AD group. Additionally, poorer executive 

dysfunction was associated with balance control deficits.  

2.3 Exercise and dementia 

2.3.1 World Health Organisation recommendations 

Being active is an essential part of a healthy lifestyle for all ages. The World 

Health Organisation recommends that adults and older adults should spend 

between 150-300 minutes per week engaging in moderate-intensity aerobic 

activity or spend between 75-150 minutes engaging in vigorous intensity activity 

per week and also spend 2 or more days per week doing muscle strengthening 

exercise that involve all major muscle groups (169,170). Physical activity is any 

activity that requires bodily movement and energy expenditure e.g., working, 

playing, housework, travelling, or engaging in recreational activities. Exercise is a 

subcategory of physical activity that involves planned, structured and repetitive 

movements that aim to maintain or improve one more area of physical fitness 

(171,172). 

2.3.2 General benefits of exercise 

The benefits of physical activity and exercise in the general population have been 

well established, from improving emotional wellbeing, mood, self-esteem, mental 

health and cognition (172–175), to weight management (172,173). Regular 

exercise can improve physical health such as muscle mass and bone health (176). 

Regular physical activity can also improve balance and mobility, whilst reducing 

the risk of falls (177). Leading an active lifestyle can reduce the risk of 

developing non-communicable diseases such as type 2 diabetes, osteoarthritis, 

cancer, heart disease, stroke and depression (175,178). 
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2.3.3 Exercise in later life 

An active lifestyle throughout mid to later life can have protective benefits 

during the ageing process and may delay cognitive decline. A study by Chapman 

et al. (179) reported improvements in immediate and delayed recall memory 

performance, perceived exertion and cardiorespiratory fitness in middle aged 

and older adults assigned to an exercise intervention. Studies of sedentary 

healthy older adults who embark on an exercise programme have reported small 

improvements in cognitive function as a result, which suggests lifestyle changes 

in later life can be beneficial (12). 

Exercise and regular physical activity in later life may be associated with lower 

risk of cognitive decline and developing dementia (174). Longitudinal studies 

have found that older adults who are physically active show less cognitive 

decline over two-year and ten-year follow up periods (180). Another large, 

multinational, longitudinal study (The LADIS study) of older adults with differing 

degrees of cognitive impairments and differing dementia subtypes explored 

whether physical activity could impact the progression of cognitive decline and 

dementia. They reported that physical activity over time was associated with 

reduced risk for cognitive impairment and dementia (181).  

A systematic review of longitudinal studies found physically active people have a 

lower risk of developing cognitive impairment and have a higher cognitive ability 

score. The review also reported that low intensity activities such as walking are 

negatively associated with the incidence of dementia and Alzheimer’s disease 

(174). A meta-analysis investigating the protective effects of physical activity on 

dementia risk found that physical activity was able to protect against cognitive 



 
34 

decline and all dementia types, with physical activity being most beneficial in 

protecting against AD (182). Another systematic review found that exercise 

interventions and increased physical fitness appeared to mostly impact brain 

structures vulnerable to neurodegeneration (183).  

2.3.4 Exercise and dementia 

Regular physical activity and exercise may also have benefits for people with MCI 

or dementia. Several systematic reviews and meta-analyses have investigated 

the effects of exercise on cognition in older adults with MCI and dementia, 

revealing mixed findings. One systematic review found no exercise related 

changes in cognition in dementia (184). Another systematic review reported 

exercise related improvements in executive function (185). Interestingly the 

DAPA trial found that participants with dementia who completed a 12-month 

exercise intervention displayed deterioration in cognitive abilities (28). Exercise 

may also be beneficial in managing behavioural and psychological symptoms of 

dementia. A combination of resistance and aerobic exercise was found to 

significantly improve symptoms of depression in older adults with MCI (186). A 

meta-analysis found exercise significantly reduced behavioural and 

neuropsychological symptoms in older adults with dementia (187).  

Exercise has been found to have positive effects on functional abilities which are 

often affected by dementia. MOTODEM, a pilot RCT of a 12-week physical activity 

intervention for people with mild to moderate AD found the intervention group 

displayed maintenance of functional abilities, executive function, behaviour, and 

mood, at 12 and 24 weeks follow up compared to the control group who 

deteriorated across all outcomes at both time points (32).  The FINALEX trial 
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explored the effects of a long-term group-based and home-based exercise 

interventions on mobility and physical functioning in older adults with dementia. 

Compared to both the group and home-based exercise groups, physical 

functioning deterioration in the control group was significantly faster (29). 

Another RCT evaluating the effects of a progressive resistance and functional 

training intervention on gait characteristics found improvements across various 

gait characteristics including stride time and stride length in the intervention 

group when compared with the control group (188). A combination of strength 

and aerobic exercise was also found to improve balance and mobility in older 

adults with MCI (186).  

Several systematic reviews have examined exercise intervention studies in 

dementia. Generally, exercise-based interventions were found to improve 

mobility and physical functioning (189). Multicomponent interventions were 

more effective in improving balance, gait speed and mobility compared to 

resistance training alone (190). A systematic review and meta-analysis by Lam et 

al. (191) reviewed the effects of exercise on strength, balance, mobility, and 

endurance in older adults with cognitive impairments and dementia. Supervised 

exercise session of 60 minutes, two to three times per week, was found to 

improve physical function. Meta-analyses revealed exercise improved 

performance on Berg balance, sit to stand test, timed up and go, walking speed 

and 6-minute walk test in people with MCI or dementia. 

Exercise based interventions may also reduce the risk of falls in older adults with 

cognitive impairment. The FINALEX trial found that both the group exercise and 

home-based exercise groups had significantly fewer falls compared to the 
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control group (29). Several systematic reviews have reported that exercise 

interventions for older people with and without cognitive impairment are 

effective in reducing falls, with multifactorial exercise programmes being more 

effective in people with cognitive impairments (192,193). A review and meta-

analysis by Burton et al. (26) found that exercise reduced falls risk by 32%.  

Previous RCTs which tested the efficacy of exercise interventions in MCI and 

dementia have used a range of primary outcome measures including functional 

abilities, cognition, behaviour and mobility and reported mixed findings 

(28,29,32,184,184,185,189). The progression of dementia and symptoms of 

cognition and functional abilities are often slow in the early stages of the disease 

and the progression pathway highly variable. Thus outcome measures have been 

shown to have mixed sensitivity based on disease stage and may not be able to 

detect more subtle changes in the early stages of dementia (194). Additionally, 

some outcome measures such as functional abilities are self-reported, requiring 

the ability to recall information which is likely to be challenging for older adults 

with MCI or dementia (195). Mixed outcomes of exercise based interventions for 

people living with dementia may be attributable to challenges posed by 

limitations of outcome measure and the lack of consensus of what constitutes a 

meaningful outcome (194,195). 

2.3.5 Physical activity and brain health 

Physical activity can improve brain health and increase neuroplasticity across 

the lifespan (196). Research has used both structural and functional 

neuroimaging techniques to study structural and functional brain changes 

relating to physical activity induced neuroplasticity.  
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2.3.5.1 Ageing 

Physical activity plays a key role in protecting against age related physical, 

functional, and cognitive decline and dementia. MRI and fMRI have been used to 

explore structural, functional and connectivity changes in the brain during 

ageing. MRI studies have shown that whole brain and regional brain volume 

decreases as we age (18). Physical activity can offset this, slowing brain atrophy. 

Physical inactivity has been linked to increased medial temporal lobe atrophy, 

especially within the hippocampus and greater memory dysfunction (197,198). 

Being physically active in later life has been linked to greater frontal and 

hippocampal volumes (198,199). Older adults who met WHO’s weekly 

recommendations for 150 minutes of moderate intensity or 75 minutes of 

vigorous intensity physical activity had greater temporal lobe volumes compared 

to older adults who did not meet WHO’s weekly activity recommendations (200).  

The Framingham Study followed a cohort of older adults over a decade to 

explore the association between physical activity, MRI markers of dementia and 

risk of dementia. Older adults with the lowest activity levels were 1.5 times more 

likely to develop dementia. Also, a linear relationship between physical activity 

levels, whole brain and hippocampal volume was noted, where those with higher 

levels of physical activity displayed greater whole brain and hippocampal 

volume compared to those who were less physically active (201). 

Exercise interventions may also induce positive effects on brain health in later 

life. An RCT of aerobic exercise intervention in older adults found at follow-up 

that the intervention group displayed a 2.12% and 1.97% increase in the left and 

right hippocampus volume, whilst the control group showed a 1.40% and 1.43% 
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decrease in hippocampal volume. In addition, the researchers also found that 

increased levels of physical fitness were associated with greater hippocampal 

volume (202). An RCT of resistance training in older women found post 

intervention reductions in white matter lesion volume in the intervention group, 

compared to the control group (203).  

Physical activity in later life can also improve cerebral blood flow regulation, 

functional connectivity, neural efficiency, and compensatory activation. Post 

aerobic exercise intervention’s increase in cerebral blood flow have been noted 

in the anterior cingulate and hippocampus in healthy older adults (179,204). An 

RCT comparing the effects of aerobic exercise and non-aerobic stretching and 

toning on functional connectivity, found at 6 months into both interventions, 

increased functional connectivity within the default mode network and frontal 

executive network, which often display age related changes (205). Liu-Ambrose 

et al. (206) conducted an RCT of a 12-month long resistance training 

intervention in older women, examining the effects of the intervention on task 

related activation, measured using fMRI. At follow up, the resistance training 

group displayed greater change in task related activation in the left middle 

temporal gyrus, left anterior insula and the left orbital frontal cortex.  

Domingos et al. (207) conducted a systematic review exploring the effects of 

physical activity on brain structure and brain function in older adults. MRI 

studies showed that physical activity was associated with larger whole brain 

volume and larger hippocampal, temporal, and frontal volumes, which tend to be 

more vulnerable to dementia related pathology. fMRI studies highlighted that 

physical activity was associated with increased task related activity.  
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2.3.5.2 Dementia 

Exercise and physical activity-based interventions may be beneficial for people 

with MCI and dementia (see section 2.3.4), however, results still appear mixed. 

Researchers have begun to apply structural and functional MRI to uncover 

neural mechanisms of exercise in this population. Cross-sectional studies have 

found engaging in regular physical activity was associated with greater frontal 

cortex and hippocampal volume and lower whole brain atrophy in older adults 

with MCI and mild AD (208–213). Also, regular physical activity was associated 

with preserved white matter integrity, with lower levels of physical activity 

being associated with more severe white matter lesions (210,211,214). 

Interventional studies have found mixed effects of exercise on the whole brain 

and regional brain structures. Case-control studies comparing exercise related 

changes in cerebral grey matter in MCI and healthy controls have reported 

increased cortical thickness in the bilateral insula, precentral gyri, precuneus, 

posterior cingulate, inferior and superior frontal cortices in both groups (215) 

and greater grey matter diffusivity in the left insula cortex in the MCI group 

compared to healthy controls (216) after 12-weeks of a walking intervention.  A 

6-month multicomponent exercise intervention was found to have increased 

hippocampal volume in older adults with MCI and AD (217). 

A pilot RCT exploring the effects of moderate intensity exercise intervention on 

cortical and subcortical structures in older adults with preclinical AD found that 

the control group displayed cortical thinning in several cortical (frontal, parietal, 

lingual, temporal, occipital, supramarginal, para hippocampal gyri) and 

subcortical brain regions (thalamus, putamen, hippocampus, amygdala) 
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compared to the exercise group (218). Two studies testing a 12-week walking 

intervention and a 16-week aerobic intervention found no changes in brain 

volume and cerebral blood flow in older adults with AD (219). 

Research has begun to explore exercise induced changes in functional 

connectivity in the early stages of dementia. Eyre et al. (220) compared the 

effects of yoga to memory training on functional connectivity in older adults with 

MCI. Both groups displayed increased connectivity within the default mode 

network and language network post intervention. This increased connectivity 

was also associated with improved verbal memory performance in both groups. 

A recent case-control study studied the effects of a 12-week aerobic exercise 

intervention on resting cerebral blood flow in older adults with and without 

cognitive impairment. Post intervention changes in cerebral blood flow in the left 

insula and anterior cingulate cortex were noted in the MCI group and were 

associated with improved verbal fluency (221). A multimodal exercise 

programme for older adults with MCI was found to increase functional 

connectivity within the pre and post central gyri during a cognitive task and 

strengthen functional connectivity within regions vulnerable to AD (222). 

Exercise interventions may increase the capacity for compensatory activation 

and connectivity in regions that are affected by AD pathology, However, more 

work is needed to understand the current landscape of the research using 

functional imaging to measure exercise related changes in functional 

connectivity and to explore functional changes in older adults with differing 

degrees of cognitive impairment.  
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2.3.6 Promoting Activity, Independence and Stability in Early Dementia and 

Mild Cognitive Impairment (PrAISED) 

Promoting Activity Independence and Stability in MCI and Dementia is a National 

Institute for Health Research (NIHR) Programme Grants for Applied Research 

(RP-PG-0614-20007) funded research programme which has been running since 

2016.  

A team of academics, physiotherapists, occupational therapists, rehabilitation 

support workers, nurses, health psychologists, geriatricians and Patient and 

Public Involvement collaborators (PPI), have developed a complex intervention 

for people with MCI and dementia, aimed at promoting activity, independence 

and reducing the risk of falls (37). 

The intervention consists of up to fifty visits from a combination of 

physiotherapists, occupational therapists, and rehabilitation support workers 

over a 12-month period. The intervention also involves 150 minutes of activity 

per week including balance challenging exercises and functional based activities 

that aim to support independence and improve the individual’s community and 

environmental access. Additionally, the intervention is tailored to the 

individual’s needs, interests, and goals. The PrAISED intervention was designed 

to be delivered in the participant’s home. The intervention has been designed to 

help people with MCI and dementia to live well for longer, establish positive, 

healthy habits and prevent crises. 

The definitive PrAISED multi-centre RCT opened to recruitment in October 2018, 

across 5 sites in the UK; Nottinghamshire, Derbyshire, Lincolnshire, Oxfordshire 

and Bath (223). The RCT recruited 365 participants and carer dyads, from local 
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memory clinics, local GP practices and the National Institute for Health 

Research’s Join Dementia Research Register. Participants were randomised to 

the PrAISED intervention or the control group. The control group received 

standard NHS falls prevention care which consisted of up to 3 visits from a 

therapist, a falls risk assessment and advice on how to prevent falls.  

Inclusion criteria for the multicentre RCT was aged 65 and over, diagnosis of MCI 

or dementia, MoCA score of 13-25 (inclusive), having a family member or friend 

who was also willing to act as an informant and take part in the study. 

Additionally, the participant had to be able to walk without human help, 

communicate in English, and be able to complete neuropsychological tests. 

Finally, the participants had to have the mental capacity (as defined by the 

Mental Capacity Act 2005) to consent to take part in the trial. Participants with  a 

diagnosis of dementia with Lewy bodies, a co-morbidity preventing participation 

in exercise, being unavailable over the next year due to extended holidays, a 

planned relocation or having a life-limiting illness of less than 12 months, were 

not eligible for the trial (223). 

The PrAISED RCT was due to close to recruitment in June 2020, however, due to 

the COVID-19 pandemic and subsequent UK-wide lockdown in March 2020, trial 

recruitment was suspended until October 2020. Once safe to do so, recruitment 

across all sites recommenced in October 2020, recruitment was briefly halted 

again in December 2020, restarting again in January 2021 and concluding in June 

2021. During the COVID-19 lockdowns, it was not feasible to deliver the 

intervention face-to-face. Instead, the intervention was delivered via telephone 
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or video call. Where this was not feasible, participation was paused until it was 

safe for therapists to resume face-to-face visits. 

Before the COVID-19 pandemic, the PrAISED RCT provided a unique opportunity 

to use functional MRI to investigate neural correlates of postural control and 

exercise in people with MCI and Dementia. Participants recruited at the 

Nottinghamshire and Derbyshire sites for the PrAISED RCT, who consented to be 

contacted about other studies, were approached about taking part in the MRI 

sub-study. The MRI sub-study initially involved multi-modal MRI scans within 6 

weeks of the PrAISED baseline and follow-up research assessments 12 months 

later.  

2.4 Summary 

Section one of this chapter reviewed the evidence base around the role of the 

cerebral cortex in postural control, drawing upon animal studies, studies from 

brain injury, stroke, ageing and neurodegenerative diseases as well as dual 

tasking studies. Studies using neuroimaging techniques such as EEG and FNIRS 

to measure neural activity relating to balance and the limitations of such 

techniques were discussed. The utility of fMRI as an alternative neuroimaging 

method which can address some of the limitations of other widely used 

neuroimaging techniques were considered. The movement limitations associated 

with fMRI were highlighted and key studies that have applied motor imagery and 

action observation techniques alongside fMRI to uncover the neural mechanisms 

involved in postural control were presented. The potential issues around the 

accessibility of such tasks for older adults with memory problems were 

emphasised and virtual reality combined with fMRI was presented as an 
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alternative technique to explore neural correlates of postural control in older 

adults with memory problems.  

 In section two of this chapter the population of interest to this thesis, older 

adults with MCI and dementia were introduced. An overview of the risk factors 

for dementia, neuropathology underpinning common dementia subtypes and 

common symptoms were provided. Executive function, what it is, how it can be 

assessed, neuroanatomy involved and evidence around the changes due to 

ageing and dementia were discussed. The literature around executive 

dysfunction, postural instability and falls in dementia was also explored.  

In section three of this chapter, key definitions and recommendations around 

physical activity and exercise were provided. The general benefits of physical 

activity and the benefits in later life were presented. The effects of physical 

activity on mood, cognition, mobility, postural control and falls in older adults 

with MCI and dementia was also discussed. Current evidence around structural 

and functional neuroprotective effects of exercise in the ageing process and for 

those with MCI or dementia was discussed, highlighting the knowledge gap in 

functional mechanisms for the latter groups. Finally, an overview of the PrAISED 

research programme, the intervention and the RCT was provided, and how this 

research programme provided the opportunity to conduct the work presented in 

chapters 6 and 7. 
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3. Magnetic resonance imaging in dementia 

3.1 The magnetic resonance signal  

The atom is the basic building block for all matter in the universe. Most atoms 

contain protons and neutrons. Hydrogen is the only atom to contain only protons 

in its nucleus. Hydrogen atoms are one of the most abundant elements in the 

human body, therefore central to MRI and creating the MR signal. Hydrogen is a 

single proton nucleus which is why conventional MRI is often referred to as 

proton MRI. The hydrogen proton creates a small magnetic field due to its 

spinning motion, which can interact with a magnetic field in a way that enables 

us to measure and manipulate the magnetic state of these atoms.  

Nuclei of hydrogen atoms point in different directions. Applying a strong 

magnetic field, known as the B0 field, the hydrogen nuclei will align in parallel or 

antiparallel to the field. For MRI, a strong magnetic field is formed by a 

superconducting coil that is always on and cooled by liquid helium. The strength 

of the magnetic field in an MRI scanner is measured using the unit Tesla. The 

Earth’s magnetic field is around 0.00005 Tesla, in contrast, the magnetic fields of 

MRI scanners can range from 1.5 to 11 Tesla. A 3 Tesla (3T) MRI scanner is 

approximately 60,000 times stronger than the earth’s magnetic field.  

In a strong magnetic field, the aligned hydrogen nuclei will spin (or precess) at a 

rate known as the Larmor frequency that is proportional to the strength of the 

magnetic field. The Larmor equation can be used to calculate this:    

𝜔=𝛾𝐵0 
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Where ω= the spin rate of the atom, γ= is the gyromagnetic ratio and B0 = 

strength of the magnetic field. 

The hydrogen nuclei are like spinning tops, precessing at a rate proportional to 

the magnetic field, but not in phase with one another. A radio frequency (RF) 

pulse can be applied in line with Larmor frequency to align the precession of the 

nuclei. The RF pulse does this in two ways, it causes the nuclei to become excited 

and move away from precession in line with the magnetic field and instead 

precess in phase or in synchrony with other nuclei. When the RF pulse is 

removed, the nuclei return to their original direction known as longitudinal 

relaxation. This process creates a signal which can be measured using a receiver 

coil, forming the basis of the MR signal which is used in both MRI and fMRI.  

Once the RF pulse is complete, we can measure the relaxation processes of the 

hydrogen nuclei in 2 ways to produce brain images and generate contrast 

between tissue types. The first is to measure the time taken for the nuclei to fall 

out of alignment with the B0 field (longitudinal relaxation) and return to their 

original alignment with the magnetic field, also known as T1 relaxation time. The 

second is to measure the time taken for the hydrogen nuclei to fall out of 

synchrony with one another (transverse relaxation), also referred to as T2 

relaxation time. Both T1 and T2 processes although independent of one another, 

occur simultaneously. T2* is another method of measuring the transverse 

relaxation of the hydrogen nuclei. This method also considers the 

inhomogeneities present in the magnetic field caused by different tissue types, 

changes in blood flow and blood oxygenation. 
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The location of the MR signal can be identified by carefully applying magnetic 

fields of varying strengths, in the x, y and z directions. These are known as 

gradient fields and are created by different gradient coils within the scanner. 

Gradient fields are added when acquiring the MR signal so that different brain 

areas have slightly different frequencies. The resultant minor differences in read-

out frequencies allow spatial localisation of the MR signal, and hence the 

construction of a spatially meaningful MR image. Applying gradient fields at 

different times during the RF pulse sequence in combination with T1 and T2 

weighting can create contrasts between tissue types such as grey matter, white 

matter or cerebrospinal fluid and other tissue properties such as blood oxygen 

level, which is of importance to this thesis. 

3.2 Functional MRI (fMRI) 

fMRI (functional Magnetic Resonance Imaging), a derivative of MRI, is a non-

invasive neuroimaging technique to study brain activity. Functional MRI exploits 

the differences between oxygenated and de-oxygenated blood on T2* 

measurements in brain tissue. 

3.2.1 Blood Oxygen Level Dependent (BOLD) effect 

The signal that fMRI measures is dependent on changes in blood oxygen levels in 

the brain and therefore referred to as Blood Oxygen Level Dependent or BOLD 

signal. The BOLD signal is an interplay between blood volume, blood flow and 

blood oxygenation, and is of great interest to researchers and clinicians alike as it 

provides an indirect measure of neuronal activity. The BOLD effect is core to 

fMRI; both resting state and task related. 
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The magnetic properties of haemoglobin are moderated by whether it is bound 

to oxygen or not. Oxygenated haemoglobin is diamagnetic (repelled by a 

magnetic field) whereas deoxygenated haemoglobin is paramagnetic (attracted 

by a magnetic field). As neural activity in a particular brain region increases, so 

does the need for oxygen and other nutrients, in those areas. Neural activity 

results in localised increased delivery of oxyhaemoglobin which causes small 

distortions in the magnetic fields, leading to a faster decay of the T2* signal or an 

increase in the BOLD signal at a local level. fMRI measures the T2* signal as this 

is sensitive to changes in blood flow and oxygenation.   

3.2.2 The Hemodynamic Response Function (HRF) 

The change in the MR signal due to a neural event and subsequent changes in 

blood oxygen level is referred to as the Haemodynamic Response Function 

(HRF). Increased metabolic demand, due to neural activity, leads to an increase 

in the supply of oxygenated blood to the active regions. As more oxygenated 

blood is supplied than consumed, the concentration of deoxygenated blood 

decreases, leading to an increase in the signal. This increase has an of onset 1-2 

seconds after the onset of the neural activity and lasts for around 5-8 seconds 

after neural activity peaks. After reaching the peak, the BOLD signal decreases 

below the baseline level, for around 10 seconds, which is referred to as the post 

stimulus undershoot (see figure 2). This undershoot occurs, due to blood flow 

decreasing more rapidly than blood volume, resulting in a greater concentration 

of deoxygenated blood in these active regions. It can take 15-20 seconds for the 

BOLD signal to return to levels prior to the onset of the neural event. 
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Figure 3. 1 Hemodynamic Response Function (HRF) plot from Amaro & Barker 
(2006). 

 

3.2.3 Echo planar imaging.  

Echo planar imaging (EPI) was developed by Sir Peter Mansfield at the 

University of Nottingham in the 1970s, for which he later won the Nobel Prize. 

The EPI method is the fastest method for imaging acquisition, allowing 

researchers to acquire brain volumes very rapidly with a TR (repetition time) of 

2 seconds or under.  EPI uses a single RF pulse to capture all the data associated 

with a single slice of the brain. EPI also applies a series of gradient pulses in 

alternating directions in rapid succession to capture all slice related data before 

the onset of the next RF pulse. Due to the long readout times post RF pulse, EPI 

images are often susceptible to distortions or signal drop out relating to 

inhomogeneities within the magnetic field, specifically around the nose or ears. 

Nevertheless, the development of EPI led to the use of functional MRI to study 

functional connectivity and neural activity at rest and in response to an event or 

task. fMRI is now a widely used technique by cognitive neuroscientists, 

psychologists, psychiatrists and in surgical planning (224). More recently fMRI 
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has also been used to identify functional biomarkers in different disease 

populations to provide additional outcomes for diagnostic and intervention-

based studies (225,226).  

3.2.4 Resting state fMRI (rs-fMRI) 

Resting state fMRI (rs-fMRI) measures consistent low frequency fluctuations 

(0.01-0.08Hz). First discovered by Biswal and colleagues in 1995, resting state 

fMRI has been increasing in popularity over the last 2 decades (227,228). Resting 

state fMRI involves measuring spontaneous changes in these low frequency 

fluctuations of the BOLD signal in the absence of a task. This technique is often 

used to investigate connectivity between brain regions or networks. This 

essentially means looking at temporal correlations between BOLD signals 

extracted from two separate regions of the brain. From this researchers infer 

that these regions may be connected or talking to one another (228–230). Using 

resting state fMRI to investigate the temporal connectivity of brain regions, has 

led to the identification of ‘resting-state networks’ (RSNs). 

Resting state fMRI has been widely used in healthy and clinical populations to 

understand spontaneous fluctuations in BOLD the signal in resting state 

networks and how the presence of illness related pathology may alter network 

connectivity (230). rs-fMRI allows researchers to study brain activity in 

participants who may struggle to understand complex task instructions and 

complete complex tasks. The lack of a task makes rs-fMRI particularly attractive 

for patients who may have difficulty with task instructions, such as those with 

neurologic, neurosurgical, and psychiatric conditions, as well as for paediatric 

populations (228).  
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Resting state networks (RSNs) are temporally related and spatially distinct 

networks of brain regions that correspond to brain regions which work together 

during a task (231). Research has identified many RSNs of interest including the 

sensorimotor network (SMN), visual network, auditory network, default mode 

network (DMN), dorsal attention network (DAN), frontoparietal network (FPN), 

frontal executive network (FEN) and the salience network to name a few (231). 

Resting state and task-based fMRI studies have demonstrated disruptions in 

DMN, SMN, FPN and DAN connectivity in people with cognitive impairments and 

dementia (232–234).  

3.2.4.1 Default Mode Network  

The default mode network (DMN) albeit an unexpected discovery, has become an 

increasingly studied network in both health and disease (235,236). Resting state 

fMRI studies have identified disrupted DMN connectivity in older adults with 

MCI and dementia (see section 3.5.2.2). The DMN is usually active when we are 

not engaged in an external task, thus thought to play a role in self-referential 

mental activity (237). The anatomical correlates of this network include the 

posterior cingulate cortex, precuneus, medial prefrontal cortex, inferior parietal 

lobule, angular gyrus, and hippocampus (229,235). 

3.2.4.2 Sensorimotor Network 

The sensorimotor network often referred to as the somatomotor network was 

one of the first RSNs to be discovered by Biswal and colleagues (227). the 

sensorimotor network is made up of the supplementary motor area, premotor, 

primary motor, and primary and secondary somatosensory cortices and is 

involved in the planning and execution of movement (231).  
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3.2.4.3 Fronto-Parietal Network 

The fronto-parietal network (FPN), referred to as the flexible hub of cognitive 

control, is involved in top down, goal directed processes. It is postulated that the 

FPN acts as a co-ordinator between other RSNs. Neuroanatomically, the FPN is 

made up of the dorsolateral prefrontal cortex, the inferior parietal lobule, the 

middle of the middle temporal gyrus, the dorsomedial prefrontal region, anterior 

and superior cingulate cortex (231,238).  

3.2.4.4 Dorsal Attention Network 

The Dorsal Attention Network (DAN) is involved in goal directed attention 

processes (231). The DAN is a task positive network, meaning it is more active 

during a task and less active at rest. The DAN consists of the inferior parietal 

sulcus, frontal eye field, anterior cingulate cortex, and bilateral temporal gyrus. 

DAN is negatively correlated with the DMN in both task and resting state fMRI 

studies (229). 

3.2.5 Task related fMRI   

Task related fMRI involves participants performing a task whilst undergoing an 

fMRI scan, this allows researchers to measure changes in the BOLD signal and 

make inferences about the brain regions and neural networks involved in 

completing the task. For task-based fMRI, experiments are two types of designs: 

block design and event related design (239). 

3.2.5.1 Block design 

In block design fMRI experiments, stimuli are presented as blocks also referred 

to as epochs (230). 1 stimulus per block or epoch is presented and alternated 

with a different stimulus or rest period. The simplest and most popular block 
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design in fMRI research, often referred to as A-B ‘block’ designs, involves 

presenting the experimental condition (A) followed by a rest period (B), this 

method can be used to measure the differences in signal between the condition 

of interest (A) and the rest period (B) (240). 

To ensure that the experimental design is robust, researchers must consider the 

length of each block. Too short and the BOLD signal may not return to baseline 

before the onset of the next block, which can make it difficult to measure the true 

effect of the experimental condition. Too long and participants may become 

fatigued or bored while completing the task and may start to engage in task 

unrelated thoughts (240). The optimal duration of a block is between 15-30 

seconds in length, the ideal duration depends upon the type of stimuli used 

(240). This type of design is more suited to measuring if there are changes in 

activation when the stimuli are present compared to when it is not, however it is 

Figure 3. 2 Representation of fMRI block design paradigm (A) and event related 
paradigm (B) from Matthews et al. (2004). 
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not able to provide information about the characteristics of the HRF in response 

to stimuli (240). Nevertheless, block design is still a very popular and robust 

method of presenting stimuli in an fMRI experiment, additionally compared to 

event related design, block design has increased detection power (240). 

3.2.5.2 Event related design 

Event related design is used when the research question is interested in studying 

the characteristics of the HRF response (onset, amplitude) (240). This type of 

design can also be used to analyse the neural correlates of behavioural 

responses. Stimuli in this design are made up of short discrete events which are 

presented in a random order, often interspersed with rest periods. Presentation 

of stimuli in this type of design is much shorter than in blocked design, with a 

duration of between 0.5 and 8 seconds (230). The short duration of stimuli and 

rest periods along with the randomised presentation of conditions means 

participants are less likely to become bored or engage in unrelated thoughts 

during the task (230,241). There are a few limitations of event related design 

that are important to note. This type of design is very sensitive to head 

movement which may impact data quality and the signal to noise ratio is lower 

than in block design experiments, having implications for detection power of the 

task (230). 

Task fMRI experiments are often limited to cognitive based tasks as any task 

involving movement can lead to head motion, introducing movement artifacts 

into the data and reducing data quality. When designing an fMRI task, it is 

important to consider the research question and the effect of interest. The block 

design is more suited to measuring changes in activation in response to stimuli, 



 
55 

whereas event related design is better suited to studying key features of the HRF 

response (239,242). 

Empirical chapters presented in this thesis have used a block design to present a 

novel video-based motor imagery task designed specifically for older adults with 

cognitive impairments. The task consists of three conditions, walking, obstacle 

navigation and postural instability and a rest condition and has been designed to 

measure neural activation related to balance. More information about the task 

and duration of the blocks is presented in chapter 5. 

3.3 Clinical application of MRI in dementia 

The NICE guidelines for the  diagnosis of dementia advise that structural imaging 

should be used to rule out alternative and reversible causes of cognitive decline 

and as a supporting diagnostic tool to identify dementia subtype (138,243–245).  

The following MRI imaging sequences are commonly used by clinicians to aid 

dementia diagnosis(246): 

• T1 weighted – used to measure atrophy. Volume loss within the medial 

temporal lobe may be indicative of Alzheimer’s disease.  

• T2 Fluid Attenuated Inversion Recovery (FLAIR) - used to measure white 

matter hyperintensities (WMH) which are a key feature of small vessel 

disease underlying vascular dementia (245). 

• T2* weighted or Susceptibility Weight Imaging (SWI) – used to measure 

cortical microbleeds (CMB), which are also indicative of vascular 

dementia.  
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3.4 Application of structural MRI in dementia research 

3.4.1 T1 weighted MRI 

To identify structural markers of MCI and dementia, MRI studies have used T1 

weighted sequences to measure whole brain and regional atrophy and cortical 

thinning in older adults at risk of or diagnosed with MCI and dementia (247). 

MRI studies have found hippocampal atrophy may be present for up to 10 years 

before the onset of clinically detectable symptoms (124,248).  In the prodromal 

stage of AD, MRI studies have identified changes in both whole brain and 

regional atrophy. A systematic review and meta-analysis of structural brain 

changes in MCI found the rate of whole brain atrophy in individuals with MCI 

was around 1.02% per year compared to 0.46% in healthy older adults (249).  

The medial temporal lobe (MTL) is a key region which consistently shows 

pathology related changes in the early stages of AD (250). The MTL is made up of 

several regions including the hippocampus, entorhinal cortex, perirhinal cortex 

and parahippocampal cortex (231). Several meta-analyses have identified 

decreases in MTL volume in individuals with MCI and AD (251–253). Studies 

have also highlighted that MTL atrophy may be able to predict the progression 

from MCI to dementia (225). Within the medial temporal lobe, one key marker 

that has been well established and validated through volumetric MRI scans is a 

reduction in hippocampal volume in the early stages of AD (250). Vijayakumar et 

al. (254) found a 25% reduction in hippocampal volume in participants 

diagnosed with Alzheimer’s disease, a 21% reduction in hippocampal volume in 

participants diagnosed with mixed dementia and an 11% reduction in 
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hippocampal volume in participants with vascular dementia when compared to 

healthy controls. 

MRI has also been used to investigate changes in cortical thickness, sometimes 

referred to as cortical thinning, in ageing, MCI and dementia. Similar to findings 

around whole brain volume loss being detectable up to 10 years before the onset 

of clinically detectable symptoms (124,248), studies have found changes in 

cortical thickness in brain regions vulnerable to AD several years before the 

onset of clinically measurable symptoms (255). A case control study comparing 

cortical thickness between healthy older adults, older adults with MCI and older 

adults with AD found that the MCI group had cortical thinning in the medial 

temporal lobe, frontal and parietal areas compared to healthy controls. Between 

the MCI and AD groups, cortical thinning was present within the temporal lobe 

and globally across the cortex (256). A longitudinal study reported a 3.2% 

reduction in overall cortical thickness in patients progressing from MCI to AD. 

Additionally, regional cortical thinning was most prominent in the medial 

temporal cortex, inferior temporal gyrus, superior parietal lobule, temporal pole, 

precuneus and angular gyrus (257).  

A detailed review of structural imaging biomarkers in dementia highlighted that 

MTL atrophy can predict MCI to AD progression with a sensitivity of 73% and 

specificity of 81% (258,259). Whole brain and hippocampal atrophy are highly 

sensitive markers of disease progression and are being increasingly used in AD 

research (225). A review of imaging biomarkers has highlighted that MRI 

provides excellent anatomical detail as well as a strong grey and white matter 

contrast (226). This review further highlighted that volume loss within the 
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prefrontal cortex and hippocampus was accelerated in AD and MCI when 

compared to normal ageing (226). Cortical thinning within the entorhinal cortex 

and hippocampus appears to be a highly sensitive measure of structural change 

in MCI and AD (226).  

3.4.2 T2 weighted MRI 

T2 weighted Fluid Attenuated Inversion Recovery (FLAIR) MRI sequences have 

been used to measure white matter hyperintensities (WMH) (245). WMHs are 

caused by cerebral small vessel disease, representing axonal loss and 

demyelination of neurons (260). WMHs have been linked to cognitive decline in 

healthy older adults and adults at risk of MCI and dementia (261). Some studies 

have found baseline WMHs to be predictive of conversion from cognitively 

healthy to MCI but not progression of MCI to dementia (262). Other studies have 

found increases in WMHs in the parietal lobe were predictive of progression to 

AD in cognitively healthy older adults (263). A review of longitudinal studies 

investigating association between WMH and cognitive decline found WMHs may 

be a potential early predictor of dementia, however, the association of WMHs 

and cognitive decline may be mediated by cognitive reserve, additionally, the 

location of WMH may mediate the risk of dementia (261). A recent systematic 

review and meta-analysis investigating the effects of WMHs and the risk of MCI 

and dementia found that baseline WMHs were associated with a 14% increased 

risk of developing MCI, a 25% increased risk of AD, and a 73% increased risk of 

vascular dementia (264). 
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3.4.3 T2* weighted MRI 

T2* weighted Gradient Recall Echo (GRE) or Susceptibility Weighted imaging 

(SWI) sequences have been used to measure microbleeds (245,246). Cerebral 

microbleeds are small chronic brain haemorrhages caused by small vessel 

damage or cerebral small vessel disease (265,266). Cerebral microbleeds have 

been linked to cognitive decline in healthy older adults and adults at risk of MCI 

and dementia (245,265,266).  

The Rotterdam study, a longitudinal follow up of middle-aged adults over ten 

years, to explore the incidence of dementia, found that the presence of 4 or more 

microbleeds were associated with cognitive decline. Additionally, location of 

microbleeds were associated with dysfunction in different cognitive domains. 

Lobar microbleeds were associated with decreased performance in executive 

function and memory, while microbleeds in other brain regions were associated 

with decreased information processing and motor speed (267). Another study 

exploring the relationship between microbleeds and cognition in older adults 

with small vessel disease also found that microbleeds in frontal and parietal 

lobes were associated with visuospatial and executive function, while 

microbleeds within the basal ganglia were associated with attention deficits 

(268). 

Romero and colleagues (269) investigated the relationship between cerebral 

microbleeds and incidence of dementia from participants enrolled in the 

Framingham heart study. They found that generally participants with cerebral 

microbleeds had a 1.74 times higher risk of dementia, while participants with 

deep and mixed cerebral microbleeds had a 3 times higher risk of dementia. A 
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recent meta-analysis of prospective studies exploring the association between 

microbleeds and cognitive impairments, found that as the number of 

microbleeds increased, so did the risk for dementia. This study also found that 

the combination of deep and mixed microbleeds increased the risk of dementia 

by 75% (270).  

3.5 Application of fMRI in Dementia research 

In the last decade there has been an increase in the number of studies applying 

task related and resting state functional MRI in populations with MCI and 

dementia. Task related fMRI studies have used a variety of cognitive tasks to 

investigate alterations in brain activity due to dementia related pathology (271). 

Resting state fMRI has also been used to investigate changes in functional 

connectivity of brain networks at rest in the early stages of cognitive decline, MCI 

and dementia (250).  

3.5.1 Task related fMRI  

Task related fMRI has been used to investigate the changes in neural activation 

underlying memory and executive functions in those at risk of cognitive decline 

or living with dementia. A systematic review by McDonald et al. (272), found that 

most of the tasks used in fMRI studies with older adults, older adults at risk of 

cognitive decline and older adults with cognitive impairments measured various 

cognitive domains including memory, cognitive flexibility, inhibition and 

cognitive control and attention (272). 

Task related fMRI studies have often used case control designs to compare 

differences in task related activation in people with MCI and dementia to normal 

ageing. Changes in semantic memory task activation have been noted in people 
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with AD, with reduced activation in the left temporal occipital cortex compared 

to healthy controls (273). A longitudinal study explored changes in memory 

encoding brain activation in older adults who progressed from MCI to dementia, 

found at baseline and follow up, participants with MCI who went on to develop 

dementia, displayed increased activation in right supramarginal gyrus and 

decreased activation in the left hippocampus and pars opercularis when 

compared to healthy controls (274). 

An activation likelihood meta-analysis of case control studies exploring episodic 

memory task activation found that participants with AD had lower activation in 

the right hippocampus and participants with MCI had lower activation in the 

cerebellum during the memory task compared to healthy older adults (233). A 

co-ordinate based meta-analysis of case control studies of memory encoding and 

retrieval task activation found older adults with MCI had increased activity in the 

right hippocampus during memory encoding tasks but decreased activity in the 

left hippocampus and fusiform gyrus during memory retrieval tasks. Conversely, 

older adults with AD had increased activation in the precuneus during encoding 

memory tasks and decreased activity in right hippocampus during retrieval tasks 

(234).  

Executive dysfunction is a core feature of dementia. A case control study using 

the odd ball paradigm as an fMRI task to explore differences in attention and 

inhibition control related activity in older adults with MCI and healthy older 

adults found participants with MCI displayed impairments in episodic memory 

functioning, object naming and verbal fluency when compared with healthy 

controls. Additionally in the MCI group, reduced task related activity was noted 
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in left and right temporal regions, left cuneus, left supramarginal gyrus, anterior 

cingulate cortex and left middle frontal gyrus (275). The verbal fluency task is 

widely used to assess cognitive flexibility and to monitor cognitive decline and 

disease progression in dementia. This task has been used alongside fMRI to 

explore changes in cognitive flexibility related activation in dementia.  Compared 

to healthy older adults, those with dementia displayed greater activation in the 

bilateral superior frontal gyrus, inferior frontal gyrus, left supplementary motor 

area and the right middle frontal gyrus (276). A comparison of working memory 

activation between healthy older adults and older adults with MCI revealed 

increased activation in the right insula and the right lingual gyrus in the MCI 

group (277). Additionally, during the working memory task, a region of interest 

analysis focusing on medial temporal lobe (often showing signs of atrophy in MCI 

and AD), revealed greater activation of parahippocampal cortex in participants 

with MCI when compared to healthy controls (277).  

Memory, attention, and executive function-based fMRI tasks have provided 

useful tools to undercover the changes in brain activity associated with memory 

and cognitive dysfunction in ageing and cognitive decline. Studies have found 

both hypoactivation and hyperactivation during cognitive tasks in people at risk 

of decline, older adults with MCI and older adults with AD. It is important to note 

that studies using task fMRI appear to be in older adult populations at risk of 

cognitive decline, older adults with MCI or older adults with mild dementia, very 

few studies have used task fMRI in older adults with more advanced dementia. 

Additionally there is little research available that has used task based fMRI to 
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explore changes in brain activation relating symptoms of altered postural 

control. 

3.5.2 Resting state fMRI 

Resting state fMRI has been used to study subtle changes in spontaneous 

fluctuations in the BOLD signal in specific brain areas and networks such as the 

medial temporal lobe, hippocampus, DMN, SMN, FPN and DAN, which have been 

shown to be affected by AD related pathology (226). In addition to this, resting 

state fMRI has also been used to study functional connectivity and integrity of 

brain networks which are often affected by dementia related pathologies (278). 

Researchers have often favoured resting state fMRI over task fMRI as the former 

is more accessible for those with cognitive impairments as it does not require 

participants to remember complex task instructions (229). 

3.5.2.1 Connectivity of regions vulnerable to AD 

Several studies have investigated functional connectivity of the hippocampus. 

Wang et al. (279), conducted a case control study, examining differences in 

functional connectivity of hippocampus in participants with mild AD and healthy 

controls. Compared to healthy older adults, adults with AD displayed altered 

connectivity of right hippocampus with the medial prefrontal cortex, right 

cuneus and precuneus, left cuneus, right superior and middle temporal gyrus and 

posterior cingulate cortex (279). More recent research has explored direct 

connectivity of the right hippocampus in MCI and AD compared to healthy older 

adults. Significant differences in functional connectivity of right hippocampus 

between healthy older adults, those with MCI and those with AD were noted in in 

the temporal lobe, frontal lobe, and cingulate cortex (280) .  
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3.5.2.2 Connectivity and integrity of default mode network in dementia 

 

There is increasingly accumulating evidence showing that altered DMN 

connectivity may be a core feature of AD (281,282). In preclinical stages of AD, 

connectivity of key brain regions within the DMN appears to be altered (283). 

Case control studies have highlighted decreased DMN connectivity in older 

adults with AD when compared to those with MCI and healthy older adults 

(284,285). A review of changes in functional connectivity found decreased DMN 

connectivity in AD (286). These findings have been further supported by a meta-

analysis of network dysfunction in AD, which  found hyperconnectivity of DMN 

in people with MCI but decreased connectivity of DMN in people with AD (232). 

Another case control study comparing DMN connectivity between healthy older 

adults and older adults with MCI reported the converse, decreased DMN 

connectivity in MCI (287). 

Disrupted DMN connectivity, may not be unique to AD. A cross sectional study by 

Kim and colleagues (288) explored differences in functional connectivity of DMN 

(and central executive network see section 3.5.2.3) in people with AD, VaD and 

mixed pathology dementia. Participants with AD displayed decreased functional 

connectivity within the inferior parietal lobule, while participants with VaD 

displayed decreased functional connectivity within the medial and superior 

frontal gyri. In the mixed pathology dementia group, decreased functional 

connectivity was noted in the posterior cingulate gyri (288). Another case 

control study found that compared to those with AD, participants with 

frontotemporal dementia displayed increased connectivity within the DMN 

(286,289).  
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A more recent systematic review and meta-analysis explored differences in DMN 

connectivity between healthy controls and older adults with MCI. This study 

revealed very mixed findings, with some studies reporting no difference in DMN 

connectivity between older adults with MCI and healthy controls, other studies 

reported hypoconnectivity of the DMN, whilst some reported hyperconnectivity. 

As well as this, some studies reported a mixed effect of both increased and 

decreased connectivity among different regions within the DMN (290). These 

studies show that while DMN connectivity is disrupted in dementia, underlying 

pathology appears to have divergent effects on connectivity within the network. 

3.5.2.3 Connectivity and integrity of networks beyond the DMN in dementia 

 

There is emerging evidence that other resting state networks also displayed 

altered connectivity in MCI and dementia. Case control study design has been 

widely used to compare differences in functional connectivity of various 

networks between differing disease severity and normal ageing. Agosta et al. 

(291) reported that those with MCI had increased connectivity within the 

executive and salience networks, whereas those with AD had reduced 

connectivity in FPN when compared with healthy controls (291). Disrupted 

connectivity of SMN and visual networks has also been noted in older adults with 

MCI and AD, when compared with healthy controls (292,293). Connectivity of 

the control network was greater in those with MCI than those with AD (292). 

Altered connectivity within the dorsal attention, executive and salience 

networks, and altered connectivity between the dorsal attention and default 

mode network have also been noted in those with MCI and AD when compared 

with healthy controls (282,294).  
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Resting state fMRI and case control study designs have also been used to explore 

differences in functional connectivity between dementia subtypes. Disrupted 

connectivity of the central executive network was observed in Alzheimer’s 

disease and vascular dementia and disruption of this network was greater in 

mixed dementia than single pathology dementia (288).  Differences in functional 

connectivity have been noted between AD and FTD. Those with AD pathology 

had greater connectivity within the salience network compared to those with 

FTD and healthy controls, while those with FTD had greater connectivity within 

the DMN compared to those with AD and healthy controls (289). Differences in 

functional connectivity have also been noted in AD and behavioural variant FTD. 

Those with AD displayed altered connectivity within the visual and default mode 

work whereas those with behavioural variant FTD displayed altered connectivity 

within auditory and visual networks (295). Additionally, a meta-analysis found 

increased connectivity of the salience and limbic networks in Alzheimer’s disease 

(232). 

3.6 Summary 

This chapter has provided an overview of the principles of the magnetic 

resonance signal which forms the bases for MRI and functional MRI.  The 

principles of echo planar imaging, BOLD signal and HRF, which are core to 

functional MRI are also summarised. A brief overview of resting state fMRI and 

various resting state networks, task-based fMRI, and commonly used task fMRI 

designs is presented. Information around the clinical applications of MRI as a 

diagnostic tool to aid dementia diagnosis is provided and the use of MRI in 

research in advancing our understanding of structural brain changes due to 



 
67 

dementia related pathology is discussed. The application of functional MRI (both 

task based and resting state fMRI) in research settings has been instrumental in 

identifying changes in brain activity underpinning cognition and changes in 

functional connectivity in normal aging, cognitive decline, and dementia. This 

chapter also highlighted how studies using task fMRI in older adults at risk of 

cognitive decline, older adults with MCI or mild dementia have largely focused 

on changes in cognition related brain activity. This chapter also drew attention to 

how fMRI research in dementia to date has largely used resting state fMRI due to 

the perceived burden of task fMRI. The data presented in chapters 5,6 and 7 

were collected using task-based and resting state fMRI sequences to explore 

neural correlates of postural control in people with dementia, as postural control 

deficits are key symptom of dementia, with increased falls risk and related 

adverse outcomes for the individual. 
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Part II: Research Studies 
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4. Exercise related changes in functional MRI outcomes 

in older adults with mild cognitive impairment and 

dementia – A systematic review. 

4.1 Background 

Research has identified a link between being physically active, reduced risk of 

dementia and potentially delaying onset in those at risk. Currently there is no 

pharmacological treatment available to cure or prevent the onset of dementia 

(296,297). Lifestyle based interventions such as exercise and physical activity, 

offer an alternative approach to reducing risk, delaying progression and 

managing symptoms (297). Previous studies and systematic reviews have shown 

that exercise interventions may have a positive effect on cognition, falls risk, rate 

of falls and performance in activities of daily living in people living with MCI and 

dementia (26,189,298–301). However, results from RCTs evaluating(27,178) 

efficacy of exercise interventions in this population have yielded mixed results 

(28,189). For instance the FINALEX trial found that exercise reduced the rate of 

decline in activities of daily living and reduced falls in people with dementia (29). 

In contrast the DAPA trial reported no significant differences in performance of 

activities of daily living or cognition between the intervention and control groups 

at follow up (28). Variation in duration, frequency and intensity of the exercise 

interventions and different outcome variables may contribute to the mixed 

results we see in people with dementia (26,302). Additionally self-reported 

outcomes and neurocognitive assessment tools may not be as sensitive to 

exercise related changes as techniques such as neuroimaging, (34).  
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Exercise has also been shown to increase functional connectivity with various 

resting state networks as well as improving neural efficiency in various brain 

regions such as the hippocampus (205,303). fMRI studies of healthy older adults 

have identified exercise related changes in blood flow and cerebral activation. 

Burdette et al. (204) investigated the effects of exercise on cerebral blood flow 

and functional connectivity in older adults at risk of cognitive decline. They 

found greater connectivity in the hippocampus in the intervention group, 

compared to the control group (204). Walking and balance exercises have been 

found to increase functional connectivity within the default mode network, 

frontal executive network and fronto-parietal network  (304). Balance training 

has also been associated with improved postural stability and a reduction in 

brain activation in areas related to postural control (305). 

Previous reviews summarising evidence on exercise related changes to brain 

activity and connectivity have used a variety of neuroimaging techniques such as 

MRI, PET, EEG as well as fMRI (180,306,307). Additionally, these reviews have 

focused mainly on healthy older adults, though a few have included studies on 

older adults at risk of cognitive decline or older adults with MCI (180,303,308). 

As older adults with memory problems have a higher risk of falls and immobility 

(24,26,309), and exercise interventions may be beneficial in reducing the risk of 

falls, fMRI studies have the potential to inform us about changes in brain activity 

and connectivity in response to therapeutic interventions. This in turn may allow 

better screening of interventions for impact on intermediate outcomes (such as 

task-related and resting state fMRI) prior to embarking on expensive and labour-

intensive clinical trials. Additionally, fMRI measures may also provide further 
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information for refinement or tailoring of interventions in terms of the types of 

activities, dose, or duration of therapy. 

The purpose of this study was to conduct a systematic review of current 

evidence around the effect of exercise interventions on resting state functional 

connectivity and task-related functional activity, as measured by fMRI, in adults 

aged 65 and over with MCI or dementia. 

4.2 Method 

This systematic review has been registered in the International Prospective 

Register of Systematic Reviews (PROSPERO) database (ID CRD42020152444) 

and conducted in line with the Preferred Reporting Items for Systematic reviews 

and Meta-Analysis (PRISMA) guidelines (310). 

4.2.1 Search strategy and study selection 

Search strategy was informed by previous relevant reviews on exercise 

intervention for older adults and functional MRI (24,26,189,232,300,311). The 

search strategy was also reviewed by experts in the field (RD, RH and VvDW) and 

by subject librarian (see Appendix A for search strategy). 

MEDLINE, Embase, PsycINFO, PsycARTICLES and CINHAL databases were 

searched for primary studies, and hand searched reference lists of relevant 

papers for any other relevant studies. 

Search results from each database were imported into Endnote and duplicate 

records were removed. RB and NA independently screened titles and abstracts to 

identify studies not eligible at this level. For the remaining records, full text 
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articles were sourced and reviewed independently by RB and NA, using the 

following criteria to assess eligibility for this review. 

4.2.2 Inclusion criteria 

• Randomised controlled trials (RCTs), quasi randomised or cluster 

randomised controlled trials, nested studies, case control studies, cohort 

(prospective) studies and cross-sectional studies. 

• Study populations of older adults aged 65 and over. Where studies 

included mixed ages, studies were only included if the mean age of the 

study populations was 65 or over. 

• Studies with older adults with differing levels of cognitive impairment or 

dementia. 

• Studies that involved physical activity or exercise of any kind as an 

intervention. 

• Studies with multifactorial interventions were included if there was a 

physical activity or exercise-based component in the intervention. 

• Studies that used resting state or task-related fMRI to measure changes in 

brain connectivity or activity in response to physical activity or exercise. 

4.2.3 Exclusion criteria 

• Any studies using a cognitive training only comparator. Imaging studies 

have noted changes in fMRI outcomes in relation to cognitive training 

interventions in older adults with cognitive impairments [37]. 

• Abstracts, such as poster abstracts, review articles, commentaries, letters 

and editorials were also excluded. 
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4.2.4 Data extraction, quality assessment, data extraction and synthesis. 

A data extraction table was created using Microsoft Excel and piloted on 3 

studies to check that the tool was able to capture the data required. Data on 

participant characteristics such as age and gender, study characteristics such as 

study setting, intervention and comparator used were extracted. Brain regions or 

networks of interest that displayed significant change for both resting state and 

task-related fMRI outcomes and where available effects sizes and p-values were 

also extracted. Data were extracted by the first reviewer (RB) and quality 

checked by the second reviewer (NA). 

RCTs included in the review were assessed for sources of bias using the 

Cochrane risk of bias tool (312). For non-randomised controlled trials, nested 

studies, case control studies, cohort studies and cross-sectional studies 

Newcastle Ottawa Scale was used to assess study quality (313). 

The second reviewer and I independently appraised quality of the studies 

included, using the appropriate assessment tool based on study design. Where 

consensus on scoring was not achieved, this was resolved through discussions 

with another reviewer (RD, VvdW and RH). 

Due to heterogeneity in study design, intervention characteristics 

(exercise/activity type, frequency, and duration), fMRI tasks and fMRI analysis 

methods used, it was not feasible to conduct a meta-analysis, therefore I 

completed a narrative synthesis of the results (314). Study, intervention, and 

participant characteristics were tabulated, study outcomes are presented based 

on fMRI outcome type – resting state or task-related brain activity. The summary 

of the main fMRI findings for each study with secondary outcomes such as 
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neuropsychological assessments and physical measures have also been 

tabulated. 

 

Figure 4. 1 PRISMA flow diagram of search and screening results. 
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4.3 Results 

4.3.1  Search results 

The searches were conducted in September 2020 (See Figure 4.1 for PRISMA 

diagram on study selection process) and then updated on 16th September 2021. 

Searches yielded 1454 studies and 2 further papers were identified through 

other sources. 22 full text articles were sourced and assessed for eligibility, of 

which 10 studies either failed to meet inclusion criteria (e.g. studies did not 

include fMRI, or participants were cognitively healthy) or were excluded because 

the comparator interventions included cognitive training and exercise. A total of 

12 papers from 6 studies were included in the review (315–326). 

4.3.2  Study Characteristics 

Of the twelve papers included, three papers were from two RCTs (320,321,325), 

five papers were from two nested studies within RCTs (318,319,322,323,326), 

three papers were from separate case control studies (316,317,324) and one 

paper was from a cross sectional study (315) (see Table 4.1). Nested studies 

within RCTs refer to studies conducted within a larger RCT, whereby 

participants are recruited from the RCT post randomisation. Case control studies 

involve comparing cases or population of interest to a control group or healthy 

controls. A cross sectional study is an observational study which involves 

analysing data from a select population group at a specific time point (327).  
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Table 4. 1 Study details and participant characteristics for the studies included in the analysis. 

Author/Year Country 

of 

research 

Design Rs-fMRI or Ts-

fMRI 

N (at Baseline 

where 

applicable) 

N (at 

follow up) 

N dropout Age – Mean (S.D.) Male: Female Diagnosis or method of determining 

cognitive status 

Carson Smith 

et al. 2011 

(315) 

USA Cross sectional  Ts-fMRI 18 N/A N/A Low PA = 73.6 (8.3); High 

PA = 75.0 (5.5) 

Low PA = 2/7; High PA =2/7 Petersen criteria for amnestic MCI 

Carson Smith 

et al. 2013 

(316) 

USA Case control Ts-fMRI 35   MCI = 78.7 (7.5); HC= 

76.0(7.3) 

MCI = 7/10; HC=3/15  MCI or healthy control status determined 

using NIH-Alzheimer’s Association work 

group core clinical criteria for MCI. 

Chirles et al. 

2017 (317) 

USA Case control Rs- fMRI 35   MCI = 79.6 (6.8); HC= 

76.1 (7.2) 

MCI = 6/10; HC= 3/13 Same as above 

Hsu et al. 2017 

(318) 

Canada Nested study 

within an RCT 

Ts- fMRI 38 21 17 Aerobic Training = 72.0 

(8.6); Control = 69.9 (9.2) 

Control = 5/4, Aerobic 

training = 8/4 

 

clinically diagnosed with mild SIVCI 

Hsu et al. 2018 

(319) 

Canada Nested study 

within an RCT 

Ts – fMRI 38 21 17 Aerobic training = 71.7 

(8.8); Controls = 72.3 

(8.8) 

Control = 4/7 and Aerobic 

training - 4/6 

clinically diagnosed with mild SIVCI 

Suo et al. 2016 

(320) 

Australia RCT Rs-fMRI  86 79 7 70.1 (6.7) Not available Petersen criteria for MCI 
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Qi et al. 2019 

(321) 

China RCT Rs-fMRI 38 32 6 Control =69.1 (8.1); 

Intervention = 69.1 (8.1) 

Control = 4/12 Intervention = 

5/11 

Diagnosis of MCI 

Tao et al. 2019 

(322) 

China Nested study 

within an RCT 

Rs-fMRI 69 57 12 Baduanjin = 66.17 (4.17); 

Walking = 64.32 (2.60); 

Control = 65.97 (5.66) 

Baduanjin = 5/15; walking = 

7/10; Control = 6/14 

Diagnosis of MCI 

Xia et al. 

2019 (323) 

China Nested study 

within an RCT 

Rs-fMRI 69 60 9 Baduanjin = 65.79 (4.35); 

Walking = 64.88 (3.30); 

Control = 65.86 (5.28) 

Baduanjin = 6/17; Walking 

=11/12; Control = 6/17 

Diagnosis of MCI 

Broadhouse et 

al. 2020 (325) 

Australia RCT Rs-fMRI 84 70 14 69.5 (SD = 6.6) 58/26 Petersen criteria for MCI 

Won et al. 

2021 (324) 

USA Case control 

design 

Rs-fMRI 35 32 3 MCI = 78.8 (7.6); HC = 

75.3 (7.4) 

Female total = 23; MCI F = 10; 

F HC = 13 

MCI or healthy control status determined 

using NIH-Alzheimer’s Association work 

group core clinical criteria for MCI. 

Liu et al. 2021 

(326) 

China Nested study 

within an RCT 

Rs-fMRI 69 57 12 Baduanjin = 66.17 (4.17); 

Walking = 64.32 (2.60); 

Control = 65.97 (5.66) 

Baduanjin = 5/15; walking = 

7/10; Control = 6/14 

Diagnosis of MCI 

 

Key: Rs-fMRI= resting state fMRI; Ts-fMRI= task-related fMRI.
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4.3.3 Participant characteristics 

Across the 6 studies (315–326) a total of 302 participants were recruited with 

mean age ranging from 64 years (S.D 2.6) to 79 years (S.D. 6.8). In total, 266 

participants either had a clinical diagnosis of MCI or met the criteria for MCI 

through assessment as part of study screening criteria. Thirty-six healthy older 

adults were recruited as part of the case control studies. 42 participants did not 

complete follow up or were excluded from final analyses due to poor data 

quality. No studies with participants with dementia, which were eligible for 

inclusion, were identified in the search.  

Eligibility criteria differed slightly across all studies. Participants were included 

if they had a clinical diagnosis of MCI (318,319,321–323,326), or met Petersen 

diagnostic criteria (315,320,325) or National Institute for Ageing-Alzheimer’s 

Association criteria for MCI (315,317,324). Additionally participants were 

included if they scored <26 on the Montreal Cognitive Assessment, 24-30 on the 

Mini Mental State Exam, 0 or 0.5 Clinical Dementia Rating, had no impairments in 

activities of daily living, and engaged in less than 3 days of activity per week 

(315–323).  

Participants were excluded if they failed to meet MRI specific inclusion criteria 

such as metal objects within the body or claustrophobia. Additionally, 

participants were excluded if they had any other neurological conditions such as 

epilepsy, brain tumour, Parkinson’s disease, Multiple Sclerosis, Huntington’s 

disease, or medical conditions such as hypertension, glaucoma, chronic 

obstructive pulmonary disease, untreated psychiatric conditions, taking 

medication that may affect cognition or were participating in other studies. 
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Table 4. 2 Intervention characteristics. 

Author/Year Intervention 

name / 

Assessment of PA 

Description Duration Frequency Setting 

(Community/Ho

me) 

Delivered by 

 

N allocated / 

N dropout 

Comparator/Co

ntrol 

Description N allocated / N 

dropout 

Carson Smith et 

al. 2011 (315) 

Stanford Brief 

Activity Survey 

Used to measure 

level of PA 

N/A N/A N/A N/A 9 participants 

with MCI 

reported High 

levels of PA 

N/A N/A 9 participants 

with MCI 

reported low 

levels of PA 

Carson Smith et 

al. 2013; Chirles 

et al. 2017; Won 

et al. 2021 

(316,317,324) 

Treadmill walking  Treadmill walking 

exercise individually 

tailored.  

12 weeks 30 minutes 

per session / 

4 x per week 

Community – 

local fitness 

centres 

Qualified 

trainers, 

exercise 

psychologists 

17 

(participants 

with MCI) / 1  

N/A N/A 18 (healthy 

older adults) / 2 

Hsu et al. 2017 

and Hsu et al. 

2018 (318,319) 

Aerobic Training Each session 

included a 10 min 

warm-up, 40 min of 

walking and a 10 min 

cool down.  

6 months 60 minutes 

per session / 

3 x per week 

Community – 

outdoors 

Qualified 

instructors 

19 / 8 Educational 

materials about 

healthy diet 

Monthly educational 

materials about 

cognitive impairment 

and a healthy diet.  

19 / 10 
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Suo et al. 2016 

and Broadhouse 

et al. 2020 

(320,325) 

PRT Each session 

included 3 sets of 8 

repetitions of 5–6 

exercises (chest 

press, leg press, 

seated row, standing 

hip abduction, knee 

extension) using 

resistance machines. 

6 months 75 minutes 

per session/ 

2 x per week 

Community Research 

Assistants, 

Exercise 

Psychologists, 

Physiotherapis

ts 

19 PRT+CT/CT/SHA

M 

3 comparator 

interventions – (i) 

resistance training 

(PRT) + cognitive 

training/ (ii) 

cognitive training 

(CCT + sham 

resistance training 

(iii) sham resistance 

and cognitive 

training intervention 

(SHAM) 

22 PRT+CCT = 

22, CCT = 21, 

SHAM = 24 / 

PRT+CCT = 3; 

CCT + SHAM 

PRT= 2; SHAM = 

2 

 

Qi et al. 2019 

(321) 

Moderate Intensity 

Aerobic Dance 

Each session involved 

warm-up, dance 

routine and cool 

down. Routine 

required memory, 

concentration, and 

dual-task function to 

complete the dance 

correctly. 

3 months 25 minutes 

per session/ 

3 x per week 

Community Physical 

therapist 

19 / 3 Non exercise 

control group 

No description 

provided 

19 / 3 
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Tao et al. 2019, 

Xia et al. 2019 

and Liu et al. 

2021 

(322,323,326) 

Baduanjin The Baduanjin 

exercise consisted of 

10 postures Each 

session included a 

warm-up, 40-min 

Baduanjin training, 

and cool down (See 

Tao et al., 2019). And 

a health education 

program about 

cognitive disorders 

and healthy eating. 

24 weeks 60 minutes 

per session 

/3 x per week 

Community Professional 

coach 

23 / 3 Brisk walking 

/Control 

Brisk walking group 

received walking 

training. Control 

group advised to 

maintain levels of 

activity. Both groups 

also received a health 

education program 

about cognitive 

disorders and healthy 

eating. 

Brisk walking 

=23; Control = 

23 / Walking = 

6; Control = 3 
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4.3.4 Intervention characteristics 

Five studies tested an exercise intervention (316–326) and one study used a 

survey to assess levels of physical activity (315). Intervention duration ranged 

from 3-6 months. Number of sessions per week ranged from 2 to 4, with each 

session lasting between 35 and 75 minutes. Interventions included aerobic 

exercise, treadmill walking, dance, resistance training as a standalone 

intervention or combined with cognitive training, brisk walking and baduanjin 

(low intensity mind-body based intervention like tai chi). Interventions were 

delivered by qualified professionals such as personal trainers, physical 

therapists, coaches, research assistants, physiotherapists and exercise 

psychologist in local fitness or community centres or outdoors. Comparator 

interventions were either usual care or usual activity control group, sham 

interventions, or educational materials about healthy diets (see Table 4.2 for 

more details on intervention characteristics).  

4.3.5 Quality assessment 

The two RCTs included in this review were assessed using the Cochrane risk of 

bias tool (312). One RCT was of high quality with a low risk of bias across all 

domains, the second RCT was of lower quality with some concerns around 

deviation from the intended intervention, selection of the reported results and 

measurement of the outcomes (see Table 4.3). 

The Newcastle Ottawa Scale and adapted Newcastle Ottawa Scale for cross 

sectional studies (328) were used to assess quality of nested studies within 

RCTs, case control studies and cross sectional study. Nested studies within RCTs 

and the case control studies were of high quality. Differing non-response rates 
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between intervention and control groups was a potential source of bias for these 

studies. The cross-sectional study was also of good quality however lacked some 

detail around sampling strategy, sample size justification and description of 

response rate (see Table 4.4 and 4.5).  
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Table 4. 3 Quality assessment of RCTs using Cochrane Risk of Bias Tool. 
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Table 4. 4 Quality assessment of nested studies, case control studies and cross sectional studies using the Newcastle Ottawa Scale. 

Author/Year Selection Comparability Exposure (Nested studies and Case 

control studies only) 

Total 
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Hsu et al. 

2018 (319) 
* * * * ** * *   8 

Hsu et al. 

2017 (318) 
* * * * ** * *   8 

Tao et al. 

2019 (322) 
* * * * ** * *   8 

Xia et al. 

2019 (323) 
* * * * ** * * * 9 

Carson et al. 

Smith 2013 

(316) 

* * * * **   *   7 
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      0-3 stars =high risk of bias, 4-6 stars = moderate risk of bias, 7-9 stars = low risk of bias. 

 

Table 4. 5 Newcastle Ottawa Scale adapted for cross sectional studies. 

Author/Year  Selection  Comparability  
Outcome (cross 
sectional studies 
only)  

Total 
Score 
/10  

  

   
1. 

Representativeness 
of the sample  

2. Sample 
size  

3. Non 
respondents  

4. 
Ascertainment 

of exposure 
(risk factor)  

Comparability of 
subjects in 

different outcome 
groups  

1. 
Assessment 
of outcome  

2. 
Statistical 

test  
   

  

Smith 2011 (315)          **  **  **  *  7  

  

  
 
0-3 stars =high risk of bias, 4-6 stars = moderate risk of bias, 7-9 stars = low risk of bias.  
 

Chirles et al. 

2017 (317) 
* * * * **   *   7 

Won et al. 

2021 (324) 
* * * * **  *  7 

Liu et al. 

2021 (326) 
* * * * ** * *  8 
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Table 4. 6 Summary of fMRI methods, analyses, and outcomes. 

Author/Year fMRI 

sequence 

type (resting 

state or task) 

Name of task for 

ts-fMRI 

Data processing 

and analysis 

software used 

Type of analysis 

(ROI, voxel wise) 

fMRI outcome measure Brain area or brain 

networks of interest 

Carson 

Smith et al. 

2011 (315) 

Task-related Famous face 

discrimination 

task 

Analysis of 

Functional 

NeuroImages 

(AFNI) 

Functional Region 

of Interest (ROI) 

Changes in activation between 

famous and non-famous faces 

Basal ganglia, frontal lobes, 

parietal, temporal, occipital 

lobes, cuneus and precuneus 

Carson 

Smith et al. 

2013 (316) 

Task-related Famous face 

discrimination 

task 

Analysis of 

Functional 

NeuroImages 

(AFNI) 

Spatial extent 

analysis and 

functional Region of 

Interest (fROI) 

% signal change (famous minus 

non-famous faces) pre- and post-

intervention 

 

Chirles et al. 

2017 (329) 

Resting state Not applicable Analysis of 

Functional 

NeuroImages 

(AFNI) 

Seed based analysis 

and Region of 

Interest (ROI) 

Connectivity results based on 

correlation maps of the mean BOLD 

time course from the 

PCC/precuneus seed ROI and the 

remaining voxels in the brain. 

PCC/precuneus  

Hsu et al. 

2017 (318) 

Task-related Finger tapping 

motor task 

FSL Region of Interest 

(ROI) 

mean network connectivity strength FPN 

Hsu et al. 

2018 (319) 

Task-related Ericksen’s Flanker 

task 

FSL Voxelwise 

threshold 

Difference in % signal change (post 

intervention – baseline). 

 

Suo et al. 

2016 (320) 

Resting state Not applicable SPM8 Seed based 

functional 

connectivity 

Correlation between mean signal 

time course in seed region and rest 

of the brain. 

Hippocampus and posterior 

cingulate 
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ACC=Anterior Cingulate Cortex; PCC=Posterior Cingulate Cortex; DAN=Dorsal Attention Network; FPN=Fronto-Parietal Network.  

 

Qi et al. 

2019 (321) 

Resting state Not applicable Data Processing 

Assistant for 

Resting-State fMRI 

Whole brain Changes in ALFF 

  

Bilateral fronto-temporal, 

entorhinal, anterior cingulate 

and parahippocampal cortex 

Tao et al. 

2019 (322) 

Resting state Not applicable Data processing 

and Analysis of 

Brain Imaging 

(DPABI) in 

MATLAB and 

SPM12 

Seed to voxel 

correlational 

analysis and Region 

of Interest (ROI) 

Changes in ALFF values Medial Prefrontal Cortex, 

Right Hippocampus, Bilateral 

ACC 

Xia et al. 

2019 (323) 

Resting state Not applicable Data Processing 

Assistant for 

Resting-State fMRI 

Independent 

component analysis 

DAN connectivity  DAN 

Broadhouse 

et al. 2020 

(325) 

Resting state Not applicable SPM8 Region of interest 

functional 

connectivity 

analysis 

Functional connectivity between 

hippocampus and posterior 

cingulate 

Hippocampus and posterior 

cingulate 

Won et al. 

2021 (324) 

Resting state Not applicable Analysis of 

Functional 

NeuroImages 

(AFNI) 

Seed based 

correlation analysis 

Functional connectivity of bilateral 

hippocampi and bilateral amygdala 

Hippocampus and amygdala 

Liu et al. 

2021 (326) 

Resting state Not applicable CONN toolbox and 

MATLAB 

Seed based 

correlation analysis 

Functional connectivity of locus 

coeruleus and ventral tegmental 

area 

Locus coeruleus and ventral 

tegmental area 
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4.3.6 fMRI analysis approaches and outcome characteristics 

Four articles used task fMRI and reported on task-related activation or 

deactivation and task-related functional connectivity outcomes 

(315,316,318,319). Eight articles used resting state fMRI and reported changes 

in low frequency fluctuation in the BOLD signal or changes in functional 

connectivity within and between brain regions (317,320–326). Analysis 

approaches used across the studies included functional region of interest 

analysis, seed-based functional connectivity, seed-based correlation analysis, 

whole brain analysis and spatial extent analysis (see Table 4.6). No study 

investigated the effects of exercise type, intervention duration and intervention 

intensity on functional connectivity and task-related activity.  

4.3.7 Exercise induced changes measured by rs-fMRI 

Two papers reported exercise induced changes in Amplitude of Low Frequency 

Fluctuations (321,322). ALFF are measurable low frequency fluctuations in the 

BOLD-signal that arise from spontaneous neural activity in brain (228). Six 

papers reported exercise induced changes in functional connectivity within and 

between brain regions (see table 4.6 for a summary of findings (317,320,323–

326)).  

4.3.7.1 Exercise induced changes in Amplitude of Low Frequency Fluctuations 

(ALFF) 

Qi et al. (321), conducted a pilot RCT to test the effect of a dance intervention on 

ALFF in older adults with MCI. Post intervention significant increases in ALFF in 

the bilateral fronto-temporal, entorhinal, anterior cingulate and 

parahippocampal cortices were found in the exercise group (see Figure 4.2).  
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Tao and colleagues (322) investigated the effects of two different exercise 

interventions (Baduanjin and brisk walking) on ALFF. Compared to the brisk 

walking intervention and the control group, the baduanjin intervention was 

associated with a significant decrease in ALFF in the right hippocampus, bilateral 

lingual gyrus and right superior temporal gyrus and a significant increase in 

ALFF in the right medial prefrontal cortex, left dorsolateral prefrontal cortex and 

the bilateral anterior cingulate cortex (see Figure 4.2).  

Based on the changes in ALFF noted in the right hippocampus and bilateral 

anterior cingulate cortex in response to the Baduanjin intervention, the authors 

conducted seed-based connectivity analysis to investigate functional 

connectivity changes. Baduanjin exercises were found to significantly increase 

resting state functional connectivity between the hippocampus and right angular 

gyrus (see Figure 4.3). No changes in functional connectivity were noted when 

using bilateral anterior cingulate cortex as the seed.  
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Key: 

A = brain lobes and cerebellum; B = Sagittal view; C = Axial view. 

Red arrow = post intervention increases in ALFF / Blue arrow = post 

intervention decreases in ALFF. 

(Qi et al. 2019, Tao et al. 2019). 

AC=Anterior Cingulate; EC=Entorhinal Cortex; BLG=Bilateral Lingual Gyrus; 

FTC=Fronto-Temporal Cortex; LDLPFC=Left Dorsolateral Prefrontal Cortex; 

PHC=Para-Hippocampal Cortex, RHipp=Right Hippocampus; RMPFC=Right 

Medial Prefrontal Cortex; STG= Superior temporal Gyrus. 
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Figure 4. 2 Approximate spatial location of exercise related changes in 
Amplitude of Low Frequency Fluctuations during rest. 
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Figure 4. 3 Approximate spatial location of exercise related changes in functional 
connectivity during rest using hippocampus as the seed. 

Key: 

A = brain lobes and cerebellum; B = Sagittal view; C = Axial view. 

Green circle = Approximate location of hippocampus (HIPP) / Red arrow = 

increase in functional connectivity with HIPP / Blue arrow = decrease in 

functional connectivity with HIPP. 

(Tao et al. 2019; Suo et al. 2016; Broadhouse et al. 2020; Won et al. 2021).  

AC= Anterior Cingulate; PC=Posterior Cingulate; RAG=Right Angular Gyrus; 

RMFL=Right Medial Frontal Lobe; RSFL=Right Superior Frontal Lobe. 
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4.3.7.2 Exercise induced changes in functional connectivity at rest 

Three papers reported exercise induced changes in functional connectivity 

(317,320,323). A secondary analysis on the dataset presented by Tao et al. 

(2019) used Independent Component Analysis (ICA) to identify exercise induced 

changes in functional connectivity in the Dorsal Attention Network (DAN) in 

people with MCI (323). Brisk walking intervention increased DAN connectivity 

whereas the Baduanjin intervention decreased DAN connectivity (see Table 4.7).  

Another secondary analysis by Liu et al. (2021), examined effects of baduanjin 

intervention on locus coeruleus and ventral tegmental area functional 

connectivity in this group. Baduanjin was associated with increased connectivity 

between locus coeruleus and right insula, bilateral temporal parietal junction, 

right supplementary motor area, right inferior frontal gyrus, right postcentral 

gyrus, right dorsolateral prefrontal cortex. For ventral tegmental area, the 

baduanjin intervention was associated with increased connectivity between 

bilateral anterior insula, right amygdala, bilateral putamen, bilateral caudate, 

right orbitofrontal gyrus, left nucleus accumbens, left superior parietal gyrus and 

right post central gyrus (326). 

A case control study (317) examined the effects of aerobic exercise on posterior 

cingulate cortex / precuenus connectivity at rest in older adults with MCI and 

healthy older adults. Both MCI and healthy control groups displayed significant 

increases in connectivity between PCC and left post central gyrus. Additionally, 

the MCI group also demonstrated increased connectivity between PCC and 

inferior parietal lobe, right middle frontal gyrus, superior frontal gyrus, post 

central gyrus, parahippocampal gyrus, claustrum, bilateral precentral gyrus and 
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cerebellum post intervention (see Figure 4.4). A secondary analysis on this 

dataset by Won et al. (2021) investigated the effects of aerobic exercise on 

hippocampal connectivity. After exercise the MCI group displayed significant 

increases in functional connectivity between the anterior hippocampi and right 

posterior cingulate and between the posterior hippocampi and the right 

posterior cingulate. For the healthy controls, after exercise, significant increases 

in functional connectivity were noted between the posterior hippocampi, left 

cuneus and precuneus (324).  

An RCT by Suo et al. (320) examined the effects of resistance training and 

combined resistance and cognitive training on bilateral hippocampi and 

posterior cingulate connectivity (see Figure 4.3 and 4.4).  Resistance training 

significantly decreased posterior cingulate functional connectivity with the left 

inferior temporal lobe and the anterior cingulate cortex but significantly 

increased hippocampal functional connectivity with right middle frontal lobe. 

Resistance training was also found to significantly decrease hippocampal 

functional connectivity with the right inferior temporal lobe. The combination of 

resistance and cognitive training decreased posterior cingulate functional 

connectivity with the anterior cingulate cortex but increased hippocampal 

functional connectivity with anterior cingulate and right superior frontal lobe 

(43). Broadhouse et al. (2020) investigated the long terms effects of the 

resistance training intervention on hippocampal plasticity. This paper 

investigated resistance training related changes in hippocampal and posterior 

cingulate connectivity one year post intervention (325). Compared to control 
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groups, functional connectivity between posterior cingulate and hippocampus in 

the resistance training group was stronger at one year post intervention.  

 

 

Figure 4. 4 Approximate spatial location of exercise related changes in functional 
connectivity during rest using Posterior cingulate as the seed. 

Key: 

Green circle = approximate location of Posterior Cingulate (PC) / Red arrow = 

increase in functional connectivity with PC / Blue arrow = decrease in functional 

connectivity with PC. 

(Chirles et al. 2017 and Suo et al. 2016).  

AC=Anterior Cingulate; CB=Cerebellum; IPL=Inferior Parietal Lobule; LITL= Left 

Inferior Temporal Lobe; MFG=Middle Frontal Gyrus; PHG=Para-Hippocampal 

Gyrus; PreCG=Pre-Central Gyrus; PostCG=Post Central Gyrus; SFG=Superior 

Frontal Gyrus. 
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Table 4. 7 Summary of findings. 

Author/

Year 

Study 

Design 

fMRI fMRI task performance Secondary outcomes - Cognition / ADL’s/ Balance/ 

Mobility / Cardiovascular Fitness/ Physical Activity 

Carson 

Smith et 

al. 2011 

(315) 

Cross 

sectional  

• 25% Greater volume of activation in high-PA group.  
• Significantly greater intensity of activation in the 

left caudate in High PA group compared to Low-PA 
(Mean (±S.D.): High-PA=0.358 (0.151%); Low-
PA=0.149 (0.268%); F (1,16) =4.117, P=0.03; 
η2p=0.205) 
 

No significant differences in task 

performance between high PA and 

low PA groups 

 

• No significant difference in neuropsychological 
assessment scores between high PA and low PA 

• No significant differences in ADL, balance, mobility, 
cardiovascular fitness and physical activity outcomes 
between high and low PA groups 

 

Carson 

Smith et 

al. 2013 

(316) 

Case 
control 

• Significant decrease in volume of semantic 
processing related activity post intervention in both 
MCI and healthy controls in following regions L 
MTG (P=0.0230), L PHG (p=0.022), B PC/PCUN 
(p=0.0241), L Cerebellum (p=0.0001), R STG/MTG 
(p=0.0003), L PreCG (p=0.0091), R SPL/AG 
(p=0.0047), L LOG (p=0.0006) 

• No significant differences 
between pre- and post-
intervention and between groups 
for famous face recognition 
accuracy and reaction time. 

• Significantly improvement on Trial 1 Learning AVLT 
from pre to post intervention in both groups 
(p=0.006). 

• No significant differences between groups ADL, 
balance and mobility scores pre and post 
intervention. 

• Intervention increased mean cardiorespiratory 
fitness in both groups post intervention (p=0.004).  

• MCI group displayed greater cardiorespiratory 
fitness compared to healthy controls, but this 
difference was not significant. 

Chirles 

et al. 

2017 

(317) 

Case 

control 

• Post intervention increased correlation between 
the PCC/PCUN and R IPL in MCI group  

• Decreased correlation between PCC/PCUN and R 
IPL in healthy controls. 

• Increased correlation between PCC/PCUN and left 
post central gyrus across both groups. 

• Post intervention MCI group exhibited increased 
correlations between PCC/PCUN and R MFG, R 
PreCG, R SFG, R PostCG, L IPL, R PHG, R claustrum, 
L culmen. 

• No differences in PCC/PCUN connectivity post 
intervention in healthy control group. 

N/A • No significant differences in scores for ADLs, balance, 
and mobility between groups and between pre and 
post interventions. 

• For differences in cardiovascular fitness between 
groups and pre and post intervention see Carson 
Smith 2013 
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Hsu et 

al. 2017 

(318) 

Nested 

study 

within an 

RCT 

• Post intervention AT<CG displayed significantly 
greater intra-network coupling of FPN during right 
finger tapping condition (p<0.02).  

• Significant correlation noted between change in 
FPN connectivity during right tapping condition 
and 6-minute walk test performance (r=-0.43, 
p=0.05).  

• Pre to post intervention reduction in FPN 
connectivity correlated with improved TUG 
performance (r=0.67, p=0.02). 

Task performance appears to have 

not been measured or reported 

• No significant differences between AT and CG on 
TUG, SPPB at follow up. 

• No significant differences between AT and CG on 6-
minute walk test and PASE at follow up.  

• Noted trend of greater improvements in 6-minute 
walk test performance in AT compared to CG was 
noted but was not statistically significant. 

Hsu et 

al. 2018 

(319) 

Nested 

study 

within an 

RCT 

• Difference in % signal change (post minus pre 
intervention), AT showed reduced activity in L LOC 
(p<0.03) and R STG (p=0.03) compared to CG. 

• Significant correlation between reduction in % 
signal change of L LOC and STG and faster reaction 
times in flanker task (r=0.482, p=0.04) 

• Significant correlation between reduction in % 
signal change of R STG and improved incongruent 
condition performance post intervention (r=0.471, 
p=0.05). 

• Faster reaction times on 
congruent trials of flanker task 
significantly associated with % 
signal change of L LOC (r=0.484, 
p=0.04) and R STG (r=0.482, 
p=0.04). 

• AT exhibited significantly 
improved reactions times for 
congruent (p<0.01) and 
incongruent trials (p=0.03) at 
follow up. 

• Noted trend of greater improvements in 6-minute 
walk test performance in AT compared to CG but was 
not statistically significant. 

Suo et 

al. 2016 

(320) 

RCT • PC functional connectivity decreased with L ITL (F 
(67) =14.8, p<0.001) and ACC (F (67) =23.3, 
p<0.001) in PRT group. 

• Decreased functional connectivity between PC and 
ACC (F (65) =5.3, p=0.017) in PRT+CCT group. 

• Hippocampal functional connectivity increased 
with R MFL (F (67) =13.0, p=0.001) but decreased 
with (P<0.001) in PRT group. 

• Increased functional connectivity between 
hippocampus and ACC (F (66) = 4.6, p=0.005) and R 
SFL (F (65) = 7.0, p<0.001) in PRT+CCT group. 

N/A • PRT only and combination of PRT+CCT significantly 
improved on ADAS-Cog at follow up (p<0.05). 

 

 

Qi et al. 

2019 

(321) 

RCT • Significant increase in ALFF in bilateral 
fronto‑temporal, entorhinal, anterior cingulate and 
parohippocampal cortex (P<0.05) in EG post 
intervention.  

• No significant differences in these regions in the CG 
post intervention 

N/A • Post intervention scores on MMSE, MoCA, WMS-R LM 
and SDMT significantly increased in EG compared to 
baseline (P<0.05).  

• Change in WMS-R LM scores significantly higher in 
EG compared to CG (P<0.05). 

• No difference between groups on Berg balance scale 
pre- or post-intervention. 
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• CG displayed activation in R right temporal and 
posterior cingulate cortex (P<0.05).  

Tao et 

al. 2019 

(322) 

Nested 

study 

within an 

RCT 

• BAD>BWG Significant decrease in ALFF (low 
frequency band) in R Hipp (t=3.86; z=3.61) and 
increase in L mPFC (t=4.26; z=3.94)  

• BAD > BWG/CG significant increase in in ALFF 
(slow-4 band) in R mPFC (t=4.49; z=4.12) L DLPFC 
(t=3.95; z=3.68) and significant decrease in R LG 
(t=4.87; z=4.42) L LG (t=5.8; z=5.09) R STG (t=3.75; 
z=3.52). 

• BAD>CG Increased ALFF (Slow-5 band) in B ACC 
(t= 4.94; z= 4.46). 

• BAD>CG significantly increased resting state 
functional connectivity between Hipp and R AG 
(t=4.59; z=4.02). 

N/A • Significant negative correlation between changes in 
activity in right hippocampus and bilateral ACC and 
MoCA score changes across all groups at follow up 
(r=−0.291, p=.036). 

 

Xia et al. 

2019 

(323) 

Nested 

study 

within an 

RCT 

• BAD>BWG/CG reduction in functional connectivity 
in R IPL, R ROL, R MTG, R PCUN and FFG (p<0.05).  

• BAD>CG Significant reduction in R ROL functional 
connectivity in (p=0.032). 

• Reduction in R PCUN functional connectivity 
differed significantly between BAD and BWG (p = 
0.031). 

• Increase in R IPL functional connectivity 
significantly greater in BWG compared to BAD 
(p=0.001) and CG (p=0.029). 

• CG>BAD increase in functional connectivity of R 
MTG significantly greater in CG compared to BAD 
(p=0.032) and BWG (p=0.042).  

• Increase in R FFG functional connectivity 
significantly greater in BWG compared to BAD 
(p=0.032). 

• Post intervention, average 
number of correct congruent 
trials on Stroop test significantly 
different between BAD, BWG and 
CG (p=0.038). 

• Significant increase in average 
number of correct congruent 
trials in BAD compared to CG 
(p=0.008). 
 

 

• No significant differences between groups on divided 
attention, sustained attention and processing speed 
measures, post intervention. 
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Broadh

ouse et 

al. 2020 

(325) 

RCT • Examined the change in functional connectivity 
between L PC and Hipp.  

• At 18 months follow up functional connectivity 
between PC and hippocampus was significantly 
stronger in PRT+CCT and PRT+SHAM compared to 
CCT+SHAM and SHAM+SHAM (p = 0.018) 

N/A • Non-significant relationship between change in left 
hippocampal and PC functional connectivity and 
change in ADASCog between baseline and 18-month 
follow up (p = 0.097). 

Won et 

al. 2021 

(324) 

Case 

control 

design 

• MCI group showed significant increase in 
connectivity between A-Hipp and RPC (p<0.0001) 
and between P-Hipp and RPC (p<0.0001) after 
exercise. 

• Control group showed significant increase in 
connectivity between P-Hipp and left CN 
(p=0.0005) and PCUN (p=0.0001) after exercise 

N/A • Cardiorespiratory fitness increased after the 
intervention across all participants (F(1,27) = 
8.632, p = 0.007, η2p = 0.242) 

• Both MCI and control group displayed significant 
differences in RAVLT Trial 1 (p=0.023, η2p=0.242), 
LM immediate (p=0.004, η2p =0.249) and delayed 
recall (p=0.021, η2p=0.166)and recognition 
(p=0.006’ η2p0.266) 

• MCI: Increased A-Hipp and RPC connectivity 
explained 38.3% of increased in LM recognition 
performance [R= 0.619,R2 = 0.383, p = 0.014, 95% 
CI 3.844, 28.330] 

• MCI: Increased P-Hipp and RPC connectivity 
explained 37.6% of increase in LM recognition 
performance [R= 0.613, R2 = 0.376, p = 0.015, 95% 
CI 3.344, 25.971] 

• MCI: Increased B-Hipp and BPC connectivity 
explained 27.4% of increase in LM recognition 
performance [R= 0.650,R2 = 0.422, p = 0.009, 95% 
CI 4.676, 26.597] 
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Liu et al. 

2021 

(326) 

Nested 

study 

within an 

RCT 

BAD>CG: 

• L LC increased connectivity with B TPJ, R INS, IFG, 
SMA, PostCG 

• R LC increased rsFC in the B ACC, B PreCG, R INS, 
AMG, TPJ, SMA, STG 

• L and R LC increased rsFC with R INS 
• Left VTA increased rsFC in B INS, PUT, CAD, R AMG, 

FG, PostCG, orbitofrontal gyrus, left nucleus 
accumbens and SPL. 

• Left VTA decreased rsFC L PCC 
• R LC and L VTA increased rsFC with R INS and R 

AMG 
BAD>BWG  

• R DLPFC and decreased rsFC in the bilateral 
cerebellum exterior 

• R LC increased rsFC in the right ACC 
• Right VTA increased rsFC R TPJ 
BWG>BAD 

• Right LC increased rsFC in R SMA, IOC, B PreCG and 
Post CG, L MOC and right cerebellum  

• Increased connectivity in right LC and right ACC in 
BAD 

BWG>CG 

• Decreased rsFC B PCUN 

N/A • Significant increase in MoCA scores BAD> CON (p = 
0.05) and BAD>BWG (p = 0.037) 

• A significant positive correlation between rsFC R ACC 
and R INS (right ACC: r = 0.265, p = 0.046; right 
insula: r = 0.277, p = 0.037) and corresponding MoCA 
scores across all groups. 

 

R=Right; L=Left; B=Bilateral; A= Anterior; P=Posterior ACC=Anterior Cingulate Cortex; AG=Angular gyrus; AMG=Amygdala; CN= Cuneus; CAD=Caudate; 
FFG=Fusiform gyrus; Hipp=Hippocampus; INS=Insula; IPL=Inferior parietal lobule; ITL=Inferior temporal lobe; IOC=Inferior Occipital Cortex; MOC; LOC=Lateral 
occipital cortex; Middle Occipital Cortex; LOG=Lateral occipital gyrus; LC=Locus Coeruleus; MFG=Middle frontal gyrus; MFL=Middle frontal lobe; MTG=Middle 
temporal gyrus; PHG= Parahippocampal gyrus; PreCG=Precentral gyrus; PostCG= Postcentral gyrus; PC=Posterior Cingulate; PCUN=Precuneus; PUT=Putamen; 
ROL= Rolandic Operculum; SFG=Superior frontal gyrus; SFL=Superior frontal lobe; SPL=Superior Parietal lobe; STG=Superior temporal gyrus; TPJ=Temporal 
parietal junction; VTA=Ventral Tegmental Area; AT=Aerobic training; BAD=Baduajin; BWG=Brisk walking group; CG=control group; EG=Exercise Group; 
PRT=Progressive resistance training; CCT=Cognitive training. RAVLT= Rey auditory verbal learning test; MoCA=Montreal Cognitive Assessment; MMSE=Mini 
Mental State Examination; WMS-R LM=Weschler memory scale-revised logical memory SDMT= Symbol digit modalities test; LM= Logical Memory Test. 
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4.3.8 Exercise induced changes measured by task-related fMRI 

Four papers reported task-related fMRI outcomes. One paper reported task-

related changes in brain activity in relation to self-reported levels of activity. 

Two papers reported changes in task-related brain activity post-exercise 

intervention. One paper reported changes in task-related functional connectivity 

in response to an exercise intervention (see Table 4.7 for summary of findings). 

fMRI tasks included famous face discrimination task, which tests semantic 

memory processing (315,316), finger tapping task which tests motor control 

(318) and the Ericksen Flanker task which tests attention and inhibition (319). 

4.3.8.1 Exercise induced changes in task-related brain activity  

The only cross-sectional study included in this review investigated the 

relationship between self-reported levels of activity and semantic memory 

processing related brain activity in people with MCI (315). Participants with self-

reported high levels of physical activity displayed significantly greater activation 

in left caudate nucleus during famous face task conditions when compared with 

low activity group.  

Aerobic exercise interventions appear to reduce task-related brain activity. A 

case control study found significant decreases, at follow up, in brain activation in 

response to famous face discrimination task in the medial and superior temporal 

gyrus, parahippocampal gyrus, posterior cingulate / precuneus, cerebellum, 

precentral gyrus, superior parietal lobe, angular gyrus, and lateral occipital 

gyrus, in both older adults with MCI and healthy older adults (316). Aerobic 

training was also associated with a significant reduction in activity in the left 

lateral occipital cortex and the right superior temporal gyrus during an attention 
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and inhibition task (see Figure 4.5). Reduction in activity in these brain regions 

was significantly associated with improved reaction times on the attention task 

(319).  

 

Figure 4. 5 Approximate spatial location of exercise-related changes in task-related 
activation during Semantic memory and attention inhibition tasks. 

Key: 

A = brain lobes and cerebellum; B = Sagittal view; C = Axial view. 

Red arrow = Increase in activation / Blue arrow = decrease in activation. 

(Hsu et al. 2018 and Carson Smith et al. 2013). 

LCB= Left Cerebellum; LLOC=Left Lateral Occipital Cortex; LLOG=Left Lateral 

Occipital Gyrus; LPHG=Left Para-Hippocampal Gyrus; LPreCG=Left Pre-Central 

Gyrus; RMTG=Right Medial Temporal Gyrus; RSTG=Right Superior Temporal 

Gyrus.  
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4.3.8.2 Exercise induced changes in task-related functional connectivity  

Only one study investigated exercise related changes in task-related functional 

connectivity. Hsu et al. (318), investigated the effect of a 6-month aerobic 

training intervention on FPN connectivity and mobility during a motor control 

task in older adults with MCI. At follow up compared to the intervention group, 

the control group displayed significantly greater within network connectivity 

during the right finger tapping condition only (318). 

4.3.9 fMRI outcomes and relationship with cognition, mobility, balance, and 

cardiovascular fitness measures 

Exercise related improvements in cognition were noted in nine papers 

(315,316,320–326) but were only significant in six of the papers (316,320–

322,324,326). Three papers found no significant changes in cognition in 

response to exercise (315,323,325). Three papers did not include cognitive 

measures at follow up (317–319).  

Three papers also investigated the effects of exercise on the relationship 

between functional connectivity and cognition. Tao et al. (322) found 

connectivity between right hippocampus and bilateral anterior cingulate cortex 

was associated with change in MoCA scores across all groups (baduanjin, brisk 

walking and control) at follow up. Liu et al. (326) found increased MoCA score at 

follow up, was positively correlated with increased connectivity between the 

right locus coeruleus and right insula/right anterior cingulate cortex across all 

groups (baduanjin, brisk walking and control). Won et al. (324) investigated the 

relationship between functional connectivity of the hippocampus and change in 

performance on memory tasks in healthy older adults and older adults with MCI. 
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In the MCI group, increased connectivity between the bilateral posterior 

hippocampi and the bilateral posterior cingulate were associated with increased 

LM recognition. For the healthy control group, no significant relationship 

between hippocampal connectivity and memory task performance were found 

(324). 

Four papers reported improvements in cardiovascular fitness post intervention 

in both participants with MCI and healthy older adults (316–318,324). 

Differences in cardiovascular fitness between the MCI and healthy control 

groups were noted but not significant (316). One paper found reduction in FPN 

connectivity was significantly associated with improvements in balance and 

mobility (318). 

4.4 Discussion 

Previous research has highlighted that exercise can be beneficial for people with 

dementia, it can improve quality of life, cognition, executive dysfunction, balance, 

gait abnormalities and reduce falls risk (26,189). Reviews investigating the 

effects on exercise on brain activity have included a mixture of neuroimaging 

techniques such as MRI, PET, fMRI, fNIRS, EEG (180,306,307). Additionally, these 

reviews have included a variety of populations including healthy young adults, 

older adults without cognitive impairments, older adults at risk of cognitive 

decline and older adults with MCI (180,303,308). 

This systematic review has focused specifically on the effects of exercise 

interventions on fMRI outcomes in older adults with MCI or dementia. Twelve 

papers from six studies were included in the review, five studies used study 

methodology which involved delivery of an exercise intervention and assessing 



 104 

changes in neural activity/connectivity post-intervention (316–323). One study 

used a cross sectional design and self-reported measure to assess levels of 

physical activity in participants (315). All studies included older adults, with an 

average age of 65 and over with MCI. Additionally, case control studies also 

included healthy older adults aged 65 and over (316,317,324). No studies 

including people with dementia were identified.  

Some of the studies included in this review took a more exploratory approach 

and conducted whole brain analysis, exploring exercise related changes in 

activation across the whole brain (315,316,319,321,322). The remaining studies 

explored exercise related changes in activation and connectivity in select brain 

regions and networks thought to be vulnerable to dementia pathologies 

including the hippocampus, posterior cingulate cortex within the default mode 

network, dorsal attention network, fronto-parietal network, locus coeruleus and 

ventral tegmental area (317,318,320,323–326).  

All the studies included in the review reported exercise related changes in brain 

activity and connectivity at rest or in response to fMRI tasks in older adults with 

MCI. Studies reporting task-related fMRI outcomes highlighted an overall trend 

of reduction in task-related brain activity and functional connectivity post 

intervention (316,318,319) with the exception of one case control study which 

found an increase in task-related brain activity in participants with MCI who 

reported high levels of physical activity (316).  

Previous task fMRI studies have highlighted people with MCI display increased 

task-related activation during memory tasks, indicating a compensatory 

mechanism through which the brain requires more input to complete the task 
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due to the presence of dementia related pathologies (250,330,331). As we get 

older and as neurodegenerative diseases become more prevalent in the brain, to 

circumvent the effects on performance, we engage in compensatory strategies. 

These strategies may include increased brain activation and recruitment of 

additional brain areas or networks to complete a task or maintain cognitive 

abilities (332). The studies included in this review identified a decrease in task-

related brain activity post intervention in several areas including medial, 

superior, parahippcoampal and precentral gyrus, posterior cingulate, superior 

parietal lobe and left lateral occipital cortex (316,318,319). Decreased task-

related activity post intervention in people with MCI suggests that exercise can 

increase the brains capacity to cope with dementia related pathologies, making 

the brain more efficient and reducing the need for the brain to employ 

compensatory strategies, indicating a partial return toward normal (333).   

Exercise related changes were evident in resting state fMRI outcomes and 

suggest that different types of exercise of physical activity may impact 

spontaneous neural activity and functional connectivity in older adults with MCI 

in different ways. Aerobic exercise, dancing and brisk walking all increased 

spontaneous brain activity and functional connectivity in several brain regions 

including the hippocampus, anterior and posterior cingulate cortex and DAN. 

Progressive resistance training and baduanjin appeared to have a bidirectional 

effect on spontaneous brain activity and functional connectivity. Resistance 

training increased hippocampal connectivity whilst decreasing posterior 

cingulate cortex connectivity (320). Progressive resistance training induced 

changes in functional connectivity of the hippocampus and posterior cingulate 
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cortex were observable one year after intervention cessation (325). Baduanjin 

increased spontaneous activity in frontal lobes, increased functional connectivity 

of the locus coeruleus and ventral tegmental area and decreased hippocampal 

and DAN connectivity (322,323).  

The medial prefrontal cortex, hippocampus, posterior cingulate cortex, anterior 

cingulate cortex, which are core regions of DMN, are often affected by AD related 

pathology in the early stages of the disease (284,334). fMRI studies have 

identified altered DMN, DAN and sensorimotor network connectivity in people 

with MCI and Alzheimer’s disease (335). Findings from the included studies in 

this review indicate exercise may be able to influence neural networks that are 

affected by dementia related pathology in older adults with MCI (315–323). 

Additionally, some studies tested more than one type of exercise intervention 

and found differences in changes in neural activity and connectivity between 

interventions (320,322,323) which suggests that different types of interventions 

may benefit neural activity and network connectivity in people with MCI in 

different ways.  

Balance and gait dysfunction are an early symptom of MCI and dementia and 

may be improved through exercise (189), though the neural mechanisms 

involved are still unclear. Lower connectivity between the dorsal attention 

network and the default mode network has been linked to decreased gait 

variability (336). Increased connectivity within the fronto-parietal network was 

associated with faster gait speed (337).  The dorsal attention network plays a key 

role in top down processes and attention orientation, while the fronto-parietal 

network, known as the cognitive hub of control and plays a key role in executive 
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functions such as cognitive flexibility and motor planning. Studies included in 

this review have demonstrated that both networks exhibit changes in response 

to exercise interventions and changes in network connectivity were associated 

with better mobility (318,323). The fronto-parietal and dorsal attention 

networks may be key moderators through which exercise may be of benefit to 

postural control in older adults with MCI, though further work is needed to test 

this hypothesis. 

The studies included in this review were of moderate to high quality, however 

there were a few notable limitations. None of the included studies reported 

justification for sample sizes and some studies did not report effect sizes for fMRI 

results (315–326). The studies included in this review had small sample sizes 

and may have been under powered. Study samples ranged from 18-86 

participants (18-79 participants at follow up). Across the intervention groups, 

sample sizes ranged from 9-23 participants (316–326). Future work needs to 

look at replicating studies in large samples to ascertain if exercise related 

changes in neural activity and connectivity are still present. Across the studies 

participants were older adults diagnosed with MCI or older adults who met 

diagnostic criteria for MCI but had not been formally diagnosed. No study 

included people with dementia, highlighting a knowledge gap around effects of 

exercise on neural activity in this population.  

There are a few limitations of the present review. Due to limited number of 

studies identified and the heterogeneity across study design, exercise 

interventions, fMRI analysis approaches, brain regions and networks of interest, 

it was not feasible to conduct a meta-analysis of the findings. Instead, a narrative 
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synthesis of the findings, based on fMRI outcome type was completed. The 

population of interest for this review was older adults with MCI or dementia, 

however no studies investigating effects of exercise on fMRI outcomes in people 

with dementia were identified, therefore findings should be treated with caution 

and are only relevant for people with MCI.  

Further research is needed to study neural mechanisms through which exercises 

benefits older adults with cognitive impairments. Future work should confirm 

how different types of exercise affect connectivity of brain networks and regions 

involved in cognition, balance and gait which become impaired due to dementia 

related brain diseases. Identifying brain networks that exhibit changes in 

response to exercise could be useful for identification of potential biomarkers to 

provide additional objective outcome measures for future studies evaluating 

efficacy of interventions and for further personalisation of interventions for 

older adults with cognitive impairments (34,226,338).  

4.5 Conclusion 

Exercise can elicit changes in neural activity and connectivity of neural networks 

in people with MCI. However, studies investigating the effects of exercise 

interventions on fMRI outcomes in people with dementia are lacking, 

highlighting the need for more high-quality research using fMRI to understand 

exercise related changes in brain activity and connectivity in this population. 

Future work should also look to increase sample sizes and look to address issues 

around heterogeneity of study, intervention, fMRI task designs and fMRI analysis 

approaches. 
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5 Piloting a virtual reality-based balance task designed or 

older adults with cognitive impairments in healthy 

young adults 

5.1 Background  

Researchers have used task fMRI to study the networks and brain regions 

involved in cognitive functions such as memory, attention, emotion, motor 

control, language, and information processing (230). fMRI tasks are often highly 

controlled to retain experimental control and reduce the effects of confounding 

variables, meaning they are often not very realistic or representative of how we 

interact with the world around us (339). These tasks may not tell us much about 

the brain processes involved in complex actions such as whole-body movements 

(walking and balance). The movement limitation of fMRI means it is not possible 

to assess whole brain activity during whole-body movements such as walking, 

maintaining, or regaining balance. 

In brief, motor imagery is a cognitive process in which an individual imagines 

they are performing a movement without actually performing the movement 

(82). Action observation involves observing an action, often performed by 

others. Neuroimaging studies have shown that motor imagery or action 

observation can elicit a similar neural response to executing the action in real life 

(36). Additionally, these techniques can be used alongside fMRI to investigate 

balance and gait related neural networks (340). A study by la Fougère et al. (36) 

used PET scanning and fMRI to compare neural activation in older adults during 

walking and imagined walking. The researchers reported that the 
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motor/premotor, multisensory cortices, para hippocampal gyrus and the 

cerebellum were active in both walking and imagined walking, providing 

evidence that motor imagery can recruit the similar brain networks as actual 

execution of the task.  

Studies have also used motor imagery in combination with fMRI to investigate 

neural networks involved in walking, static and dynamic balance. A study by 

Ferraye et al. (95), found motor imagery of a dynamic balance task recruits both 

cortical and subcortical regions of the motor system including medial and lateral 

areas of the frontal cortex, basal ganglia and cerebellum. A combination of motor 

imagery and action observation alongside fMRI has been used to study neural 

correlates of static and dynamic balance in healthy young adults (341). For the 

motor imagery and action observation combined conditions and motor imagery 

only conditions, task related activity was noted in the putamen, cerebellum, 

supplementary motor area, premotor cortices, and primary motor cortex. 

Additionally, the dynamic balance task was associated with increased activity in 

the supplementary motor area and cerebellum compared to the static balance 

task (341). This indicates that the more demanding the balance task, the greater 

the neural response. 

A comprehensive systematic review of the brain activity while walking 

compared brain activity of young and older adults during imagined standing and 

walking fMRI tasks. In younger adults, when compared to lying or standing, 

imagined walking was associated with increased activation in the prefrontal 

cortex, cingulate cortex, parietal areas, somatosensory cortex, temporal cortex, 

premotor cortex, putamen, insula, parahippocampal gyrus and cerebellum. In 



 111 

addition to this, older adults also displayed increased activation in the right 

orbitofrontal cortex, dorsolateral prefrontal cortex and cortical visual areas (93).  

The above studies have shown motor imagery tasks to be a useful way of 

investigating neural correlates of complex movements in healthy populations 

and age-related changes in balance and gait. Motor imagery has also been used 

alongside fMRI in certain clinical populations to study disease related changes in 

brain networks involved in balance and gait (342). Studies in patients with 

Parkinson’s disease have used motor imagery to study gait related brain activity, 

comparing patients with symptoms of freezing gait to patients without 

symptoms of freezing gait and healthy controls (343,344). Patients with freezing 

gait were found to display altered activation in SMA, globus pallidus, ACC, frontal 

and posterior parietal regions in response to motor imagery tasks, when 

compared with patients without freezing gait (343,344). 

Previous fMRI studies using motor imagery to study neural networks involved in 

balance and gait differed in task design and testing procedures, which may 

contribute to how accessible a task is to different populations. Some studies 

asked participants to recall movements from memory alone (35). Other studies 

physically trained participants in the movements of interest, such as a specific 

balance task or walking, running, then trained participants to imagine the 

movements they performed prior to undergoing an fMRI scan. During scanning 

session participants were then verbally instructed which condition to imagine 

(35,345,346). Some studies provided participants with still images or a video of 

the movement to imagine whilst in the scanner, using a screen and mirror 

system (341). Despite some of the limitations of motor imagery tasks and 
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heterogeneity in task design across studies, motor imagery paradigms combined 

with neuroimaging have enabled researchers to begin to uncover cortical 

involvement in postural control in healthy populations (347).  

Using motor imagery and action observation with fMRI in people with MCI and 

dementia maybe useful in addressing the knowledge gap of how dementia 

related pathology may alter motor related brain activity and functional integrity 

of motor networks involved in balance and gait. The creation of knowledge of the 

functional brain changes relating to balance will be of use to researchers and 

clinicians in tracking progression of balance deficits in dementia as well as 

developing more targeted interventions to improve balance.  

Previous imagined balance and gait tasks often relied on the individual imagining 

a task from memory, sometimes with a photo or video prompt (35,36,345,346). 

For people with MCI and dementia, imagining a task from memory whilst 

remembering complex task instructions may be difficult due to their cognitive 

impairments (348). To overcome the challenges of accessibility of motor imagery 

tasks for older adults with cognitive impairments a novel virtual reality-based 

walking and postural stability task was developed. The video clips for each 

condition (walking/obstacle navigation/balance), were recorded from the 

participant’s point of view angle and designed to be delivered using goggles with 

LCD screens (like virtual reality goggles) to be more realistic and easier for older 

adults with cognitive impairments to imagine they are in the video.  

The aim of this study was to pilot the novel virtual reality balance task in healthy 

younger adults prior to piloting the task with the target population of older 

adults with cognitive impairments. The objectives were to see (1) whether task 
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delivery was possible, (2) whether participants were able to view the task, (3) 

check the software and hardware used to administer the task was functioning 

and (4) assess whether the scanning experience with task was comfortable for 

participants. The secondary aim of the study was to run an exploratory whole 

brain analysis to explore whether brain activation increased in response to the 

more complex conditions in healthy young adults in response to the fMRI task. 

As well as this, in line with previous findings which showed deactivations in 

response to increasing task complexity in young adults  (346), this study looked 

at whether brain activation was greater in the less challenging task conditions 

when compared with more complex task conditions.  

5.2 Method 

5.2.1 Setting 

This study was conducted within the Sir Peter Mansfield Imaging Centre at the 

University of Nottingham Medical School, Queen’s Medical Centre, Nottingham, 

UK. 

5.2.2 Participants 

Healthy volunteers were recruited to test the novel video based imagined 

walking, obstacle avoidance and balance fMRI task.  

5.2.3 Inclusion and exclusion criteria 

Healthy adults aged between 18 and 35 years old over, who were able to provide 

informed consent and physically undergo an MRI scan were eligible to take part.  

Participants who were unable to complete the MRI safety questionnaire and/or 

complete the informed consent process were excluded from taking part in the 
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study. Participants with any known contraindication to MRI scanning 

(pacemaker, intracranial vascular clip, implanted medical device, and metallic 

fragment) were also excluded from the study. Participants who reported current 

or previous neurological, psychiatric, cognitive or mood disorders or any other 

significant medical condition were not eligible to take part. Participants who 

were claustrophobic, pregnant, or had a fixed dental brace or other craniofacial 

metalwork that was likely to cause significant image degradation or artefact 

were also excluded from the study. 

5.2.4 Recruitment and data collection  

The study was advertised across the University of Nottingham via posters and 

email. Those who expressed an interest in taking part were sent information 

about the study via email. After considering what study involvement entailed, 

those who were willing to take part and met the eligibility criteria outlined above 

were invited to the Sir Peter Mansfield Imaging Centre at QMC to undergo an MRI 

scan of the brain. On arrival to the imaging centre potential participants received 

further explanation about what the study involved and written informed consent 

was sought. Volunteers were also asked to complete the standard University of 

Nottingham MRI safety questionnaire, which was reviewed by a qualified 

radiographer prior to the scan.   

Participants were shown three video clips corresponding to the three task 

conditions, walking, obstacle navigation and postural instability, on a TV prior to 

the scan and were instructed to imagine they are the individual in the video (see 

figure 5.1, 5.2 and 5.3). They then underwent a short 15-minute MRI scan during 

which they wore goggles (virtual reality goggles), with LCDs screens, through 
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which the fMRI task was presented. The CinemaVision goggle system produced 

by Resonance Technology: MRI Video Systems, Northridge CA was used to 

deliver the task. The goggle system was modified to be able to mount the goggles 

directly to the head coil.  After the scan participants were asked to complete the 

MRI tolerability questionnaire (349) and were also asked for feedback on how 

they found the task using a free text box for participants to write their comments 

(see appendix A).  

 

Figure 5. 1 Walking condition video. 

https://www.youtube.com/embed/Gz64Y6I1QXk?feature=oembed
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Figure 5. 2 Obstacle navigation condition video. 

 

Figure 5. 3 Postural instability condition video. 

 

https://www.youtube.com/embed/UGHTkaHqj6g?feature=oembed
https://www.youtube.com/embed/PZ_kJAoJjQ4?feature=oembed
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5.2.5 fMRI task design and Image acquisition 

The walking and balance fMRI task was a block design with 3 conditions: 

walking, obstacle avoidance and balance. The task involves watching videos 

relating to walking, obstacle navigation and simulated perturbations through 

virtual reality style goggles. The videos were shot from a first-person perspective 

to create an immersive experience. A video corresponding to each condition was 

presented for 22s followed by a 22s rest period where participants were 

presented with a fixation cross. Participants viewed each condition 3 times 

(except for the balance condition which was only presented twice due to timing 

issues between the task and scanner), with the task lasting 6 minutes. The task 

was designed in and delivered using PsychoPy2 (350).  

Functional imaging was performed on a 3T MRI scanner (GE Healthcare 

discovery MR750), using a 32-channel head coil. T1, FSPGR BRAVO images were 

acquired using the following parameters: TR= 0.008144, TE= 0.003172, Flip 

Angle (FA) = 12, Inversion time = 0.45, Matrix= 256 x 256, Thickness= 1 and 

Voxel size = 1 x 1 x 1. 

Functional images were acquired using echo planar imaging sequence using the 

following parameters: TR = 2000ms, TE = 30ms, Flip Angle (FA) = 77, Matrix = 64 

x 64, Slices = 37, Thickness= 3, Voxel size = 3 x 3 x 3, Spacing between slices = 

3.5, slices = 37 covering the whole brain and cerebellum. 

5.2.6 Data analysis 

Microsoft Excel was used for the analysis of the scanner tolerability 

questionnaire data and for task experience feedback. A Framework analysis 

approach (351) was applied to the feedback data on the task fMRI experience 
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data and involved the following steps: transcription, familiarisation, coding, 

developing an analytical framework and applying the framework was completed. 

The task experience feedback question and prompts informed the themes for the 

analysis framework; (1) “clarity of the videos”, (2) “task pace”, (3) “imagery 

ability” and (4) “ideas and recommendations for improvements” (see appendix 

B).  

5.2.6.1 fMRI analysis 

For this study exploratory whole-brain analyses were conducted using the 

general linear model (GLM) framework. The GLM framework is an extension of 

simple linear regression and is a powerful and widely used approach to analyse 

task-related fMRI data (352). The GLM uses a mass univariate approach, which 

involves constructing a separate model for each voxel. This approach assumes 

that voxels are independent of one another. The GLM is often expressed using 

the following equation, where Y is the time course for each voxel, X is the 

predictors or task regressors, Beta is the beta values and ε is the residuals: 

Y = X  β + ε 

Data processing and analysis was completed using Statistical Parametric 

Software (SPM) 12 (https://www.fil.ion.ucl.ac.uk/spm/software/). The first 5 

volumes for each subject were discarded to allow for signal stabilisation. The 

remaining functional volumes for each subject underwent standard pre-

processing steps including spatial realignment to correction for motion, slice 

timing correction, co-registration of fMRI images to the T1 structural image, 

registration to MNI space and smoothing using FWHM of 6mm to improve signal 

to noise ratio. The pre-processed and smoothed functional data were entered 

https://www.fil.ion.ucl.ac.uk/spm/software/
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into a 1st level analysis where the general linear model was applied to each voxel 

at the within-subject level (353,354). In the 1st level model, 3 regressors relating 

to each task condition (walking, obstacle avoidance, and slip perturbation) were 

included as predictor variables. In addition, six regressors relating to 

participants motion parameters, which were estimated during the motion 

correction stage of pre-processing, were included to control for head movement. 

At the first level,  contrast volumes for each task condition against the implicit 

baseline were created. The contrast volumes from the 1st level analysis were 

then entered into a group level one-way between-subjects ANOVA. Simple effects 

Statistical Parametric Maps (SPMs) were computed to assess brain activation 

associated with each experimental task. Effects were reported at p<.05 corrected 

for multiple comparisons at the voxel level (FWE) with a cluster (k) threshold of 

40 contiguous voxels.  

To test the hypothesis that the more complex task conditions would elicit greater 

activation, one-tailed t-tests were conducted for the following contrasts: postural 

instability > obstacle navigation, postural instability > walking, obstacle 

navigation > walking (341). Based on previous findings that the healthy young 

adults displayed deactivations during more complex balance task (346), one-

tailed t tests were conducted for the inverse to see if there was greater task 

related activation for the less demanding task conditions: walking > obstacle 

navigation, walking > postural instability and obstacle navigation > postural 

instability. Significant differences were recognized at a lower threshold of p<.01 

uncorrected at the voxel level for multiple comparisons, with an extended cluster 

(k) threshold level of 40 contiguous voxels to reduce the risk of type 1 error. For 
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both simple effects and between condition contrasts, the AAL3 atlas tool (355) 

was used to assign anatomical labels to the results according to the nearest grey 

matter position. 

5.2.7 Ethical approval 

The study received ethical approval from University of Nottingham – ethics 

number B12012012a. 

5.3 Results 

Ten adults, 7 female and 3 male (mean age 24, SD 3.03), who were registered as 

students at the University of Nottingham met the study inclusion criteria, 

provided informed consent, and underwent the fMRI scan. Participation was 

voluntary and participants did not receive a reward for taking part in the study. 

Participants were in the scanner for approximately 15 minutes, with the task 

lasting for 6 minutes. Through these scanning sessions, an issue between task 

and scanner timing was noted, which meant the balance task condition was 

presented twice instead of three times. This issue was addressed prior to piloting 

the task with older adults with memory problems (see chapter 6). All 

participants completed their time in the scanner, indicating the scanning 

procedures were tolerable and all participants were able to view the task 

through the LCD goggles. 

All 10 participants completed the MRI tolerability questionnaire (see table 5.1 

for mean scores and range). Tolerability feedback was positive, mean rating for 

overall experience was 4.8/5, mean rating for length of time in the scanner was 

4.5/5, and mean score for being able to see the video clearly was 4.6/5. 
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Seven participants provided written feedback about the video task and results of 

the framework analysis of the data is presented in table 5.2. For the visibility of 

videos theme, participants found the videos clear to see, however one participant 

reported seeing the cursor to be distracting. The issue around the distracting 

cursor was address for subsequent scanning sessions. Some participants found 

the task pace to be slow and it difficult to imagine being in the videos. 

 

Table 5. 1 Mean ratings for MRI tolerability. 

Questionnaire Item Min score Mean score 

on a scale of 

1-5 

Max Score 

Overall experience 3 4.8 5 

Lying flat on the MRI table 3 4.9 5 

Having the technician 

position you in the MRI 

5 5.0 5 

Moving into the machine 3 5.0 5 

Confinement inside the MRI 1 4.9 5 

Not moving during the scan 1 4.4 5 

Noise of the machine 2 4.4 5 

Being alone in the scanner 2 4.6 5 
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Length of time in the scanner 3 4.6 5 

Scanner temperature 3 4.6 5 

Scanner smell 3 4.8 5 

Post dizziness upon sitting 3 4.4 5 

Ability to see clearly 3 4.7 5 
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Table 5. 2 Task experience feedback themes, subthemes and supporting quotes. 

Themes Subthemes 

(occurrences) 

Quotes from participants responses 

Visibility of 

videos 

• Clear videos 

(2) 

• Distracting 

cursor (1) 

• Video was clear, would have been 

better without the cursor on the 

screen  

Task pace  • Walking pace 

(2) 

• Barrier height 

(1) 

• The slower speed made it feel a little 

unnatural but otherwise completely 

fine. 

• Make barrier higher. 

Imagery ability • Difficulty/easy 

imagining (2) 

• Virtual reality 

(1) 

• At first, I found it difficult to imagine 

being the one in the video but after a 

short while I found it comfortable 

and easy. 

• Make it more real I tried to look into 

what people do in VR games because 

those really replicate real life 

phenomenon.  

Ideas or 

recommendations 

for improvement 

 

• Screen width 

(2) 

• if video went to the edges of the 

screen, I would have been able to 

imagine it was me easier 

• It did take some reminding to 

imagine myself as the person 

walking, especially since it was a 

rectangle screen. Even if I was 

looking directly at the screen, I could 

notice the end of the screen and the 

black border around. Maybe a more 

curved extended screen covering the 

peripheral vision. 
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5.3.1 Simple effects 

Walking 

In response to the walking condition, activity was detected bilaterally in the 

cerebellum, the left visual cortex, and the left middle frontal gyrus (p<.05 FWE 

corrected, see Table 5.3 and Fig. 5.4).   

  

Figure 5. 4 Axial, Coronal and Sagittal view of brain activity associated with 
walking condition. 
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Obstacle navigation 

In response to the obstacle navigation condition, significant activity was detected 

in bilateral precuneus, left middle frontal gyrus and the right visual cortex (p<.05 

FWE corrected, see Table 5.3 and Fig. 5.5).  

 

Figure 5. 5 Axial, Coronal and Sagittal view of brain activity associated with obstacle 
navigation condition. 
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Postural instability 

In response to the postural instability condition, activity was detected bilaterally 

in the cerebellum, left precuneus and left middle occipital gyrus (p<.05 FWE 

corrected, see Table 5.3 and Fig. 5.6).  

 

 

Figure 5. 6 Axial, Coronal and Sagittal view of activity related to postural 
instability condition. 
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5.3.2 Walking – Obstacle navigation/Postural instability 

Compared to the walking condition significant increases in activity were noted in 

the left precuneus and right superior parietal lobule in the obstacle navigation 

condition (p<.01 uncorrected, see Tabl3 5.3 and Fig. 5.7). When exploring 

whether postural instability was associated with significantly greater activity 

compared with the walking condition, no voxels survived the lenient p threshold. 

 

Figure 5. 7  Axial, Coronal and Sagittal view of walking<obstacle navigation. 



 128 

Conversely, when compared to the postural instability condition, walking was 

associated with increased activation right postcentral and precentral gyrus, right 

putamen, right paracentral lobule, right inferior temporal gyrus, right insula and 

left middle temporal gyrus (p<.01 uncorrected, see Table 5.3 and Fig 5.8).  

When compared with obstacle navigation condition, walking was associated with 

increased activation in the right superior parietal lobule and the left precuneus 

(p<.01 uncorrected, see Table 5.3 and Fig 5.9).  

  

Figure 5. 8 Axial, Coronal and Sagittal view of walking>postural instability 
contrast. 
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5.3.3 Obstacle – Balance 

There was no significant increase in activity in the postural stability condition 

when compared with the obstacle navigation condition. The obstacle navigation 

condition was associated with increased activation in the bilateral middle frontal 

gyrus, bilateral middle occipital gyrus, left precentral gyrus, right inferior and 

middle temporal gyri (P<.01 uncorrected) when compared with the postural 

instability condition (see Table 5.3 and Fig. 5.10). 

Figure 5. 9 Axial, Coronal and Sagittal view of walking>obstacle avoidance contrast. 
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During each of the task conditions, walking, obstacle navigation and postural 

instability, activation was noted in the cerebellum, visual cortex, middle frontal 

gyrus and precuneus.  

Task condition complexity associated increases in brain activation were noted in 

precuneus and superior parietal lobule during obstacle navigation condition 

compared to walking, however no regions of increased activation were found for 

Figure 5. 10 Axial, Coronal and Sagittal view of brain activity for obstacle 
avoidance>balance contrast. 
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the postural instability condition when compared with the obstacle navigation 

and walking conditions.  

When exploring task condition complexity related deactivations, increased 

activation was noted across motor cortex and somatosensory cortex, right 

putamen, right paracentral lobule, insula and temporal gyri during the less 

complex walking condition when compared with the more challenging postural 

instability condition. Additionally, increased activation in the right superior 

lobule and left precuneus were noted during the walking condition when 

compared with the obstacle navigation condition. 
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Table 5. 3 Spatial location (co-ordinates) of voxels with the highest z scores and t scores inside each cluster is displayed for each condition 
and for comparison of activation between conditions. 

Task condition / contrast Anatomical location x y z  cluster 

size 

T 

score 

Z 

score 

Walking* Left calcarine 18 -88 5 484 14.86 6.75 

Right cerebellum 45 -70 -31 165 12.69 6.36 

Left cerebellum -6 -46 -40 72 11.97 6.21 

Left middle frontal gyrus -39 53 5 43 10.37 5.84 

Obstacle navigation* Left precuneus -12 -64 65 179 17.47 7.13 

Left middle frontal gyrus -42 26 41 71 16.70 7.03 

Right calcarine 18 -85 5 818 15.25 6.81 

Right precuneus 24 -43 23 66 12.46 6.31 

Postural instability* Left middle occipital gyrus -21 -97 11 500 16.64 7.02 
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Left precuneus 0 -55 62 58 14.75 6.73 

Left cerebellum -6 -46 -40 107 13.64 6.54 

Vermis 9 33 -46 -43 47 12.53 6.33 

Right cerebellum 42 -73 -31 76 11.03 6.00 

Walking < Postural 

instability**  

No voxels survived p<0.01 threshold 
    

Walking < Obstacle 

navigation** 

Left precuneus -15 -70 59 115 5.56 4.19 

Right superior parietal lobule 15 -67 62 144 3.69 3.14 

Obstacle 

navigation<Postural 

instability** 

No voxels survived p<0.01 threshold 

Walking > Balance** Right postcentral gyrus 36 -28 26 79 4.98 3.90 

Right putamen 30 8 5 42 4.96 3.89 

Right inferior temporal gyrus 42 -55 -13 237 4.51 3.64 
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Right precentral gyrus 30 -13 44 56 4.29 3.52 

Left middle temporal gyrus -51 -37 -13 40 4.20 3.46 

Right insula 39 23 -1 40 4.15 3.43 

Right paracentral lobule 9 -25 68 40 4.12 3.41 

Walking > Obstacle 

navigation** 

Right fusiform gyrus 30 -28 -22 106 
  

Right inferior temporal gyrus 42 -52 -13 58 4.66 3.73 

Obstacle 

navigation>Postural 

instability** 

Bilateral middle occipital gyrus 24 -46 38 302 3.87 3.25 

 
-30 -73 20 42 4.30 3.52 

Bilateral middle frontal gyrus -30 32 44 65 
  

 
27 35 41 117 4.38 3.57 

 30 47 5 126 4.06 3.38 

Right superior frontal gyrus -24 2 41 622 6.21 4.48 

Left inferior parietal gyrus -15 -58 65 507 5.69 4.25 
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Right superior parietal gyrus 21 -58 59 255 5.47 4.15 

Right lingual gyrus 12 -64 -10 116 5.38 4.10 

Left Superior ACC -12 35 23 44 4.53 3.65 

Left post central gyrus -54 -4 38 85 4.04 3.36 

Right middle temporal gyrus 54 -25 -16 40 3.98 3.33 

*p<.05 FWE corrected **p<.01 uncorrected.
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5.4 Discussion 

The aims of this study were to (1) see if the video task was deliverable, (2) 

whether participants were able to view the task, (3) test software and hardware 

needed for task delivery and (4) assess tolerability of the scanning experience. A 

secondary aim of the study was to conduct exploratory whole brain analysis to 

look at task related activation in healthy young adults. Ten healthy young adults 

who were eligible and willing to undergo the MRI scan and complete the fMRI 

task were recruited. All participants were able to complete the task and their 

time in the scanner, there were no withdrawals from the study. Also, all 

participants completed MRI tolerability questionnaire and mean scores across 

the group for each item were high, which show MRI scanning procedures were 

well tolerated by participants. The task was deliverable, all participants reported 

being able to see the videos through the goggles.  

The framework analysis approach to the task fMRI feedback explored four key 

themes, visibility of videos, task pace, imagery ability and ideas or 

recommendations for improvement. For the visibility of videos theme, 

participants found the videos clear to see. For task difficulty, participants 

reported the walking speed of the task was too slow and suggested increasing 

the height of the obstacle in the obstacle navigation condition to make the task 

more challenging. It is important to note that the task was designed for older 

adults with cognitive impairments, given that the healthy young volunteers 

found walking pace to be too slow and the obstacle not challenging enough, 

suggests that it may be well suited for the intended population. For the imagery 

ability theme, findings were mixed, with some participants finding it easy to 
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imagine themselves in the videos, whilst others found it more difficult. One 

participant suggested that replicating VR games more closely would make the 

task feel more real. This could improve participant’s ability to imagine 

themselves completing the task. Some participants also provided suggestions on 

how to improve the task moving forward, which included adjusting the video so 

that the task was more immersive and easier to imagine oneself in the videos.  

The fMRI data was successfully pre-processed, simple effects analysis revealed 

brain activation in brain regions associated with balance and gait including the 

cerebellum, visual areas and left middle frontal gyrus across all three task 

conditions. These findings are in line with observations in previous work 

(35,341,346). Jahn et al. (35) identified activity in cerebellar and visual areas in 

response to walking imagery. Additionally, Taube et al. (341) found motor 

imagery and action observation related activity in motor areas and cerebellum.  

Previous work using motor imagery to investigate neural correlates of postural 

control and walking have reported that more challenging motor imagery-based 

balance and walking tasks elicit increased brain activity in healthy adults in the 

motor areas, putamen and cerebellum (341). In the present study, when 

comparing the effects of task complexity on brain activation, significant increases 

in activation were noted in obstacle avoidance condition, when compared to 

walking. However, there were no significant increases in activation in balance 

condition when compared with walking or obstacle avoidance conditions. The 

present findings did not confirm the effects of task complexity and related 

increased activation.   
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The present study found walking was associated with greater activation in pre 

and post central gyri, middle and inferior temporal gyri when compared with the 

more complex obstacle avoidance and postural instability conditions. Similar 

findings have been noted by Zwergal et al. (346), who noted that younger 

participants displayed deactivations of several brain regions as task demands 

increased.  

Activation of several regions in response to the task conditions, may be 

representative of various functional networks involved in postural control. For 

instance the noted activation across the cerebellum, putamen, visual, 

somatosensory and motor cortices during the task conditions may correspond to 

sensorimotor network involvement (48,227,231). Task related activation in 

visual, parietal and temporal areas corresponding to the vestibular cortices 

provide further support for the need for multisensory integration to maintain 

balance (346). Additionally activation in the visual, parietal and temporal areas 

may represent the dorsal and ventral visual pathways which may play a key role 

in object navigation in gait and postural control tasks (48). The dorsal visual 

pathway projects forward and upwards from the visual cortex into the parietal 

lobe and is involved in scene processing, encoding object positioning, navigation 

and spatial working memory (356). The ventral visual pathway projects out to 

the temporal lobe from the visual cortex and is thought to be involved in 

processing of object features such as shape, colour, dimensions (356). Activation 

was also noted in the frontal regions which are involved in higher order 

cognitive processes such as executive function, attention and working memory 

(231,238). The exact role these regions and the related cognitive processes play 
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in postural control are still unclear, further work is needed to uncover their role 

which will be useful in understanding the mechanisms through which cognitive 

impairments impact balance and gait functioning. 

There are several limitations to this study that are important to note. Firstly, the 

study sample size is small, so findings need to be treated with caution and may 

not be generalizable. Additionally, due to the small sample size, when comparing 

activation between conditions a more lenient p threshold was used and the 

analysis did not correct for multiple comparisons, increasing the risk of type 1 

error of falsely rejecting the null hypothesis (357). A cluster threshold was 

applied to try to minimise the risk of type 1 error, nevertheless the findings must 

be treated with caution.  

Timing issues between the task and scanner meant participants were not 

presented with the same number of trials in all conditions. The walking and 

obstacle conditions were presented three times each whereas the postural 

instability condition was presented twice. For the walking<postural instability 

and obstacle avoidance<postural instability contrasts, where no voxels survived 

the lenient uncorrected p threshold, it may be possible that the difference in task 

condition presentation may be contributing to the lack of effect seen in response 

to task complexity.  

Previous work by Meulen et al. (358), investigated the effects on imagery ability 

and related brain activation. Participants with higher imagery ability scores, 

showed greater activation in motor areas, than participants with low imagery 

ability scores (358). The task used in this study was designed for older adults 

with cognitive impairments who often exhibit slower gait speed (359). Task 
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feedback showed the walking pace was too slow for participants in this study 

and may have impacted their ability to imagine themselves in the video. The task 

may not have been challenging enough for the healthy younger participants, 

which may be contributing the lack of increased activation in response to 

increasing task complexity.  

5.5 Conclusion 

This study shows that the novel video-based motor imagery task was 

deliverable, the software and hardware used to deliver the task work and 

participants were able to see the task clearly. Additionally, the scanning 

procedures were well tolerated by participants and overall experience was 

scored highly. Simple effects analysis showed activation in line with previous 

findings in the cerebellum, visual areas, precuneus and middle frontal gyrus. 

Task complexity was not associated with significant increases in activation, even 

at a lower threshold. This study found the opposite, the less demanding 

conditions, walking, and obstacle navigation were associated with greater 

activity than the more demanding obstacle navigation and postural instability 

conditions. Due to the small sample size and lenient uncorrected threshold for 

significance used findings need to be treated with caution. The next study 

chapter presents results from piloting this task with a subset of participants from 

the PrAISED RCT, who have MCI or dementia. Additionally, the pilot study also 

investigated the relationship between task related activity in motor areas, 

executive function, and balance.  



 141 

5.6 COVID-19 impact 

The original aims of this study were to pilot the fMRI task in healthy younger and 

healthy older volunteers. A second aim of the study was to quantify the neural 

response to the task in both groups and to identify between group differences in 

activation for each condition (walking/obstacle/balance). Based on previous 

work I hypothesised that older adults would exhibit greater task related 

activation in motor and vestibular areas across all conditions compared to 

healthy young adults (346). 

Due to the ongoing COVID-19 pandemic, related lockdowns, and restrictions, 

which were ongoing between March 2020 and July 2021, it was not possible to 

recruit and scan 10 healthy older volunteers. Additionally, the scanner in the 

Medical School where the scans for the healthy young volunteers were 

conducted, was upgraded in early 2021. This also meant that scanning 10 

healthy older volunteers was also not possible as it would be difficult to control 

for scanner differences during the between group analyses. 
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6. Using a virtual reality balance task to explore neural 

correlates of postural stability in older adults with 

dementia: A pilot study 

6.1 Background  

Older adults with MCI or dementia have an increased risk of falls and related 

consequences including fractures, reduced activity and loss of independence 

(26). Increased falls risk in this population has been attributed to dementia 

specific risk factors which include cognitive dysfunction, balance, gait and 

mobility dysfunction (26,147,359,360). Various studies and meta-analyses have 

highlighted that balance and gait dysfunction is often present at the early stages 

of dementia and may be an early precursor for cognitive decline (161,361–363). 

Unearthing the neural mechanisms involved in balance dysfunction in this 

population is important in being able to develop target interventions to improve 

balance and reduce risk of falls (364,365).  

MRI studies have explored structural brain changes associated with balance and 

gait deficits in both healthy older adults and older adults with cognitive 

impairments. Healthy older adults with better mobility displayed increased grey 

matter in the cerebellum, basal ganglia, postcentral gyrus and superior parietal 

lobe (146). A comprehensive systematic review by Wilson et al. (366) found 

altered gait characteristics (slower gait speed and step length) were associated 

with reduced global grey matter and regional grey matter in frontal, parietal, 

supplementary motor areas, sensorimotor limbic areas, occipital cortex and 

basal ganglia in healthy older adults. In older adults with cognitive impairments 
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and dementia, postural instability was associated with reduced volume in the 

subcortical structures including the amygdala, thalamus, basal ganglia, caudate 

nucleus, putamen, nucleus accumbens, hippocampus, cerebellum and cortical 

structures including the inferior parietal cortex and frontal lobes (367,368). 

Systematic reviews exploring structural brain changes associated with postural 

stability and gait in older adults with cognitive impairments have found that gait 

dysfunction was associated with atrophy in the prefrontal and motor cortices, 

middle cingulate, insula, caudate, hippocampus and basal ganglia (364,369) .  

Functional MRI has been increasingly used alongside motor imagery and action 

observation based postural control tasks to investigate brain regions and 

networks involved in postural control and how this affected by aging and 

neurodegenerative disorders (69,364,369).  Zwergal et al. (346) investigated the 

effects of aging on neural activity associated with postural control during mental 

imagery of lying, standing, walking and running, comparing young and older 

adults. Older adults displayed increased activation in supplementary motor area, 

precentral gyrus, caudate nuclei, cuneus, precuneus, parahippocampal gyri and 

cerebellum during imagined walking and greater activation in middle and 

superior frontal gyrus, cuneus, precuneus, lingual gyrus, fusiform gyrus, 

postcentral gyrus, and superior temporal gyrus during imagined standing, when 

comparing with baseline. Increased activation in vestibular cortices and anterior 

cingulate cortices (ACC) during imagined running and imagined walking was 

noted in older adults whereas younger adults displayed a deactivation of 

multisensory vestibular cortices and ACC during imagined running, walking and 

standing conditions.  
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During both motor and visual imagery, older adults displayed stronger activation 

of left middle frontal gyrus, right supplementary motor area and right 

orbitofrontal cortex when compared with young adults (370). During motor 

imagery and action observation of static balance, older adults displayed 

increased activation in supplementary motor area and primary motor cortex 

compared to young adults. During motor imagery and action observation of 

dynamic balance, older adults displayed increased activity supplementary motor 

area, primary motor cortex, prefrontal cortex and the putamen when compared 

with younger adults (371). These findings of increased activation in older adults 

compared to younger adults could be a compensatory mechanism to mitigate the 

impact of age-related degeneration of brain regions associated with postural 

control. 

Various systematic reviews and meta-analyses have also investigated static and 

dynamic postural control-related neural activity using a variety of neuroimaging 

modalities during actual movement, observed movement and imagined 

movement, across the lifespan (81,347). In healthy populations static postural 

control activated vermis in the cerebellum, vestibular nuclei, ponto 

mesencephalic junction, left midbrain, thalamus, caudate nucleus, putamen and 

basal ganglia, occipital gyrus, ACC and paracentral lobule (347). Dynamic 

postural control activated the brainstem, MLP, pons, thalamus, frontal lobe, SMA, 

parietal lobe, cingulate cortex, occipital lobe, insula. Reactive postural control 

recruited in the thalamus, SMA, superior temporal gyrus, occipital and cingulate 

cortex, putamen, cerebellum and PMC (347).A recent meta-analysis of 

neuroimaging studies measuring brain activity in response to motor imagery, 
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action observation and actual movement explored unique and overlapping 

networks across all three task types. Motor imagery involved bilateral dorsal and 

ventral premotor cortices, bilateral SMA, cingulate, putamen, inferior and 

superior parietal regions, right inferior parietal sulcus, left DLPFC, rostral 

inferior, middle superior parietal, basal ganglia and cerebellar regions (81). 

A systematic review of studies using EEG and fNIRS alongside real and imagined 

balance and gait tasks to explore changes in brain activity in older adults with 

and without neurodegenerative disorders found older adults (with and without 

neurodegenerative disorders) displayed increased activation in the prefrontal 

cortex during balance and gait tasks when compared with young healthy adults 

(69). fMRI combined with motor imagery and action observation tasks is being 

used to explore how brain regions and networks involved in postural control are 

altered by neurodegenerative disease. In Parkinson’s disease, a meta-analysis of 

fMRI studies exploring neural correlates of gait found decreased activation of the 

supplementary motor area when compared with healthy counterparts (372). In 

Amyotrophic Lateral Sclerosis, those with upper motor neuron degeneration, 

displayed altered activation of supplementary motor area, precentral gyrus, 

superior parietal lobule and dorsolateral prefrontal cortex during gait motor 

imagery task when compared with those with lower motor neuron degeneration 

and healthy controls (373). 

Brain activity during balance and gait is under-researched in people with MCI 

and dementia (69). Using motor imagery in people with MCI and Dementia could 

help us to better understand how dementia changes neural activity involved in 

balance and gait. Motor imagery tasks require following complex instructions 
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and imagining movements from memory, which is likely to be challenging for 

older adults with MCI and dementia. For the current study, a novel VR based 

balance task was developed for older adults with MCI and dementia (see 5.2.5 for 

more details on the task design).  

6.2  Study aims and research questions: 

• Is the task deliverable? 

• Can participants view the task? 

• Are MRI scanning procedures well tolerated by participants? 

• What are participants’ experiences of the task? 

• Do older adults with MCI/dementia show changes in 

activation/deactivation relating to different task conditions? 

• Are there significant differences in BOLD signal parameter estimates in 

regions of interest (ROIs), corresponding to postural control between task 

conditions? 

• Do we see a relationship between the difference in activity in ROIs 

corresponding to postural control, between conditions, and physical 

performance on BBS and TUG? 

6.3 Methods 

This study was a cross-sectional, pilot fMRI study within the multicentre 

PrAISED RCT.  

6.3.1 Inclusion and exclusion criteria 

Participants enrolled in this study met the following PrAISED inclusion criteria 

(2): 
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1) Aged 65 and over. 

2) A diagnosis of MCI or dementia of any subtype (except dementia with 

Lewy bodies). 

3) Has a family member, carer, or friend who knows the participant well and 

is willing to act as an informant. 

4) Able to walk without human help. 

5) Able to communicate in English. 

6) Able to see, hear and have sufficient dexterity to complete 

neuropsychological tests. 

7) Mental capacity to give consent and consent to taking part in the study. 

8) Montreal Cognitive Assessment (MoCA) score 13-25. 

In addition to the above inclusion criteria, participants were assessed for mental 

capacity and ability to consent to have additional MRI scans and be willing to 

participate in the study. 

Participants meeting any of the following MRI specific exclusion criteria were 

excluded from taking part: 

1) Known contraindication to MRI scanning (for example pacemaker/ 

implanted defibrillator, intracranial vascular clip, implanted programmable 

device, intra-ocular metallic fragment, etc). 

2) Claustrophobia. 
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3) Cranioplasty, craniofacial reconstruction, fixed dental brace, or other 

craniofacial metalwork that is likely to cause significant image degradation or 

artefact. 

6.3.2 Recruitment and study procedures 

The consent form for the PrAISED2 RCT included an optional clause (Clause 7) 

asking if participants would be willing to be contacted to discuss related studies 

(see appendix C). Participants who indicated their agreement to this clause were 

introduced to the additional MRI study and provided with a participant 

information sheet by the researcher conducting the baseline assessment visit 

(see appendix F).  

Participants who expressed interest in learning more about the MRI study at the 

PrAISED baseline visits, were followed up by telephone to discuss the study in 

more detail and ascertain if the participant was interested in taking part. 

Participants who expressed interest in undergoing an MRI scan were asked MRI 

safety screening questions to ensure that it was safe for them to undergo an MRI 

scan. At this point, any participants who declared any possible contraindications 

to having an MRI scan were advised it was not safe for them to undergo the MRI 

study. Participants who met MRI-specific eligibility criteria and were willing to 

take part in the study were visited in their homes by a researcher who assessed 

capacity and sought informed consent. After this, participants were booked in for 

the baseline MRI scan at the Sir Peter Mansfield Imaging Centre at Queen’s 

Medical Centre.  

All participants were required to complete their baseline MRI scan within 6 

weeks of completing their PrAISED baseline visit. This was to ensure that all 
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participants completed baseline scanning before any intensive therapy from the 

PrAISED programme was delivered ensuring that the baseline measurements 

were true baselines. Due to the relatively short time frame in which consent and 

baseline scanning need to be completed, taking informed consent for the MRI 

study at the participant’s home before them attending the imaging centre was 

not efficient. To improve the process and speed up the timeframe in which 

participants underwent their baseline scanning, an amendment to the study 

protocol was submitted to the NHS ethics committee, so that participants could 

be consented at the imaging centre before undergoing their baseline scan (see 

appendix E). 

For the new process, if the participant was eligible to have an MRI scan and were 

interested in taking part, I arranged an appointment to attend the Sir Peter 

Mansfield Imaging Centre at the Queen's Medical Centre, Nottingham. At the 

appointment, I discussed the study with the participant in more detail and asked 

the participant to complete the standard University of Nottingham MRI safety 

questionnaire which was subsequently checked by a qualified radiographer. 

Participants with a history of possible intraocular metallic foreign body (e.g. 

metalworkers, welders, exposure to shrapnel blast, etc.) were not able to 

undergo an MRI scan unless it could be confirmed that there was no risk of 

retained metal fragments e.g. by checking records of previous x-ray or CT scans. 

Participants who met the criteria and were happy to take part in the study were 

asked to sign a consent form before proceeding with the MRI scan (see appendix 

G). Before going into the scanner, all participants were presented with three 

videos clips to watch on video screen corresponding to each task condition and 
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instructed to try to imagine themselves in the video. As in the healthy volunteer 

pilot study, all participants were given goggles with LCD screens to wear so that 

they were able to see the task. The radiographer ensured participants were 

positioned correctly on the scanner bed and used padding around the head to 

limit movement. Once in the scanner, all participants could communicate with 

the radiographer and researcher through the intercom system and be advised 

when the task was about to begin. After completing the scan, participants were 

asked to complete an MRI tolerability questionnaire and provide feedback on 

their experiences of the fMRI task. 

Participants were to undergo a second follow-up multimodal MRI scan, 12 

months later, after completing their PrAISED follow-up assessments. Due to 

COVID-19 lockdowns, closure of the imaging centre, restrictions, and shielding 

guidance, follow-up scans were not possible, and the planned longitudinal study 

could not be completed (see chapter 8 for more details on the impact of COVID-

19 on the proposed research for this thesis). 

6.3.3 PrAISED baseline assessments 

As part of the PrAISED RCT, all participants underwent a comprehensive 

baseline assessment. A detailed list of the assessments is available in the 

protocol which has been published (223). The work presented in this thesis was 

interested in the following measures completed by PrAISED participants at 

baseline: 

• Demographics:  

o Age.  

o Sex.  
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o Ethnicity.  

o Diagnosis (MCI or dementia). 

o Dementia type (if known). 

• Activities of daily living:  

o Nottingham Extended Activities of Daily Living Scale (NEADL) – 

completed by the participant (374). 

o Disability Assessment in Dementia (DAD) - completed by the 

informant (375).  

• global cognition and executive function:   

o Montreal Cognitive Assessment (MoCA) was used to screen 

participants, assess eligibility for the PrAISED RCT and to measure 

global cognition (376).    

o Verbal fluency (animal naming) – testing cognitive flexibility.  

o CANTAB assessments (377): 

▪ Spatial Span test (SSP) to assess visuospatial working 

memory capacity. 

• Outcome = longest sequence correctly recalled. 

▪ Multi-Tasking Test (MTT) to assess executive function and 

attentional set-shifting: 

• Median reaction time for switching. 

• Median reaction time for congruent blocks. 

• Median reaction time for incongruent blocks. 

• Berg Balance Scale (BBS) – widely used assessment in clinical practice, 

involving 14 tasks of increasing difficulty to assess both sitting and 

standing, static and dynamic balance (378,379).  
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• Timed up and go (TUG) – measures mobility, balance, walking ability, and 

falls risk in older adults (380).  

• In addition to these assessments, after scanning participants also 

completed an MRI tolerability questionnaire and provided written 

feedback about the fMRI task experience. 

6.3.4 Task fMRI design and delivery 

MRI compatible glasses with adjustable lenses to allow correction of vision were 

provided to those who normally wear glasses. Whilst in the scanner the 

participant was also provided with protective earplugs as MRI scanners can be 

very noisy. Most people undergo MRI scanning without any difficulty, but if 

needed the participant was able to contact the MRI technician during the scan via 

an intercom or with an emergency buzzer. 

Participants underwent a multimodal MRI scan, which lasted for approximately 

45 minutes. Participants completed the same VR based balance task as the 

healthy volunteer group. Details of the task design are provided in the previous 

chapter (see section 5.2.5). Based on findings from task delivery in the healthy 

volunteer pilot study, the scanning time for the fMRI task was adjusted so that 

each condition was presented 3 times to the participant. When the participant 

was not engaged in the fMRI task, they were given a wildlife television 

programme (David Attenborough’s ‘Planet Earth’) to watch through the goggles 

whilst in the scanner. This was to help participants to stay awake prior to the 

fMRI task and to make the scanning experience more comfortable.  
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6.3.5 MRI data acquisition 

Functional imaging was performed on a 3T MRI scanner (GE Healthcare 

discovery MR750), using a 32-channel head coil. T1, FSPGR BRAVO images were 

acquired using the following parameters: TR= 0.008144, TE= 0.003172, Flip 

Angle (FA) = 12, Inversion time = 0.45, Matrix= 256 x 256, Thickness= 1 and 

Voxel size = 1 x 1 x 1. 

Functional images were acquired using echo planar imaging sequence using the 

following parameters: TR = 2000ms, TE = 30ms, Flip Angle (FA) = 77, Matrix = 64 

x 64, Slices = 37, Thickness= 3, Voxel size = 3 x 3 x 3, Spacing between slices = 

3.5, slices = 37 covering the whole brain and cerebellum.  

The task fMRI sequence lasted for 6 minutes 50 seconds and a total of 200 

volumes were collected.  

6.3.6 MRI data processing 

The task fMRI data was pre-processed using MRIcron, FSL, SPM12 and MATLAB, 

via the University of Nottingham high performance computing system (for more 

details see 5.2.6).  

In brief, the first 5 volumes were discarded to allow for signal stabilisation. After 

this, I performed the following pre-processing steps: 

• Distortion correction to correct for the displacement of the signal due to 

inhomogeneities in the magnetic field around the sinuses and ear canals. 

• Images were then realigned to correct for head motion using 6 degrees of 

freedom (3 translations and 3 rotations).  

• Slice timing correction. 
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• Co-registration to T1 image. 

• Registration to standard space (Montreal Neurological Institute template 

space) using 3 x 3 x 3 voxel size. 

• Smoothing using a full width half maximum of 6mm (twice the voxel size) 

to improve signal to noise ratio. 

6.3.7 MRI data analysis 

I performed subject-level analysis, including task condition timing and 

movement parameters to compute contrast images for each condition per 

subject. The contrasts images from the subject-level analysis were entered into a 

group one way within-subjects ANOVA. Simple effects for each condition and t 

tests for the following contrasts were calculated at the group level: walking > 

postural instability, walking > obstacle navigation, obstacle navigation > postural 

instability, postural instability > obstacle navigation, postural instability > 

walking and obstacle navigation > walking. 

For simple effects, results are reported using p<.05 Family Wise Error (FWE) 

corrected threshold and a voxel (k) threshold of 40 contiguous voxels. For 

differences between the conditions, results are reported using a more lenient 

threshold of p<.001 uncorrected and a voxel (k) threshold of 40 contiguous 

voxels. A voxel threshold was included for between condition contrasts to 

account for and reduce the impact of type 1 error that is likely when correction 

for multiple comparisons is not applied to the data (381,382). 

The whole-brain analysis involves fitting a general linear model to BOLD signal 

at each voxel and comparing computed test statistics to a threshold to assess 

activation. This method is widely used in task fMRI studies; however, it is not 
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without its limitations. Statistical tests are performed at each voxel with 

thousands of voxels being tested simultaneously, leading to issues of multiple 

testing and increased risk of false positives, or type 1 error (357). One method to 

mitigate the problems around multiple comparisons and type 1 error, is to use 

conservative thresholds, which improves specificity but can affect sensitivity 

reducing the power to detect activation when it is present (383).  

An alternative approach to whole-brain analysis, ROI analysis can be used for 

exploration or to improve statistical control (384). ROI analysis involves focusing 

on specific brain regions, rather than the whole brain, which reduces the number 

of statistical tests conducted. This can reduce the impact of the multiple testing 

problem, improve the sensitivity and power of statistical analysis and reduce the 

risk of type 1 error (384,385). ROI analysis in fMRI research does have some 

limitations in that it is prone to double-dipping or circular analysis. This is where 

the same dataset is used for the selection of ROIs and analysis (386,387). To 

overcome this bias, a common practice is to predefine ROIs before performing 

the analysis (388). 

ROIs can be defined based on anatomical and functional characteristics (384). 

Functional ROIs are brain regions that are assumed to be involved in a particular 

function (e.g., the visual cortex likely to be involved in a task of visual 

processing). Functional ROIs can be defined in two ways. The first is the 

functional localiser approach, which involves using a separate dataset to identify 

voxels within a specific region that show a particular response (352,384). The 

second approach is to use previous studies and meta-analyses to identify ROIs 

involved in the task or function being investigated (389).   
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Anatomical ROIs use anatomical landmarks such as gyri and sulci to define brain 

regions. There are two widely used approaches to defining anatomical ROIs; the 

first is based on individual subjects anatomy and the second is based on using 

anatomical atlases. There is a range of atlases that can be used to define 

anatomical ROIs, the AAL atlas (355) and the Talairach atlas (390) are based on 

single-subject MRI scans. These atlases must be used with caution to define ROIs 

as it is difficult to match up brain images across a group of participants to an 

atlas based on a single individual (384).  The best practice when using an atlas-

based approach to defining ROIs is to use probabilistic atlases based on macro- 

cytoarchitecture. The probabilistic cytoarchitecture atlas was first introduced by 

Korbinian Brodmann in 1909 (391). Brodmann mapped the cerebral cortex 

dividing it into several areas, today known as Brodmann’s areas, based on 

differences in spatial distribution, shape and density of neuronal cell bodies 

(391). This work has informed the development of probabilistic 

cytoarchitectonic maps (392–394).  

In addition to the exploratory whole-brain analysis described above a region of 

interested analysis was also conducted. Previous studies and meta-analyses 

investigating motor imagery and action observation related neural activity in 

healthy populations, older adults and clinical populations including stroke, brain 

injury and Parkinson’s disease were consulted to select regions of interest 

(81,346,347,371,395–397). In line with previous findings, the left and right 

premotor area (4a), bilateral supplementary motor area (6mc), bilateral anterior 

cingulate cortex, bilateral prefrontal cortex and bilateral parieto-insular 

vestibular cortex were selected as regions of interest (see figure 1).   
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To create anatomical-based ROIs corresponding to these regions the SPM 

anatomy toolbox version 3 was used (392–394). This toolbox is based on 

Brodmann’s cytoarchitecture maps of the brain and has more precision in 

defining brain regions compared to other single subject-based atlases such as the 

AAL atlas (355) and the Talairach atlas (390). Though it is important to note that 

these atlases are based on data from healthy adults and not representative of 

clinical populations. For the clinical population of interest in this study, older 

adults with MCI and dementia, there are currently no anatomical templates 

available for dementia subtypes, 

After creating the ROIs in the SPM anatomy toolbox, the ROIs were converted to 

NIFTI format, the ROIs were then co-registered to the fMRI dataset to ensure ROI 

mask resolution matched that of the fMRI data. The co-registered ROIs were then 

imported into MARSBAR and converted to a compatible format. For each ROI, I 

then extracted mean parameter estimates for each condition (walking, obstacle 

navigation, and slip perturbation). The parameter estimates were then entered 

into SPSS for further analysis (see section 6.3.8). 
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Key: Green = Bilateral premotor cortex (area 4a); Blue = Bilateral supplementary 
motor area (area 6mc); Magenta = Bilateral secondary somatosensory cortex 
(area OP2); Yellow = Bilateral anterior cingulate cortex (area P24ab); Red = 
Bilateral inferior frontal gyrus (area Br44). 

Figure 6. 1 Axial, Coronal and Sagittal view of regions of interest. 
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6.3.8 Statistical analysis 

The parameters estimates for each of the ROIs per condition were imported into 

SPSS along with the behavioural data for further analyses. The demographic and 

clinical characteristics of the sample were summarised using descriptive 

statistics. The tolerability questionnaire and task feedback data were analysed 

using the same procedures as in the healthy volunteer pilot study (see section 

5.2.6). A framework analysis approach (351) was used to analyse participants 

responses about their task experience feedback for the following themes: 1) 

video clarity and 2) task difficulty. For responses not fitting these a priori 

themes, I used an inductive approach to identify codes and then looked for links 

between the codes to find additional key themes. During the analysis of 

participants’ responses an additional theme of interest of 3) generalised 

feedback emerged. 

To investigate the differences in activation in the ROIs between the conditions 

and differences in activation between the ROIs, a 3 (condition: walking, obstacle 

navigation, and balance) x 10 (ROI: Bilateral premotor cortex, bilateral 

supplementary motor area, bilateral anterior cingulate cortex, bilateral inferior 

frontal gyrus, and bilateral parietal-insula vestibular cortex) two-way within-

subjects ANOVA was conducted. Parametric assumptions of the data were 

assessed through visual inspection of histograms and Shapiro-Wilk test of 

normality and Mauchly’s test of sphericity to assess whether data were normally 

distributed and whether the relationship between pairs of experimental 

conditions is equal (398). Normality assumptions for ROI, balance and cognition 

variables were tested using the Kolmogorov-Smirnov test and thorough visual 
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inspection of histograms. Mauchly’s test was used to assess sphericity, when this 

assumption was violated, Greenhouse-Geiser corrected values were reported.  

Multiple linear regression was used to explore the relationship between core 

processes of executive function (working memory, cognitive flexibility, and 

cognitive control), static and dynamic balance performance. Regression analysis 

was also used to investigate the relationship between ROI activity in response to 

each condition and performance on measures of static and dynamic balance. A 

hierarchical approach was used, entering age and MoCA score covariates in the 

first step, and then including ROI parameter estimates in the second step for 

each condition. As this was an exploratory analysis, no prior assumptions of the 

relative importance of the independent variables were made and therefore the 

‘enter’ method was used.  

Prior to conducting regression analysis, data were assessed to ensure they met 

the necessary assumptions. Linear relationship between explanatory variables 

(ROIs for each condition and differences between conditions i.e. postural 

instability minus walking) and outcome variables (BBS and TUG) were assessed 

through visual inspection of scatter plots. Multicollinearity between explanatory 

variables were assessed through Pearson’s correlations and Durbin Watson 

statistic. Scatter plots of residual values were visually inspected to assess 

whether the variance of residuals was constant and indicated assumptions of 

homoscedasticity were met. Additionally, Cook’s distance was also calculated to 

ascertain whether there were any outliers influencing the model. 

Finally, to explore whether executive function mediated the relationship 

between ROI activation for each condition and balance performance, an 
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exploratory mediation analysis was conducted. For the PROCESS package in SPSS 

was used (399). Mediation analysis is often used to explore whether mediators 

(m) explain how or why an independent variable (x) may influence a particular 

outcome (y) (see figure 6.2, (399)).  

 

 

 

 

 

 

 

6.3.9 Ethical approval 

This study has received NHS and HRA approval – ethics number 18/YH/0059 

(appendix D). 

6.4 Results 

6.4.1 PrAISED participant recruitment and participant characteristics 

A total of 120 participants recruited to PrAISED between February 2019 and 

March 2020 signed clause 7 of the PrAISED RCT consent form, agreeing to be 

contact about other related studies. Seventy-two participants were excluded due 

to not being able to contact them within the given timeframe for baseline 

scanning, not being available, not interested in taking part or not eligible due to 

MRI specific contraindications. A total of 49 participants were recruited and 

M

YX

Figure 6. 2 Diagram of a mediation model. 
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consented to the PrAISED MRI sub study (see table 6.1 for more information on 

participant characteristics including scores on measures of cognition, activities 

of daily living and balance). Four participants were withdrawn prior to scanning, 

45 participants underwent a baseline MRI scan, and 5 participants withdrew 

during scanning (see figure 6.3 for recruitment flow diagram). Mean age of 

participants was 81.8 years, 34 were male, 10 participants reported a diagnosis 

of mild cognitive impairment, and 35 participants reported a diagnosis of 

dementia. The original sample size target was 80 participants. At the point of 

COVID-19 pandemic and start of the first lockdown in March 2020 56% of the 

recruitment target had been reached. Unfortunately, due to COVID-19 related 

restrictions and lockdowns it was not possible to resume recruitment or conduct 

follow up scans for participants recruited. 

Table 6. 1 Demographics and descriptive statistics for participants recruited from 
PrAISED RCT. 

Measure type Measure name Mean 

/ n 

S.D. Min Max 

Demographics Age/y 81.8 6.68 68 96 

 Gender (M:F) 34:10 - - - 

 Diagnosis (MCI: 

Dementia) 

10:35 - - - 

Dementia 

subtype 

Alzheimer’s disease  15 - - - 

 Vascular disease 9 - - - 

 Frontotemporal 

dementia/Pick’s 

disease 

1 - - - 

 Mixed dementia 12 - - - 
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Global 

cognition 

MoCA/30 20.11 3.28 14 26 

Executive 

dysfunction 

Verbal fluency 12 5 4 25 

 CANTAB Spatial Span 

test Length forward 

4 1.15 2 8 

 CANTAB Multitasking 

test – Switch response 

latency 

1036.

75 

299.3

5 

440.5

0 

1676.0

0 

 CANTAB Multitasking – 

Congruent response 

latency 

873.2

7 

157.7

4 

564.5

0 

1362.5

0 

 CANTAB Multitasking 

test – Incongruent 

response latency 

991.2

6 

162.4

1 

690.5

0 

1317.0

0 

Balance Berg balance scale /56 47.36 10.85 6 56 

 Timed Up and 

Go/seconds 

17 13 8 87 

Activities of 

daily living 

Nottingham extended 

activities of daily living 

(Self-reported)/22 

15.48 4.60 3 22 

 Disability Assessment 

in Dementia (informant 

completed)/100 

74.54 24.66 15 100 
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Figure 6. 3 Participant recruitment flow chart. 
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o Outcome = Timed up and 
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Participants enrolled in PrAISED RCT and consented to 

clause 7 between February 2019 and March 2020. 
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Data Analysis 
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For task-related whole-brain analysis and ROI analysis (ANOVA), 36 datasets 

were included in the analysis. Nine sets were excluded due to issues with data 

quality including excess movement, significant degradation of T1 structural 

image, withdrawing during scanning, before completing or during fMRI task. 

Participant characteristics for 36 participants included in the task fMRI analysis 

are reported in table 6.2. 
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Table 6. 2 Participant characteristics for resting state fMRI analysis. 

Measure type Measure name Mean S.D. Min Max 

Demographics Age 79.6 6.88 65.5 93.7 

 Gender (M:F) 26 : 10 - - - 

 Diagnosis (MCI : 

Dementia) 

9 : 27 - - - 

Global 

cognition 

MoCA/30 20.28 3.16 14 26 

Executive 

dysfunction 

Verbal fluency 12.57 5.29 4 25 

 CANTAB Spatial Span 

test Length forward 

3.82 .950 2 5 

 CANTAB Multitasking 

test – Switch response 

latency 

1038.27 306.48 440.50 1676.00 

 CANTAB Multitasking – 

Congruent response 

latency 

875.81 160.18 564.50 1362.50 

 CANTAB Multitasking 

test – Incongruent 

response latency 

997.74 160.80 739.50 1317.00 

Balance Berg balance scale/52 47.14 11.32 6 56 

 Timed Up and 

Go/seconds 

17.08 14.30 8 87 

Activities of 

daily living 

Nottingham extended 

activities of daily living 

(Self-reported)/22 

15.62 4.80 3.00 22.00 

 Disability Assessment 

in Dementia 

(informant 

completed)/100 

77.50 23.74 15.00 100.00 
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6.4.2 MRI tolerability and task experience feedback 

Thirty-two participants completed MRI tolerability questionnaire. Responses 

indicate scanning experience was well tolerated with mean score for overall 

experience being 4/5, mean rating for length of time in the scanner was also 4/5 

as was mean score for being able to see the video clearly (see table 6.3). 

Table 6. 3 Mean ratings for MRI tolerability. 

Questionnaire Item Min 

score 

Mean score 

on a scale of 

1-5 

Max 

Score 

Overall experience 1 4 5 

Lying flat on the MRI table 3 4 5 

Having the technician 

position you in the MRI 

3 5 5 

Moving into the machine 3 5 5 

Confinement inside the MRI 2 4 5 

Not moving during the scan 1 4 5 

Noise of the machine 1 4 5 

Being alone in the scanner 2 4 5 

Length of time in the 

scanner 

2 4 5 

Scanner temperature 1 4 5 

Scanner smell 2 5 5 

Post dizziness upon sitting 1 4 5 

Ability to see clearly 1 4 5 
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In total, 25 participants provided written feedback about the video task. 

Feedback on video clarity was generally positive, most participants reported 

being able to see the task. Feedback on task difficulty was mixed, some 

participants found the task more challenging than others. A few participants also 

provided more general feedback regarding the scanning experience overall (see 

table 6.4 for framework analysis results of participant feedback on the task). 

Table 6. 4 Participant task experience feedback themes, subthemes, and participant 
quotes. 

Themes Subthemes (x n) Quotes from participant responses 

Video 

clarity 

a. Clear videos (13) 

b. Video positioning (3) 

c. Videos not clear (2) 

a. “Videos were very clear and well 

adjusted for me.” 

b. “Walking across the footbridge, 

video not clear, not central.” 

c. “Screen not clear as was wearing 

glasses.” 

Task 

difficulty 

a. Easy/difficult 

imagining (11) 

b. Innovative (1)  

c. Extreme postural 

instability condition 

(2) 

a. “I could easily imagine I was in the 

situations.” 

a. “Very hard to imagine but clear to 

see videos.” 

b. “The videos were innovative, 

relaxing and thought provoking at 

times. Unusual experience but very 

good. Videos were very clear and 

well adjusted for me.” 

c. “Video quite clear, I could easily 

imagine I was in the situations, but 

the tilting floor parts felt quite 

extreme at times. Thankfully they 

were over quickly.” 
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General 

feedback 

a. Videos reduced 

claustrophobia (1) 

b. Scanner noise (1) 

c. Feedback about the 

research team (2) 

d. Inclusion of foot 

position in videos (1) 

a. “Clear to see, difficult to imagine, 

with videos don't feel as 

claustrophobic.” 

b. “After 2 days of having the scan, I 

still have ringing in my ears. I 

thought I was going to get 

headphones but only had ear plugs 

which dropped out before I was 

put in the machine. Video clear, 

just noise.” 

c. “Clear to see, image of feet in the 

video would have made it easier to 

see. If you can see the footing, it 

might have been easier to 

imagine.” 
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6.4.3 Exploratory whole-brain analysis 

6.4.3.1 Simple effects 

For simple effects analysis, voxel-wise t-tests for each condition against the 

implicit baseline were conducted. For the walking condition, activation was 

noted in the left calcarine cortex, right middle frontal, and precentral gyri 

(p<0.05 FWE corrected, see Table 6.5 and Fig. 6.4). 

For the obstacle navigation condition, activation was noted in the left calcarine 

cortex and right middle frontal gyrus. (p<0.05 FWE corrected, see Table 6.5 and 

Fig. 6.5).  

For the postural instability condition, activation was noted in the left calcarine 

cortex and right superior parietal lobule (p<0.05 FWE corrected, see Table 6.5 

and Fig. 6.6).  

6.4.3.2 Contrasts 

The differences in activation and deactivation between the conditions for 

walking - postural instability, walking - obstacle and obstacle - postural 

instability were explored. No voxels survived p<.05 FWE threshold or more 

lenient p<.001 threshold (see Table 6.5). 
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Figure 6. 4 Axial, Coronal and Sagittal view of activation 
during the walking condition. 

Figure 6. 5 Axial, Coronal and Sagittal view of activation 
during obstacle navigation condition. 
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Figure 6. 6 Axial, Coronal and Sagittal view of activation 
during postural instability condition. 
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Table 6. 5 Spatial location (coordinates) of voxels with the highest z scores and t scores 
inside each cluster is displayed for each condition and for comparison of activation 
between conditions. 

Task condition  Anatomical location x y z  cluster 

size 

T 

score 

Z 

score 

Walking* Left calcarine cortex -6 -94 -1 3508 30.11 > 8 

  
12 -91 8 

 
25.66 > 8 

  
9 -79 -4 

 
22.03 > 8 

 
Right middle frontal 

gyrus 
 

30 -1 50 18 6.28 5.57 

 
Right precentral gyrus 48 11 32 10 5.88 5.28 

Obstacle 

navigation* 

Left calcarine cortex -6 -94 -1 3879 23.7 > 8 

  
-9 -82 -7 

 
22.8 > 8 

  
9 -79 -4 

 
22.17 > 8 

 
Right middle frontal 

gyrus 

27 -1 53 66 8.24 6.87 

Postural 

instability* 

Left calcarine cortex -6 -94 -1 3624 32.7 > 8 

  
12 -91 11 

 
25.3 > 8 

  
9 -79 -4 

 
24.5 > 8 

 
Right superior parietal 

lobule 

15 -70 59 94 9.85 7.77 

  
27 -64 53 

 
6.07 5.42 

  
6 -61 59 

 
5.22 4.78 

*p<.05 FWE corrected.
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6.4.4 ROI analysis 

ROI data was generally normally distributed (see Appendix A for histograms and 

p values for the Shapiro-Wilks test for each ROI). Data generally met parametric 

assumptions therefore I proceeded with a 3 (condition: walking, obstacle 

navigation, postural instability) x 10 (ROI: L+R SMA, L+R PMC, L+R PIVC, L+R 

ACC, L+R PFC) within-subjects ANOVA.  

6.4.5 ANOVA results 

Mauchly’s test indicated the assumption of sphericity had been met for the 

condition variable, χ2(2) =3.24, p=.19 (see Appendix A). However, for the region 

of interest variable, the assumption of sphericity was violated χ2(44) =194.74, 

p<.001. As sphericity assumptions were violated for the region of interest 

variables, degrees of freedom were corrected using Green-House Geisser 

estimates of sphericity (ε=.46). The ANOVA revealed no significant effect of 

condition F(2,70)=1.14, p=.32. A significant effect of ROI was noted 

F(9,315)=2.92, p=.02. There was no significant interaction between condition 

and ROI F(18,630)=.51, p=.80. 
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6.4.6 Relationship between task condition ROI activity, executive function, and 

balance 

Two hierarchical multiple linear regression models were constructed to explore 

the relationship between core processes of executive function (working memory, 

cognitive flexibility, and cognitive control, measured by CANTAB tests) and 

balance (static and dynamic, measured using BBS and TUG).  

Six hierarchical multiple linear regression models were constructed to explore 

the relationship between activation in ROIs (SMA, PMC, PFC, PIVC, ACC) for each 

condition (walking, obstacle avoidance and postural instability) and 

performance on BBS and TUG, while controlling for age and cognition.  

6.4.6.1 Assumption testing results 

Generally, Pearson’s correlations between independent variables were below 

<0.9 (398) and Durbin Watson statistics values were close to 2 (range 1.95 – 

2.36), which showed that generally independent variables were not highly 

correlated with one another. P-Plots for the models indicated that the 

assumption of normality of the residuals were met. Additionally, Cook’s distance 

values were generally less than 1 indicating that no outliers significantly 

influenced the models. 

6.4.6.2 Executive function and balance 

Berg balance score 

In step 1, age or MoCA scores did not significantly contribute to the regression 

model (p>.05) explaining 10% of the variance in BBS. In step 2, introducing 

verbal fluency scores, spatial span test score, multitasking rest reaction times for 

switching, congruent and incongruent conditions explained a further 6 % of 
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variance in the BBS. However, the changes in R2 were not significant (p>.05, see 

table 6.6). The individual explanatory variables were examined further, and none 

was significantly associated with BBS. 

Timed Up and Go 

In step 1, age or MoCA scores did not significantly contribute to the regression 

model (p>.05) accounting for 10% of the variance in TUG performance. In step 2, 

introducing verbal fluency scores, spatial span test score, multitasking rest 

reaction times for switching, congruent and incongruent conditions explained a 

further 24% of variance in the TUG performance. However, the change in R2 was 

not significant (p>.05, See table 6.7). The individual explanatory variables were 

examined further and the reaction times for the switch condition of the 

multitasking test was significantly associated with TUG performance (β = 0.75, 

p<.05).
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Key:  MTT = CANTAB Multitasking Test; SSP = CANTAB Spatial Span Test, RL = Reaction 

Latency. 

Table 6. 6 Executive function and BBS. 

Variable 

Unstandardised 
coefficients 

Standardised 
coefficients 

p 

95% CI 

B 
Std 

Error β Lower Upper 

Step 1              

Age -0.16 0.33 -0.09 0.63 -0.83 0.51 

MoCA 1.06 0.65 0.29 0.11 -0.27 2.39 

 Step 2             

Age -0.03 0.40 -0.02 0.95 -0.85 0.79 

MoCA 1.27 0.88 0.35 0.17 -0.56 3.09 

Verbal Fluency -0.04 0.56 -0.02 0.94 -1.21 1.12 

SSP_Length forward 0.63 2.47 0.05 0.80 -4.47 5.73 

MTT_Switch_RL 0.00 0.01 0.07 0.82 -0.02 0.03 

MTT_Congruent_RL -0.02 0.03 -0.32 0.46 -0.09 0.04 

MTT_Incongruent_RL 0.00 0.03 0.02 0.96 -0.06 0.06 

Note: 
Step 1: F = 1.53, p = 0.24, R²=0.10, R²(Adjusted) = 0.03 
Step 2: F = 0.63, p = 0.72, R²=0.16, ▲R² = 0.06, R²(Adjusted) = -0.09 ▲R² 
(Adjusted) = -0.13  
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Key:  MTT = CANTAB Multitasking Test; SSP = CANTAB Spatial Span Test, RL = Reaction 

Latency.

 

6.4.6.3 Walking condition 

Berg Balance score 

In step 1 age and MoCA scores accounted for 16% of the variance in BBS (p>.05). 

Only MoCA scores were significantly associated with BBS in this step (β = 0.334, 

p<.05). In step 2, introducing the parameter estimates for regions of interest 

during walking condition explained a further 51% of variance in the BBS and this 

change in R2 was significant (p<.01).  

The individual explanatory variables in step 2 were further examined, and ROI 

parameter estimates during the walking condition that were significantly 

Table 6. 7 Executive function and TUG. 

Variable 

Unstandardised 
coefficients 

Standardised 
coefficients 

p 

95% CI 

B 
Std 

Error β Lower Upper 

Step 1             

Age 0.56 0.41 0.25 0.18 -0.28 1.40 

MoCA -0.74 0.81 -0.17 0.37 -2.41 0.93 

Step 2             

Age 0.46 0.44 0.21 0.31 -0.45 1.38 

MoCA -1.44 0.98 -0.32 0.16 -3.47 0.59 

Verbal Fluency 0.28 0.62 0.10 0.66 -1.01 1.57 

SSP_Length forward -1.67 2.79 -0.11 0.56 -7.46 4.13 

MTT_Switch_RL 0.04 0.02 0.75 0.03 0.00 0.07 

MTT_Congruent_RL 0.01 0.03 0.12 0.76 -0.06 0.08 

MTT_Incongruent_RL -0.06 0.03 -0.67 0.08 -0.13 0.01 

Note: 
Step 1: F = 1.49, p = 0.25, R²=0.10, R²(Adjusted) = 0.03 
Step 2: F = 1.64, p = 0.18, R² = 0.34, ▲R² = 0.24, R²(Adjusted) = 0.13 ▲R² 
(Adjusted) = 0.10 
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associated with BBS included left premotor cortex (β = 1.86, p<.01), left 

supplementary motor area (β = -1.17, p<.01) and the right premotor cortex (β = -

1.86, p<.01, see table 6.8). 

Timed Up and Go 

In step 1, MoCA scores and age accounted for 18% of the variation in TUG 

performance (p<.05). In step 2 introducing the parameter estimates for regions 

of interest during walking condition explained a further 46% of the variance in 

TUG performance and this change in R2 was significant (p<.01). 

The individual explanatory variables were further examined, and ROI parameter 

estimates during the walking condition that were significantly associated with 

TUG performance included the left premotor cortex (β = -1.54, p<.001), left 

supplementary motor area (β = 0.99, p<.05), right premotor cortex (β = 1.64, 

p<.05, see table 6.9).
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Table 6. 8 Walking condition AND BBS. 

Variable 

Unstandardised 
coefficients 

Standardised 
coefficients 

p 

95% CI 

B 
Std 

Error β Lower Upper 

Step 1             

Age -0.29 0.27 -0.18 0.28 -0.83 0.25 

MoCA 1.20 0.58 0.33 0.05 0.02 2.37 

Step 2             

Age -0.51 0.24 -0.31 0.05 -1.01 -0.01 

MoCA 1.55 0.61 0.43 0.02 0.28 2.82 

Left PMC 42.78 9.27 1.86 0.00 23.60 61.96 

Left SMA -29.79 8.63 -1.17 0.00 -47.65 -11.93 

Left PIVC 8.33 5.29 0.24 0.13 -2.61 19.28 

Left ACC 3.47 4.31 0.22 0.43 -5.45 12.38 

Left PFC -6.79 5.33 -0.28 0.21 -17.81 4.23 

Right PMC -33.11 7.67 -1.86 0.00 -48.98 -17.24 

Right SMA 13.32 7.48 0.66 0.09 -2.16 28.81 

Right PIVC 1.13 3.62 0.05 0.76 -6.36 8.62 

Right ACC -4.97 5.81 -0.23 0.40 -16.99 7.06 

Right PFC 7.03 3.88 0.39 0.08 -1.00 15.06 

Note: 
Step 1: F = 3.13, p = 0.06, R²=0.16, R²(Adjusted) = 0.11 
Step 2: F = 3.95, p<.001, R² = 0.67, ▲R² = 0.51, R²(Adjusted) = 0.50 ▲R² 
(Adjusted) = 0.40  
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Table 6. 9 Walking condition AND TUG. 

Variable 

Unstandardised 
coefficients 

Standardised 
coefficients 

p 

95% CI 

B 
Std 

Error β Lower Upper 

Step 1             

Age 0.66 0.33 0.32 0.05 -0.012 1.345 

MoCA -1.01 0.73 -0.23 0.17 -2.5 0.472 

Step 2             

Age 1.02 0.32 0.50 0.01 0.35 1.69 

MoCA -1.16 0.84 -0.26 0.18 -2.90 0.58 

Left PMC -44.48 13.30 -1.54 0.00 -72.06 -16.89 

Left SMA 31.27 12.13 0.99 0.01 6.13 56.42 

Left PIVC -14.67 7.18 -0.34 0.05 -29.57 0.23 

Left ACC 3.53 5.86 0.18 0.55 -8.62 15.68 

Left PFC 5.68 7.19 0.19 0.43 -9.24 20.60 

Right PMC 36.37 10.49 1.64 0.00 14.61 58.12 

Right SMA -12.04 10.12 -0.48 0.24 -33.04 8.95 

Right PIVC -4.61 4.95 -0.17 0.36 -14.88 5.66 

Right ACC -5.18 7.94 -0.19 0.52 -21.64 11.28 

Right PFC -6.46 5.36 -0.29 0.24 -17.56 4.65 

Note: 
Step 1: F = 1.49, p = 0.25, R²=0.098, R²(Adjusted) = 0.032 
Step 2: F = 1.637, p = 0.177, R² = 0.243, ▲R² = 0.243, R²(Adjusted) = 0.133 ▲R² 
(Adjusted) = 0.101 
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6.4.6.4 Obstacle navigation condition 

Berg Balance score 

In step 1 age and MoCA scores accounted for 16% of the variance in BBS (p>.05). 

Only MoCA scores were significantly associated with BBS in this step (β = 0.334, 

p<.05). In step 2 introducing the parameter estimates for regions of interest 

during obstacle navigation condition explained a further 41% of variance in the 

BBS, however the change in R2 was not significant (p>.05). 

The individual explanatory variables were further examined, and ROI parameter 

estimates during the obstacle navigation that were significantly associated with 

BBS included the right premotor cortex (β = -0.74, p=<.05) and the right anterior 

cingulate cortex (β = 0.75, p<.05, see table 6.10). 

Timed Up and Go 

In step 1, MoCA scores and age accounted for 18% of the variance in TUG 

performance (p<.05). In step 2 introducing the parameter estimates for regions 

of interest during obstacle navigation condition explained a further 47% of 

variance in the TUG performance and this change in R2 was significant (p<.05).  

The individual explanatory variables were further examined, and ROI parameter 

estimates during the obstacle navigation condition that were significantly 

associated with TUG performance included the left supplementary area (β = 0.95, 

p<.01) and the right anterior cingulate cortex (β = -0.77, p<.05, see table 6.11). 
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Table 6. 10 Obstacle navigation condition and BBS. 

Variable 

Unstandardised 
coefficients 

Standardised 
coefficients 

p 

95% CI 

B 
Std 

Error β Lower Upper 

Step 1             

Age -0.29 0.27 -0.18 0.28 -0.83 0.25 

MoCA 1.20 0.58 0.33 0.05 0.02 2.37 

Step 2             

Age -0.06 0.25 -0.04 0.81 -0.59 0.47 

MoCA 0.70 0.64 0.20 0.28 -0.62 2.02 

Left PMC 3.22 9.98 0.11 0.75 -17.43 23.87 

Left SMA -15.43 9.31 -0.49 0.11 -34.68 3.82 

Left PIVC 1.71 3.69 0.08 0.65 -5.93 9.35 

Left ACC -11.16 5.66 -0.67 0.06 -22.87 0.55 

Left PFC 8.09 6.44 0.33 0.22 -5.24 21.41 

Right PMC -18.83 9.04 -0.74 0.05 -37.53 -0.13 

Right SMA 15.97 9.74 0.57 0.11 -4.18 36.12 

Right PIVC 4.21 5.98 0.12 0.49 -8.17 16.59 

Right ACC 15.47 7.06 0.75 0.04 0.86 30.09 

Right PFC 2.71 4.62 0.16 0.56 -6.84 12.27 

Step 1: F = 3.13, p = 0.06, R²=0.16, R²(Adjusted) = 0.11 
Step 2: F = 2.58, p = 0.03, R² = 0.57, ▲R² = 0.41, R²(Adjusted) = 0.35 ▲R² 
(Adjusted) = 0.24 
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Table 6. 11  Obstacle navigation condition and timed up and go. 

Variable 

Unstandardised 
coefficients 

Standardised 
coefficients 

p 

95% CI 

B 
Std 

Error β Lower Upper 

Step 1             

Age 0.67 0.33 0.32 0.05 -0.01 1.35 

MoCA -1.01 0.73 -0.23 0.17 -2.50 0.47 

Step 2             

Age 0.53 0.31 0.26 0.10 -0.11 1.17 

MoCA -0.52 0.74 -0.12 0.49 -2.05 1.01 

Left PMC 4.39 11.54 0.12 0.71 -19.54 28.32 

Left SMA 38.42 11.55 0.95 0.00 14.46 62.38 

Left PIVC -6.43 4.35 -0.25 0.15 -15.45 2.60 

Left ACC 13.59 6.62 0.65 0.05 -0.14 27.33 

Left PFC -11.70 7.48 -0.36 0.13 -27.21 3.80 

Right PMC 2.29 11.28 0.07 0.84 -21.11 25.69 

Right SMA -20.77 11.28 -0.58 0.08 -44.17 2.63 

Right PIVC 10.60 8.16 0.23 0.21 -6.33 27.53 

Right ACC -19.75 8.29 -0.77 0.03 -36.93 -2.56 

Right PFC -0.93 5.40 -0.04 0.87 -12.13 10.27 

Step 1: F = 3.47, p = 0.04, R²=0.18, R²(Adjusted) = 0.13 
Step 2: F = 3.39, p = 0.01, R² = 0.65, ▲R² = 0.47, R²(Adjusted) = 0.46 ▲R² 
(Adjusted) = 0.33 
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6.4.6.5 Postural instability condition 

 Berg Balance scale 

In step 1 age and MoCA scores accounted for 16% of the variance in BBS (p>.05). 

Only MoCA scores were significantly associated with BBS in this step (β = 0.334, 

p<.05). In step 2 introducing the parameter estimates for regions of interest 

during the postural instability condition explained a further 56% of variance in 

the Timed Up and Go performance and this change in R2 was significant (p<.01).  

The individual explanatory variables were further examined, and ROI parameter 

estimates during the postural instability condition that were significantly 

associated with TUG performance included the left supplementary area (β = -

0.89, p<.05) and the right premotor cortex (β = -0.92, p<.05) and the right 

supplementary motor area (β = 0.64, p<.01, see table 6.12). 

 Timed Up and Go 

In step 1, MoCA scores and age accounted for 18% of the variance in TUG 

performance (p<.05). In step 2 introducing the parameter estimates for regions 

of interest during the postural instability condition explained a further 39% of 

variance in the TUG performance and this change in R2 was non-significant 

(p>.05).  

The individual explanatory variables were further examined, and ROI parameter 

estimates during the postural instability condition that were significantly 

associated with TUG performance included the left supplementary area (β = 0.68, 

p<.05, see table 6.13). 
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Table 6. 12 Postural instability condition and BBS. 

Variable 

Unstandardised 
coefficients 

Standardised 
coefficients 

p 

95% CI 

B 
Std 

Error β Lower Upper 

Step 1             

Age -0.29 0.27 -0.18 0.28 -0.83 0.25 

MoCA 1.20 0.58 0.33 0.05 0.02 2.37 

Step 2             

Age -0.08 0.30 -0.05 0.79 -0.70 0.54 

MoCA 1.13 0.47 0.32 0.03 0.16 2.11 

Left PMC 14.60 9.16 0.49 0.12 -4.34 33.54 

Left SMA -25.10 7.28 -0.89 0.00 -40.15 -10.05 

Left PIVC -1.06 4.90 -0.03 0.83 -11.21 9.08 

Left ACC 5.20 3.20 0.39 0.12 -1.42 11.82 

Left PFC -3.43 4.64 -0.17 0.47 -13.03 6.17 

Right PMC -23.58 9.68 -0.92 0.02 -43.61 -3.54 

Right SMA 14.98 6.06 0.64 0.02 2.45 27.52 

Right PIVC -1.69 3.12 -0.08 0.59 -8.13 4.76 

Right ACC -8.91 4.98 -0.43 0.09 -19.21 1.39 

Right PFC 5.37 3.82 0.30 0.17 -2.54 13.27 

Note: 
Step 1: F = 3.13, p = 0.06, R²=0.16, R²(Adjusted) = 0.11 
Step 2: F = 4.42, p<.001, R² = 0.70, ▲R² = 0.54, R²(Adjusted) = 0.54 ▲R² 
(Adjusted) = 0.43 
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Table 6. 13 Postural instability and TUG. 

Variable 

Unstandardised 
coefficients 

Standardised 
coefficients 

p 

95% CI 

B 
Std 

Error β Lower Upper 

Step 1             

Age 0.67 0.33 0.32 0.05 -0.01 1.35 

MoCA -1.01 0.73 -0.23 0.17 -2.50 0.47 

Step 2             

Age 0.26 0.47 0.13 0.59 -0.71 1.23 

MoCA -1.14 0.73 -0.25 0.13 -2.65 0.36 

Left PMC -18.81 14.02 -0.46 0.19 -47.89 10.27 

Left SMA 25.25 12.10 0.68 0.05 0.15 50.34 

Left PIVC -3.51 7.61 -0.08 0.65 -19.29 12.27 

Left ACC -3.01 5.23 -0.18 0.57 -13.87 7.84 

Left PFC 3.68 7.20 0.14 0.61 -11.24 18.60 

Right PMC 31.25 15.25 0.95 0.05 -0.38 62.87 

Right SMA -14.35 10.49 -0.49 0.19 -36.10 7.39 

Right PIVC 0.56 4.80 0.02 0.91 -9.38 10.50 

Right ACC 7.12 7.79 0.28 0.37 -9.02 23.27 

Right PFC -8.57 5.93 -0.39 0.16 -20.86 3.73 

Note: 
Step 1: F = 3.47, p = 0.04, R²=0.18, R²(Adjusted) = 0.13 
Step 2: F = 12.36, p = 0.04, R² = 0.56, ▲R² = 0.39, R²(Adjusted) = 0.33 ▲R² 
(Adjusted) = 0.20 
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6.4.7  Mediation analyses 

To investigate whether executive function mediated task related ROI activation 

and balance performance, a series of exploratory mediation analyses were 

conducted using PROCESS macro in SPSS (399). Based on the results above, only 

task switching reaction time (a measure of cognitive flexibility) was significantly 

associated with timed up and go performance (however the regression model 

was non-significant), therefore exploratory mediation analyses were conducted 

for the TUG outcome only. For each condition, ROIs that were significantly 

associated with TUG performance from the regression models, were included as 

independent variables. The multitasking switch condition reaction time was 

included as a moderator variable and timed up and go performance was included 

as the outcome variable. A total of six mediation models were constructed, three 

for the walking condition, two for obstacle navigation condition and one for the 

postural instability condition.  
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For each condition, ROI parameter estimates were not significantly associated 

with multitasking switch condition reaction times (figure 6.7, path A, table 19). 

The association between multitasking switch condition reaction times and TUG 

performance were also not significant (figure 6.7, path B, table 6.14). The direct 

association for ROI and TUG performance was significant Figure 5, path C, table 

19), however the indirect effect (figure 6.7 path A and B, table 6.14) was non-

significant.  
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Table 6. 14 Mediation analysis between task activation in regions of interest, MTT switch reaction time and Timed Up and Go performance. 

  Path A Path B 

  
Association between condition ROI and MTT switch 
reaction time 

Association between MTT switch reaction time and 
TUG 

Condition ROI β Std Beta SE p 

95% CI 

β Std Beta SE p 

95% CI 

Lower Upper Lower Upper 

Walking Left PMC -3.95 -0.01 114.41 0.97 -237.60 229.71 0.01 0.26 0.01 0.14 0.00 0.03 

  Left SMA 31.39 0.05 127.32 0.81 -228.64 291.42 0.01 0.23 0.01 0.16 0.00 0.03 

  
Right 
PMC 120.70 0.26 83.08 0.16 -48.97 290.38 0.01 0.15 0.01 0.38 -0.01 0.02 

Obstacle Left SMA 150.28 0.17 156.54 0.35 -169.43 469.99 0.01 0.21 0.01 0.24 -0.01 0.03 

  
Right 
ACC -23.06 -0.04 96.02 0.81 -219.16 173.04 0.01 0.25 0.01 0.18 -0.01 0.03 

Balance  Left SMA 57.18 0.07 142.15 0.69 -233.13 347.49 0.01 0.23 0.01 0.19 -0.01 0.03 

              

  Path C    

  Direct effect Association condition ROI and TUG Indirect effect        

Condition ROI β Std Beta SE p 

95% CI 

β SE 

95% CI   

Lower Upper Lower Upper   

Walking Left PMC 10.10 0.35 4.88 0.05 0.12 20.08 -0.05 1.60 -3.55 3.37   

  Left SMA 13.74 0.42 5.24 0.01 3.02 24.45 0.34 1.29 -2.24 3.20   

  
Right 
PMC 8.71 0.40 3.73 0.03 1.09 16.33 0.85 0.99 -1.10 2.90   

Obstacle Left SMA 10.15 0.25 7.13 0.17 -4.42 24.73 1.47 2.06 -2.30 6.16   

  
Right 
ACC -3.80 -0.16 4.34 0.39 -12.67 5.07 -0.26 1.76 -3.87 3.58   

Balance  Left SMA 10.70 0.30 6.22 0.96 -2.02 23.42 0.62 1.73 -2.88 4.37   
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6.5  Discussion 

In this chapter, a novel virtual reality video balance task was piloted in older 

adults with MCI and dementia. The feasibility of task delivery, tolerability of 

scanning procedures were tolerated and participants’ views on the task 

experience were explored. Additional aims of this chapter were to explore 

whole-brain activation in response to the task conditions and investigate 

differences in activation between the conditions. Furthermore, relationships 

between activation in cortical ROIs thought to be involved in postural control, in 

response to each task condition and performance on balance measures were 

explored. Finally, this study investigated whether the relationship between ROI 

activation in each condition and performance on balance measures was 

mediated by executive function.  

The findings show that the fMRI task was deliverable, and fMRI data could be 

collected from all participants who completed their time in the scanner. Overall, 

scanner experiences were rated highly by participants, indicating, scanning 

procedures were generally well tolerated. The following themes were explored 

in the task experience feedback data using a framework approach; 1) video 

clarity, 2) task difficulty, 3) general feedback. Generally, videos were clear to see, 

two participants reported difficulties with the clarity of videos, this was partly 

due to positioning in the scanner and issues around vision and being able to 

adequately match participants’ glasses lenses with MRI compatible lenses and 

frames. Perceived task difficulty was mixed across participants, some found the 

task easy and were able to imagine themselves in the videos whilst others 

reported finding it difficult to imagine themselves in the videos. In the general 
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feedback theme, two participants reported that the postural instability task felt 

quite extreme at times and another participant found the watching the videos 

helped them to feel less claustrophobic during the scanner. Feelings of 

claustrophobia is a common phenomenon in both clinical and research MRI 

scanning, making it difficult to recruit and retain participation in imaging studies 

(400). The use of videos has been explored in paediatric populations as a way of 

enabling children to feel less claustrophobic in the scanner and reduce motion 

(401–403). The use of videos within populations of older adults with cognitive 

impairments to improve scanner experiences has not yet been explored and 

could be an easily implemented solution to improve both scanner experience, 

recruitment, and retention of participants with dementia. 

Whole-brain analysis of task-related activation for each condition showed 

activation of primary visual cortex, right middle frontal gyrus and right 

precentral gyrus during walking, primary visual cortex and right middle frontal 

gyrus during obstacle navigation and primary visual cortex and right superior 

parietal lobule during postural instability. The primary visual cortex plays a key 

role in receiving and integrating visual stimuli (404). The middle frontal gyrus is 

thought to be involved in reorienting attention, attentional control, and more 

recently evidence suggests a role in planning movement (405). The precentral 

gyrus or premotor cortex is involved in voluntary movement execution (406). 

The superior parietal lobule is involved in visuospatial perception, attention, 

planned movement and sensory integration (407). Activation in the visual cortex 

during all three conditions, is in line with previous work in healthy young and 

older adults (341,346). Frontal and parietal activation noted in this study in 
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response to walking, obstacle navigation and postural instability has also been 

noted in healthy populations, systematic reviews and meta-analyses 

(81,93,98,347). 

There were no significant differences in activation between the task conditions, 

even when applying a lenient threshold. The lack of significant differences in 

activation could be attributed to the number of trials per condition. Task based 

fMRI studies usually have large numbers of trials for each condition, which in 

turn lengthens the time in the scanner. Given the population of interest, tasks 

with larger numbers of trials may not be feasible as older adults with cognitive 

impairments struggle to be able to sustain long periods of concentration. Based 

on this, each condition was presented three times. In task fMRI study design, 

there is a trade-off between number of trials presented and the sample size, 

increasing the number of trials presented can mean fewer participants are 

needed and vice versa (408). The sample size of this study was relatively small. 

This may also be contributing to the lack of significant difference in activation 

between the task conditions.  

An alternative explanation for the lack of significant differences in activation 

between task conditions could be the effect of imagery ability. Analysis of task 

experience feedback highlighted some participants found imaging themselves in 

the videos quite difficult. This may have affected how well participants were able 

to engage with the task and could be contributing the lack of differences noted 

between the conditions. Previous work by van der Meulen et al. (117) found 

imagery ability influenced activation patterns in response to motor imagery gait 

task.  



 
194 

The cerebral cortex plays an important role in both postural control and is also 

affected by dementia in the early stages of the disease. For the ROI analysis, the 

focus was the cerebral cortex and previous motor imagery studies and meta-

analyses were consulted to select ROIs (81,346,347,371,396,397). No differences 

in activation in supplementary motor areas, parieto-insula vestibular, anterior 

cingulate and prefrontal cortices between the task conditions were found. As 

well as the factors mentioned above that may have contributed to non-significant 

findings (task design, sample size, imagery ability, participant ability and task 

difficulty), the method of defining ROIs to extract regional activity may have also 

had an impact. The present study used cytoarchitecture maps of the brain to 

define the ROIs (392). These maps are more reliable than anatomical maps in 

distinguishing between brain regions. However variability in brain sizes and 

degree of pathology means precise location of ROIs can differ between 

individuals which could lead to the true activation of ROI being missed for some 

participants (384).  

Another set of interesting findings were the relationships between executive 

function, ROI activation and balance. Based on previous work (145,167,409,410) 

The relationship between core processes of executive function, namely working 

memory, cognitive flexibility and inhibition control and static and dynamic 

balance was examined. There was no relationship of significance between 

executive function and static balance, however cognitive flexibility appeared to 

be associated with dynamic balance. The relationship between ROI activation 

during each task condition and static and dynamic balance was explored. During 

the walking condition, bilateral premotor area and left supplementary motor 
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area were associated with static and dynamic balance. In the obstacle condition, 

the right premotor cortex and right anterior cingulate cortex were associated 

with static balance, while left supplementary motor area and right anterior 

cingulate cortex were associated with dynamic balance. For the postural 

instability condition, right premotor cortex and bilateral supplementary motor 

area were associated with static balance and only the left supplementary motor 

area was associated with dynamic balance. During walking and postural 

instability condition, activity in motor regions was associated with balance 

performance, whilst, interestingly in the obstacle condition, both motor areas 

and anterior cingulate cortex were involved.  

The anterior cingulate cortex plays a key role in executive function, specifically in 

decision making, planning, and error detection (411). Given navigating an 

obstacle requires elements of planning and decision making, the relationship 

between anterior cingulate cortex activity during this condition and both static 

and dynamic balance is noteworthy. Additionally, the anterior cingulate cortex is 

involved in error detection, however during the postural instability condition 

only motor regions were associated with static and dynamic balance. Given 

participants were mildly impaired and generally had good balance, perhaps 

response to external perturbations is still automatic or reactionary, not yet 

impacted by dementia related pathology.  

In this study three core cognitive abilities that underpin cognitive function: 

cognitive flexibility, attentional set shifting, and visuospatial working memory 

were explored. Executive function is comprised of lots of different cognitive 
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abilities, there may be cognitive abilities that are more relevant to postural 

stability that still need to be explored. 

Previous work has shown that balance and executive function may have shared 

neural substrates as executive dysfunction is associated with postural control 

deficits (412). Based on this, it was hypothesised that executive function would 

mediate the relationship between ROI activation in each task condition and 

balance. Contrary to previous work and the current hypothesis, there was no 

significant relationship between ROIs significantly associated with dynamic 

balance and executive function for any of the task conditions. Also, I did not find 

that executive function mediated the relationship between theses ROIs and 

dynamic balance. Findings from regression and mediation analyses need to be 

treated with caution due to the small sample size. It is recommended for each 

variable, there should be between ten observations per variable (413). Given the 

large number of variables of interest in this study and the small sample there is a 

risk of overfitting and overestimating the model.  

6.6 Conclusions 

• This study has shown that scanning was well tolerated by participants, 

the task was deliverable, task experience feedback indicated participants 

were able to view and engage with the task, though some found this 

easier than others.  

• Filler videos and video tasks may reduce feelings of claustrophobia, which 

could be useful tool to improve scanning experience for older adults with 

cognitive impairments. 
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• Whole brain activation during walking was noted in visual cortex, middle 

frontal gyrus, and precentral gyrus. During obstacle navigation, activation 

was noted in visual cortex and middle frontal gyrus. During postural 

instability activation was noted in visual areas and superior parietal 

lobule. 

• The relationship between ROI activation during each condition and 

balance appears to be complex. During the walking condition, premotor 

and supplementary motor regions were associated with dynamic and 

static balance. During the obstacle navigation condition, the anterior 

cingulate cortex was also associated with static and dynamic balance, 

which plays a key role in planning. Perhaps during more complex postural 

control tasks such as navigating an object require more input from brain 

regions involved in higher order processing and executive function. 

• Brain networks involved in postural stability during walking and 

responding to external perturbations may still be automatic and require 

less involvement of brain regions involved in higher order cognitive 

functions during early stages of cognitive impairment and dementia. 
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7. Functional connectivity and balance in dementia: A 

resting state fMRI study 

7.1  Background 

Resting-state fMRI is a task-free alternative approach and enables researchers to 

map the functional organisation of the brain and explore how it is linked to 

human functions and behaviours. Resting-state fMRI has led to the identification 

of large scale, highly replicable resting-state cortical networks, which correspond 

to networks involved in core cognitive processes. This type of fMRI also enables 

the quantification of intra and internetwork connectivity strength (228).  

Neural correlates of balance and gait in older adults with dementia have received 

little attention to date. Given the effects of balance and gait dysfunctions, and 

consequently falls, it is important to understand how neural correlates of balance 

and gait are altered in people with dementia. Much of functional MRI research in 

dementia has used resting-state fMRI to quantify altered functional connectivity 

because of underlying pathology (see chapter 3 for an overview of resting-state 

fMRI research in dementia). The default mode network has been most 

consistently identified to be impacted by Alzheimer’s disease-related pathology 

(232,252). Additionally, changes in dorsal attention network, central executive 

network and salience network have been observed in people with MCI and AD as 

well as those at risk of cognitive decline (290,294,414). Studies using resting-

state fMRI to explore the impact of dementia-related pathology on functional 

connectivity have been discussed in more detail in chapter 3.  
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Resting-state fMRI has been applied in healthy young and older adults, alongside 

balance and gait assessments to explore relationships between functional 

connectivity of brain regions, large scale networks, and balance or gait 

performance. A study comparing functional connectivity of sensorimotor 

network between young and older adults found, older adults displayed 

decreased local efficiency of sensorimotor network and increased global 

efficiency of the network when compared with younger adults (415). Decreased 

local efficiency of sensorimotor in older adults was associated with increased 

gait variability (415). Yuan et al. (416) exploring the relationship between 

functional connectivity and gait speed during single and dual task conditions, in 

healthy older adults, found task performance was correlated with connectivity 

within sensorimotor network, visual network, vestibular network and left 

fronto-parietal network (416). Dual task performance specifically was associated 

with increased functional connectivity in sensorimotor network and left fronto-

parietal network when compared with single task condition (416). Zhou et al. 

(417) explored the relationship between complexity of resting state functional 

networks and gait speed during single and dual task conditions in older adults. 

The researchers found those with lower complexity within sensorimotor, dorsal 

attention and ventral attention networks displayed slower walking speeds 

during both single and dual task conditions (417).  A longitudinal study exploring 

age-related changes in inter and intra network functional connectivity and the 

relationship between falls status found that older adults with a history of falls 

displayed greater connectivity between DMN and FPN and lower connectivity 

between SMN and FPN (418). This study also found that older adults who had 
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fallen exhibited lower connectivity between SMN and FPN and this was 

associated with greater decline in mobility (418).  

Recent studies have begun to explore the relationship between functional 

connectivity, balance, and executive function in older adults with functional 

limitations, early-stage Parkinson’s disease and MCI. Lo et al. (337) explored the 

relationship between gait characteristics and network connectivity in healthy 

older adults and older adults with functional limitations. Faster gait speed was 

associated with greater functional connectivity within the FPN, specifically the 

bilateral frontal gyri. Steadier gait was associated with lower functional 

connectivity with DAN and DMN. Also, within the DAN and DMN, gait velocity 

was linked to right superior parietal sulcus. This work was recently extended to 

include older adults with mild Parkinson’s disease (336). Across all participants, 

increased connectivity between DAN and DMN was associated with greater gait 

variability. In healthy controls, decreased gait variability was associated with 

negative relationship between DMN-SMN, DMN-VAN, and DMN-FPN 

connectivity. In the group with Parkinson’s disease, decreased gait variability 

was associated with negative relationship between DMN and limbic network 

connectivity (336).  

A limited number of studies have begun to explore the relationship between 

functional connectivity, balance, and gait in older adults with MCI.  Hsu et al. 

(419) explored patterns of functional connectivity, specifically within SMN and 

FPN, that were associated with slower gait speed in older adults with MCI. 

Slower gait was associated with greater connectivity between SMA-bilateral 

ventral visual area, lower connectivity between SMA-bilateral superior left 
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occipital area, and SMA-bilateral frontal eye field area. Increased DMN-SMN 

functional connectivity has been linked to slower gait speed and increased 

postural sway in older adults with MCI (420). Additionally, increased functional 

connectivity within the DMN was associated with poorer dual task performance 

(420). This work has been extended to explore the effects of falls history on the 

relationship between functional connectivity and postural sway in older adults 

with and without a history of falls and with or without a diagnosis MCI (421). 

Older adults with MCI who had fallen, displayed stronger connectivity between 

DMN-SMN when compared with those without MCI. Additionally, a linear 

increase in DMN-SMN connectivity was noted from healthy older adult fallers, 

older adults non-fallers with MCI to older adult fallers with MCI (421). This 

increase in DMN-SMN connectivity was associated with increased postural sway 

and slower gait. 

To date, the relationship between functional connectivity and balance in people 

with dementia has not been investigated and research in people with MCI is 

limited. This population is likely to display balance and gait dysfunction in the 

early stages of the disease and have an increased risk of falls and related adverse 

consequences. Developing our understanding of how intra and interconnectivity 

of large-scale resting-state networks are related to balance performance, will 

enable the development of knowledge of the neural correlates involved and 

inform future work to improve detection of those at risk of falls and development 

of interventions to improve balance. 

For this chapter, I conducted an exploratory resting-state fMRI study with older 

adults with MCI and dementia. In this study, I used a data-driven approach to 
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identify large scale networks and explore the relationship between the strength 

of intra and internetwork connectivity and performance on measures of balance.  

7.2  Methods 

This study was a cross-sectional resting-state fMRI study within the multicentre 

PrAISED RCT.  

7.2.1 Inclusion and exclusion criteria 

In brief, participants were aged 65 or over, with a diagnosis of MCI or dementia, 

with a MoCA score in the range of 13-25. Participants who met specific MRI 

exclusion criteria (e.g., pacemaker, intra ocular metallic fragment, 

claustrophobia), were excluded from taking part in the study. More detail has 

been provided in the previous chapter (see section 6.3.1). 

7.2.2 Recruitment 

Participant recruitment procedures have been provided in detail in the previous 

chapter (see section 6.3.2). In brief, participants were recruited from the 

PrAISED RCT Nottinghamshire and Derbyshire sites who signed clause 7 on the 

consent form (willing to be contacted about additional related studies, see 

appendix C) were introduced to the MRI study by the researcher conducting 

their baseline visit. I contacted participants who expressed interest in the study 

at the PrAISED baseline visit by telephone to discuss the study in more detail and 

check participants met the inclusion and exclusion criteria for the study.  

For participants who were eligible and willing to take part, I arranged an 

appointment for the participants (and their carer if they wished to accompany 

the participant) to attend the Sir Peter Mansfield Imaging Centre at the Queen’s 
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Medical Centre, Nottingham. At the appointment, I discussed the study with the 

participant in more detail and rechecked eligibility using the MRI safety 

questionnaire, which was also checked by a qualified radiographer. For eligible 

participants, I sought written informed consent before proceeding with the MRI 

scan. 

7.2.3 PrAISED assessments 

As part of the PrAISED RCT, participants completed a comprehensive battery of 

assessments at baseline including cognition (MoCA, verbal fluency, CANTAB 

visuospatial working memory test, CANTAB multitasking test), activities of daily 

living (NEADL and DAD) and balance (TUG and BBS). See the previous chapter 

for more details on the measures completed by participants (section 6.3.3). 

7.2.4 Resting-state fMRI scanning procedures 

Participants were presented with a fixation that was visible through the MRI-

compatible goggles. Participants were instructed to stay awake and focus on the 

cross on the screen.  

7.2.5 MRI data acquisition 

Functional imaging was performed on a 3T MRI scanner (GE Healthcare 

discovery MR750), using a 32-channel head coil. T1, FSPGR BRAVO images were 

acquired using the following parameters: TR= 0.008144, TE= 0.003172, Flip 

Angle (FA) = 12, Inversion time = 0.45, Matrix= 256 x 256, Thickness= 1 and 

Voxel size = 1 x 1 x 1. 

Functional images were acquired using echo planar imaging sequence using the 

following parameters: TR = 2000ms, TE = 30ms, Flip Angle (FA) = 77, Matrix = 64 
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x 64, Slices = 37, Thickness= 3, Voxel size = 3 x 3 x 3, Spacing between slices = 

3.5, slices = 37 covering the whole brain and cerebellum. The resting-state fMRI 

sequence lasted for 6 minutes and a total of 180 volumes were collected. 

7.2.6 fMRI data processing 

The SPMIC-UoN/BRC pipeline (422) on the Linux server was used to pre-process 

and analyse the resting-state fMRI data. The pipeline uses various MRI image 

processing software including FSL, Free Surfer, and ANTS. The pipeline required 

pre-processing of structural T1 data to be completed before pre-processing epi-

based fMRI data as the functional pre-processing pipeline was dependent upon 

outputs generated by the processing of structural data. Structural T1 data 

underwent bias-field correction, skull stripping, tissue segmentation, and 

subcortical segmentation, linear and non-linear registration to standard space, 

multimodal tissue segmentation, and free surfer analysis.  

Once structural data pre-processing was completed, functional data underwent 

went the following pre-processing steps; Removal of non-brain tissue, Distortion 

correction, motion correction, intensity normalization, slice timing correction, 

physiological noise removal (using FSL’s ICA-AROMA tool), registration to 

structural T1 image, and registration to standard space. Like the task-related 

fMRI, individuals with more than 3mm movement (greater than the voxel size) 

were excluded from the analyses. 

7.2.7 fMRI data analysis 

Independent component analysis (ICA) was used to identify large scale resting-

state networks. ICA is a data-driven approach that separates multivariate data 

into statistically independent spatial components and their associated time 
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series. When applied to resting-state fMRI data, ICA decomposes the BOLD 

dataset into components representing neural signals of interest, structured 

noise, and random noise (423,424). This technique does not require a priori 

modelling, providing flexibility for the exploratory analyses presented in this 

chapter. 

The functional connectivity analysis pipeline within the suite of the SPMIC-

UoN/BRC image processing pipelines (422) and FSLnets, on the university’s 

Linux server was used to analyse the resting-state fMRI dataset. I fed the pre-

processed resting-state fMRI data into the pipeline which included the following 

steps; Group independent component analysis (ICA) was conducted by 

concatenating the 4D datasets from all subjects and were decomposed using the 

multivariate exploratory linear optimized decomposition into independent 

components (MELODIC) tool in FSL (423). Given the exploratory nature of the 

analysis and the use of the data driven a dimensionality estimate was not 

prespecified. The independent components (IC) identified at the group ICA stage 

were then entered into a dual regression analysis to generate subject-specific 

spatial maps and time courses for each component  (425).  Dual regression 

analysis is based on multiple regression and involves two stages. In the first 

stage, the independent components from the group ICA were used as template 

maps and regressed against each participant’s 4D dataset. The second stage 

involved variance normalising the time courses and regressing them against 

each participant’s data set to create participant-specific spatial maps 

corresponding to each IC. 
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To identify components of interest, using the ‘fslcc’ command independent 

components maps were cross correlated with Yeo et al.’s (426), 7 resting state 

network masks. Independent components which correlated with network masks 

were marked as networks of interest. 

Intra network connectivity 

From the dual regression outputs, the mean z scores for each independent 

component of interest were extracted as a measure of the strength of functional 

connectivity within the networks of interest. The z scores were then imported 

into SPSS (version 26) for further analyses to investigate the relationship 

between intra network connectivity and balance. More detail on these analyses is 

provided later in this chapter (see section 7.2.8). 

Internetwork connectivity 

For each subject, the time courses for each network of interest identified in the 

dual regression analysis were entered into the FSLnets package implemented in 

MATLAB v2019b. Partial correlation matrices between the networks were 

calculated for each participant. The correlation coefficients were transformed to 

z values using Fisher’s r to z transformation. The z values for internetwork 

connectivity were imported into SPSS for further analysis to investigate 

relationships between functional connectivity and balance.  

7.2.8 Statistical analysis 

SPSS was used to conduct regression analyses to explore the relationship 

between inter or intra network connectivity and performance on BBS and TUG 

measures. Prior to conducting regression analyses the same process used to 

assess normality, linear relationships between explanatory and outcome 
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variables, multicollinearity and homoscedasticity for the task-related dataset 

was used for this dataset (see section 6.3.8). Normality and linear relationships 

between explanatory variables (intra and inter network connectivity of 

components of interest) and outcome variables (BBS and TUG) were assessed 

through visual inspection of scatter plots. Pearson’s correlation and Durbin 

Watson statistic were used to test for multicollinearity between explanatory 

variables. Scatter plots of residual values were visually inspected to assess 

whether the variance of residuals was constant and indicated assumptions of 

homoscedasticity were met (see appendix B). Additionally, Cook’s distance was 

also calculated to ascertain whether there were any outliers influencing the 

model. 

For the regression models a hierarchical approach was used, entering age and 

MoCA score covariates in the first step, and then including intra and 

internetwork functional connectivity metrics in the second step. As this was an 

exploratory analysis, I made no prior assumptions of the relative importance of 

the independent variables and therefore used the ‘enter’ method. Separate 

multiple linear regression analyses were conducted for internetwork functional 

connectivity and intra network connectivity, with BBS and TUG as the dependent 

variables.  

7.2.9 Ethical approval 

This study has received NHS and HRA approval – ethics number 18/YH/0059 

(appendix D). 
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7.3  Results 

Of 45 participants recruited from the PrAISED trial, resting-state fMRI datasets 

for 39 participants were included in the analysis (see section 6.4.1 for more 

detail on participant recruitment). Reasons for exclusion included withdrawal 

during scanning (n=5) and poor data quality of either the resting-state fMRI data 

or structural imaging data which would affect registration between fMRI and 

MRI images (n=1). Participant characteristics for the participants included in the 

analyses in this chapter are presented in table 7.1. 

Table 7. 1 Demographics and descriptive statistics for participants included in 
resting state fMRI analysis (n=39). 

Measure type Measure name Mean S.D. Min Max 

Demographics Age 81.8 6.71 68 96 

 Gender (M: F) 28:11    

 Diagnosis (MCI: 
Dementia) 

9:30    

Global 
cognition 

MoCA 20.05 3.24 14 26 

Executive 
dysfunction 

Verbal fluency 12.66 5.31 4 25 

 CANTAB Spatial 
Span test Length 
forward 

4.03 1.16 2 8 

 CANTAB 
Multitasking test 
– Switch 
response latency 

1002.35 304.67 440.50 1676.00 

 CANTAB 
Multitasking – 
Congruent 
response latency 

846.74 141.21 564.50 1167.00 

 CANTAB 
Multitasking test 

966.56 156.59 690.50 1317.00 
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– Incongruent 
response latency 

Balance Berg balance 
scale 

47.15 11.22 6 56 

 Timed Up and Go 16.89 14.20 8 87 
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7.3.1 ICA analysis / resting-state network identification 

The group ICA estimated 128 components. To identify components that 

represented functional resting-state networks, all components were correlated 

with Yeo et al.’s (426) 7 networks masks. Of the 128 components identified, 7 

components correlated with visual, limbic, dorsal attention, sensorimotor and 

default mode networks (see table 7.2 and figure 7.1).  

Table 7. 2 ICA independent components and corresponding resting-state networks. 

Independent 

component number 

Corresponding RSN Network (Yeo 

et al. 2011) 

R  

01 Limbic (Lim) 0.307 

11 SensoriMotor Network (SMN) 0.244 

57 Visual (Vis) 0.418 

63 Limbic (Lim) 0.238 

75 Default Mode Network (DMN) 0.429 

88 SensoriMotor Network (SMN) 0.231 

100 Dorsal Attention Network (DAN) 0.212 
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 Key: Red = Limbic IC_1; Indigo = Sensorimotor IC_11; Green = Visual IC_57; 
Orange = Limbic IC_63; Pink = Default mode IC_75; Blue = Sensorimotor IC_88; 
Yellow = Dorsal Attention IC_100. 

 

  

Figure 7. 1 Group functional connectivity maps for each Resting State Network. 
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7.3.2 Relationship between functional connectivity and balance 

To explore the relationship between functional connectivity of independent 

components of interest and balance performance, I constructed 4 hierarchical 

regression models. In step 1 of the models, age and MoCA scores were included 

as covariates. In step 2, the independent variables included were either intra 

network connectivity or internetwork connectivity metrics. The outcome 

variables of interest were performance on the BBS and TUG. 

7.3.2.1 Assumption testing 

Data were assessed to check whether any assumptions of linear regression were 

violated. Linear relationship between independent variables (intra or inter 

network functional connectivity) and outcome variable (BBS or TUG) were 

assessed through visually inspect of scatter plots. Pearson’s correlations and 

Durbin Watson statistics were checked to assess for multicollinearity. Scatter 

plots of residuals were checked to assess assumptions of homoscedasticity. P-

Plots were checked to assess normality of residuals and Cook’s distance was 

calculated to check whether there were outliers (>1) that significantly influenced 

the regression models.  

7.3.2.2 Berg Balance score 

Intra network functional connectivity 

In step 1, MoCA and age scores accounted for 16% of the variance in BBS (p=.05). 

In step 2, introducing z scores for intra network connectivity for each of the 

seven components of interest explained a further 10% of the variance in BBS 

however the change in R2 was non-significant (p>.05). The independent variables 
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entered in step 2 were examined further, none were significantly associated with 

BBS (see table 7.3). 

Inter network functional connectivity 

In step 1, MoCA and age scores accounted for 16% of the variance in BBS (p=.05). 

In step 2, introducing z scores for inter network connectivity between 7 

networks of interest (excluding connectivity between two components 

corresponding to limbic network and two components corresponding to 

sensorimotor network) explained a further 35% of the variance in BBS however 

the change in R2 was non-significant (p>.05). The individual independent 

variables were examined further, none were significantly associated with BBS at 

p<.05 (see table 7.4).  

7.3.2.3 Timed up and go 

Intra network functional connectivity 

In step 1, MoCA and age scores accounted for 15% of the variance in TUG 

performance (p>.05). In step 2, introducing z scores for intra network 

connectivity for each of the seven components of interest explained a further 

22% of the variance in TUG performance however the change in R2 was non- 

significant (p>.05). The individual independent variables were examined further, 

and none were significantly associated with TUG performance (see table 7.5).  

Inter network functional connectivity 

In step 1, MoCA and age scores accounted for 15% of the variance in TUG 

performance (p>.05). In step 2, introducing z scores for inter network 

connectivity between 7 networks of interest (excluding connectivity between 

two components corresponding to limbic network and two components 
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corresponding to sensorimotor network) explained a further 38% of the 

variance in TUG performance however the change in R2 was non-significant 

(p>.05). The individual independent variables were examined further, and none 

were significantly associated with TUG performance (see table 7.6).  

Table 7. 3 Intra network connectivity and BBS. 

Variable 

Unstandardised 
coefficients 

Standardised 
coefficients 

p 

95 % CI 

β Std Error B Lower Upper 
Step 1           
Age -0.32 0.25 -0.20 0.21 -0.83 0.19 
MoCA 1.10 0.54 0.32 0.05 0.02 2.19 
Step 2           
Age -0.24 0.31 -0.15 0.44 -0.87 0.39 
MoCA 1.24 0.63 0.36 0.06 -0.06 2.54 
Visual 0.02 10.40 0.00 1.00 -21.24 21.28 
SMN_1 7.72 16.21 0.09 0.64 -25.44 40.87 
SMN_2 -7.40 13.96 -0.09 0.60 -35.96 21.15 
DAN -8.15 10.63 -0.14 0.45 -29.89 13.58 
Limbic_1 -4.78 13.97 -0.07 0.73 -33.34 23.78 
Limbic_2 13.07 15.40 0.15 0.40 -18.42 44.56 
DMN -9.13 11.14 -0.17 0.42 -31.92 13.66 

Note 
Step 1: F = 3.32, p = 0.05, R² = 0.16, R² (adjusted) = 0.11 
Step 2: F = 1.11, p = 0.39, R² = 0.26, ▲R² = 0.10, R² (adjusted) = 0.03, ▲R² 
(Adjusted) = -0.08 
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Table 7. 4 Inter network connectivity and BBS. 

Variable 

Unstandardised 
coefficients 

Standardised 
coefficients 

p 

95 % CI 

β 
Std 

Error B Lower Upper 
Step 1             
Age -0.32 0.25 -0.20 0.21 -0.83 0.19 
MoCA 1.10 0.54 0.32 0.05 0.02 2.19 
Step 2             
Age -0.25 0.43 -0.15 0.58 -1.16 0.67 
MoCA 2.13 0.93 0.62 0.03 0.18 4.08 
Lim1-SMN1 -0.20 1.36 -0.05 0.89 -3.07 2.67 
Lim1-Vis 0.17 0.75 0.05 0.82 -1.41 1.76 
Lim1_DMN -0.02 1.43 0.00 0.99 -3.04 3.00 
Lim1_SMN2 -0.94 1.21 -0.20 0.45 -3.50 1.62 
Lim1_DAN 0.60 1.76 0.12 0.74 -3.12 4.32 
SMN1_Vis 1.68 1.21 0.35 0.18 -0.88 4.24 
SMN1_Lim2 -0.30 0.79 -0.08 0.71 -1.96 1.36 
SMN1_DMN 0.35 1.28 0.07 0.79 -2.36 3.06 
SMN1_DAN 0.33 0.95 0.08 0.73 -1.68 2.35 
Vis_Lim2 -0.30 1.06 -0.07 0.78 -2.54 1.95 
Vis_DMN 2.08 1.18 0.49 0.10 -0.42 4.58 
Vis_SMN2 0.65 1.12 0.16 0.57 -1.71 3.01 
Vis_DAN -0.63 1.75 -0.13 0.72 -4.31 3.06 
Lim2_DMN 2.63 1.50 0.61 0.10 -0.53 5.79 
Lim2_SMN2 1.29 1.39 0.26 0.37 -1.63 4.22 
Lim2_DAN -1.93 1.13 -0.47 0.11 -4.31 0.46 
DMN_SMN2 -0.72 1.13 -0.20 0.54 -3.10 1.67 
DMN_DAN -1.18 1.16 -0.28 0.32 -3.62 1.26 
SMN2_DAN -0.39 1.00 -0.11 0.70 -2.50 1.71 

Note 
Step 1: F = 3.32, p = 0.05, R² = 0.16, R² (adjusted) = 0.11 
Step 2: F = 0.82, p = 0.67, R² = 0.50, ▲R² = 0.35, R² (adjusted) = -0.11, ▲R² 
(Adjusted) = -0.22  
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Table 7. 5 Intra network connectivity and TUG. 

Variable 

Unstandardised 
coefficients 

Standardised 
coefficients 

p 

95 % CI 

β Std Error B Lower Upper 
Step 1           
Age 0.60 0.32 0.29 0.07 -0.06 1.25 
MoCA -0.94 0.69 -0.22 0.18 -2.34 0.45 
Step 2           
Age 0.45 0.36 0.22 0.22 -0.29 1.18 
MoCA -1.17 0.75 -0.27 0.13 -2.71 0.37 
Visual 12.93 12.53 0.18 0.31 -12.74 38.59 
SMN_1 1.35 19.12 0.01 0.94 -37.81 40.52 
SMN_2 -4.63 16.60 -0.05 0.78 -38.63 29.38 
DAN -5.15 13.93 -0.07 0.72 -33.69 23.39 
Limbic_1 32.68 16.51 0.38 0.06 -1.14 66.50 
Limbic_2 2.42 19.16 0.02 0.90 -36.83 41.67 
DMN 3.87 13.08 0.06 0.77 -22.92 30.66 

Note 
Step 1: F = 3.08, p = 0.06, R² = 0.15, R² (adjusted) = 0.10, 
Step 2: F = 1.81, p = 0.11, R² = 0.37, ▲R² = 0.22, R² (adjusted) = 0.16, ▲R² 
(Adjusted) = 0.06 
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Table 7. 6 Inter network connectivity AND TUG. 

Variable 

Unstandardised 
coefficients 

Standardised 
coefficients 

p 

95 % CI 

β 
Std 

Error B Lower Upper 
Step 1             
Age 0.596 0.321 0.292 0.07 -0.06 1.25 
MoCA -0.944 0.685 -0.217 0.18 -2.34 0.45 
Step 2             
Age 0.13 0.54 0.06 0.81 -1.02 1.28 
MoCA -2.17 1.17 -0.50 0.08 -4.66 0.31 
Lim1-SMN1 0.12 1.71 0.03 0.95 -3.50 3.74 
Lim1-Vis 0.68 0.97 0.14 0.49 -1.37 2.72 
Lim1_DMN -0.84 1.79 -0.16 0.65 -4.62 2.95 
Lim1_SMN2 0.58 1.51 0.10 0.71 -2.62 3.78 
Lim1_DAN 0.48 2.20 0.08 0.83 -4.19 5.15 
SMN1_Vis -2.40 1.52 -0.39 0.13 -5.61 0.82 
SMN1_Lim2 -0.24 0.98 -0.05 0.81 -2.32 1.84 
SMN1_DMN 1.13 1.73 0.17 0.52 -2.53 4.79 
SMN1_DAN -0.05 1.19 -0.01 0.97 -2.58 2.47 
Vis_Lim2 -0.63 1.33 -0.11 0.64 -3.44 2.18 
Vis_DMN -1.95 1.48 -0.37 0.21 -5.09 1.18 
Vis_SMN2 -2.75 1.42 -0.53 0.07 -5.76 0.26 
Vis_DAN -0.51 2.20 -0.08 0.82 -5.18 4.15 
Lim2_DMN -0.40 2.14 -0.07 0.86 -4.94 4.15 
Lim2_SMN2 -0.69 1.81 -0.11 0.71 -4.52 3.15 
Lim2_DAN 0.78 1.49 0.15 0.61 -2.38 3.94 
DMN_SMN2 0.04 1.41 0.01 0.98 -2.95 3.02 
DMN_DAN 0.87 1.51 0.16 0.57 -2.34 4.07 
SMN2_DAN 0.42 1.25 0.09 0.74 -2.23 3.07 

Note 
Step 1: F = 3.08, p = 0.06, R² = 0.15, R² (adjusted) = 0.10 
Step 2: F = 0.87, p = 0.62, R² = 0.53, ▲R² = 0.38, R² (adjusted) = -0.08, ▲R² 
(Adjusted) = -0.18 
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7.4  Discussion 

In this chapter the relationship between functional connectivity within and 

between large scale resting state networks and balance in older adults with MCI 

and dementia was explored. This study adds to the limited body of work 

available exploring functional connectivity and balance in MCI and dementia. 

Previous work has highlighted changes in functional connectivity within various 

resting state networks such as DMN, SMN and FPN were related to poorer 

mobility and balance in healthy older adults, older adults with functional 

limitations and neurodegenerative diseases such as cognitive impairment, 

Parkinson’s disease and multiple sclerosis (336,337,416,417,419–421).  

Previous work has used seed-based connectivity analysis involving cross 

correlating a region of interest with the remaining voxels in the brain to find 

other regions which may be correlated or connected (228). This method of 

analysis can improve the issues around multiple comparisons but is subject to 

potential bias in selection of ROIs (418–421). Additionally in seed-based 

analysis, the signal is likely to a mix a signal and noise, masking true activation 

(384,385,387). On the other hand, ICA is a data driven approach, limiting 

researcher bias in ROI selection (228). Additionally, ICA separates physiological 

noise components from components of interest (423,424). Given the exploratory 

nature of this study independent component analysis was used to identify 

networks of interest. ICA analysis decomposed resting state fMRI data into 128 

components. Well established resting state network maps (426) were used to 

identify components of interest rather than manual classification of components. 
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Seven components of interest corresponding to default mode, sensorimotor, 

dorsal attention, limbic and visual resting state networks were identified.  

When exploring the relationship between mean functional connectivity of each 

component and static and dynamic balance performance, contrary to previous 

work in healthy older adults and older adults with MCI (415–417,419–421), 

intra and inter network connectivity were not significantly associated with static 

or dynamic balance. Examining the regression analyses in more detail, a 

potential signal in the data was noted for intra connectivity of the limbic 

network, specifically the orbitofrontal cortex (see IC_1 in figure 24) and TUG 

performance (β= -2.75, p= 0.06, 95% C.I: -1.14, 66.50). Increased connectivity of 

the orbitofrontal cortex may be associated with slower TUG speed. The 

orbitofrontal cortex is a key node within the limbic network, with subcortical 

regions of this network, such as the hippocampus, affected by dementia related 

pathology (246,249,280). Additionally, the orbitofrontal cortex has a key role in 

planning, decision making, sensory processing and control of body movement 

(427,428). In younger populations, decreased activation of orbitofrontal cortex 

has been noted during walking (93), whereas aging has been associated with 

increased activation of the orbitofrontal cortex during walking (370). It is 

important to note that this association of increased orbitofrontal cortex 

connectivity with poorer dynamic balance performance, fell just outside the 

standard threshold for significance (p<.05), therefore these findings need to be 

interpreted with caution and further investigation is needed to establish whether 

this potential association is indeed present in larger samples.  
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When exploring the relationship between inter network connectivity and 

balance again the regression models were non-significant. A potential signal was 

noted between visual network-SMN connectivity and TUG performance, in that 

increased connectivity between visual and sensorimotor network may be 

associated with faster TUG speed. Again, this association was also just outside 

the prespecified threshold for significance (p<.05) and therefore difficult to draw 

firm conclusions, warranting further investigation. Previous work by Hsu et al. 

(419) reported disrupted connectivity between SMA a key region in the SMN and 

visual areas in healthy older adult fallers. Specifically, slower gait speed was 

associated with increased connectivity between supplementary motor area and 

bilateral ventral visual cortex and decreased connectivity between 

supplementary motor area and bilateral frontal eye fields and bilateral superior 

lateral occipital cortex. The findings of the present study are potentially 

contradictory to the association between slow gait speed and increased 

supplementary motor area and bilateral ventral visual cortex connectivity but 

possibly confirmatory for the latter associations between slow gait speed and 

decreased connectivity between motor and visual cortical areas.  The differences 

in findings may be attributable to differences in analysis methods and balance 

measures used. Hsu et al. (419) used a region of interest analysis approach while 

the present study adopted a data driven approach, Additionally, the presented 

study used the Timed Up and Go assessment, a widely used clinical tool to assess 

dynamic balance and mobility whilst the previous work only assessed the 

relationship between motor visual connectivity and gait speed. 
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Increased visual network and SMN connectivity and better TUG performance 

suggests older adults with early-stage dementia, may engage in compensatory 

activation of multiple networks to maintain balance performance (419,421). 

Additionally, the potential association between visual network-SMN connectivity 

and balance performance may be indicative of increased reliance on visual input 

and to maintain balance during more complex tasks. Similar findings were noted 

in a task fMRI study by Zwergal et al. (346) who found that older adults 

displayed greater multisensory integration comparted to younger adults in 

response to an imagined movement task. 

It is important to note that ICA is not without its limitations. ICA uses an iterative 

optimisation approach which means rerunning analysis on the same data set 

could produce different number of components each time it is run, raising a 

potential issue around reliability of identifying components (429). Prespecifying 

dimensionality can also influence ICA results, inputting low dimensionality 

estimates enables identification of large-scale networks, however, inputting 

larger dimensionality estimates may split networks into sub networks and nodes 

(Wang et al. 2015). To mitigate this, the number of components were not 

prespecified. The strengths and limitations of this study are discussed in greater 

detail in the next chapter (see chapter 8). 

7.5  Conclusions 

Contrary to previous work and the present study’s hypotheses, intra or inter 

network connectivity was not significantly associated with static or dynamic 

balance performance, using standard alpha threshold p<.05. There were 

associations that were just outside of the threshold that may indicate a potential 
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signal of interest in the data. However further investigation is needed in larger 

samples to ascertain if this potential signal is still present.  
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Part III: General discussion 
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8. General discussion and conclusions 

This chapter provides an overview of the initial aims of the thesis and planned 

studies to address the aims and research questions. This chapter also discusses 

the timeline and impact of the COVID-19 pandemic and related restrictions to the 

PrAISED RCT and subsequently to the MRI sub-study which formed part of this 

thesis. Considering the pandemic and restrictions the changes made to thesis 

aims and research questions are discussed. A summary of the key findings from 

each chapter are provided and what the findings mean in the context of previous 

work is discussed. The strengths and limitations of the studies presented in 

previous chapters are discussed and potential future directions from the work 

presented in this thesis are proposed.  

8.1 Pre COVID-19 thesis aims and proposed studies 

The initial aims of this thesis were 1) to use fMRI better understand the impact of 

dementia-related pathology on the functional neuroanatomy of balance control 

and 2) to explore the use of fMRI as an intermediate outcome in exercise and 

activity interventions to determine optimal intervention duration and intensity. 

Additional aims of this thesis were: 

3) To pilot a novel virtual reality-based balance task in healthy volunteers, 

comparing task-related activation in young healthy adults and healthy older 

adults.  

4) To use systematic review methodology to review currently available literature 

exploring the effects of exercise on fMRI outcomes in older adults with MCI and 

dementia.  
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To address these aims, the following studies were planned and set up:  

• Systematic review of exercise interventions and fMRI outcomes in 

dementia. 

• Piloting an fMRI stimulus task in healthy participants, comparing 

activation between younger and older adults. 

• A cross sectional study exploring the relationship between task related 

activity, functional connectivity, and balance in dementia.  

• A 12-month longitudinal follow up study to explore the effects of the 

PrAISED exercise programme (compared with a control condition) on 

task related activity and functional connectivity.  

At the start of the pandemic in March 2020 the status of these studies was: 

• Systematic review. Searches had been conducted and title and abstract 

screening had been completed. The second reviewer had commenced title 

and abstract screening. 

• Healthy volunteer pilot study. Prior to the first lockdown on 23rd March 

2020, 10 healthy younger adults had been recruited and was permissions 

were in place to commence recruitment of 10 healthy older adults. 

• PrAISED longitudinal MRI study. Prior to 23rd March 2020,  n = 49 were 

recruited from the PrAISED RCT to take part in the MRI study, of which n 

= 45 completed baseline scanning. Recruitment was planned to continue 

until June 2020. Additionally, from 1st February 2020 12-month follow-up 

scans for these participants had commenced. Between 1st February 2020 

and 23rd March 2020, n= 6 follow up scans were completed. Due to the 
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pandemic and resulting lockdowns, n= 2 baseline scans were cancelled 

and n = 5 follow up scans were cancelled. 

8.2 Impact of COVID-19 pandemic 

8.2.1 COVID-19 pandemic and UK restrictions timeline 

In March 2020, due to rapid transmission of the coronavirus worldwide, WHO 

declared COVID-19 to be a global pandemic on 11th March 2020. On 16th March 

2020, the Prime Minister announced that the UK would be entering a nationwide 

lockdown on the 23rd of March 2020. During this time, the UK population was 

ordered to stay at home. Additionally, the Chief Medical Officer announced that 

all non-COVID-19 related research was to be suspended unless “discontinuing 

research would have detrimental effects on the ongoing care of participants 

involved in those studies”. NHS and NIHR staff were instructed to prioritise 

COVID-19 research and NIHR clinical research networks ceased work on new 

and existing studies (430).  

On 23rd March 2020, the University of Nottingham, School of Medicine, and the 

Sir Peter Mansfield Imaging Centre in Queen’s Medical Centre were closed. All 

staff and students were instructed to work from home. Although the formal 

lockdown ended in May 2020, many of the restrictions remained in place across 

the summer of 2020 and in autumn of 2020 a tier system was introduced 

whereby lockdowns were introduced locally rather than nationally. In November 

2020, the UK entered a second “circuit breaker” lockdown returning to the tier 

system in December 2020. In January 2021, the UK entered a third national 

lockdown whereby people were instructed to stay at home. In March 2021, the 

UK embarked on the ‘roadmap out of lockdown’, with a phased re-opening of 



 227 

schools, non-essential businesses and reducing restrictions on social contact 

between March and June 2021. During this time, the advice from the UK 

government was to continue to work from home if possible. Formal COVID-19 

restrictions ceased on 19th July 2021, but many vulnerable individuals, including 

older people, remained cautious about social contact.  

8.2.2 COVID-19 related changes to PrAISED RCT and MRI sub study 

In line with the announcement from the Chief Medical Officer and Health 

Secretary on 16th March 2020, to stop all ‘non-essential’ research activity, the 

PrAISED RCT suspended recruitment, face-to-face delivery of the intervention 

and face to face follow-up data collection on 17th March 2020. In line with the 

announcement, PrAISED RCT and closure of the Sir Peter Mansfield Imaging 

Centre at Queen’s Medical Centre, recruitment, baseline and follow up scanning 

for the PrAISED MRI sub study and the recruitment and scanning of healthy 

older adults for the healthy volunteer pilot study was suspended.  

At the start of the pandemic, to ensure participant safety and attempt to mitigate 

some of the impacts of the lockdown and social distancing on participants, the 

PrAISED research team rapidly redesigned the therapy intervention, so that 

those participants in the active intervention arm, were able to continue with 

therapy remotely, via video or phone call coaching from therapists. This meant 

during the lockdown and restrictions on face-to-face contact, the intervention 

could not be delivered as initially intended. As part the planned studies for this 

thesis, prior to the pandemic, a longitudinal MRI study alongside PrAISED was 

set up and running, which aimed to explore the effects of the intervention on 

balance task-related activity and resting connectivity. Prior to the pandemic 6 
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participants had completed both baseline and follow up scans, 11 were 

randomised to the treatment as usual arm, and 16 were randomised to the active 

intervention, receiving the intervention as planned. Participants who were still 

enrolled on PrAISED and part of the MRI sub study as of 17th March 2020 and 

randomised to the treatment arm received a remote version of the intervention, 

thus addressing the initial research questions were not possible. Additionally, 

due to the very small number of participants completing the intervention as 

intended prior to the lockdown in March 2020 and lack of follow up of the 

remaining participants due to ongoing restrictions, it was also not possible to 

compare the effects of both trial intervention arms on task related and resting 

state fMRI signal. 

The PrAISED RCT recommenced recruitment in October 2020, briefly paused in 

December 2020, resuming in January 2021, and concluding in June 2021. At the 

time of re-opening to recruitment post lockdown in 2020, face-to-face contact 

and social distancing guidance were still in place. Therapy and research staff 

were both required to wear PPE and engage in social distancing when meeting 

with participants face to face.   Recommencing recruitment from the PrAISED 

RCT to the MRI study was not feasible as it required participants to travel into 

the SPMIC in the Medical School, which is attached to the Queen’s Medical Centre. 

Potential participants were likely to be worried about the risk of COVID and 

decline to take part. Resuming follow-up scans was also not possible as many 

participants completed their time in the PrAISED RCT during the UK lockdowns 

and between lockdowns the SPMIC-QMC 3T MRI scanner was upgraded. 



 229 

8.2.3 Risk factors for COVID-19 related adverse outcomes 

At the beginning of the pandemic in March 2020, people who were classified as 

“clinically vulnerable”, defined as aged 70 and over, aged 70 and under with an 

underlying health condition or pregnant, were contacted by their GP’s and told to 

“shield”. Shielding restrictions involved staying at home and limit their face-to-

face contact with others. Shielding guidance was officially withdrawn in July 

2021, and clinically vulnerable people were advised to follow the same guidance 

as the public.     

During the pandemic, rapidly accumulating evidence showed that the risk of 

COVID-19 related severe ill health, hospitalisation and mortality increased 

exponentially with age (431–434). Additional risk factors for COVID-19 related 

severe ill health, hospitalisation and mortality were ethnicity, deprivation, body 

mass index, and comorbidities such as diabetes, hypertension, chronic heart 

disease, chronic respiratory disease, asthma, cancer, kidney disease, chronic 

neurological conditions (e.g. dementia), immunosuppression, learning disability 

or severe mental illness (433–437).  

The population of interest for this thesis, were older adults, aged 65 and over 

(mean age = 81.8, S.D = 6.68) with MCI and dementia.  Given that ageing is 

associated with increased risk for comorbidities (438), dementia and COVID-19 

related complications (431–434), the population of interest for this thesis, were 

likely to be classified as clinically vulnerable and requiring to shield for a large 

part of the pandemic. This meant that it was not practical or safe to commence 

recruitment of healthy older volunteers or continue recruitment and follow up 

scanning of PrAISED participants during the pandemic.  
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8.3 Post COVID-19 adapted thesis aims  

Due to the first national lockdown and subsequent closure of the imaging centre 

the healthy volunteer study and PrAISED MRI sub study were suspended. 

Ongoing restrictions, further lockdowns (in November 2020 and January 2021), 

shielding of clinically vulnerable people, working from home directives, 

restricted access to the medical school during this time combined with a scanner 

upgrade and the constraints of PhD timelines meant it was not possible to 

resume the studies that were running prior to the first lockdown in March 2020. 

This meant it was not possible to address the initial aims of my thesis. After 

consultation with the supervisory team for this thesis and previous literature the 

thesis aims, and proposed studies were reworked to be able to address the new 

research aim.  

The new, overall aim of the thesis was to use both task fMRI and resting state 

fMRI to explore neural correlates of balance and exercise in older adults with 

MCI and dementia.  

To address this aim the following studies were conducted: 

• As initially planned pre-pandemic, a systematic review and narrative 

synthesis of the effects of exercise on task related activity and functional 

connectivity in older adults with cognitive impairments was conducted.  

• A novel VR based balance task designed for older adults with cognitive 

impairments was piloted with healthy young adults. 

• The VR based balance task was piloted with a subset of the PrAISED 

cohort, who were all older adults with MCI or dementia. 
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• Lastly, a cross sectional resting state fMRI study, using ICA to explore the 

relationship between functional connectivity of large-scale resting state 

networks and balance in a subset of the PrAISED cohort was conducted.  

8.4 Summary of findings 

Exercise is a promising intervention in improving balance and mobility and 

reducing the risk of falls in people with dementia. However, use of fMRI to study 

neural mechanisms involved in exercise in this population is limited and to date 

no comprehensive review of the literature had been completed. To address this 

gap, a systematic review and narrative synthesis was conducted, reported in 

chapter 4, to understand the current landscape of the research, review what we 

currently know about how exercise influences brain activity and connectivity in 

dementia and identify gaps in the knowledge that need to be explored by future 

research.  The literature search found 12 papers from 6 studies, including 

healthy older adults as controls and older adults with MCI. Exercise 

interventions were diverse across the studies and involved either aerobic 

exercise, dancing, progressive resistance training and mind body exercise. 

Intervention duration ranged from 12 weeks to 12 months, with average 

duration of the intervention lasting around 6 months. Exercise alters task-related 

brain activity and connectivity in people with MCI. The mechanisms through 

which exercise alters brain function appears complex and depends on exercise 

type and the duration of the intervention. Aerobic exercise appears to have 

different effects to resistance training, with the former shown to increase task 

related activity and resting state connectivity, whilst the latter has been shown 

to decrease connectivity (317–320). This review found no studies that included 
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people with a dementia diagnosis, therefore results are only generalisable to 

older adults with MCI. 

In chapters 5 and 6, balance related brain activity was explored using task fMRI. 

In chapter 5,  a novel virtual reality balance task was piloted with healthy young 

adults. Scanning procedures were well tolerated by young healthy adults (mean 

score 4.8/5 for overall experience). Task experience feedback from this group 

showed that participants could see the videos in the scanner, however the pace 

of the tasks was too slow for the participants. fMRI data collected were pre-

processed and analysed to explore whole brain activation during each condition 

and compared activation between conditions. During walking, obstacle 

navigation and postural instability task conditions, activation was noted in 

cerebellum, visual cortex, middle frontal gyrus and precuneus. Additionally, this 

study enabled refinement of scanning and experimental task procedures before 

piloting the task in people with dementia. 

In chapter 6, the VR based balance task was piloted with older adults with MCI 

and dementia. MRI tolerability questionnaire scores show that overall scanning 

experience was well tolerated (4/5 for overall experience). Twenty-five 

participants provided written feedback on their experience of the task. 

Participants reported that the videos were clear to see, some participants 

reported finding the task easy, whilst others reported find the task quite difficult. 

One participant felt the videos helped make the scanning experience feel less 

claustrophobic. In this chapter task related activation during each task condition 

and differences in activation between the conditions was explored. The 

relationship between activation during walking, obstacle navigation, and 
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postural instability conditions in postural control related regions of interest and 

performance on static and dynamic balance tasks in older adults with MCI and 

dementia was investiagated. For each of the task conditions activation was noted 

in visual and motor regions, however no significant differences in activation 

were noted between conditions, even at a lenient, uncorrected alpha threshold.  

The differences in activation between the task conditions were explored for 

specific regions of interest thought to be involved in postural control, mainly 

SMA, PMC, ACC, PFC and PIVC, again there were no significant differences in 

activation in the regions between the task conditions. Finally multiple linear 

regression analyses were used to explore the relationship between activation in 

regions of interest for each task condition and performance on measures of static 

and dynamic balance. In the walking condition, activation in bilateral PMC was 

significantly associated with better dynamic balance but poorer static balance, 

whilst activation in the left SMA was significantly associated with poorer 

dynamic and static balance. During the obstacle avoidance condition, the left 

SMA and right ACC were significantly associated with better dynamic balance, 

the right premotor cortex was significantly associated with poorer static balance 

while the right ACC was significantly associated with better static balance. For 

the postural instability condition, left SMA activation was associated with poorer 

dynamic balance, the left SMA and right PMC were associated with poorer static 

balance whilst the right SMA was associated with better static balance.  

In chapter 7 resting state fMRI and ICA were used to identify large scale resting 

state networks and explore the relationship between connectivity of these 

networks and balance performance in people with MCI and dementia. No 
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significant relationships between intra or inter network connectivity and timed 

up and go (a measure of functional mobility) or BBS (a balance performance 

scale) were identified, however the associations between limbic network, 

specifically the orbitofrontal cortex and TUG performance (β=32.68, p=0.06, 95% 

CI= -1.14, 66.50) and visual-SMN connectivity and TUG performance (β=-2.75, 

p=0.07, 95% CI= -5.76,0.26), fell just outside the prespecified alpha threshold 

(p<.05), indicating a potential signal in the data. More specifically the trends 

might indicate that increased orbitofrontal cortex connectivity may be associated 

with poorer TUG performance whilst increased visual-SMN connectivity may be 

associated better TUG performance.  

8.5 What do the findings mean? 

Exercise is a promising intervention for older adults with cognitive impairments 

and fMRI can detect changes in both task-related and spontaneous activity and 

connectivity. The findings from the systematic review show that the exercise 

exerts different effects on task-related and resting neural activity and 

connectivity. Specifically, task related activity and connectivity decreased post 

intervention in people with MCI indicating that exercise may improve neural 

efficiency, requiring less activation of key networks to maintain performance 

(316,318,319). Exercise increased resting activity in frontal regions (321,322), 

which suggests that exercise may increase the ability to recruit additional neural 

networks to meet task demands (69). Exercise also appeared to increase resting 

connectivity of hippocampus and posterior cingulate (317,320,322,324,325). 

Hippocampus atrophy is key feature of Alzheimer’s disease and precedes 

cognitive impairments (124,248). The posterior cingulate is a key hub within the 
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default mode network (229), which is vulnerable to AD pathology (439). 

Increased connectivity of both these key regions suggest that exercise may 

improve plasticity of these regions and related networks at the early stages of 

cognitive impairment  (440). My systematic review has also highlighted that this 

area of research has received limited attention to date, with studies included in 

the review using small samples with healthy older adults and older adults with 

mild cognitive impairment. The effects of exercise on brain activity and 

connectivity in dementia are still unknown.   

The work presented in chapter 6 is the first to use a VR based balance paradigm 

to investigate brain activity associated with balance and walking in people with 

MCI and dementia. The application of a VR based balance task alongside fMRI to 

study the neural correlates of postural control in older adults with memory 

problems is feasible as scanning procedures were well tolerated, and 

participants were able to see and complete the task. In the walking and postural 

instability condition, activation of motor regions was associated with static and 

dynamic balance performance, suggesting that walking and responding to 

external perturbations requires greater involvement of cortical regions involved 

in cognitive processing and motor planning in the early stages of dementia. In the 

obstacle navigation condition, the anterior cingulate cortex, as well as motor 

regions were associated with static and dynamic balance performance. The 

anterior cingulate cortex is known to play a key role in executive functions such 

as set shifting and error detection (411). This region may play a key role in 

maintaining postural stability in contexts where planning is required such as the 

obstacle navigation condition of the task.   
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Previous research has shown notable and consistent changes in resting state 

functional connectivity of the default mode network (see section 3.2.4.1) due to 

the  presence of dementia related pathology (232,284,290,291,441). Further 

studies have highlighted that altered DMN connectivity is linked to mobility, gait, 

and balance in older adults with MCI (419–421). The work presented in chapter 

7 did not replicate these findings, however a potential association was noted 

between increased orbitofrontal cortex connectivity and poorer dynamic balance 

performance. Increased orbitofrontal cortex connectivity suggests that postural 

control during walking requires greater top-down processing in the early stages 

of dementia. The increased visual-sensorimotor network connectivity and 

potential association with improved balance performance suggests that there 

may also be compensatory mechanisms at play for some people with early stages 

of cognitive impairment, requiring consolidation of visual and sensorimotor 

input to maintain postural control abilities (69,346,371).  

The notion of compensatory mechanisms has emerged from the observation that 

the level of brain damage observed in people with dementia did not match levels 

of deterioration of cognitive and functional abilities (332). This discrepancy 

between observed level of brain damage and relatively preserved cognitive and 

functional abilities gave rise to the cognitive reserve hypothesis which refers to 

the brain’s ability to maintain performance in the presence of a certain level of 

brain damage (332). High levels of cognitive reserve have been linked to delayed 

onset of dementia symptoms. Previous studies found that older adults with 

fewer years of education presented with dementia symptoms earlier (332). 

Research has also found that cognitive reserve can be improved through various 
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lifestyle factors such as exercise, social involvement, leisure activities and 

education attainment (333). There are two neural mechanisms underpinning 

cognitive reserve; neural reserve and neural compensation. Neural reserve 

refers to the efficiency, capacity and flexibility of neural networks and neural 

compensation refers to the ability to compensate for brain damage by recruiting 

additional neural networks to complete a task or maintain performance (442).  

Neuroimaging studies have explored the link between measures of cognitive 

reserve such as educational attainment and quantitative brain measure such as 

functional connectivity and white matter network integrity (332,442). Yoo et al. 

(443) found positive associations between education attainment and white 

matter network flow in healthy controls with the inverse in participants with AD, 

providing support for the role of cognitive reserve and its underlying 

mechanisms. A systematic review of cross sectional studies looking at functional 

imaging studies of cognitive reserve in healthy older adults, older adults with 

MCI or Alzheimer’s disease found that increased activation in medial temporal 

regions, posterior and anterior cingulate cortex were associated neural reserve 

while activation in frontal regions and dorsal attention network were associated 

with neural compensation. Additionally, increased frontal activity in older adults 

with MCI or Alzheimer’s disease was linked to high cognitive reserve (444).  

The systematic review presented in this thesis has found that exercise may 

increase the capacity for compensatory mechanisms as well as increasing the 

brains threshold to cope with damage before it needs to employ these strategies 

to maintain performance. Also, the findings from the resting state fMRI study 

have highlighted a potential association between connectivity strength within 
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the orbitofrontal cortex and between motor and visual networks with balance 

performance. The underlying mechanisms of cognitive reserve, neural reserve 

and neural compensation mechanisms may also play a role in maintaining 

postural control abilities in the early stages of dementia. Further exploration of 

these mechanisms in exercise and postural control in dementia is warranted and 

may help to understand the neural mechanisms involved.   

8.6 Strengths and limitations of studies presented 

It is important to note the strengths and limitations of the studies presented in 

this thesis that should be considered when interpreting the findings. The 

systematic review inclusion criteria for study design were broad, this combined 

with heterogeneity in interventions, analysis methods and outcomes meant a 

meta-analysis was not feasible. Additionally, no study in the review included 

people with dementia. This means that the generalisability of findings is limited 

to people with MCI only.  

The sample sizes in the studies presented in this thesis were relatively small. 

Additionally, the sample for the studies presented in chapter 6 and 7 consisted of 

participants that were less cognitively impaired and more physically able than 

their peers given their ability to undergo MRI. A major limitation of fMRI is that it 

is very sensitive to any type of movement, which can reduce data quality. Four 

task-related datasets and one resting state dataset were excluded due to 

excessive movement or poor data quality.  

The pilot task fMRI studies presented in this thesis are the first studies to use a 

novel VR-based balance task to explore the neural correlates of walking, obstacle 

avoidance and postural instability in healthy young adults and older adults with 
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MCI or dementia. However, there are a few notable limitations of these studies.  

First, the postural instability condition, of the fMRI task included a sideways 

stumble which may have increased motion artifacts in the data. The present 

work did not explore the relationship between the task conditions and 

movement related artifacts in the functional imaging data. This is something that 

warrants further exploration to identify threshold for postural instability 

simulations before they introduce motion artifacts in the data. It is possible that 

including a forward stumble rather than a sideway stumble may have resulted in 

different effects in both healthy young adults and older adults with MCI and 

dementia. Future work should look to compare differences in motion artifacts in 

fMRI data for sideway and forward stumbles. 

Second, due to small sample sizes and three trials per condition, whole brain, ROI 

and regression analyses are likely to be underpowered so findings are uncertain. 

When exploring differences in activation between the task conditions, in both 

healthy volunteers and PrAISED participants, I found no significant differences at 

a corrected threshold for multiple comparisons or at an uncorrected threshold. 

The lack of effect, in this case, does not mean the task was not able to measure 

what was intended, the small number of participants and small number of trials 

used will have reduced statistical power to detect a true effect.  

Third, the lack of differences noted between conditions especially in older adults 

with MCI or dementia could be attributed to impairments of individual 

differences in imagery ability. From task feedback, some participants reported 

that they found it difficult to imagine themselves in the task. Previous work has 

shown that perceived imagery ability mediates the amplitude of neural activity 
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during a motor imagery-based task (117,445,446). A recent narrative review 

found imagery ability to be relatively preserved in ageing but hypothesise that 

imagery ability may be more affected by cognitive decline (447). However, I did 

not measure imagery ability in either task fMRI studies. Measuring imagery 

ability and including this as variable of interest in the analysis to explore how it 

affected between condition contrasts would have been useful to understand 

whether this influenced task-related activity.  

In chapter 6, the sample were mildly cognitively impaired (mean MoCA score 

20/30) and more physically able (mean Berg Balance score 47/52), thus the 

balance fMRI task may not have been challenging enough, and the response to 

the task did not change with increasing task complexity. It would be expected 

that older adults with MCI and dementia, who are more cognitively impaired and 

less physically able would respond differently to the task. 

The templates used for ROI analysis in chapter 6  were based on cytoarchitecture 

maps of the brain at post-mortem of health individuals. It is well established 

during ageing the brain undergoes atrophy and this is accelerated in dementia. 

Using templates based on healthy adults in a region of interest analysis could 

mean study results do not represent the true effect or activation for people with 

dementia as the parts of the brain corresponding to template areas may be 

impacted by dementia related pathology. Future work should explore 

development of dementia sub type specific templates for ROI analysis. As well as 

this, future work should also explore whether an anatomical approach or a data 

driven approach to defining ROIs will be more appropriate and accurate in 

dementia functional MRI studies (448) 
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The regression analyses exploring the relationships between ROI task related 

activation in each task condition (walking, obstacle avoidance and postural 

instability), functional network connectivity and balance in chapters 6 and 7, 

were not corrected for multiple comparisons due to the exploratory nature of the 

analyses, thus increasing the risk of type 1 error. Additionally, the sample used in 

these analyses were from the same group of participants and the sample was 

relatively small. For regression analysis, a rule of thumb is to include 10 

observations per variable of interest, thus the analyses are likely to be 

underpowered and there is risk of the R2 risk of being overinflated (413).  

8.7 Future directions 

Findings from the systematic review highlighted knowledge gaps that need to be 

addressed by future work. The review found that studies exploring neural effects 

of exercise using fMRI only included participants with MCI. Studies including 

people with dementia are needed to explore how exercise can benefit brain 

function once dementia pathology is well established in the brain and notable 

clinical manifestation of the underlying brain diseases is present. Further 

exploration of the effects of exercise type (e.g. aerobic exercise, resistance 

training, balance training, and mind body type interventions like yoga) on brain 

function in dementia is needed to develop our understanding of how different 

types of exercise alter brain function and how this translates clinically in terms 

of functional abilities, cognition, and mood. This will also be useful for 

researchers and clinicians in developing and tailoring interventions to the 

individual based on their concerns, goals, and symptom profile. Understanding 

how long the effects of exercise last can help researchers to further tailor 
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interventions and activity programmes for the best results, for the patient, whilst 

being more cost effective for research and health services.  

The work presented in this thesis has shown that using VR-based balance tasks 

in older adults with MCI and dementia, to explore neural mechanisms of balance 

is feasible and well tolerated by patients. This method of task delivery is 

promising and may be able to bridge the practical issues around MRI scanning 

during whole-body movements. Additionally, for people with dementia, the 

instructions for this task were relatively simple to follow, overcoming the issues 

around having to retain and understand often lengthy and complex task 

instructions in task-related fMRI studies. Future work needs to identify the 

minimum number of task trials needed to detect a reliable signal in response to 

the task and retain a degree of experimental control without becoming 

burdensome for participants with cognitive impairments. This could be one way 

of improving statistical power to detect a change in activation without needing to 

recruit large samples/more participants. Involvement of patients with lived 

experience and members of the public to co-produce balance fMRI tasks could 

aid researchers to improve the accessibility of experimental tasks for people 

with MCI and dementia. Additionally, the creation of a more realistic task 

paradigm in VR environments would enable researchers to measure brain 

activity closely relating to real-life contexts in which balance is often challenged 

for older people.  

The task fMRI studies presented in this thesis did not measure the effects of 

imagery ability activation in response to the walking, obstacle avoidance and 

postural instability task conditions. Also, task experience feedback in the pilot 
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study with older adults with MCI and dementia highlighted that some 

participants found the task more challenging than others, which may have 

impacted how well they were able to imagine themselves in the task. Future 

work needs to explore the effects of imagery ability in this population. For 

instance, studies could ask participants to complete questionnaires such as the 

vividness of movement imagery questionnaire (449) after completing fMRI tasks 

and scanning procedures and explore whether imagery ability scores mediated 

task related activation (117). This would enable further development and 

refinement of VR balance fMRI tasks and improve accessibility. Conversely, some 

participants reported finding the task to be easy, given the sample of participants 

included in the study were relatively able individuals, it is conceivable that for 

some of the group, the task was not challenging enough. Development of the VR 

task to include a mechanism through which the walking speed is tailored to 

individual ability may evoke a neural response that is more representative of 

how the brain responds to challenges to balance in daily life.   

Future research needs to address the issue around small and homogenous 

samples. Participants recruited from the PrAISED RCT to take part in the studies 

presented in this thesis were predominately older white males with an average 

of 12 of years of education, indicating higher socioeconomic status. Thus, 

findings presented in this thesis may not be representative of older adults with 

memory problems from underserved communities. To improve recruitment and 

diversity of participants, future studies need to investigate the reasons why older 

adults with cognitive impairments, specifically those from lower socioeconomic 
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and ethnic minority communities, tend to decline to participate in neuroimaging 

studies. 

The task fMRI videos, and the use of a filler video (David Attenborough’s ‘Planet 

Earth’) during MRI scans with participants from the PrAISED cohort may have 

improved the scanning experience and reduced feelings of claustrophobia. The 

MRI scanner company Phillips is currently working with Disney to produce 

child-friendly MRI videos as a way of improving the scanning experiences for 

paediatric populations (450). To improve recruitment, retention and improve 

scanning experience, future work should look to explore how best practices in 

paediatric neuroimaging research can be adapted for older adults with dementia.   

Studies presented in this thesis were pilot work, using more exploratory analysis 

procedures and cross-sectional studies designs. Future work should look to build 

on this, using case control designs to compare differences in activation in 

response to the VR balance task between healthy older adults, older adults with 

MCI and older adults with differing severity of dementia, to map how balance 

related brain activity differs between the groups. Additionally future work 

should also look to employ more longitudinal designs to map progression of 

balance dysfunction and how the underlying neural processes change as 

dementia progresses.  

The COVID-19 pandemic lockdowns and restrictions disproportionately affected 

older adults and older adults with cognitive impairments. Additionally, the 

pandemic and related restrictions increased social isolation, exacerbated 

cognitive impairments, reduced physical activity contributing to deconditioning 

(451), leading to increased postural instability and increased falls risk in this 
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population (452). During and post pandemic, exercise-based interventions are 

more important than ever to improve and maintain, physical, mental, and 

emotional wellbeing for people living with dementia. This further highlights the 

need for more high-quality research studying the neural mechanism involved in 

exercise and postural stability in dementia.  

Participants that took part in the studies presented in chapters 6 and 7 were 

recruited from the PrAISED RCT. This RCT provided the opportunity to use fMRI 

to test the feasibility of the VR based postural control task and explore functional 

connectivity relating to exercise and postural control in older adults with 

dementia. The PRAISED RCT tested the efficacy of  a multifactorial intervention 

aimed at promoting activity, independence and stability in MCI and early 

dementia and included balance challenging exercises and 150 minutes of activity 

per week (37). The PrAISED trial found that the intervention did not improve 

activities of daily living, quality of life, cognition, falls or other health status 

outcomes in people with MCI and dementia (453). Although the PrAISED RCT 

found no differences in outcomes the intervention group, the process evaluation 

work showed that the intervention was well received by participants, it filled a 

much needed gap in support, and participants felt the intervention helped them 

in their day to day life (453,454). 

Large RCTs like PrAISED testing efficacy of exercise interventions in dementia 

have yielded mixed results (26,453). These RCTs have often focused on focused 

on cognition, mobility and functional abilities-related outcomes. These outcomes 

are often subject to ceiling or flooring effects and are not sensitive enough to 

detect to slow progression of symptoms in the early stages of dementia and may 
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not be sensitive to subtle changes in symptoms in response to activity based 

interventions (194,195). Additionally some of the outcome measures used to 

assess activities of daily living and quality of life are often self-reported by the 

individual or their carer, which relies on the individuals ability to accurately 

recall events, often challenging for someone with memory impairments (195). It 

is possible that current outcome measures used in dementia trials are not 

relevant to participants. The GREAT study tested a cognitive rehabilitation 

intervention for older adults with dementia and used a goal-based outcome that 

was meaningful to the individual and reported improved outcomes for 

participants in response to the intervention (455).  

A recent report from Alzheimer’s Association research roundtable meetings has 

highlighted that there is currently no consensus across stakeholders on what a 

clinically meaningful outcome is for Alzheimer’s disease trials (195). Given 

current outcome measures used in dementia trials may lack sensitivity in the 

early stages of dementia, researchers have acknowledged the potential for 

additional biomarker based outcomes such as neuroimaging to compliment 

these measures (194). Future RCTs testing the efficacy of exercise and activity-

based interventions in dementia are needed to uncover how exercise is of benefit 

and should look to explore what a meaningful outcome would look like for 

people with dementia and include that as a trial outcome. The inclusion of 

additional neuroimaging outcomes such as fMRI would complement widely used 

cognition, mobility and functional abilities outcomes and enable researchers to 

measure more subtle changes in brain function and connectivity in response to 

complex interventions before they are clinically detectable whilst improving the 
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knowledge base of the underlying neural mechanisms involved in exercise and 

postural control in dementia. 

8.8 Conclusions 

To date there has been little neuroimaging research exploring neural correlates 

of balance and exercise in dementia. The systematic review presented in this 

thesis had identified exercise related changes in task based and spontaneous 

activity and connectivity in people with MCI. Exercise may improve neural 

efficiency in response to tasks and increase capacity for compensatory activation 

to maintain performance. Due to limited number of studies, small samples size 

and no studies available including people with dementia, generalisability of 

findings is limited.  

VR based balance tasks are novel solution to address the limitations of 

movement during fMRI. The work presented in this thesis has shown that using 

VR based balance tasks in older adults with memory problems is possible and 

well tolerated. The association between motor regions, static and dynamic 

balance during walking and postural instability task conditions, suggests that 

postural control in these contexts may become less automatic and an 

increasingly conscious process during the early stages of dementia. The 

relationship between motor regions, ACC and balance performance during the 

obstacle navigation condition suggests that in motor anticipatory postural 

control tasks, the brain recruits regions involved in higher order cognitive 

processes during the early stages of cognitive impairment. 

Increased functional connectivity within the orbitofrontal cortex may underpin 

changes in postural stability when walking, whilst increased functional 
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connectivity of visual and sensorimotor networks may be a compensatory 

multisensory approach to maintain relatively normal balance abilities. This 

thesis demonstrates that VR based balance fMRI tasks and resting state fMRI are 

useful techniques to help advance the knowledge gap around neural correlates of 

balance and exercise in dementia. 
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10 Appendices  

A.  Search Strategy 

1. Dementia/ or Dementia, Vascular/ or Dementia, Multi-Infarct/   

2. Alzheimer Disease  

3. Cognition Disorders  

4. Memory Disorders  

5. Mild cognitive impairment   

6. Mild cogniti* impair*   

7. Cognitive impairment   

8. Cogniti* impair*   

 9. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8   

 10. exp Exercise Therapy/ or exp Exercise/  

11. Physical activity.mp.   

12. Leisure Activities/   

13. Resistance Training/   

14. Dual task training.mp.   

15.  Functional activities.mp.   

 16. 10 or 11 or 12 or 13 or 14 or 15   

 17. Magnetic Resonance Imaging/   

18. functional magnetic resonance imaging.mp.    

19. MRI.mp.   

20. fMRI.mp.   

21. Neuroimaging/ or Functional Neuroimaging/   

22.  17 or 18 or 19 or 20 or 21   

23.  9 and 16 and 22   
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B. MRI tolerability questionnaire and task experience feedback form  

fMRI Development 

Study  

2.0 MRI Tolerability Questionnaire  

The following statements are about your experience in the scanner. Please answer by 

selecting one option for each question.  

 

 

Very 

Uncomfortabl

e (1) 

  

  

   

Very 

comfortabl

e (5) 

2.1 Overall 

experience 
1  2 

 3 
 4  5 

2.2 Lying flat on the 

MRI table 
1  2 

 3 
 4  5 

2.3 Having the 

technician position 

you in the MRI 

1  2 

 3 

 4  5 

2.4 Moving into the 

Machine 
1  2 

 3 
 4  5 

2.5 Confinement 

inside the MRI 
1  2 

 3 
 4  5 

2.6 Not moving 

during the scan 
1  2 

 3 
 4  5 

2.7 Noise of the 

machine 1  2 
 3 

 4  5 

 
Very 

unpleasant 

(1) 

  

  

   

Very 

Pleasant 

(5) 

1.1. Gender:               Male      Female  

1.2. D.O.B 
 

DD/MM/YYYY 

1 

 

1 

 

1 

 

1 

 

1 

 

1 

 

1 

 

1 

 

1 

 

1 

 

1 

 

1 

 

1 

2 

 

2 

 

2 

 

2 

 

2 

 

2 

 

2 

 

2 

 

2 

 

2 

 

2 

 

2 

 

2 
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2.8 Being alone in 

the scanner 1  2 

 3 

 4  5 

2.9 Length of time in 

the scanner 1  2 
 3 

 4  5 

2.10 Scanner 

temperature 1  2 
 3 

 4  5 

2.11 Scanner smell 1  2 
 3 

 4  5 

2.12 Post scan 

dizziness upon 

sitting 
1  2 

 3 

 4  5 

 Very difficult 

(1) 
  

  
   

Very easy 

(5) 

2.13 Ability to see 

clearly. 

 

1  2 

 3 

 4  5 

 

3.0 Do you have any feedback on the video task you 

completed whilst having your MRI scan? (e.g. how easy it 

was to imagine it was you, how clear the video was?) 
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C. PrAISED RCT consent form. 
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D. NHS/HRA ethical approval  
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E. Amendment approval 
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F. PrAISED MRI information sheet 
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 297 



 298 



 299 



 300 
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G. PrAISED MRI consent form. 
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H. Timeline of UK government COVID-19 lockdowns and measures 


